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Abstract

Land-based high frequency surface wave radar (HFSWR) is an established sensor for
ocean remote sensing. Placing an HFSWR on a floating platform has the advantage of
mobility. However, antenna motion will distort the Doppler spectrum, which is used to
extract ocean information and to detect the signatures of targets. In this thesis, significant
effort has been expended on establishing radar cross section (RCS) models for a fixed
receiver and a transmitter on a floating platform, analyzing the effect of the antenna
motion, and developing a motion compensation method to eliminate the effect of the
platform motion.

The first- and second-order monostatic RCSs of the ocean surface for the case of a
pulsed dipole source on a floating platform have been previously derived in the literature,
with the assumption that the platform motion is a single-frequency sinusoid. Following
that work, the research in this thesis is extended to the bistatic case. The effect of platform
motion on simulated Doppler spectra is considered for a variety of sea states. It is shown
that the resulting motion-induced peaks are symmetrically distributed in the Doppler
spectrum.

Following this work, the corresponding bistatic RCS models for a frequency modu-
lated continuous waveform (FMCW) source are derived. Results show that the sidelobe
level for an FMCW source is reduced with increasing extent of range bin.

To mimic real world scenarios, platform motion is next modelled as a combination of
two cosine functions, based on existing research of realistic horizontal motions of moored
floating platforms. RCSs incorporating a dual-frequency platform motion model are then
developed. These can be extended to a general form incorporating a multi-frequency
platform motion. It is found that the platform motion can be viewed as a modulator of the
radar frequencies, with the modulation indices related to the amplitudes of the platform

motion.
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Finally, to mitigate the effect of platform motion on the Doppler spectra, a motion
compensation method is proposed. This motion compensation method can be achieved
by a deconvolution process. Calculations involving a RCS model, incorporating external
noise, for an antenna on a floating platform are conducted in order to simulate field data
and to examine this motion compensation method. The external noise is characterized as
a white Gaussian zero-mean process. By using this newly-developed RCS model with
external noise, motion compensation results under different sea states and signal-to-noise
ratios (SNRs) are examined. The outcomes indicate that an iterative Tikhonov regularized
deconvolution technique is superior to other compensation methods implemented in this

study.
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Chapter 1

Introduction

1.1 Research Rationale

Over the last four decades, techniques for remote sensing of the ocean surface using
high frequency surface wave radar (HFSWR) [1] have matured considerably. HFSWR
transmits a vertically polarized electromagnetic wave (from 3 to 30 MHz in frequency)
that follows the curvature of the earth along the air-water interface. Due to low propaga-
tion loss of the high frequency (HF) signal along the ocean surface, these radar systems
have the potential for ocean surface sensing over thousands of square kilometers [2],
with typical radial resolutions of between a few hundred meters and a few kilometers [3].
Unlike conventional oceanic instruments, such as wave buoys, wave staffs and current
meters, HFSWR can provide wide-area, all-weather and near-real-time surveillance. It is
well known that HFSWR received signals contain a variety of oceanographic information,
such as wind speed, wind direction, surface current fields, and significant wave height.
Thus, an understanding and utilization of the received signals is crucial in estimating
these parameters.

Based on the geometry of HFSWR, these systems can be divided into two types:
monostatic radar (the transmitter and the receiver are collocated) and bistatic radar (the

transmitter and the receiver are separated by a distance that is comparable to the expected



target distance). More recently, ocean remote sensing using bistatic configurations has
gained increasing interest. For example, Gill ef al. [4] developed an HFSWR bistatic
radar cross section for scatter from a patch of ocean. An ocean wave spectrum inversion
technique for bistatic HFSWR appears in [5]. Later, a method for extracting signatures
of ship targets from broadened Bragg peaks of bistatic shipborne surface wave radar was
proposed in [6]. Huang ef al. [7] presented a technique to extract wind direction from
bistatic HFSWR data. Although bistatic radar systems are typically more complex to
implement than their monostatic counterparts, they have a number of advantages that
make them well-suited for specific applications. Firstly, bistatic radar systems are flexible
with respect to the deployment of the transmitter and the receiver, and the receiver is
potentially simple and mobile. Secondly, the receiver requires little protection from the
transmitter pulse, and the dynamic range requirement for a bistatic radar is less because
there are no large-amplitude, close-range echoes. Thirdly, they are relatively immune to
physical and electronic attack due to their inherent passivity and distributed property [8].
In recent years, combinations of monostatic radar with bistatic radar or multistatic radar
(containing multiple spatially diverse monostatic radar or bistatic radar components)
have been widely used to enlarge the radar coverage region [8].

Depending on the platform location(s) of an HFSWR, these systems can be classified
as onshore (land-based) or offshore. Compared to offshore HFSWR, land-based HFSWR
has an unavoidable disadvantage in that it has a more limited detection area. The
method of mounting an antenna on a floating platform can be employed to enlarge the
region of coverage for both oceanic observations and target detection. In order to obtain
ocean information further from shore, platform-mounted remote sensing systems have
been widely studied and used. For example, Lipa et al. [9] mounted an HFSWR on a
semisubmersible oil exploration platform and showed the effect of the platform motion
on the radar Doppler spectra. Later, Gurgel [10] analyzed and illustrated difficulties
in operating a shippborne HFSWR. The effect of ship movement on target detection

was also analyzed by using a shipborne HFSWR in [11]. Relevant experimentation
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with a floating antenna appears in [12]. All of these studies indicate that if an HFSWR
system is installed on a ship or a large floating platform with a mooring system, such as
an oil exploration platform, motion effects cannot be ignored in interpreting the radar
cross sections and extracting wave information. The platform motion will contaminate
the Doppler spectrum, resulting in the obscuration of target and ocean information.
Therefore, to properly understand the mechanism of the platform motion on the Doppler
spectrum, it is necessary to develop radar cross section models for an antenna on a
floating platform. In addition, in order to determine the feasibility of using an HFSWR
on a floating platform, it is worth investigating a platform motion compensation method,

i.e., a method of mitigating motion-induced sea clutter from the Doppler spectra.

1.2 Literature Review

This section contains a discussion of previous work related to HFSWR when the antenna
is mounted on a floating platform. The literature review is divided into three parts:
(1) radar cross section models of the ocean surface when the antenna is on a floating
platform; (2) analysis of the effect of the platform motion and the corresponding platform
motion compensation method; (3) Walsh’s scattering theory and more detail on his radar

cross section models.

1.2.1 Radar Cross Section Models for an Antenna on a Floating

Platform

In order to accurately extract the oceanographic information from the Doppler spectra
collected by a radar on a floating platform, it is necessary to develop the corresponding
radar cross section models. A number of such models has been established under a

variety of conditions.



Spillane et al. [13] first mounted an HFSWR system on a semisubmersible oil
exploration platform. By using such a radar system, Lipa et al. [9] compared the
extracted significant waveheight results with and without platform motion compensation.
In both studies, the floating oil rig was restrained by a mooring system and assumed
to move in response to long-period ocean waves. An accelerometer system was used
to obtain real-time series data of the platform motion. In order to mitigate the effect
of the platform motion on the Doppler spectrum, a relationship between the Fourier
angular coefficients (used to express the radar cross section) in the presence of platform
motion and the desired uncontaminated coefficients was derived in [9] based on the
established HFSWR ocean surface scatter cross section models in [14] and [15]. Through
this relation, significant waveheight results were then calculated and compared with and
without the platform motion compensation. It was shown in [9] that platform motion
causes sidebands of the first-order radar cross section to be superimposed on the second-
order radar cross section. Therefore, unless compensated, the significant waveheight
results, extracted by inverting the second-order radar cross section, will be overestimated.

In [16], Walsh presented a fundamental scattering theory for HFSWR with an antenna
on a floating platform. Following this research, Walsh et al. [17] developed the first-order
monostatic radar cross section where both the transmitter and the receiver were on a
floating platform, and then extended this analysis to the second-order patch scatter cross
section [18] and second-order foot scatter cross section [19]. Patch scatter indicates a
double scatter at a surface patch, while foot scatter means one scatter occurs near the
transmitter and another on a remote surface patch, or one scatter occurs on a remote
patch of the ocean surface and another near the receiver. These models were established
for an extremely narrow antenna beam and were found to consist of Bessel functions
that occurred due to the assumed sinusoidal antenna motion model. In all studies, it was
assumed that the platform motion was caused by the dominant ocean wave so that the
amplitude and frequency of the sinusoidal motion were determined by the wind speed

(sea state). Also, the direction of the platform motion was taken to be the same as the
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wind direction. Simulation results, based on these derived models, were presented in [17—
19] and showed that the antenna motion causes additional, symmetrically distributed
peaks to appear in the Doppler spectrum. These motion-induced peaks contain less
energy in the second-order radar cross section than those in the first-order radar cross
section.

Following the research mentioned aboved, a general form of the first-order floating
HFSWR model, without specifying a particular platform motion, was derived in [20]
and [21]. This model was tested under a variety of platform motions and compared with
the published results appearing in [11] and [17]. In addition, simulations were made
with real platform motion data and compared with field data. Comparisons showed the
simulation results were consistent with the experimental results.

Xie et al. [22] developed a first-order ocean surface RCS model for an HFSWR
located on a ship having a constant forward speed. Experimental and simulation results
showed that the first-order Bragg lines are spread in the spectrum because of the ship
motion and the broad antenna beam. Later, a corresponding second-order shipborne
HFSWR cross section with uniform linear ship motion was derived in [23]. Based on the
derived shipborne RCSs and the spreading mechanism of the Bragg lines, a method for
extracting ocean surface wind direction from shipborne HFSWR data was proposed and
demonstrated in [24]. By using a single receiving sensor rather than a receiving array,
wind directions of a large sea area covered by the broad beam antenna were obtained
with an error of around 2° when signal to noise ratio (SNR) was above 15 dB. The
ambiguity problem was resolved using the method proposed in [25]. Compared with the
conventional method based on a land-based receiving array, this method was stated to be
more easily realized with less system cost. Similarly, methods for ocean surface current
extraction and ocean clutter spectrum estimation for shipborne HFSWR were developed
in [26-28].

In order to make the RCS simulations reflect reality more closely, the characteristics

of ship oscillation (including roll, pitch and yaw) were analyzed, and a model of the ship
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oscillation was developed [29]. It was assumed that the ship oscillation in each dimension
was independent and approximated a simple harmonic motion, whose frequency and
amplitude are determined by the type of ship and the sea state. Then, a synthetic velocity
model considering both ship velocity and ship oscillation was established. Based on
this model, simulations were made to compare sea clutter spectra with and without ship
oscillation. Comparisons showed that the oscillating movement of a ship has a significant
influence on the sea clutter spectrum broadening, but that this effect can be ignored in
the case of low sea states, for example, sea state 3 and less, when the HFSWR operating

frequency was 15 MHz.

1.2.2 Analysis of the Effect of the Platform Motion and Platform

Motion Compensation Methods

From 1985 to 1992, a team at the University of Hamburg modified a Coastal Ocean
Dynamic Applications Radar (CODAR) system [30] for shipborne operation. A com-
bination of a land-based and a shipborne CODAR was used during the NORCSEX’ 88
experiment to measure the surface current fields along the Norwegian coast [31]. Based
on the data from these experiments, considerable research was published, for example,
in [31-33].

Gurgel analyzed and highlighted difficulties in operating a shipborne HFSWR in [10]
and [32]. Firstly, it is very difficult to handle the ship to keep the speed and direction
constant and to measure the ship’s movement accurately. Secondly, there may be a severe
interaction between the ship’s body and the receiving array. Thus, the arrangement
of the receiving array is critical for minimizing the distortion of the antenna pattern.
In addition, Gurgel suggested that it is crucial to develop a method to compensate for
this distortion. Finally, it was found that the ship’s pitch and roll movements cause
amplitude and phase modulation of the sea echoes. Amplitude modulation is due to

the deformation of the vertical polarization and the resulting change of the signal’s



coupling to the sea. In addition, phase modulation is caused by the changing distance
from the antenna to the scattering ocean patch, which turns out to be the major effect
(the target signal was obscured by the extra peaks in the Doppler spectra). Therefore,
a method to filter out the amplitude and phase modulation of the sea echoes due to the
pitch and roll movements was found to be important. Some suggestions for operating a
shipborne HFSWR in order to reduce the influence of the ship movement and improve
the radar’s working performance were also given in [10] and [32]. For example, it was
suggested that an HFSWR system should be installed above the sea, as low as possible,
to reduce the phase modulation caused by the pitch and roll movements. Following this
research, Gurgel and Essen [33] discussed and evaluated the performance of a shipborne
current mapping HFSWR. It was found that, with the ship navigation data provided by
the satellite-supported Global Positioning System (GPS), the shipborne HFSWR could
measure surface current velocities with an accuracy of 5 cm/s.

Howell and Walsh [34] described an inversion algorithm for nondirectional wave
spectra using an omnidirectional antenna and presented measurements of ocean wave
spectra from a ship-mounted HFSWR. Firstly, the omni-directional first- and second-
order RCS models were developed based on the narrow-beam RCS models. Then, the
effect of the ship motion, surface currents, and antenna pattern distortion due to the
interatction of the antenna with nearby metal objects were discussed in [34]. For a sea
state with 3.5 m significant wave height, the root mean square pitch and roll angles of
the ship were recorded in [34] to be about 1.5°, which corresponded to a relatively small
lateral displacement of around 7.5% of the Bragg wavelength for a monopole antenna
operating at 25.4 MHz and situated 17 m above the sea surface. In this case, the ship
motion was assumed to have little impact on the experimental data and could be ignored.
Finally, the inversion algorithm was tested using the experimental data and showed a
positive preliminary performance.

The effect of the movement of the radar platform on target detection was analyzed

by using a shipborne HFSWR [35]. Following this research, field data collected by a
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shipborne HFSWR system over the Yellow Sea of China was presented in [11]. The
spreading regions of the first-order Bragg lines were illustrated, and this effect was seen
to be closely related to the ship’s velocity. Additionally, when the ship velocity is low,
the spreading spectrum will appear as a bandpass spectrum; otherwise, it will be lowpass.
Space-time adaptive processing (STAP) for a shipborne radar was introduced to suppress
the spreading clutter and to improve the performance of target signal detection. The
experimental data showed good agreement with the theoretical analysis. By using this
experimental data, STAP was shown to work efficiently for sea clutter suppression.
Jiet al. [36] extended the research presented in [11] by developing a model with both
the six degrees of freedom (DOF) motion of the ship and uniform forward motion. By
analyzing the data derived from the model, it was concluded that the roll, pitch and yaw
motions of the ship are dominant and account for the main impact on the HFSWR data.
It was shown that the STAP technique successfully compensated for ship movement.
The STAP technique to compensate for the ship movement for shipborne HFSWR
was demonstrated in [37]. The STAP technique is based on the radar wavelength, pulse
repetition period and the velocity of the platform. A weight matrix or optimal filter was
built, and then was multiplied with the radar received data. By using to advantage the
notches or nulls of the filter response, the shifted Bragg peaks (i.e., only two shifted
Bragg peaks in the spectra instead of a broad region of Bragg peaks) were removed
from the Doppler spectra, so that the target signal would be more readily detected. In
addition, STAP can be used to suppress the Bragg peaks (commonly called sea clutter),
while not used to suppress the second-order peaks. This is because the magnitudes of the
second-order peaks are relatively low and usually have little effect on the target signal.
Although STAP has been widely used to suppress sea clutter and improve the perfor-
mance of target detection, it has some obvious disadvantages, one being that it requires a
large amount of computation. Additionally, STAP is highly dependent on the ship motion
model. The established ship motion model is usually developed from an empirical model

with ideal assumptions, resulting in a reduced accuracy of the estimated spectrum.
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Other compensation methods have also been proposed and used to mitigate the effect
of the platform motion. For example, Wang et al. [38] derived a time-varying model for
the steering vector of a phased array pulsed Doppler radar system with the antenna array
on a floating platform. Six DOF oscillating motions of the platform were considered
in the model as well as the forward motion of the platform. Through this model, a
maximum likelihood motion compensation technique was applied to the received sensor
array data, and then the expression for the beamformed outputs was obtained. These
studies concluded that the motion compensation was robust to the yaw measurement error
and the error of the six DOF motion in the beamformed output could be considered to be
negligible when 10% measurement error was tolerable. The simulation results indicated
that six oscillating motions caused no significant changes in the targets’ responses under
calm sea states (up to 3, gentle breeze), while the forward motion could cause spreading
in the spectra.

Bourges et al. [39] put each element of the antenna array on a buoy, resulting in each
element having a different movement. Only vertical displacement of the buoy motion
was considered and the radiation pattern was studied in the azimuth plane. A sinusoidal
function was used to model the swell motion (the buoys’ dominant movement). The
buoys’ movements caused the changing of the nulls of the radiation pattern. Schelkunoff’s
zero placement method was introduced and applied to correct the disturbances caused in
the radiation pattern by the buoys’ movements. Then, two methods for correcting vertical
deformations of the receiving array radiation pattern with the receiving array mounted
on buoys were presented in [40]. Following this research, further analysis of the effect
of the buoys’ movements were conducted in [41] and [42]. The model of the buoys’
movements was re-established and calculated from a realistic modeling of a sea surface.
Both vertical and horizontal deformations of the receiving array were considered and
analyzed. In a vertical displacement, the main disturbances come from the modification

of the coupling in the array. For the horizontal displacement, the modification of the



inter-element spacing in the array resulted in the main disturbance. A real-time motion
compensation method was provided to optimize the radiation pattern of the antenna array.

The majority of motion compensation methods have been proposed to correct for
only the motion effect on the radiation pattern of the antenna array (see, for exam-
ple, [39], [41] and [42]). However, the platform motion also has a significant effect on
the Doppler spectra, for example, causing both spread Bragg peaks and the generation of
motion-induced peaks. STAP is widely used to compensate for the effect of the motion
on the Doppler spectra. The aim of STAP is to suppress the sea clutter information
(mainly referring to the spread Bragg peaks) in the Doppler spectra and to improve ship
detection performance. It achieves this by eliminating the clutter rather than by correcting.
However, this approach is not appropriate for ocean remote sensing applications where it
is required to compensate in order to retain the integrity of the first- and second-order
ocean spectra. The motion compensation method proposed in this thesis aims to recover
the motion-compensated Doppler spectra (i.e., to remove the motion-induced peaks
in the Doppler spectra, and to recover the energy and the bandwidth of the first- and
second-order peaks) for the purpose of extracting ocean information from the Doppler
spectra. Additionally, while STAP is especially applied to compensate for linear motion
effects, the motion compensation method in this study are applied to platform motions

represented as a sum of sinusoidal functions.

1.2.3 Walsh’s Scattering Theory and Monostatic Radar Cross Sec-

tion Models

In order to provide insight into the effect of platform motion on Doppler spectra, a radar
cross section model incorporating platform motion is derived. The HFSWR cross section
models of the ocean surface in this thesis are developed based on the Walsh’s scattering
theory and radar cross section models. Thus, it is necessary to review the HFSWR cross

section models developed based on Walsh’s scattering method.
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In 1987, Walsh and Donnelly [43] derived the general expressions for the electro-
magnetic field for a surface with an arbitrary profile, including plane earth propagation,
layered media propagation, mixed-path propagation and rough surface scattering. By
considering the operation of a pulsed HF vertical dipole source and invoking the good
conducting surface, small height and small slope assumptions [44], the first two orders
of the backscatter radar cross sections were obtained. By adding a small displacement in
the source term of the electric field equation to represent the antenna motion, the first-
and second-order monostatic HFSWR cross sections of the ocean surface for a pulsed
source with an antenna on a floating platform have since been developed [17-19]. In
these later works, a sinusoidal function with a single frequency was used to describe the
platform motion, or barge motion in the horizontal plane.

The general process of the monostatic radar cross section (RCS) model derivation
used in [17-19] is summarized in Fig. 1.1. Firstly, the electric field equation is written
as an asymptotic integral. Then, the time-invariant surface expression is specified
and substituted into the electric field equation. In order to solve the complex integral,
a stationary phase method is adopted [45]. The stationary phase method is mainly
accomplished by a polar or elliptic coordinate transformation, depending on whether
the scattering geometry is monostatic or bistatic, respectively. Next, the electric field
equation is inversed Fourier transformed into the time domain, and a pulsed dipole is
designated to be the exciting source. From pulse to pulse, the ocean surface is time
varying, and consequently the rough surface function must be modified to account for
this effect. Finally, taking the Fourier transform of the autocorrelations of the electric
fields to calculate the power spectral density, the expression for the radar cross section
can be obtained by comparing the power density with the standard radar range equation.

The second-order radar foot-scatter cross section model is not addressed in this thesis
due to its lesser contribution to the total radar cross section [19]. Additionally, the
peaks introduced by the second-order radar foot-scatter cross section are at 0 Hz and

twice the Bragg peak frequencies in the Doppler spectra [46]. These peaks appear out
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Fig. 1.1 The RCS derivation process block diagram.

of the Doppler region of interest for the purpose of ocean remote sensing. Thus, only
the first-order [17] and second-order radar patch scatter [18] cross section models are

reviewed below.

1.2.3.1 The First-Order Radar Cross Section Model

Under the assumption of a good conducting surface and imposing the usual small height
and small slope constraints for the ocean waves, the HFSWR scattered field E,, for a
floating transmitter can be written as [17], [18]
E,— (V -VE) <F ) — CoF
n { 3 n) % (F(p) 2mp

oF (p) 270 (1.1)

where p is the planar distance from the transmitter to the receiver (x,y) on the rough

surface &, shown in Fig. 1.2, while p’ is the distance from the transmitter to the receiver,
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Fig. 1.2 General first-order bistatic scatter geometry including antenna motion.

incorporating the transmitter displacement vector d 9y, and is given by

where the hat indicates a unit vector. The dipole constant, Cy, is expressed as

IAIK?

Co =~
JOE&

where the source is assumed to be a vertical dipole of length Al carrying a current / whose
radian frequency and wavenumber are @ and k, respectively, in a space with permittivity
£. ¥ indicates two-dimensional spatial convolution and F(p) represents the Sommerfeld
attenuation function [47]. V = )?% + )?a% + 23% with the hatted vectors being the unit
vectors along the coordinate axes and j = v/—1. A Neumann series solution of (1.1)
gives the first-order received electric field for a fixed receiver and a floating transmitter

as [17]

E, NkCOZPK/

X1

/ )F (p1)F(p2)
cos Og)———————=
M|

p1p2 (12)

. ¢/k8P0c0S(81=60) ,jp1 K cos(81 ~Ok) o~ JK(P1+P2) gy, 1,

where p;, p> and 0, are depicted in Fig. 1.2. dpy and 6y, respectively, represent the

magnitude and the direction of 60y, and ¥ is the usual summation symbol. The time-
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invariant rough surface &, which is represented by a Fourier series, may be expressed

as

E(x,y) =Y P /PK, (1.3)
K

with Py being the Fourier coefficient for a surface component whose wave vector is K, K
and O being, respectively, the magnitude and the direction of K.

For a monostatic geometry, it may be shown, as in [17], that p, ~ p; — 6P - P1. By
using this approximation and taking an inverse Fourier transform of (E, ), after including
a pulsed sinusoid dipole excitation, it may be shown that the time-domain version of (1.2)
is )

F~(po, mp) o % pikodp
(27po)3/2

. ZPE\/I_QJ'KPOE]K(SPO cos(0k —60) g4 [ATP (K — ZkO)]
K

(En)imr(Po) = — jnoAlApIokG
(1.4)

where [y, @y and ko are the peak current, the radian frequency and the wavenumber,

respectively, of the pulsed dipole excitation. 1M represents the intrinsic impedance of free

_%
space. pp = et > ) and the patch width Ap = % depend on the radar pulse duration 7.

c is the free space speed of light and Sa(x) = % represents the sampling function.

Next, to introduce surface time variation into the analysis, the rough ocean surface

is represented as a zero-mean, stationary Gaussian process of arbitrary variance. The

time-varying surface & is expressed as

E(x,y,t) = Z Pt o /KB gior (1.5)

—

K0

After introducing the time-varying ocean surface variation (1.5) into the received electric
field (1.4), an autocorrelation of the time-domain electric field, R(7), can be carried out

as
A,

R(D) = 3 < (B (t+ D) (Ei (1) > (1.6)
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where A, = (102 / 47)G,, with Ay being the free space wavelength of the transmitted
signal and G, being the gain of the receiving array. 7 represents the interval between
samples. * and <> represent the operations of complex conjugation and ensemble
averaging, respectively.

In [17] and [18], it is assumed that the platform sway is caused by the dominant
ocean wave so that

dpPo = asin(@,t)Pp (1.7)

where a and w), represent the motion amplitude and frequency, respectively. p,, set as
the angle O, represents the direction of & Po-

After Fourier transforming the autocorrelation and comparing the power spectral
density directly with the standard radar range equation, the first-order monostatic radar

cross section, Oy, ¢(®y), for an antenna on a floating platform may be written as [17]

= A
Glmf(a)d) = 2371'k(2)Ap m;il/KK251 (mK)Sa2 [TP(K— 2k0)}
. {Jg[aKcos(BK — 91(,,)]5((Dd —|—m\/g_K) + i J,%[aKcos(GK — er)] (1.8)

n=1

- [8(wy+mr/gK —nwp) + 8(wy +m\/gK +nwp) |} dK

where ®, represents the radian Doppler frequency. The first-order ocean surface spectral
power density is expressed by S (ml? ) with m being -1 for approaching ocean waves and
1 for receding waves. J,, represents a Bessel function of the first kind of order n, and 0 is

the Dirac delta function.

1.2.3.2 The Second-Order Radar Cross Section Model

The second-order radar cross section contains both hydrodynamic and electromagnetic
contributions. The second-order hydrodynamic contribution is caused by the signal
from the transmitter being scattered once by second-order ocean waves before being

received. The second-order electromagnetic contribution arises from double scattering
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from first-order ocean waves. Equation (1.8) is the first-order radar cross section model
and contains the first-order ocean wave spectrum S (I? ,®). The second-order ocean

wave spectrum can be expressed as

&) =2 [ [¢ .5z SiRL0S (R o)l PaRidor  (19)
0 +nr= co

where gI' is the hydrodynamic coupling coefficient [48] accounting for the coupling of
two first-order ocean waves, whose wave vectors and radian frequencies are 1?1, 1?2, w;
and @, respectively. By replacing S (K, ) with S»(K, ), (1.8) becomes the expression
for the second-order hydrodynamic portion of the radar cross section of the ocean for the

case of an antenna on a floating platform and may be written as

Gme<wd) 26 2](4 Z Z / / |HF| Sl(lel)Sl<m2K2)K

—tlmy==1

' i J2[aK cos(6k — 6k, )] (1.10)

Nn=—o0

. 5(60d +mi+/gKj +m2\/gK2+na)p)d6K1dK1.

Following a similar procedure to that for the first-order case, the second-order received
electric field, (E, ), for a fixed receiver and a floating transmitter can also be simplified

using a Neumann series to give [18]

k2C0 iK iK
(En Z %, Kz/ / K2 P12)€j lple] P2
(1.11)
555 e~ Jk(p1+p12+p20)
-e/*PrOPOE (b)) F (p12)F (pao) dA1dA;
P1P12P20

where Pl?l and Pl?z represent the Fourier coefficients of the first-order waves, which
are associated with S (mll? 1) and S| (mzlzz), respectively. The geometric parameters
P1,> P12 and pyo are depicted in Fig. 1.3. In Cartesian coordinates, dA| = dx;dy; and
dA, = dx,dy,>. By applying the monostatic geometry, for which pyg &~ p> — 800 - P2,

and the patch scatter assumption, pj» << pr, P2, the double integral in (1.11) can be
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simplified. Following a similar analysis as was used to derive the first-order electric field

for a pulsed dipole, the time domain result for the second-order electric field is

Yy
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Fig. 1.3 General second-order bistatic scatter geometry with antenna motion.

F? . -
(En)2my(Po) = —J'UOAZAPIO%MBJ"OAP e /4

( p ) ‘ Ap (1.12)
: ZZEFPPI_{'I PI_{'2 \/?eijoeJKSchos(GKfGQ)sa |:7<K - 2k0):|
K K
where the electromagnetic coupling coefficient can be expressed as
STp(Kr, ) = jko |Ki x K> {1 y ko(1+A) } (1.13)
7 2K? k(%_Kl -Kp v —I?l ~I?2+jk0A

with A being the intrinsic impedance of the surface. From (1.12), a similar process to
the first-order case is conducted to calculate the second-order electromagnetic portion of
the radar cross section. Adding this electromagnetic contribution and the hydrodynamic

result (1.10), the total second-order monostatic radar cross section of the ocean when the
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antenna is on a floating platform may be written as [18]

szf(a)d =26 2k0 Z Z / / ’ |Sl lel)Sl(mng)K

my=tlmy=

: Z J,f[aKcos(GK—GKp)] (1.14)

Nn—=—oo

-0(wy +my+/gK1 +myr/gKo +na)p)d91?ldK1

where I'p,=el'p+HI.

1.3 The Scope of the Thesis

In this thesis, HFSWR cross section models of the ocean surface for the case of an antenna
on a floating platform are investigated further based on the theoretical foundations
developed by Walsh [16]. The outline of this thesis is as follows.

In Chapter 2, based on the general form of the received electric field [17, 18], the
first- and second-order bistatic radar cross section models for a pulsed source with a
fixed receiver and a transmitter on a floating platform are developed. Comparisons of
these new bistatic models with earlier radar cross section models are then made. In order
to investigate how antenna motion impacts the RCS, the corresponding Doppler spectra
are simulated under a variety of sea states.

In Chapter 3, the first- and second-order bistatic radar cross section models with a
fixed receiver and a transmitter on a floating platform are extended to a frequency modu-
lated continuous waveform (FMCW) source. Based on established models, simulations
are made to compare the Doppler spectra for an FMCW waveform with those for a pulsed
waveform.

In Chapter 4, a more realistic platform motion model is proposed. In order to simplify
the study, the platform motion model is considered to be a combination of two cosine
functions in a single motion direction. Based on this newly-derived platform motion

model, the corresponding monostatic and bistatic radar cross sections are developed. Fol-
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lowing this research, radar cross sections are extended for a more complicated platform
motion model by considering multiple frequencies and directions. The corresponding
models are simulated and the impact of the antenna motion on the Doppler spectra is
discussed.

In Chapter 5, a compensation method to mitigate the effect of the platform motion on
the Doppler spectra is proposed. To simulate radar field data and examine this motion
compensation method, radar cross section models with external white Gaussian noise are
developed. Based on experimental platform motion data, radar cross sections are simu-
lated under a variety of sea states and SNRs. The corresponding motion compensation
results are obtained and evaluated.

In Chapter 6, a summary of the fundamental conclusions obtained from the research
in this thesis is given. Additionally, several suggestions for future work are proposed.

The research presented in this thesis has been published or submitted for review in

six refereed journal papers as listed below:

1. Y. Ma, E. W. Gill, and W. Huang, “First-order bistatic high-frequency radar ocean
surface cross-section for an antenna on a floating platform,” IET Radar Sonar Navig.,

vol. 10, no. 6, pp. 1136-1144, 2016.
This paper provides the development of the first-order radar cross section model for a

pulsed source with an antenna on a floating platform (Section 2.2).

2. Y. Ma, W. Huang, and E. W. Gill, “The second-order bistatic high frequency radar
ocean surface cross section for an antenna on a floating platform,” Can. J. Remote

Sens., vol. 42, no. 4, pp. 332-343, 2016.

This paper provides the development of the second-order radar cross section model

for a pulsed source with an antenna on a floating platform (Section 2.3).
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3. Y. Ma, W. Huang, and E. W. Gill, “Bistatic high frequency radar ocean surface cross
section for an FMCW source with an antenna on a floating platform,” Int. J. Antennas

Propag., vol. 2016, p. ID 8675964, 2016.

This paper provides the development of the radar cross section models for an FMCW

source with an antenna on a floating platform (Chapter 3).

4. Y. Ma, W. Huang, and E. W. Gill, “High frequency radar ocean surface cross section
incorporating a dual-frequency platform motion model,” IEEE J. Oceanic Eng., 2017.
(in press)

This paper provides the development of the monostatic radar cross section models

with a more realistic platform motion model (Section 4.3 and Section 4.5).

5. Y. Ma, E. W. Gill, and W. Huang, “Bistatic high frequency radar ocean surface cross
section incorporating a dual-frequency platform motion model,” IEEE J. Oceanic

Eng., 2017. (in press)
This paper provides the development of the bistatic radar cross section models with a
more realistic platform motion model (Section 4.4).

6. E. W. Gill, Y. Ma, and W. Huang, “Motion compensation for high frequency surface
wave radar on a floating platform,” IET Radar Sonar Navig., 2017. (in press)

This paper provides the development of the motion compensation method for HFSWR

on a floating platform (Chapter 5).
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Chapter 2

Bistatic Radar Cross Section for a
Pulsed Source with an Antenna on a

Floating Platform

2.1 Introduction

The first- and second-order HFSWR bistatic cross sections of the ocean surface for
a pulsed source with a fixed receiver and a distant transmitter on a floating platform
are developed in this chapter. Previously presented equations (1.2) and (1.11) are the
expressions for the bistatically received first- and second-order electric fields. By speci-
fying a pulsed dipole as the source and using a three-dimensional Fourier series, whose
coefficients are random variables, to represent a time-varying ocean surface, the electric
field equation in the time domain can be deduced. From this, the power spectral density
may be readily determined and the corresponding radar cross section can be derived by
invoking the standard radar range equation.

In this chapter, the first- and second-order bistatic radar cross sections for a pulsed
source with an antenna on a floating platform are presented. Using these newly-derived

RCS models, corresponding simulations are conducted to investigate how the antenna
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motion affects the bistatic HFSWR Doppler spectra. In Section 2.2, the derivation
process of the first-order bistatic radar cross section for the case of a fixed receiver and
a transmitter being mounted on a floating platform is outlined. The derivation of the
second-order bistatic radar patch scatter cross section is presented in Section 2.3. It
should be mentioned that only scattering from a portion of the ocean surface which is
remote from both the transmitter and receiver — the patch scatter case — is addressed in
this thesis. This means that, for the double scatter case, the two scattering points are very
close to each other compared to the distances between them and the antennas. Section
2.4 contains a comparison of the radar cross section models developed in Section 2.2
and 2.3 with earlier models. Section 2.5 presents a number of simulations based on
these newly-derived models and discusses their significance. A summary of the chapter
appears in Section 2.6.

A simple diagram of bistatic scatter for an antenna on a floating platform is depicted
in Fig. 2.1. In our study, the transmitter is an omnidirectional dipole on a floating

platform. The receiver is an onshore phased antenna array.

Floating platform

Ocean patch

Received

radar signal
Ocean

A
Shore  ® ® ® ® ® ® ® ©®©

Receiving antenna array

Fig. 2.1 A diagram of bistatic scatter for a fixed receiver and a transmitter on a floating
platform.
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2.2 The First-Order Radar Cross Section Model

A. First-Order Field Equation

Bistatic HFSWR cross section for a stationary antenna has been previously derived
in [49], and the electric field of form similar to (1.2) is solved by a stationary phase
process. The detailed stationary phase process is provided in Appendix A. Using this
approach, the double integral in (1.2) can be solved, and the bistatic received electric

field reduces to [50]

Bl = DY peRer oo [*_FOOE@) s
S PR \Jpslp2 = (p/2)7] o1
2.1)

. \/meijpo[cos(Pcos(OK—Qo)—i-sin(i)sin(@K—Oo)} ejpx[il(cosd)—Zk]dps
where p; = w and ¢ is the bistatic angle (see Fig. A.1).

B. Time Domain Analysis Incorporating a Pulsed Dipole

An inverse Fourier transform (.% ') of (2.1) yields the time domain result for the first-
order electric field. It is known that @ is the transformed frequency variable and kC is
a function of ®. Thus, the frequency domain expression corresponding to (2.1) can be

written as

‘ZPE\/Eejgcos(GK—G)e¢j% /°° F(pl,a)())F(Pz,(D;)) \/COS ¢ 2.2)
P2\ Jpdp? ~ (p/2)"

'ejkﬁpo[cosq)cos(6K790)+sin¢sin(GKfGO)] ejps[j:Kcosq)ka] dps}

For a pulsed dipole source [51], it is shown that

F Y kCy) ~ — jnoAllpkde’™ [h(t) — h(t — )] (2.3)
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where h represents the Heaviside function. Moreover,

F—1 {ej%{épo[cosq) cos(6x—6p)+sin¢ sin(GKfOO)]prs}}

2ps  Opolcos ¢ cos(Ox — Bp) + sin ¢ sin(Ox — 6p)] 24)
=0{t——+ }.
c c
Next, it is helpful to define
0pso =8poplcos ¢ cos(Bx — Op) + sin @ sin(Ox — 6p)]
(2.5)
=cos(¢ — Ok + 6p)
so that the convolution portion of (2.2) can be simplified as
; 2ps— 0
~ JMoAokEe ™ [(t) ~ hit — %) 8t — 2P0
(2.6)
7 2ps—0 S 2 - 6 2 - 6
— oAUk [y TPs T OOy i TP T OPO iy
c c

From the property of the Heaviside function, it is known that

B B 1, c(t—70)+0ps50 <p, < cz+6ps0;
h<t_2ps 5ps0>_h<t_2ps SPSO_T()): 2 p )

c c .
0, otherwise.

2.7)

As in [52], in order to simplify the integral in (2.2), at this point it is useful to define

ct C(t—‘Co) f— T
posz2+ z _cli—3) 2.8)

and

psl = Ps — Pos (29)

Then,

_CT0/2+5ps0 <p > CT0/2+6psO

> < > (2.10)
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Gill [3] also notes that ps ~ pos and pos > |ps’|, so that the phase term py(+K cos¢)

in (2.2) may be expanded as

ps(£K cos¢) ~ £K(poscos ¢o + ps’ /cos @) 2.11)

where ¢ is a representative value of the bistatic angle, associated with pos. Since p; and
P2 exist in the magnitude term and vary only slightly over the patch, they may be denoted
by representative values, pp; and pg2, and may be removed from the integral. Similarly,
Pos = m indicates the representative value of ps. In addition, pos is a constant in
the integral, so that dp; = dp,’. By changing the integration variable accordingly, (2.2)

becomes

— jnoAllgk? o .
(En)1pf(t) = mo—ygong\/feﬁz ej%cos(e’(_e)ejwo’(:l: cos p)
'F(pOIawO)F(pOLwO)ej:I:Kposcosq)o
2
\/ poslpg, — (p/2)7]

. ' .
. / /eJiKPs /COS ¢Oe_]k0(2ps_5ps0)dpsl,
Ps

(2.12)

and the integral in (2.12) can be written as

](ps):/ einPs’/COS¢oe*jk0(2pr5pso)dps’
ps’
ety /2+8p40 (213)

— o~ Jk02pos ,jkoSpso : Jjps' (£K/cos ¢o—2ko) 7 /
=e se O aoresng € dps .
— 7z
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Defining p,” = p,’ — %, (2.13) reduces to

CT

. . 2L 5
1(pg):efjk02pmejko5pso / 4 eJ(Ps”+%)(iK/COS¢0*2ko)dpv”

—C7

. Kép 0 ]
_i T+ 4 inJ! _
—e ]kOZPOse ]ZCos(on / elps (£K/cos ¢y ZkO)dpS//

-y (2.14)

— e*jkOZPOsAp

'KépSO Ap K Ksps() Ap K
. ]2COS¢ S [_ _ 2k :| ]2008¢’ S |:— 2k ] .
{e 0oa ( 0)] +e "R (cos¢o+ 0)

cos ¢p

Since the surface wavenumber K cannot be negative, Sa[%p (ﬁ +2kp)] is much smaller

than Sa[A2 (K _ 2k)] for any bistatic radar parameters and K of interest, the con-

cos ¢p

tribution of the Sa[ATp( K

cos ¢p

+ 2ko)] term in (2.14) is negligible relative to that of the

Sa[A2 (COS¢ — 2kp)] term. Substituting (2.14) into (2.12) and using

. . . 2 (- .
ol @t o= jko2pos _ o0 ( Posy 61020(61*2( 7)) — eJkoAP7 (2.15)

the final received field may thus be obtained as [50], [53]

Allk? “@o)F @
(En)1py(t) = JTlo 3/3 OZP v/ K cos @y elkoAp F(po1, @0)F (Po2, )
\/pOS pOs P/2

K&
o7 piKP0s€0S o , Teox gy 1205 G0 <05 (B — o) Fsin y sin O —60)] (2.16)

Ap (
2 “‘cos@p

elfs O =0)ppsa P ~2ko) .

C. First-Order Radar Cross Section

In keeping with the analysis presented in [51], the time-varying ocean surface & (x,y,t)
is expressed as in (1.5). Instead of using P as for the time-invariant case, Pg , is
used for the Fourier coefficient for the time-varying rough surface. It is assumed that

different Fourier coefficients Pg  are uncorrelated. Thus, the ensemble average of the
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time-varying Fourier coefficient can be derived as

Si(K,0)dKdo, K=K 0=uo
<Pz wP;;, ,>= (2.17)
0, otherwise.

Introducing the time-varying ocean surface variation (1.5) into the received electric

field (2.16), and using (1.6) to calculate the autocorrelation of the time-domain electric

field gives
2 21214 2
R(z) G MAIAG Ap / / K cos oS (R, )el*
8% 21’ poslpd, — (p/2)"] /Ko
K
- |F (o1, @0)F (poa, )|’ Saz[—( —2ko)]
cos fo (2.18)

_ <em{;’;05p0(;)cos¢ocos(e,<_eo(t)) ZCM,O5p0(r+r)coq¢0cos(e,( Bo(t+7))

. eﬁsm(z) sin @y sin(6x —6y (1)) e—ZC{f% 8po(t-+7)singy sin(ek—eo(t+f))> dodR.

Taking the Fourier transform of (2.18), with respect to 7, results in the Doppler power

spectral density being

2 2724 2
P(wy) = % G,ngoAl ok ap / K cos ¢o
T (275) Pos pos p/2 )
A K
-|F(po1, @p)F (o2, o) |*S(K, 0)Sa?| 2” ( —2ky)] (2.19)
cos ¢p

- / 7O - MK, Bk, 7, 1) > drdwdR
T

where @,;, the Doppler radian frequency, is the transform variable in the frequency

domain and

(K Ok, T l‘) _ eﬁSpo(t)cos¢0cos(9K—90(t)) 'e%Spg(t—H’)cosq)ocos(OK—OO(t—i-T))
)

' eﬁﬁpo(t) sin g sin(Ox — 6o (1)) eﬁSpo(Hr) sin gy sin( O —60(1+7))

(2.20)
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Since dOy = d Ok, (2.19) can be normalized in a per unit area sense as

P(@) _ py o PoslP~ (8)]
dA ApdBy(poi1poz)’

A3 G oA 2 kS Ap / / 5 >
= K= cos ¢o|F (o1, @0)F (Po2, )|
8w (27)° (Po1po2)” /o
_ 2 _ Jt(0—wy)
S(R, )82 [P (- . )| /T e < M(K, 6k, 7, 1) > dtdwdK,

(2.21)

which may be compared with the radar range equation to obtain the radar cross section

o1p (@) = 22k3Ap / / K% cos ¢oS(K, ) Sa [7”(
KJw

~2k)|

cos 9o (2.22)
: / /T O~ < M(K, Ok, T, 1) > dtdodK.
T

Next, it is noted that the power spectral density for first-order gravity waves can be

expressed as [54]
Y, Si(mK)8(w+my\/gK). (2.23)
Substituting (2.23) into (2.22) gives

Glbf(a)d):22k§Ap Z /

/ K2 cos oSy (mE) 8(@+m+/gK)
m=+1/K/o

Ap, K o

-Sa?| —~ — Jjr(o—ay)

> [ 2 (Cos¢0 2k0)} /Te <M(K, 6k, 7, 1) > dtdwdK.
(2.24)

The presence of the Dirac delta function &() allows the @ integration to be completed

immediately and (2.24) reduces to

| A
ounp(0g) = 22380 Y /KKZCOS%Sl(mK) Sa2 [TP(
m==+1

(2.25)
_/ejf(mJgT+wd) <M(K, 6k, T, 1) > dtdK.
T
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Here, < M(K, Ok, T, t) > should be more closely investigated. In keeping with [17],
it is assumed that the platform sway is caused by the dominant ocean wave. Then,
< M(K, 6k, T, t) > can be written in terms of Bessel functions of the first kind (see

Appendix B) as

<M(K, GK, T, l‘)> =
K
J&{% [cos(Ok — Ok, ) + tan @ sin(Ok — Ok, )]} (2.26)

- akK )
+2 ZIJ,%{?[COS(GK — 0k,) +tan o sin(Ox — 6k, )] } - cos(nw, 7).
n=

Setting 2cos(nw,t) = /"% 4 ¢~ /"%7 the 7 integral in (2.25) may be completed to

give [50], [53]

O1pr(y)
»Ap, K
3.2 2
=2 nkOApm jEl/K cos @S (mK) Sa*[— 3 (cos¢0 2ko)]
{JO{—|cos (61— 6k,)/cos go|} - 6 (g +m+/gK) (2.27)

+ Z J,%{?|cos(91 — 6k,) /cos o}
n=1
[8(@q+m+/gK —nwp) + 8(wy+m+/gK +nw,) |} dK.

It is worth noting that the argument of the Bessel function J(Vv) must be nonnegative. In
the Bessel function argument, cos(6x — 6k, ) +tan @ sin(6x — bk, ) = cos(6; — 6x,,) /cos gy,
whose value may be determined by the angle between the sway motion direction and
the direction of gy, if the bistatic angle is known. Since the antenna motion is described
by a sinusoidal function, it is known that the sway motion for the direction of 6k, and
91(,, + 180° should be the same. Therefore, the absolute value may be used for the term
in the argument of the Bessel functions.

Equation (2.27) is the final result for the first-order bistatic ocean surface radar cross

section with a floating transmitter and a fixed receiver. Clearly, (2.27) contains an infinite
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sum of Bessel functions. However, the third-order and higher-order Bessel functions
affect the total cross section very little. For this reason, when simulating the cross section,

only the Bessel functions up to the second-order (i.e., n =0, 1, 2) are used.

2.3 The Second-Order Radar Cross Section Model

2.3.1 The Second-Order Hydrodynamic Contribution

The first-order bistatic electric field for scatter from a time-invariant rough surface & (p)
for the case of a floating transmitter and a fixed receiver was previously derived in (2.16).

The Fourier coefficient for the second-order ocean waves can be expressed as [51]

Peo= Z HUPg o PRy o (2.28)
K:I?I +[?2
D=0+

Introducing the time-varying ocean surface displacement &(x,y,7) in (1.5) with the

Fourier coefficient Pz  in (2.28) to replace the time-invariant case &(x,y) in (1.3),

K,0

(2.16) becomes the expression for the second-order bistatic field for scatter from the

ocean surface for the case of a floating transmitter and a fixed receiver

— oAl
(En)be(t) - 3/2 —=0 Z Z L Kl o KZ € j(ortm) lAp\/KCOSQ)()

(27 Ky,0 Ky,0;
'ej%cos(gK_e)ejkoAp (p027 ) (P020 wO) —j%ejl(p()scosqbo
Veoled — (0 /2)) (2.29)

. /K 8po[cos ¢ cos(6x —6p)-+sin o sin(6x —60)]/(2 cos ¢o)
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2.3.2 The Second-Order Electromagnetic Contribution
A. General Second-Order Field Equation

The general second-order HFSWR scattered field for an antenna on a floating platform

(see equation (1.11)) is derived in [18]. Based on Fig. 1.3, the double integral in (1.11) is

defined as
5 o p—Jkp2o
I:/ F(pao)e® P2 —
y & o - e—Jk(p1+p12) 2.30)
/ (K1 p1)(Kz - pro)e’ 1 P1e/Promo F(p))F (p1y) ————dAdA,,
Ay pP1pP12
and the A integral in (2.30) can be expressed as
. . BB kDS e Jk(p1+pi2)
I = (K1 -p1)(Ks - pra)eX1P1 e7kP1-0p0 F(PI)F(I)H)TdAl' (2.31)
A 1P12

B. Patch Scatter Field Equation

Following the analyses in [44] and [49], for patch scatter, it is clear that pj» < p1, P2.

With the relationship p; = p» — P12, it can be shown that
p1 =~ p2—P2-Pi2. (2.32)
By using the approximations p; ~ p; and 0; ~ 6, in the magnitude factor in the

integral /1, (2.31) may be written as

e_jkp2 kb 5" I—(' —
L = K1K2008(92 - GEI)F(pz)—e] P2:0P0 o 7R 1°P2
P2 (2.33)

/ / F(PIZ)COS(OIZ—QI‘Q) e*jkplzejﬁlz'[kﬁzfl?ﬂdglzdplz
P12 /012
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where dA| = p12d012dp12 has been applied. By defining I?S(Ks, 0;) = kP> —I?l, the

integral in (2.33) may be written as
I — /p ) /6 Flpi)cos(Bin ~ O, ) IKPrreiPnoeos(®a-0) 49 dp,  (2.34)
Since
cos(612 — 91?2) = cos (601, — O5) cos(6; — 61?2) — sin(6y2 — 6) sin(H; — 91?2) (2.35)

and the term sin(6 — 6;) sin(6; — 9]32) is an odd function that will vanish in the 6;,

integral, (2.34) becomes

I :/ F(p12)cos(6; — el_(,z)efjkpn
pr2 (2.36)
/ COS(QIZ_Qs)ejplsz005(912—9x)d912dp12‘
012

By using the definition of the Bessel function of the first kind, the 0}, integral in (2.36)

may be written as

2 .
/ cos(02 — QS)eJPuKsCOS(912*9s)d912
0
2 .
- / cos(8)eP12Kseos(0) gg (2.37)
0

227TjJ1 (plZKs)-

Substituting this result into (2.36) gives

I :27rjcos(6s—61?2)/ F(plz)e*jkplzjl(plzKS)dplz
P12

=2mjcos(6; — Oz )G(K;) (2.38)

K

= Zﬂjks : kZG(Ks)
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where G(K;) = fpn (p12)e 7 P12, (p12K;)dpy. Further substitution of (2.38) into (2.33)

yields

ef.jkp

Iy = K1 Ky cos(6; — 6 )F(p2) —— /KPP0 1 iR . Ry G(K,)]. (2.39)

Introducing this form of /; into (2.30) results in

—jk(p2+p20) . o
= 27tj/ F(pz)F(pzo)e—eJ(K1+K2)'P2
Az pP2p20 (2.40)

-e*P0Po (K . o) (Ry - K2) G[Ky(pa, K )]dAs,
so that (1.11) may be cast as

—kCo

ZZ %Pz,

K| K> (2.41)
/ / (—k%)—(p;zpz(opzo)ejkﬁ2'5;)oe—jk(P2+P20)ejKP2COS(OK—Oz)dedyZ

Y2

(En)apr =

where ¥ = j(Ki - p2) (K, - K>) - G[Ky(p2,K1)] and K = K + K.
By transforming from Cartesian to elliptic coordinates and applying a stationary
phase method (see Appendix C), the bistatic electric field expression for scatter from a

time-invariant rough surface becomes

R iP CoS /4
By = LT e
(27

_ / (—kx) (Pz) (p20) elP:(FKeos9=2k) (2.42)
P

. eijpO[cosq) cos(6x—6p)+sin¢ sm(GKfGO)]de‘

C. Pulsed Radar Field Equation

Following the analysis given for a pulsed dipole source in [50] and [51], and taking the

inverse Fourier transform of (2.42), the time domain result for the second-order electric
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field is
—J T[()Alloko

(En)apf (1) = Ton? ZZ \/m

elkoAp

F(POZ» ) (pOZO O‘)O)e j4 (k x)e]Kp()SCOS(Po
\/p0v Pos 2 (243)

. /K 8po[cos ¢ cos(6x —6p)-+sin ¢o sin(6x —60)]/(2 cos go)

2K e Ap K
el T sk —0) A p gy [ ( ™ 2]{0)]

Defining gpl'p = as the electromagnetic coupling coefficient reduces (2.43) to

kox
Kcos@g

— jmoALIK K eon(or )
(En)be(l‘) _ e 0 ZZBEFPPI?IPI?Z el 2 cos(Og G)e]koAP
(271') El [?2

\/m p027 ) (P0207 ) ]Zeijoscosti)O
\/Pos(pd, — (8 (2.44)

. ¢/K8po[cos ¢ cos(6x —6p)-+sin 9o sin(6x —60)]/ (2 cos ¢o)

o[ 2

cosdy Zk())} '

Replacing the time-invariant rough surface by the time-varying ocean surface, (2.44) can

be written as

0ALIok2 o
(Eu)asy (1) = ~I200 L X sl pEy, g Py e OO

3

(2) Ki,01 Ky, 0

A /KCOS (POeJkOAp (poz’ ) (p0207 wO) e—j%ej[(poscosq)o
2
\/ poslpg, — (P/2)7] (2.45)

_ejKSpO[cosq)ocos(OKfGQ)Jrsin%sin(GKfGO)]/(Zcos%)

Ap
-ApSa|— —2ko)|.

P a[ 2 (cosq)o O)]

Replacing the electromagnetic coupling coefficient ggI'p with its symmetrical counterpart

sel'p, which is derived in Appendix D, gives the final second-order electromagnetic
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electric field

— inoAllpk?
(En)opf(t) = ZJ 0%

3 » j(o+m)t /
(275)3/2 HZ HZ SEFP K17w1PK27wze 1 KCOS(])O
K1,01 Ky,00

(P02, @) F (po2o, >€j%005(9K—9)ejkoAPe 77 p7Kposcos do

| Veald —(p/2)7]

(2.46)
ejKSpo[cosq)ocos(BK—Go)—i-sin(l)osin(GK—Go)]/(Zcos(i)o)
Ap, K
-A —_ -2 .
pSa[ 2 <cos¢o ko)]

2.3.3 Second-Order Radar Cross Section For Patch Scatter

From (2.29) and (2.46), the total second-order scattering field, including both the electro-

magnetic portion and the hydrodynamic portion, can be expressed as [55] and [56]

— jnoAllok?
(En)apf(t) = g

s qZ Z FPbPI?I,wlpl?z,ane](meZ)[ /K cos 9o
( TC) Ky ,01 K>,

F(poz,a)o)F(pozo,(Do) —14eijoscosq)oej%cos(OKfO)ejkoAp
2
Veolod,— (p/2)"

(2.47)
/K polcos @y cos(Ok — ) +sin ¢y sin(6x —6p)]/(2cos 9o)
Ap, K
-ApSa [ 2k }
pa 2 (cos¢o 0)

where I'p, =gl 'p+pyI". A similar process, as was used in [50] and [51], is used to obtain

the radar cross section from the electric field equation. The initial step of the approach is
to write the autocorrelation, R(7), as

R(®) = 35 < (Ex)asy 0.+ 2 (B3 0.0) >

o f ooy
2(2m)’

210 poslp, — (p/2)°] }ml ilmz—il/ / / / (2.48)
{81 (m1 K)S1 (maKa)e!®T[Tp, |2 K cos @o| F (poa, @) F (Po20, @) |*
-<M(K, 6, r,t)>Sa2[A—p( K

) ]K Kd0. dKdO-
> (cosse ko) | K1}dK1d6y dKd6y
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where M (K, Ok, T, t) is defined in (2.20).
A Fourier transform of (2.48) with respect to 7 gives the received power spectral

density spectrum

Armokg|AlI* (Ap)? 1 e pm e
o= o L
( )pOs P()s P/2 m—t+1my—=+17-7J0 J—mJO

{81 (m1K1)S1(maKa) |Tp, |*K> cos ¢y

-|F (po2, @) F (o2, o) |*Sa? [Ap(

2.49
X (2.49)

cos @
: f; /") < M(K, 6k, T, t) > ddK1d Oz dKd 6.

—2k0)}1<1}

The result in (2.49) may be normalized in a per unit area sense as

2

P(a)d) :P((D ) POs[Pgs—(%) ]

i
dA Apd Oy (pPo2po20)”
2
= P((Dd) 2
Apd Ok (Po2p020)

Armokg|AlL[*A o [T oo ) )
e nO 3O| lO’ pz Z Z / / / {Sl(l’l’llKl)Sl(msz) (250)
4(27)” (P02P020)” =1 my==1/0 /=1 JO

&K
2 “cos@y

- |Ce, |2K*cos @o| F (po2, @) F (oo, @) |*Sa’ [ - 2k0)] K

/ /O~ < M(K, Ok, T, 1) > dTdKd6y dK},
T

and this may be compared directly with the radar range equation to obtain the cross

section

owr(wy) =2%kgAp Y Z / //

mp= j:lm2

) ) A
-{S1(m1K1)S) (maKr) T, P KK cos @ Sa> [Tp(

_ 2.51
cos @y Zko)} ( )

./e—jr(m1¢m+mz@+wd) <M(K, 6g, T, 1) > deKldGI}ldK}
T
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where < M (K, Ok, 7, t) > is addressed in Appendix B. Substituting (B.5) into (2.51) and

setting 2cos(nw,t) = e/"OpT 1 ¢~ InWpT the T integral may be completed to give [55], [56]

szf(wd):23”k%Ap Z Z /000/7::/000

mi—=1my—=+1

, , Ap, K
-8y (m K &) [T PK2K 2[— 2 }
S](ml 1)Sl(m2 2)‘ Pb’ 1COS(])() Sa 2 (COS(P() k())

2 aK .
~{Jo{7|cos(9K—9Kp)+tan(])osm(6K—9Kp)|}
(2.52)

-0(wg+my+/gK1 +ma+\/gK>)

[6(wg+mi~\/gKi +my\/gKr — nwp)

+6(0y +mi\/gKi +man/gK> +nwp)|}dK d6g dK.

- akK .
+ Z’IJ,%{7| cos(6x — Ok,) +tan gg sin(6x — Ok, )| }
P

Equation (2.52) is the final result for the second-order bistatic ocean surface radar

cross section with a floating transmitter and a fixed receiver.

2.4 Comparisons of Antenna-Motion Incorporated Bistatic
Radar Cross Sections with Earlier Models

A. Comparison with a Monostatic Model

For monostatic cases, ¢g = 0, i.e. cos@g = 1 and tan ¢y = 0. Then, (2.27) becomes

LA
o1 (wg) = 2kgAp Y / K28, (mK)Sa [—p(K—zko)}
m=+1"K 2

RIS cos(0k — O, )} 8 @3+ my/gK)

. , (2.53)
a
+ Y A1 cos(0k )]}

[8(wg +m\/gK —nw,) + 8(wy +m\/gK +nw,) |} dK,
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which is the same as the monostatic model with a floating transmitter and a fixed receiver
given in [74]. It is worth noting that (2.53) differs from its counterpart (1.8), where both
transmitter and receiver are assumed to be floating, by having a 4+ cos(GK Ok, ) factor
in the Bessel functions instead of a aK cos(6k — 6k, ) factor.
For the second-order radar cross section, (2.52) reduces to
o (wg) =2mkgap Y Y / / /
mi=%1my==+1

) } A
-1 (m1 R1)S) (maRa) U KK Sa2 | 22 (K — 2ko)|

1
: {J3{50K| cos(6x — 91<,,)|}5(wd +my\/gKi +my+\/gK>) (2.54)
—|—ZJ2{ aK|cos 9[( GKI’ }[5(a)d+m1\/gl(l+m2\/gK2—ncop)

+0(wy+my\/gKy +mar\/gK> +nwp)]}dK1d9,?1dK.

Considering the Bessel function property, J> = J2,, (2.54) can be written as

G( 237Tk Ap Z Z / / / S lel S] msz)\pr] K2K1

mi=t1my==1

Sa [2”(1< 2k)| Y 22 aK|cos(9K ok,)} (2.55)

Nn—=—oo

-8(@q +mi\/gKi +ma\/gKyr +nawp)dK d6g dK.

For a large patch width Ap, A/llim MSa?[Mx] = 8 (x). It is straightforward to show that
—>00

in this case

ApSa® [ATP(K . 2/<0)] = 2m8(K — 2ko). (2.56)
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Carrying out the K integration, (2.55) reduces to

62( 26 2k Z Z / / |pr’ S1 lel)Sl(msz)

my=tlmy=

: Z J,%{ak()’COS(GK— er)l} (2-57)

Nn=—oo

'5((1)d +mi+/ gk —l—mz\/ng—f—n(Dp)deKldK].

Except for the term in the Bessel functions, equation (2.57) is of the same form
as (1.14). It has been explained that (1.14) is the model for the monostatic radar cross
section when both the transmitter and receiver are floating. If the term 2kga|cos(6x —

0k,)| appearing in the argument of the Bessel functions of the first kind is replaced by

the term koa|cos(6x — 6, )|,
section involving a floating transmitter and a fixed receiver. Next, it will be illustrated
that the coefficient I'p in (2.57) has the same value as the coefficient I'p, in (1.14), when
the bistatic geometry is reduced to the monostatic case. The hydrodynamic coefficients
g1 in both coefficients remain unchanged, so only the electromagnetic coefficients need

to be addressed. For the monostatic case, ¢o = 0 and p» = N = K. Also, it can be shown

that
I?:I?1+I?2:2k013
- A = A = [?2_1?] — ~ —
K(p2, K1) = kopo — K1 = 3 = —Ky(p2,K2),
I R I Y
K5 (P2,K1) = ko — K1 - Ky = K5 (P2, K2),
and

GIK;(p2. K1)] = G[Ks(p2,K2)).
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Thus, sgI'p in (D.9) reduces to

L o ko L
sel'p(K1,K2) = —ZKZKYG[KS(pz’Kz)]
— = = I_{v —E = = = = I_{v —I_{v =
K (R + K)[—5— K] — [Ka - (K1 + Ko)|[—— K1}
_ jkO A T 2 = 2 \2
= ZKszG[Ks(PzaKz)][(KIKz) — (K1 - K2)”] (2.58)
Jko

= G[K;(p2,K>)]|K) x K> |?

_ Jko K1 x Ka|?
2K* i3 K, - K>

(- ko(1+4)

J—F———}
vV —K;- K> -I—]koA

which is exactly the same as the monostatic electromagnetic coupling coefficient (1.13).

B. Comparison with a Stationary Model

For a model involving a stationary antenna platform, 6py =0 and a =0, ®, =0. In

addition, it is known that Jy(0) = 1, J,,(0) = 0. Under these conditions, (2.27) becomes

o1 (wg) =2nkgAp Y /K K?cos ¢oS (mK)

Ap ";ﬂ (2.59)
. Sa? [7 (ot ™ 2ko) | 8(@4+m\/gK) dK.

2
Due to the Dirac delta function, K = %, so that dK = 2(‘"’8& = %gl?d w,. Thus, (2.59)

may be written as

K
cos @p

24mk3Ap 5 L o[Ap
_ K2 cos¢pS1(mK) Sa [—
NG mgl $oS1(mK) > (

o1(wy) =

~2k)| (2.60)

which is identical to the stationary bistatic model in [51].
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Similarly, for the second-order radar cross section, (2.52) reduces to

o (wg) =2mikgap Y, Y /Ooo/;/ow{&(mll?l)&(mzl?z)

my=tlmy==1

Ap. K
T 2K2K; cos doSa?[ =2 ( — 2ko)] (2.61)
+6(wg +mi\/gKi +my/gK>)dKdOg dK}

which is the same as the bistatic model for the stationary antenna case shown in [51].
It is worth noting that the coefficient I'p, has been modified compared to Gill’s [51].
Here, it is not assumed that F(pj2) =~ 1, when py; is a very small value compared to
p1 and p,. Instead, the properties of the Sommerfeld function are used, producing the
surface impedance A in the final result. The modified coefficient avoids a non-physical
singularity in the radar cross section. A is a very small value. For example, at an operating
frequency of 15 MHz, it is approximately 0.0103 4 j0.01. Setting A = 0, the modified

coefficient will reduce to the coefficient shown in [51].

2.5 Simulation and Analysis

The RCS models here are computed using a Pierson-Moskowitz model [57] with a
cardioid directional distribution for the directional ocean wave height spectrum of a fully
developed wind driven sea. For the simulations considered here, the operating frequency
is chosen to be 25 MHz, the bistatic angle is 30°, the patch width is 3000 m, and the
ellipse normal Oy (illustrated Fig. A.1 in Appendix A of this thesis) is 90°. The direction
of the barge motion is taken to be the same as the wind direction, which is at 90° with
respect to the ellipse normal. In keeping with [17], the platform sway is assumed to be
due to the dominant ocean wave. The sway amplitude and frequency depend on the wind
velocity and are given in Table 2.1 (also in [17]). In addition, a Hamming window is

used to smooth the curve and reduce oscillatory features caused by the Sa? function.
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Table 2.1 Barge motion parameters [17]

Wind Speed | Sea State | Sway Amplitude | Sway frequency
(knots*) (m) (Hz)
10 2 0.177 0.261
15 3to4 0.581 0.174
20 5 1.228 0.127
*1 knot = 0.5148 m/s

Fig. 2.2 presents a comparison of the first-order bistatic radar cross section for a fixed

transmitter and receiver with that of a floating transmitter and a fixed receiver. From

this figure, additional peaks due to platform motion are observed. The Bragg peaks

for both cases are located at their usual positions of +fg = 4/2gkocos ¢9/27. The

motion-induced peaks are symmetrically distributed at 4= fp & f,, and & fp =2 f,,, where

fr=wp/2m.
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Fig. 2.2 Comparison of the first-order bistatic radar cross section for both transmitter and
receiver fixed with that for a floating transmitter and a fixed receiver.

Fig. 2.3 illustrates the effect of radial patch width on the RCS. From the RCS models

derived in Section 2.2, the magnitude of both Bragg peaks and antenna-motion-induced

peaks are expected to increase with the increasing patch width. The radar cross sections
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in Fig. 2.3 are normalized in order to clearly observe the magnitude difference. The
energies of the motion-induced peaks are seen to increase with the increasing patch
width. However, the relative differences between each peak are essentially unchanged

with patch width.
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Fig. 2.3 The effect of radial patch width on the first-order cross section. The patch width
is (a) 2000 m, (b) 1000 m, (c) 500 m, (d) 250 m.

Fig. 2.4(a) and Fig. 2.4(b) show the second-order hydrodynamic results without and
with antenna motion, respectively. /1 represents the hydrodynamic peak at ++v/2 f3,
where fp represents the Doppler frequency of the Bragg peak. The physical meaning of
this peak is a single scatter from a second-order ocean surface component of wave length
A, where A = ¢/ fg. From Fig. 2.4(b), extra hydrodynamic peaks h2 at £v/2f5 + f,, due
to the platform motion are observed. Fig. 2.4(c) and Fig. 2.4(d) depict the second-order

electromagnetic results without and with antenna motion, respectively. Electromagnetic
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peaks el and e2 occur for [49]

K =K

and

(S

[1 + sin ¢y]
cos @y

fa= 423
For monostatic operation, (i.e. ¢y = 0), the four peaks are reduced to two peaks at
fa = 121 /B, which is the well known ‘corner reflector’ condition. By comparing
Fig. 2.4(c) and Fig. 2.4(d), it may be observed that el and e2 are shifted in the spectrum
at fy = f), labelled as €3 and e4. In Figs. 2.4(b) and (d), the gaps around 4-0.4 Hz in the
second-order Doppler spectra are seen to be raised by these h2, e3 and e4 peaks. In these
figures, motion effects need be considered only up to second-order for the first-order
radar cross section and up to first-order for the second-order radar cross section. This
is because the energies of the motion-induced peaks in the second-order radar cross
section are significantly lower than that of the first-order result. In total, the second-order
hydrodynamic contribution is greater than that of the electromagnetic contribution.
Discussion regarding the first-order bistatic result for the case with a floating trans-
mitter and a fixed receiver can be found in [50]. The total bistatic radar patch scatter
cross sections to second-order for stationary antennas and floating antennas are shown
in Figs. 2.4(e) and (f), respectively. It should be noted that, unlike the field observation
results in [11], no motion-induced spreading is seen in the first-order peaks in the sea
echo Doppler spectra presented here because a simple sinusoidal motion model with a
single frequency is used and an extreme narrow antenna beam is assumed. In reality, it is
anticipated that the region of the first-order peaks will be broadened due to various wave
component contributions.
Fig. 2.5 illustrates the total bistatic radar cross section (including the first- and second-
order) for a floating transmitter and a fixed receiver. Motion effects need be considered
only up to second-order for the first-order radar cross section and up to first-order for the

second-order radar cross section. The latter is true because the energies of the motion-
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electromagnetic contribution with antenna motion. (e) The total bistatic radar cross
section without antenna motion. (f) The total bistatic radar cross section with antenna

motion.
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induced peaks in the second-order radar cross section are significantly lower than that of
the first-order result. The case presented demonstrates that in general, the second-order

hydrodynamic contribution is greater than that of the electromagnetic contribution.
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Fig. 2.5 Comparison of the total bistatic radar cross section for both transmitter and
receiver fixed with that for a floating transmitter and a fixed receiver.

The difference between the bistatic and monostatic radar cross sections with antenna
motion is depicted in Fig. 2.6. Maintaining the location of the transmitter and the wind
direction fixed, a comparison is made by varying the antenna operating geometry (bistatic
or monostatic). It may be observed that, for the bistatic case, the frequencies of the
first-order and the second-order peaks are closer to zero Doppler frequency. This is also
true for peaks induced by the platform motion. It may be observed that in the monostatic
case, the peaks (including the Bragg peaks and the motion-induced peaks) in the negative
Doppler frequency region have less energy, while the peaks in the positive Doppler
frequency region have more energy than those of the bistatic case. This is because, for
the example presented here, the angle between the wind direction with the look direction
0., in the monostatic case is larger than the angle between the wind direction with the

ellipse normal Oy in the bistatic case.
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Fig. 2.6 Comparison of the radar cross sections with floating platform for the monostatic
case and for the bistatic case with bistatic angle of 30°. Wind direction is 180°, ellipse
normal Oy = 90° for bistatic geometry and look direction 6, = 60° for monostatic
geometry.

Fig. 2.7 illustrates the effect of wind speed on the bistatic radar cross section with
antenna motion. From Fig. 2.7, it can be seen that the motion-induced peaks are highly
sensitive to the wind speed. The peaks caused by antenna motion increase in amplitude
and decrease in Doppler frequency as the wind speed increases. This is because, as
mentioned before, the sway amplitude and frequency are determined by the wind speed.
When the wind speed increases, the sway amplitude will increase and the sway frequency
will decrease. At low wind speeds, the effect of the antenna-motion-induced peaks on
the Doppler spectrum is not significant. It should be noted that magnitude differences
between the Bragg peaks and the motion-induced peaks for the bistatic case presented
here are larger than in the monostatic results appearing in [17], even when the wind
speeds are identical. This is due to the fact that the bistatic geometry affects the values

of K and ¢, and the fixed receiver introduces a factor of “1/2” in the argument of the

47



8 20 820 :

= =7

T =

= O = 0

= =

R 2

8207 3-20(

N %]

2 2

E-40 S-40f

g g

3 3

~2—60¢ ~Z—60r

=] =]

8 i

580/ S-80¢

: R \ : S

Z -1 _-05 0 0.5 1 Z -1 -0.5 0 0.5 1
Doppler frequency f(Hz) Doppler frequency f(Hz)

N
[=}

©

(=)

N
(=)

adar Clross Se?tion (1/Hz), dB
[\
[=)

|
(o)
(=)

Normelllized R;
o0
S

1 05 0 05
Doppler frequency f(Hz)

Fig. 2.7 The effect of wind speed on bistatic radar cross section with floating transmitter
and fixed receiver. The wind speed is (a) 20 knots, (b) 15 knots, (c) 10 knots.

Bessel functions of the models. By comparison, the Bragg peaks, the second-order
hydrodynamic peaks and electromagnetic peaks are not significantly affected by wind
speed provide that the sea is fully developed at the radar operating frequency.

The effect of wind direction on bistatic radar cross section with antenna motion
is shown in Fig. 2.8. From this figure, it is clearly seen that all the peaks including
the Bragg peaks, the second-order hydrodynamic peaks, electromagnetic peaks and the
motion-induced peaks show the same reaction to the change in the wind direction. As
is to be expected, the ratio of the intensities of the positive and negative peaks is highly
sensitive to wind direction. If the wind is perpendicular to the ellipse normal, the positive

and negative peaks will carry the same amount of energy, and the spectrum will be
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symmetrical. When the wind direction is parallel/anti-parallel to the ellipse normal (i.e.
the angle between these two directions is 0°/180°), the negative/positive Bragg peaks will
reach their maximum. It is worth noting that, for monostatic operation from a floating
platform, when the wind direction is perpendicular to the radar look direction, the sway
motion does not produce additional peaks, while for the bistatic operation, this is not the
case.

Fig. 2.9 illustrates how radar frequency affects the bistatic radar cross sections
associated with antenna motion. From Fig. 2.9, it may be observed that the energy of the
antenna-motion-induced peaks decreases as the radar operating frequency drops. When
the radar frequency is lower than 7 MHz, the effect of these peaks caused by antenna

motion under moderate sea state may be ignored due to its insignificant influence [17].

2.6 Chapter Summary

The development of the first- and second-order bistatic radar patch scatter cross sections
of the ocean surface have been presented for the case of a fixed receiver and a transmitter
mounted on a floating platform. Beginning with the bistatic electric fields for scattering
from a time-invariant rough ocean surface derived in [17] and [18], a small displacement
has been added into the source term. Then, the electric field equations are transformed to
the time domain and adjusted to incorporate a time-varying ocean surface. Finally, the
radar cross sections are deduced following procedures similar to those found in [17], [18].
The developed models are verified by imposing the appropriate conditions on the new
models, to reduce them to the stationary bistatic models in [51] or the monostatic models
with antenna motion in [17], [18]. Based on the new models, the effect of antenna
motion on the radar cross section is simulated and discussed under different wind speeds,
wind directions and radar frequencies. The simulation shows that the platform motion
introduces additional peaks that contaminate the Doppler spectrum. This is consistent

with the experimental results in [9]. The phenomenon will potentially result in the
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Fig. 2.9 The effect of radar frequency on bistatic radar cross section with floating
transmitter and fixed receiver. The radar frequency is (a) 25 MHz, (b) 15 MHz, (c) 7
MHz.

overestimation of wave height determined by the inversion of such contaminated second-
order echo. It is found that sway-motion-induced peaks appear symmetrically with
respect to the zero Doppler frequency in the Doppler spectra and are more significant
in the first-order radar cross section than in the second-order case. Simulations are
also made to compare the bistatic model with the monostatic case. It is clear that these
motion-induced peaks are closer to zero Doppler frequency in the bistatic case than in
the monostatic case.

In this chapter, a simple sinusoidal model is used to describe the antenna motion as
presented in [17], [18]. This simple model serves to establish the proof of concept. Of

course, incorporating a model that better fits a particular experiment is worthy of con-
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sideration. However, the conclusion of this chapter is that this would not fundamentally

alter the analysis. Such models are discussed in Chapter 4 of this thesis.
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Chapter 3

Bistatic Radar Cross Section for an
FMCW Source with an Antenna on a

Floating Platform

3.1 Introduction

All of the models mentioned previously were developed specifically for a simple pulsed
radar that are generally used in monostatic configurations where the receiver must be
protected from the transmitter. However, there are inherent disadvantages to using pulsed
radar systems. For example, the detectable range capability is determined by the average
transmitted power. In a pulsed radar system, both the range resolution and the average
transmitted power are dependent on the pulse width. Narrower pulses, bringing better
range resolution, require large peak powers to be useful at long range. Compared to this,
FMCW radar systems are able to achieve satisfactory range resolution and long range
with moderate power due to a 100% duty cycle provide that the receiver and transmitter
system are sufficiently separated. FMCW system are generally preferred if the transmitter

and receiver systems can be separated such that there is sufficient attenuation of the direct
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waveform. Thus, in recent years, FMCW radars have been widely used in ocean remote
sensing applications.

A good summary of the digital processing of an FMCW signal for radar systems has
been reported by Barrick [58]. Then, techniques for range and unambiguous velocity
measurement for an FMCW radar were outlined in [59]. More recently, Walsh et al. [60]
developed the first- and second-order monostatic radar ocean surface cross sections for
an FMCW waveform.

In this chapter, the first- and second-order bistatic radar ocean surface cross sections
for an antenna on a floating platform, and incorporating an FMCW source, are presented.
Through these newly-developed RCS models, the differences in RCS for different sources
are compared and the platform motion effect on the Doppler spectra for an FMCW source
is illustrated. Based on previous work, the derivation begins with the general bistatic
electric field in the frequency domain for the case of a floating antenna. Demodulation and
range transformation are used to obtain the range information, distinguishing the process
from that used for a pulsed radar. After Fourier transforming the auto-correlation and
comparing the result with the radar range equation, the radar cross sections are derived.
In Section 3.2, the derivation process for the first- and second-order received electric
field is reviewed. Then, a method similar to that in [51] is used to obtain the first- and
second-order radar cross sections in Section 3.3. Section 3.4 contains model simulations

and comparisons with the pulsed waveform. Section 3.5 provides conclusions.

3.2 Radar Received Field Equations — FMCW source

3.2.1 General First- and Second-Order Electric Field Equation

In Chapter 2, it was noted that, without specifying the dipole source, (2.1) and (2.42)

are, respectively, the first- and second-order bistatic scattered fields for an antenna on a
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floating platform. Based on these two scattered field expressions, the derivation of the

radar cross section models for an FMCW source is carried out below.

3.2.2 Applications to an FMCW Radar

Following a similar analysis as in [50] and [51], (2.1) may be inversely Fourier trans-

formed to give the received electric field in the time domain as

_ 1 _ TloAl
1 _ 1 >
F(E](t) = (275)3,2? [~ o l(0)]
iﬁf {Z \/—ej 7 cos (6x— 9)/ (Pl) (pZ) e—j% 3.1)
K P2 Jpdp2—(p)2)?
. /COS¢ejk6p0[cos¢cos(@K—GO)—i-sm(])sm(OK—GO)}ejps[Kcosq)—Zk]dps}'
The current waveform of an FMCW radar may be written as [58], [60]
(1) — Jnpd (@10 Ly o Ir
i(t) = Iye {h[t+ 7] —hlt - ]} (32)

where I is the peak current and @y = 27 f; is the center radian frequency of the sweep
waveform. T, represents the sweep interval and the sweep rate may be expressed as
o = B/T, where B is the sweep bandwidth.

It is known from [60] that for an FMCW waveform,

A
C C

From this, by direct comparison with the corresponding first-order case for a pulsed

dipole found in equation (2.2), the first-order time domain electric field for an FMCW
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source may be written as

]I()T[()Alk cos(
(En)wpr(ty) = (on 3/2 OZ \/_efz (0x—0)

/ (Pl,wo) (Pz, )\/mejpsl(cowej(wotr—f—amrz)
p

P \[pdp? ~ (p/2) o
.o~ Tk0(2ps—8py0) ,— Mt ej’mzf’scifpxo)z
Iy 2ps—5ps T, 2p,—5ps
J

where ¢ is renamed as ¢, to indicate that the time is within a sweep repetition interval

(2p S RO %, 20,=0ps0 1. %) As stated in [58] and [60], the frequency difference be-

c c

tween the transmitted waveform and the received waveform may be Fourier transformed
within this interval to obtain the range information. This is the so-called “range trans-
form”. Because the received signals in the given time interval reflect the information
for an extremely large region of the ocean surface, here range transformation is taken
to specify a patch of ocean surface to analyse. The frequency difference of waveforms
may be obtained by the demodulation process, in which the transmitted signals and the
received signals are mixed and then lowpass filtered.

After the demodulation preprocess, the exponential factor e/ (@otr+amt?) i (3.4) will

be eliminated. Then, Fourier transforming with respect to z, gives

iTonoAlk2
(En)ipfr(or) = —1(021;,:3/20 Y P P/Kel't c05(06—0) o=

* F(p1,a0)F(p2, 0 )\/— i0,K —jko(2ps—6
/ cosq)e/ps cos 9 ,—jko(205—8ps0)
2
P2\ [ pslp2 = (p/2)7]

IO (2P~ 3p0)fe —JWSa[Tr (@ — 2mo(2p; — 6ps0))
C

| o,
3.5

where , is the transform variable in the frequency domain. Similarly, using the definition

P = ps— 6pPs0 / 2 and changing the integration variable from p, to p] and ignoring the
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0050 / 2 factor in the magnitude terms give

]10 T]()Alko

(En)1orr(@r) = (21

ZP \/_6]20059[( )

4770‘(!73)

'/‘X’ F(p1,m)F (Pz, )\/mej K cos ¢ —2ko+2ay/c)pg , I 2 3.6)
P12\ [ pilp2 — (p/2)7)

_ejapschosq)/zSa[ﬁ (@~ 47mp’)]dp’
2

N s

Since the maximum of the sampling function Sa(x) occurs at x = 0, a representative

range p, may be defined as

= . 3.7
Pr=1-5 (3.7
Based on the representative range, defining the corresponding range variable
Py =Ps—pr (3.8)

and changing the integration variable from p; to p!, (3.6) becomes
JlonoAlko 0
(E )lbff( ) 27[ — - _ap Z \/Eef 2 cos(6x— )

Psmax F(p1, 00)F (Pz, ) /<05 pel (-2 tkprpi(=2hapl(3.9)

Prmin \/ps p2—(p/2)%

. oIPsKcos ¢ ,—j(k:/pr)(p{ ) Sa[kBp;/]dps”

where kp = 2”3 and k, = ’. A process similar to that in [50] is used to simplify the

terms in the integral. Then, (3.9) reduces to

iToMoAlK2 .
(En)iprr(@r) = J(OZT::—3/2°ZP~\/_eMC°”’K 0)e=i% \/cos 9y

.0
F(po1, @)F (P02, D) %50 (K cos do—2ko-+k)pr

Verlp2 — (p/2))

. /psma" ej(ﬁ*2k0)P§/e—j(kr/Pr)(Pé’)zSa[kBps”]dp;"

smin

(3.10)
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By directly comparing (3.10) with (24) in [60], the first-order bistatic received electric
field for an FMCW waveform with an antenna on a floating platform may be expressed
as [61]
—jlonoAlkg G z
(En)lbff(wr) o) 3/2 OZ P.VKe 72K cos (O — 0) o~

'\/We] K cos ¢g—2ko+k,)py F(po1,wo)F (Poz,(fo) (3.11)
\/pr lp?—(p/2)7]
8p50 _ K

.e! 72 ®s60 (T,Ap)Sm(K,cos ¢g, kg, Ar).

+Ar are the symmetrical limits of the integral in (3.10), where a sampling function
dominates this integral. If only the values of p! within the main lobe of the sampling
function are considered in the integral, i.e., =% < kgp,’ < 7, it can be deduced as in [60]

that Ar = 22 = & Also, as in [60],

Sm(K, cos @y, kg, Ar) — %{Si[( ~2ko+kg)Ar| =i ( —2ko—kB)Ar}}

(3.12)

cos @y cos @y

. _ rxsin(r)
where Si(x) = [y = ~dt.
Following a similar procedure to the first-order case, the second-order bistatic re-
ceived electric field with a transmitter on a floating platform for an FMCW waveform

may be written as

iTynoAlk>
(E >2bff< ) —J 07103/2 OZZP P-' \/_e ]4eJ 2 COS eK 6)\/COS(b()

( Kl K2
(Kcos¢o 2ko+kr)pr SEFPF(poz’ ) (pOZO’ )ejsgxoﬁ (3.13)

\/pr 02— (p/2)%]

(T, Ap) Sm(K,cos ¢y, kg, Ar).
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3.3 Radar Cross Sections for an FMCW Source

3.3.1 First-Order Radar Cross Section

In developing the ocean radar cross section, a time-varying ocean surface (1.5) is used to
replace the time-invariant case (1.3). This gives the time-varying received electric field

corresponding to (3.11) as

— jlonoAlkd

.pK .
. Jj5-cos(0g—0) j(K cos §g—2ko+k,)pr
S 3 gy R o2

K.
.ejﬁmejth(pOth)F(l)OZa(;O) (3.14)
Verlp? = (p/2))
Op0 K

-e’72 @ (T,Ap) Sm(K, cos ¢, kg, Ar).

(En)1off(@r,t) =

A technique similar to that in [50] and [60] is used to obtain the radar cross section
from the received electric field equation. After Fourier transforming the auto-correlation
and comparing directly with the radar range equation, the radar cross section, oy 77(@y),

may be written as [61]

Glbff(a)d):237rk(2)Ap Z /Sl(mI?)chos¢0 sz(K,COS(])o,kB,AI’)
m=+1"K

TS | os(Br — B, )+ tan dosin(B — B, )] (04 + my/zK) -

o K
+ Z Jﬁ[%]cos(GK — 0k,) +tan ¢o sin(6x — 6k, )|]
n=1
[6(wg+my/gK —nwy) + 8 (w; +m+/gK +nw,)| }dK

For simulation purposes (see Section 3.4) and in keeping with [17] and [50], it will be

assumed that the antenna motion is caused by the dominant ocean waves.
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3.3.2 Second-Order Radar Cross Section

From Chapter 1, it is known that the second-order radar cross section contains two

portions: an hydrodynamic contribution and an electromagnetic contribution. Using

the Fourier coefficient for the second-order ocean waves Z Z ul'Pg P to replace the
KK

first-order case ) Py in (3.11), the hydrodynamic second-order electric field may be
K

written as

TonoALK2 .
(En)aprr(0r) = —J 07103/2 OZZR Py VKe VKe 156l cos(0-0)  /oosa0

(2m) %, K

(Kcosq)o 2ko+ky)pr HFF(pOl’ ) (Poz, ) ej&;soﬁ (3.16)

\/pr P2~ (p/2)%]

(T,p) Sm(K, cos o, ks, Ar).

Adding the electromagnetic contribution (3.13) and the hydrodynamic contribution (3.16)
together and using the time-varying ocean wave surface (1.5) to replace the time-invariant
case (1.3), the total second-order bistatic electric field for an FMCW source with an

antenna on a floating platform may be expressed as

— jloMoAlkj K _g) _in
(En)opnsr(@y,t) = 773/2 0 Z Z %o P, wzrpb\/EeJ 7 cos(6k—8) ,—j

K)o Ky,0n
0050 _ K

.\/mej<1<cos¢o—zko+kr>prejwr F (o, @)F (po2, @) 150 5

Vprlp? = (p/2)"]

) (TrAp)Sm(Ka cos (])o,kB,Ar)-
(3.17)

Following the same procedure as for the first-order case, based on the total second-

order time-varying received electric field (3.17), the corresponding second-order radar
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cross section, 6y, r7( @), may be obtained as [61]

oo T e
Oansr(@g) =2nkoAp Y, Y /0 /—n/O

ny ==+1 I’VL2::|:1

. Sl (WIEI)SI (mz[%z) |pr |2K2 COoS ¢0K1 sz(K,COS (D(),kB,A}”)
ak .
. {18{7|COS(9K — 0k,) +tan o sin(Ox — 6k, )|}
-6(@g+m1\/gKi +ma\/gka) (3.18)

- akK ,
+ Z’]Js{?kos(GK — 0k,) +tan o sin(6x — Ok, )|}
n—=

. [5(a)d—l—m1\/gK1 +m2\/gK2—na)p)

+8(wy+m1\/gK1 +ma/gKs +na)] }dKldGEIdK.
3.4 Simulation and Analysis

Based on a Pierson-Moskowitz (PM) ocean spectral model for a fully developed sea [57],
the newly derived radar cross sections, accounting for antenna sway, can be simulated to
illustrate the differences in the FMCW and pulsed waveform cases. The sweep bandwidth
of the FMCW waveform is chosen as 50 kHz. The operating frequency, defined as the
central frequency of the FMCW waveform, is taken to be 25 MHz. The bistatic angle is
30° and the wind speed is 20 knots. The scattering ellipse normal and the wind direction
are 90° and 180°, respectively, as measured from the positive x axis (the line connecting
the transmitter with the receiver). The sway amplitude and frequency depend on the wind
velocity and are taken from Table 2.1. The sway direction is chosen to be the same as the

wind direction.

3.4.1 First-Order Radar Cross Section

Fig. 3.1 shows a comparison of the first-order radar cross section for a pulsed source
and that for an FMCW source. In order to keep the same bandwidth for both waveforms,

for the FMCW waveform, Ar is chosen to be 1500 m, which equals half the width of
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the scattering patch (Ap = 3000 m) for the pulsed waveform. A Hamming window is
used to smooth the curve and reduce the oscillations. From this figure, it can be observed
that additional peaks caused by the antenna motion appear symmetrically in the Doppler
spectrum with respect to the Bragg peaks. A detailed description of these motion-induced
peaks has been provided in Chapter 2. It can also be seen that the magnitudes of the radar
cross sections for the FMCW waveform are a little lower than those for the corresponding
pulsed waveform. This may be caused by the value of Ar. Ar is the limit value of
the integral, in which a sampling function is a dominant factor. Ar is usually taken to
be Ar = Ap /2, which means only the contributions in the main lobe of the sampling
function are considered and no interaction between the range bins is assumed in the ideal

case.
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=
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Fig. 3.1 Comparison of the first-order radar cross sections for the FMCW waveform with
that for the pulsed waveform.

It is clear that the first-order radar cross section has a certain relationship with the
integral limit Ar. In Section 3.2, it may be observed that there is no mathematical limit for

the parameter Ar. By varying Ar, the effect on the radar cross section can be examined.
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Keeping the value of Ap = 3000 m, Ar = 0.5Ap and Ar = 10Ap are simulated in Figs. 3.2
(a) and (b), respectively. It should be mentioned that the Hamming window smoothing
process is not used in Fig. 3.2 in order to clearly show the sidelobe levels of the first-order
radar cross sections. The sidelobe structure appears in the radar Doppler spectra due
to the sidelobes of the Sm function for the FMCW waveform. By comparing Figs. 3.2
(a) and (b), the magnitude of the sidelobes for FMCW source is found to decrease with
increasing Ar and the main lobe level is a little raised with increasing Ar due to the
properties of the Sm function. This seems to indicate an advantage of an FMCW system.
When the value of Ar is taken to be larger than Ap /2, the interactions between the range
bins (the contributions in the sidelobe of the sampling function) are considered and
appear in the received electric field at a fixed distance. Increasing Ar means the received
signal is scattered from a larger ocean surface region. When Ar approaches infinity, the
radar cross section for the FMCW waveform becomes a rectangular function, whose
width is determined by B/(2fywg). However, when the patch width Ap approaches
infinity, the sampling functions in the first-order pulse radar ocean cross section reduce
to delta functions.

By varying the radar bandwidth, and keeping the relationships Ap = ¢/2B and
Ar = Ap /2, the effect of the bandwidth on the radar cross sections is illustrated in
Fig. 3.3. From this figure, it can be seen that with increased bandwidth, the magnitudes
of the Bragg peaks and the motion-induced peaks are found to be reduced, while the
rest of the radar cross section increases. In addition, the width of the Bragg peaks and
the motion-induced peaks is also broadened. Therefore, if a large radar bandwidth is
used for ocean remote sensing, the Bragg peaks may be significantly contaminated by

the motion-induced peaks.
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Fig. 3.2 Comparison of the sidelobe levels of the first-order radar cross sections for the
pulsed and FMCW waveform. (a) Ar = 0.5Ap and (b) Ar = 10Ap.

3.4.2 Second-Order Radar Cross Section

A similar technique is used to simplify and simulate the second-order radar ocean cross
section for the FMCW waveform as that for the pulsed waveform in [55] and [62]. For

the case of large Ar, it can be shown that

lim [ApSm?(K,cosdo, kg, Ar)]
Arree (3.19)
~ Ap cos ¢0{h[K — CosS ¢0(2k0 — kB)] — h[K — COS ¢0(2k() + kB)]}.
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Fig. 3.3 The effect of the bandwidth on the first-order radar cross sections.

Assuming that the other terms in (3.18) are slowly varying within the interval
Ccos ¢()(2k() — k3> < K < cos ¢y (Zk() + kB) (3.20)

and carrying out the K integration, (3.18) reduces to

o T
szff(a)d) = 267752/(3COS4(P() Z Z /0 /
-7

myi—£1my—+1
-S1(m1K)S) (maKs) [T, | 2K
) aK .
: {10{7|cos(91( — 0k,) +tan o sin(Ox — 6k, )|}
~5(a)d+m1\/gK1 +m2\/gK2) (3.21)

- ak )
+ 211]3{7‘ cos(6g — Ok,) +tan o sin(6x — Ok, )|}

. [5((L)d+m1\/gK1 +my\/gK> —na)p)

+ 5(0)d +mi+/gK1 +mar\/gK> +nwp)]}d9E]dK1.
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Equation (3.21) is the same as the corresponding model for the pulsed waveform when
the scattering patch Ap approaches infinity. Therefore, the second-order cross section
model for the FMCW waveform shows the same features in the Doppler spectra as the
model for the pulsed waveform in [55], for a given sea state, radar operating parameters
and platform motion. An example of the second-order bistatic radar cross section with a
transmitter on a floating platform and a fixed receiver is shown in Fig. 3.4, for a scattering
patch assumed to be infinite in extent. Details of the second-order radar cross section are

illustrated in Fig. 2.4 previously presented in Section 2.5.
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Fig. 3.4 Second-order bistatic radar cross section with a transmitter on a floating platform.

3.5 Chapter Summary

The first- and second-order bistatic radar ocean cross sections for an antenna on a floating
platform have been presented for the case of an FMCW waveform. The derivations of the
first- and second-order models begin with the bistatically-received electric field equations

derived in [50] and [55]. Subsequently, the derivation is carried out for an FMCW radar,
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which is different from [50] and [55] where a pulsed radar is considered. In particular,
the distinguishing feature in the RCS derivation process is that demodulation and range
transformation must be used to obtain the range information. Based on the new models,
simulations are made to compare the radar cross sections for the FMCW waveform with
those for the pulsed waveform. The effect of the platform motion on the Doppler spectra
for an FMCW waveform is observed to be similar to that for a pulsed waveform. It is
found that the first-order radar cross section for the FMCW waveform is a little lower
than that for a pulsed source with the same simulation parameters. With increased radar
operating bandwidth, the magnitude and width of Bragg peaks and motion-induced peaks
are found to be reduced and broadened, respectively. For an FMCW waveform, there is
no definite mathematical limit for a patch width, which is different from that for a pulsed
waveform. Therefore, the magnitude of the range bin is varied to examine the effect
on the radar cross section. The sidelobe level is found to be reduced with increasing
magnitude of the range bin. When the range bin approaches infinity, the first-order
radar cross section for an FMCW waveform approaches a rectangular function and the
second-order radar cross section model for the FMCW waveform is reduced to that of

the pulsed waveform.
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Chapter 4

Generalized Radar Cross Section
Models with a More Realistic Platform

Motion Model

4.1 Introduction

The studies conducted in Chapters 2 and 3 simplified the platform motion to a sinusoidal
model with a single frequency. This is potentially problematic as the actual platform
motion is unlikely to be perfectly sinusoidal. Thus, based on the work for the monos-
tatic case with an antenna on a floating platform in [17] and [18], newly derived first-
and second-order HFSWR ocean surface cross sections incorporating a more realistic
platform motion model are presented in this chapter. In Section 4.2, a floating platform
motion model is proposed. Then, a method similar to that described in [17] and [18] is
used to obtain the new first- and second-order monostatic radar cross sections (Section
4.3) and bistatic radar cross sections (Section 4.4). The platform motion model is then
extended to the case of multiple frequencies and a single motion direction as well as
for surge and sway directions, and the corresponding radar cross section models are

developed in Section 4.5. Section 4.6 contains model simulations and discussions on how
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the new platform motion affects the radar cross sections. Finally, Section 4.7 presents

conclusions and suggestions for future research.

4.2 A More Realistic Platform Motion Model

If an HFSWR system is installed on a floating platform with a mooring system, such as
an oil exploration platform, motion effects cannot be ignored in interpreting the radar
cross sections and extracting wave information [9]. A large and heavy platform has the
advantage of weak pitch and roll movements [32]. For example, for the large moored
platform considered in [9], the angles of the pitch and roll were less than 5°. Unlike [39]
and [42], the receiving antenna array is installed onshore in this study. Thus, the radiation
pattern distortion caused by the platform motion in the vertical plane is not addressed.
Because the platform motions in the vertical plane do not cause the Doppler shift.
Therefore, the effects of horizontal motions (surge and sway) are especially important to
consider. Fortunately, significant effort has been expended in describing the horizontal
motions of moored floating platforms. For example, the dynamic coupling effects
between a spar buoy and its mooring lines were analyzed and surge energy spectra were
simulated for different water depths [63]. Low and Robin [64] compared the response
prediction methods of a spread moored floating production storage and offloading (FPSO)
platform and gave the spectral density figures for surge and sway. From [63] and [64],
it was concluded that a slackly moored, large floating platform usually has a very low
natural frequency due to its large mass and relatively small restoring stiffness. The
responses of the floating platform are small in the wave frequency range [63]. However,
the wave drift forces vary slowly, and these may excite the moored floating platform at
its natural frequency, resulting in large low frequency motions. Thus, in these cases, the
horizontal response is dominated by low frequency motion [65]. From [63-65], it is also
seen that the shape and properties of the sway spectral density are similar to those for

surge. The motion spectral density figures contained in these works show that there are
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two dominant regions, representing contributions of the low frequency motion and wave
frequency motion, respectively. By discretizing the spectra into N points, the surge and
sway motions can be decomposed into N cosine functions, whose amplitudes and radian
frequencies can be obtained from the spectral densities. Therefore, the platform motion

model 8P can be expressed as

N M
aﬁo(t) = fjpx Z Ay COS(COx,'t + (Pxi) =+ ﬁpy Z ayj COS((Dyl -+ ¢yl) “4.1)
i=1 =1

where P, and p,, represent the surge and sway directions, respectively, while a,;, @y
and ¢,; are, respectively, the amplitudes, radian frequencies and initial phases for the
surge motion. Similarly, a;, @y and ¢, are corresponding parameters of the sway

motion.

4.3 Monostatic Radar Cross Sections for a Platform Mo-
tion Model Incorporating Dual-Frequency and Sin-
gle Direction

To simplify the model used in this study, just one motion direction is initially considered,
and the floating platform motion model is reduced to the combination of two cosine
functions that represent the main components in the low frequency motion and the
wave frequency motion region, respectively. Thus, the displacement of the floating

platform (4.1) can be reduced to [66]

5[5()(1‘) = [axl COS((Dxlt + ¢x1) +ayn COS((szt + ¢x2)]ﬁpx- “4.2)

Based on this simplified floating platform motion model, the first- and second-order

RCSs with an antenna on a floating platform are derived below.
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4.3.1 The First-Order Radar Cross Section Model

In [17], the first-order HFSWR cross section of the ocean surface with a single-frequency
platform motion model was derived. Although different platform motion models are
established and used to develop the radar cross sections, the general forms of the electric
field equations and RCS models in [17] remain similar. Here, to avoid repetition, only the
differences introduced by the new platform motion model are considered. The derivation
of the first-order RCS in this chapter begins directly with (31) in [17] since at that point

in the analysis the particular platform motion model is not yet specified. Thus,

oi(o) =2ap Y [ [ K3Si(mK)5(@+my/5K) $a2[2P (K — ko)
m=+1/K/o 2 (43)
- { / (@0 < MK O, T,1) > dr}dde.
T

By substituting the newly proposed floating platform motion model given in (4.2), the

corresponding displacement term < M (K, 6k, T,t) > may be expressed as
M(K, 0k, T,1) = e/ XKcos(0x—6p) (4.4)
where 6, represents the surge direction of the platform motion and

X = — ay1 COS( @1t + Py1 ) + ay COS(Wx11 + 1T+ Oy1)

4.5)
— Cos(a)xzt + ¢x2) +a COS(a)XZI + 0T+ ¢x2) .
Now, x can be rearranged and expressed as
) W1 T, . T
X = —2ay sin( @y + @y + le ) sin( le ) 4.6)
' O0T, . 0T '
—2ay sin(@ot + P + )622 ) sin( x22 )-
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Thus, the ensemble average of M (K, Ok, T,t) may be written as

< M>—=< ej[vl sin(@y1t+@1)+Va sin(@pt+@;)] > 4.7)
where
w1 T
Vi = —2a, K sin( it )cos(6g — 6,,)
0T
V2 = —2a0K sin(—=)cos(6k — 6,,,)
T
01 =0+ x2
and
0T
0=t

Also, from Euler’s identity,

ej[vl sin(@y114+@1 )+ Vv, sin(@pt+ 92 )]

= {cos|v; sin(@y1 + @;)] + jsin[v; sin( @y 7+ @;)]} (4.8)

-{cos[va sin(ef + @5)] + jsin[vy sin( @y + ¢2)]}.

Using the Bessel function relationships (as given, for example, in [67]),

cos(xsin(@)) = Jo(x) +2 Z Jon(x) cos(2no) (4.9)
n=1
and
sin(xsin(¢)) =2 Z Jon1(x)sin[(2n+ 1)9)]. (4.10)
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Then, the expression in (4.8) can be expanded as

e/ Visin(@ut+@1)+vasin(@ot+)]

={Jo(v))+2 i Jon, (V1)cos(2ni@r1) +2j i Jony+1(vi)sin[(2ng + 1) @11] }

}11:1 }11:0

. {J()(Vz) +2 i Jznz(Vz)COS(znz(Pzz) +2j i J2n2+1 (Vz) Sin[(znz + 1)([)22]}

ny=1 n;=0

4.11)

where @11 = Wyt + @1 and @2 = Ot + @;. From (4.11), the ensemble average of

M(K, 6k, T,t) can be obtained by the summation of 9 separate ensemble average terms

including

<Jo(vi)Jo(v2) >= Jo(v1)Jo(V2),

< Jo(vy)-2 Z Jon, (V2) cos(2na¢ap) >
ny=1
= —/ J() V1 2 Z J2n2 Vz)COS(2n2q)22)
ny= 1
= —J() V1 Z J2n2 1'% / cos(2n2(p22) dt
ny= 1

= ()’

and

<2 Z J2n1 (Vl)COS(2n1(p11) ) Z J2n2(v2) COS(2I’12(P22) >

l’lll I’lzl

/ 2 Z J2n1 V])COS(ZI’l](pn -2 Z J2n2 Vz) Cos(2n2(p22)

ni=l1 ny=1

= — Z Jan V] Z J2n2 V2 / COS(ZI/l](pll)COS(ZI’ngDzz) dt

n11 np=1

=0.
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The ensemble averages of the other 6 terms in (4.11) evaluate to zero. Thus, (4.7) reduces

to
<M >:J()(V1 )J()(Vz)

T
) (4.15)

=Jo[—2a,1 K cos(0x — 6, ) sin(

Jo|—2ax2K cos(6k — 6,.) sin((”ff)].

By using the relationship

Jo <2xsm )) = Y 2(x)cos(nd) (4.16)
n——oo
and
In(—=x) = (=1)"a(x), (4.17)
(4.15) reduces
<M >= Z J xl)COS nlwxlr Z xz cos nza)xzf) (4.18)
ny=-—oo np=—oo

where x| = ay; K cos(0x — 6, ) and x, = a,n K cos(6x — 6,,).
Substituting the expression for < M(K, 6k, 7,t) > into the first-order RCS found

in (4.3) gives

o A .
Glbfd(a)d) = szgAp Z / K251 (mK) Saz[TP(K—2k())]{/e_jr(mﬂ+wd)
m= T
. - (4.19)
Z J,fl Z ,(x2) cos(ny @y T)cos(n2wnT)dT}dK

ny=-—oo np=-—o0

By using the relationship 2cos(nwt) = e/"®? + /"7 and completing the 7 integral,

the first-order RCS for the case of an antenna on a floating platform, whose displacement
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is given in (4.2), may then be expressed as [68]

Olpra(Wq) 2237Tk(2)Ap /K251 mK) Saz[—(K 2ko)]
m= :I:l

Z J Z a)d—l-m\/gK-l-nla)xl-l—nzwxz)dK
ny=—oo ny=——oo
(4.20)

4.3.2 The Second-Order Radar Cross Section Model

A general form of the received electric field for an antenna on a floating platform has
been previously developed and appears as Equation (21) of [18]. Substituting the new
platform motion model (4.2) into this electric field equation and following a similar

analysis as used in [55], the second-order RCS may be written as [68]

o T
Gmed((Dd) =2 71'2/(0 Z Z // lel S1 mZKZ) ’FPm’ K
0 —T

mi=+lmy=

Y ) ¥ ) @20

- 8( @ +mi+/gKi +mar/gKy +m @ +ny02)d Oy dK).
4.4 Bistatic Radar Cross Sections for a Platform Mo-
tion Model Incorporating Dual-Frequency and Sin-

gle Direction

Based on the floating platform proposed in (4.2), the first- and second-order bistatic
radar cross sections for a platform motion model incorporating dual-frequency and single

direction are developed.
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4.4.1 The First-Order Radar Cross Section Model

In [50], the first-order HFSWR bistatic cross section of the ocean surface incorporating

a simple single-frequency platform motion model was derived. Here, the case for

a platform motion model having a more realistic dual-frequency is investigated. By

substituting the floating platform motion model (4.2) into M (K, 6k, T,t) in (2.20), the

latter may be reduced to

. xKcos(6g —0py) ijtanle sin(6g —6py)
2 2

M(K,6k,1,t) =¢’ e

where

X = —ax1cos(@p1t + Pp1) + ayx cOS(Wp1t + Wp1 T+ Gp1)

— a0 cos(Wpot + Pp2) + a2 cos(Wpat + @p2 T+ P2).

Now, x can be rearranged and expressed as

Wp1T
2

Wp1 T
5 )

X =—2ay sin(@p1t + ¢p1 + ) sin(

—2a,0 Sin(a)pzl‘ + ¢p2 +

2 2

Thus, the ensemble average of M (K, 6k, T,t) may be written as

< M >=< /Visin(@pii+e)+vasin(@pr+¢2)]

where
. wpIT .
Vi = —a, K sin( 5 )[cos(Ox — 6,,) +tan ¢y sin(Ox — 60, )]
)T
V) = —anKsin( ’;2 )[cos(6k — 6,,) + tan @ sin(Ox — 6, )]
W, T
P11 =0p1 + g
and
Wt
(p2:¢p2+ 32 .
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(4.22)

(4.23)

(4.24)

(4.25)



Based on analysis similar to that in [66], it is possible to show that (4.25) may be

reduced to
<M >= ‘]31 (xl)cos(nla)plr) Z J,%z(XZ)COS(I’lza)pz’L’)
nyp=—o° nyp=—o0
where
1
xp = iale[cos(GK — 0),) +tan@gsin(6x — 6, )]
and

1
Xy = Easz[COS(eK — epx) +tan ¢0 Sln(GK - 9 X)]

Also, it is easy to show that

cos(0x — 6, ) +tanysin(Og — 0, ) = cosd
0

Thus, (4.27) and (4.28), respectively, become

K
x] = ax; cos(6; — 6,,)/ cos dy

and

K
Xy = Clx; cos(6;1 — 6,,)/ cos @p.

cos(6; —6,,)

(4.26)

(4.27)

(4.28)

(4.29)

(4.30)

(4.31)

Substituting the expression for < M(K, 6k, ,t) > in (4.26) into (2.25) and completing

the 7 integral, the first-order bistatic radar cross section Oy, ¢4 for the case of an antenna

on a floating platform, whose displacement is given in (4.2), may then be expressed

as [69]
, Ap, K
c ;) =23 Tk3A /chos S1(mK) Sa%| =%
1674 (®q) 0 szj,tl ; ¢oS) (mK) [2 (COS%
Y aba) Y Jn)
ny=-—oo np=-—o0

. 5((Dd + mn/ gK+n1a)p1 +n2wp2)dK.
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From (4.30) and (4.31), it may be demonstrated that the modulation indices, x; and
X, are maximum when 6; = 6,,, and are minimum when ), is perpendicular to 6;. It can
also been observed from (4.27) and (4.28) that when sin(0x — pr) > 0, the modulation
indices x| and x; increase with bistatic angle ¢, resulting in a greater modulation effect
on the Doppler spectra. An opposite conclusion is reached when sin(6x — 6, ) < 0. In

addition, when 6,,, = 6k, the modulation effect is unrelated to the bistatic angle.

4.4.2 The Second-Order Radar Cross Section Model

Substituting the dual-frequency platform motion model (4.2) into (2.51) and following a
similar analysis as that appearing in the first-order case in Section 4.4.1, the second-order
bistatic radar cross section 0y, 74 for this new floating platform motion model may be

expressed as [69]

o T
Gbed(a)d) = 2677,'2](61COS4 ¢() Z Z //Sl (mll?l)Sl (m2l?2)|FPb’2 K
mlzilmz::l:lo “r

- - (4.33)
’ Z ‘]31 (xl) Z J,%Z(xz)
ny=—oo ny=—oco
. 5((Dd +mi\/gK1 +mo\/gKs +ny Wp1 +n2wp2)d9E]dK1 .

4.5 Radar Cross Sections for a More Complicated Plat-

form Motion Model

4.5.1 Platform Motion Model Having Multiple Frequencies

If all the frequency components in one direction in the spectrum of the floating platform

are considered, the platform displacement (4.1) can be reduced to

N
6[3()(1‘) = ﬁpx Z Ayi COS((Dxit + (])x,‘), (4.34)
i=1
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in which case the first-order RCS incorporating a multi-frequency platform motion model

may be written as

o1pm(0g) =2°nkgAp Y / K>S (mK) Sa? [A—p(K—2ko)}
m=+1"K 2

Y ) Y I (w) Z (4.35)

ny=-—oo0 ny—-—oo0 ny—=-—oo

-0(@wy+m\/gK+njo +nyn+ -+ +nyoy)dK.

The corresponding second-order RCS may be expressed as

o T
szm(cod =26 2k4 Z Z // lel M msz) ‘FP’ K
m)= :Elmz—:t 0 -7

o)

Y 2) Y B Y

ny=—o ny)=—o ny=—-—o°
. 6((L)d +mi+/gK1 +ma\/gKr + 1y +ny00 + - - +anxN)d9f(1dK1.

(4.36)
It is worth noting that (4.35) and (4.36) are suitable for both monostatic and bistatic
geometries. For a monostatic geometry, x; = a,;Kcos(6x — 6, ) and I'p =I'p,. For

bistatic geometry, x; = axéK cos(6; — 0,,)/cos ¢y and I'p = I'p,. From (4.35) and (4.36),

it may be observed that the radar cross sections contain a product of infinite sums of a
various orders of Bessel functions with each sum being the contribution of a platform

motion frequency component.

4.5.2 Platform Motion Model Incorporating Surge and Sway Direc-

tions

In this section, the general platform motion model given in (4.1) is considered. Deriva-
tions similar to those used in Section 4.3 can be conducted to obtain the corresponding
RCS models. These models also consist of products of infinite sums of Bessel functions,

whose parameters depend on the platform motion amplitudes, ocean wavenumbers and
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the angles between the radar look direction and the motion directions. The first-order

RCS for the floating platform model shown in (4.1) can be expressed as

01 a(@g) = 2°7k3Ap Y / K21 (mK) Sa? [ATP(K—sz)]

m=+1"K
Z Jf%l (x1) Z an x2) Z
ny=—oo ny=—o0 nN=—o0
Z J Z J yz Z (4.37)
gr=—o0 go=—00 qu=—o°

-0(@g +m\/gK~+n @y +nywn+ - +nydw

+ 10y + @@ + -+ qu ) dK

where 6), is the direction of the sway motion. The corresponding second-order RCS

may be written as

o T
sza(a)d)_26 2k0 Z Z // m1K1 S msz) |Fp‘ K
0 -7

mp= j:lmz

o)

Y 2@) Y B Y

ny=—oo np=—oo ny=-—oo

i T2 (1) i J2 (32) i

qr=—oo ga=—oo qu=—c°

-0(@g+mi\/gKi +mar/gKs +n1@x + 1200 + - - - + Ry Oy

(4.38)

+q10y1 + @0+ JqucoyM)dGI?1 dK;.

It is worth noting that (4.37) and (4.38) are also suitable for both monostatic and bistatic
geometries. As before, for a monostatic geometry, x; = a,;Kcos(6g — 6, ) andI'p=TIp,,

while, for a bistatic geometry, x; = a)‘éK cos(6; —6,,)/cos¢pandI'p =I'p,.

4.6 Simulation and Analysis

Using a Pierson-Moskowitz ocean spectral model for a fully developed wind sea, simula-

tions to illustrate the effects of antenna motion for the newly derived RCSs are conducted.
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The radar operating frequency, wind speed, and patch width are taken to be 15 MHz, 15
m/s and 3000 m, respectively. The wind direction is 90° with respect to the radar look
direction. It should be noted that the minimum distance between the floating platform
and the patch of the ocean the HFSWR observes will be, in general, tens of kilometers [9].
Thus, sea states at the platform and the patch do not have to be the same. The parameters
for the platform motion are obtained from [70], where the horizontal motions of a moored
FPSO platform in bi-directional swell and wind-sea with a significant wave height H;=
2.06 m, offshore of West Africa, were analysed. From this work, a,; =5 m, a,; = 0.35 m,
@1 = 0.02 rad/s and @y, = 0.35 rad/s are used. A Hamming window is used to smooth
the curve and reduce oscillatory features caused by the Sa” function in the presented
models (see Section 4.3 and 4.4).

Using these values results in the Doppler spectra shown in Fig. 4.1 and Fig. 4.2. As
depicted in Fig. 4.1, the motion-induced peaks appear symmetrically in the Doppler spec-
trum at frequencies given by @; = g +ny Wy +n2 Oy, Where @p represents the Doppler
frequency of the Bragg peaks. When there is no platform motion, the typical Bragg
peaks are seen. Comparing with the case of the fixed antenna, both the low frequency
platform motion and the wave frequency platform motion cause motion-induced peaks
in the Doppler spectra and broaden the region of the Bragg peaks. Compared to previous
studies that considered only single-frequency platform motion [17-19], the Bragg peaks
and the peaks caused by the wave frequency motion, shown in Fig. 4.2, are broadened by
the low frequency motion.

From the RCS model derived in Section 4.3, it may be seen that the initial phases
of the platform motions have no effect on the radar cross sections. Rather, the radian
frequencies of the platform motions determine the frequency locations of the motion-
induced peaks. In addition, the amplitudes of these motion-induced peaks are determined
by the amplitudes of the platform motions. The radian frequencies and relative amplitudes
of the Bragg peaks and motion-induced peaks are shown in Table 4.1. The relative

amplitude in Table 4.1 refers to the ratio of the actual peak amplitude to the amplitude
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Fig. 4.1 Comparison of the first-order radar cross sections under a moderate sea state of
H; =2.06 m (see text for other model parameters) for a fixed antenna with those for a
floating antenna, respectively, incorporating a dual-frequency platform motion and (a) a
single wave frequency platform motion; (b) a single low frequency platform motion.

82



(8]
(=)

(a) - - -+ single—frequency
- - - fixed
dual—frequency

[\
=

—_
=}
T

(=}

|
)
o

_30,

Normalized Radar Cross Section (1/Hz), dB
|
(=)

0.25 0.3 0.35 04 045 0.5 0.55
Doppler frequency f(Hz)

30 ‘ : ‘ :
(b) - - = single—low—frequency
20+ - - fixed
— dual—frequency

Normalized Radar Cross Section (1/Hz), dB

025 03 035 04 045 05 055
Doppler frequency f(Hz)

Fig. 4.2 Zoomed-in view of the positive Doppler spectrum (a) in Fig. 4.1(a); (b) in
Fig. 4.1(b).
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of the Bragg peak for the case of a fixed antenna. From both Table 4.1 and Fig. 4.1, it
can be seen that the magnitudes of the Bragg peaks for the case of a floating antenna are
lower than those for the case of a fixed antenna due to |/, (x)| < 1 for any »n and x, but

the total spectral powers are the same in both cases.

Table 4.1 The radian frequencies and relative amplitudes of Bragg peaks and motion-
induced peaks

Type of peaks Doppler frequency | Relative amplitude
Bragg peaks +wp JO (x1)J3 (x2)
Low frequency motion-induced peaks +wp Lt n oy (x1 )J 2(x2)
Wave frequency motion-induced peaks +twpt oy J2 (x1)J? ,(x2)
Combined motion-induced peaks twptn o +nywyn ( )2 L (x2)

In [71], for example, it is noted that if a sinusoidal signal is frequency modulated by
a signal involving two sinusoidal waves, the frequency modulated wave can be expressed
as e = Egsin(@t + [ sin p1t + I sin pyt ), where E represents the amplitude of the wave,
o 1s the radian frequency of the carrier, and /1 and /; are the modulation indices with
corresponding modulating radian frequencies p; and p>. As also noted in [71], the
frequencies of the sideband components appear at ® + n; p + nyp2, where n; and n, can
be any integer. In addition, the amplitudes of the carrier and sideband components equal
the products of Bessel’s functions with the arguments being the modulation indices. This
conclusion agrees well with the derived RCS models (see Section 4.3). Therefore, the
floating platform motion may be viewed as modulating the radar signals. The modulation
indices are related to the amplitudes of the platform motions and the angles between
the motion directions with the radar look direction. The value of the modulation index
determines how much energy is transferred from the carrier to the sideband components.
In this context, the Bragg peaks can be treated as the carrier and the motion-induced peaks
may be viewed as sideband components. It is worth noting that the relative amplitudes
shown in Table 4.1 equal the products of the square of Bessel’s functions instead of the
products of Bessel’s functions. This is because the radar cross sections represent the

power spectral density, resulting in a square operation in the amplitude.
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Fig. 4.3 Comparison of the first-order positive Doppler spectra under an extremely high
sea state of Hy = 15.7 m for a fixed antenna with that for a floating antenna.

Fig. 4.3 describes the first-order radar cross section incorporating a dual-frequency
platform motion model under storm conditions associated with sea state 11 with a
significant wave height Hy= 15.7 m. It is shown in [72] that the saturation limit on
the significant wave height is defined approximately by Hy,; = 2/kg. Thus, the highest
applicable radar operating frequency is around 6 MHz and this is used in the simulation
shown in Fig. 4.3. For a high sea state, the amplitudes of both the low frequency
platform motion and the wave frequency platform motion increase with increasing wind
speed. With increasing amplitude of the platform motion, the energy of the Bragg
peaks decreases, the bandwidth of the Bragg peaks widens, more energy is transferred
from Bragg peaks to sideband components, and more sideband components need to be
considered. In Fig. 4.2, only the Bessel functions up to the second-order are used, while
Bessel functions up to the sixth-order are considered in Fig. 4.3. For an extremely high
sea state, the Bragg peak tends to be flatter and smoother instead of being a single sharp

peak.
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Fig. 4.4 Comparison of the total (including the first- and second-order) radar cross
sections under a moderate sea state of H; = 2.06 m for a fixed antenna with that for a
floating antenna.

Fig. 4.4 shows the comparison of the total radar cross section (including the first- and
second-order radar cross sections) with an antenna on a floating platform with that for a
fixed antenna. The third- and higher-order radar cross sections are ignored in this study
due to their little contribution to the total radar cross section. The simulation parameters
used to generate Fig. 4.4 are the same as those used in Figs. 4.1 and 4.2. Four obvious
motion-induced peaks, around 4 0.35 Hz and + 0.45 Hz, can be observed in Fig. 4.4.
These four motion-induced peaks are the first-order motion-induced peaks, which can
also be found in Figs. 4.1 and 4.2. Due to their small magnitudes, the second-order
motion-induced peaks cannot be seen in Fig. 4.4. As explained in [18] and [55], this
is because the motion-induced peaks have less energy in the second-order than in the
first-order radar cross section.

A total radar cross section under an extremely high sea state with an antenna on a
floating platform is depicted in Fig. 4.5. The simulation parameters are the same as those

used in generating Fig. 4.3. From Fig. 4.4 and Fig. 4.5, it can be seen that, as expected,
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Fig. 4.5 Comparison of the total radar cross sections under an extremely high sea state of
Hg =15.7 m for a fixed antenna with that for a floating antenna.

the modulation effect on the radar cross section is significant when the amplitudes of the
platform motions are large. From these figures, it can be seen that a fraction of the energy
is transferred from the Bragg peaks to the motion-induced peaks. In the process of the
energy transfer, wave frequency platform motions rather than low frequency motions
play a dominant role. In Fig. 4.5, some of the first-order motion-induced peaks are
located in the region of the second-order radar cross section. If the effect of the platform
motion is ignored in interpreting the Doppler spectra, this will cause an overestimation
of the significant wave height. This effect has also been observed in experimental
data [9] in which it was reported that during North Sea winter storm conditions, using
an HFSWR system operated aboard a semisubmersible oil platform, the wave height
was overestimated by 40%. By comparison, for the conditions associated with Fig. 4.4,
little energy is transferred from the first-order radar cross section to the second-order,
and, in this case, the effect of the platform motion may be ignored in the second-order

inversion process. Thus, it can be concluded that the estimation of significant wave
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height will be affected by many factors, such as the amplitudes and radian frequencies
of the platform motion. Meanwhile, this estimated value is also affected by wind speed
and radar operating frequency. As shown in [50] and [55], the amplitudes and radian
frequencies of the platform motion are seen to increase and decrease, respectively, with
increasing wind speed. Additionally, in [50] and [55], the energies of the motion-induced
peaks, for a given sea state, are found to decrease as the radar operating frequency is

reduced.

30
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Fig. 4.6 Comparison of the total radar cross sections incorporating a multi-frequency
platform motion model under a moderate sea state 3 of Hy = 2.06 m for a fixed antenna
with that for a floating antenna.

Spectra obtained using the multi-frequency platform motion model that incorporates
both surge and sway directions are generated using the same parameters as used for
Fig. 4.1. Results are presented in Fig. 4.6 and Fig. 4.7. Keeping the two frequency
components used in Fig. 4.4 unchanged, the results using a platform motion model

incorporating four frequency components are shown in Fig. 4.6. Little difference is
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Fig. 4.7 Comparison of the total radar cross sections considering both surge and sway
directions under a moderate sea state 3 of Hy = 2.06 m for a fixed antenna with that for a
floating antenna.

observed in Fig. 4.6 between the radar cross section incorporating a four-frequency
platform motion model and that having dual-frequency. This is because the amplitudes
for the third and fourth frequency components are much smaller compared to those for
the first two frequency components. Similarly, keeping the two frequency components
in the surge direction used in Fig. 4.4 unchanged, the results using a platform motion
model considering both surge and sway directions are shown in Fig. 4.7. It can be seen
from Fig 4.7 that the modulation effect on the radar cross section, considering both
surge and sway directions, is greater than that when considering only the surge direction.
This is because for this floating, moored platform, the amplitudes of the two frequency
components in the sway direction are much greater than those in the surge direction.
Simulations are also undertaken to investigate the effects of bistatic angle on the new

radar cross sections. The radar operating frequency, wind speed and patch width are
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Fig. 4.8 Comparison of bistatic radar cross sections under a high sea state of H; = 8 m
for a fixed antenna with that for a floating antenna.

taken to be 10 MHz, 25 m/s and 3000 m, respectively. The wind direction and ellipse
normal are 175° and 85°, respectively, as measured from the positive x axis (the line
connecting the transmitter to the receiver). The parameters for the platform motion
are obtained from [88], where the time series of the surge motion were given under
a significant wave height of H; = 8 m (strong gale, sea state 9). From that work, the
dual-frequency platform motion model of (4.2) is used in the simulation, with ay, @1,
ay, and m,, being 2 m, 0.05 rad/s, 0.9 m and 0.63 rad/s, respectively.

Comparisons of the radar cross sections for an antenna on a floating platform with
that for a fixed antenna are shown in Figs. 4.8 and 4.9. The bistatic angle ¢y in Figs. 4.8
and 4.9 is taken to be 30°. From these two figures, it is observed that the analysis of how
antenna motion affects the bistatic Doppler spectrum, and the difference between bistatic
radar cross sections for a dual-frequency platform motion model with those for a single
frequency motion model, are similar to the monostatic case. The effects of different sea

states and radar parameters have been previously shown in this section for the monostatic
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Fig. 4.9 Zoomed-in view of the negative Doppler spectrum in Fig. 4.8.

radar cross section model. Similar effects are observed for the bistatic case and are not
further addressed here.

In order to clearly show how the bistatic angle affects the modulation extent of
the radar cross sections, the parameters for the platform motion are obtained under
an extreme sea state. In [89], the time series of the surge motion was recorded under
environmental conditions associated with a 100 year storm with which was associated
a significant wave height of 14 m and wave period of 15.8 s. Based on this work, the
platform motion data involving two main frequency components is taken: a,; = 10 m,
@, = 0.08 rad/s, ay; =5 m, and @y, = 0.63 rad/s. Through the saturation limit on the
significant wave height, the radar operating frequency is taken to be 5 MHz.

Fig. 4.10 and Fig. 4.11 show radar cross sections with an antenna on a floating plat-
form for different bistatic angles. The directions of the platform motion in Fig. 4.10 and
Fig. 4.11 are 0° and 90°, for which sin(6g — 6,, ) corresponds to a positive number and a
negative number, respectively. It may be observed from Fig. 4.10 and Fig. 4.11 that the

frequencies of the Bragg peaks and the second-order hydrodynamic and electromagnetic
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Fig. 4.10 Comparison of bistatic radar cross sections for different bistatic angles with the

platform motion direction of 0° under environmental conditions associated with sea state
1.

peaks are closer to zero Doppler frequency for a larger bistatic angle. In addition, the
energies of both the second-order hydrodynamic and electromagnetic peaks are found
to decrease with increasing bistatic angle. This has been examined in detail in [73]. In
Fig. 4.10, the modulation effect is seen to increase with increasing bistatic angle, while
in Fig. 4.11 a decrease is observed. This conclusion agrees well with the cross section
models derived in Section 4.4. In addition, the amplitudes of the Bragg peaks in Fig. 4.10
and Fig. 4.11 are mainly determined by the amplitude of the modulation index. When
the modulation index is large, the modulation effect is obvious, resulting in more energy

being transferred from the Bragg peaks to the motion-induced peaks [66].
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Fig. 4.11 Comparison of bistatic radar cross sections for different bistatic angles with
the platform motion direction of 90° under environmental conditions associated with sea
state 11.

4.7 Chapter Summary

The development of HFSWR first- and second-order ocean surface cross section models
with a more realistic platform motion model than appears in [50] and [55] has been
presented. First, a platform motion model containing two cosine waves in one direction,
representing the low frequency motion and the wave frequency motion has been consid-
ered. Then, the platform motion model is extended to include multiple frequencies and
both surge and sway directions.

It has been shown that the platform motion can be viewed as modulating the radar
frequencies and the modulation indices are related to the amplitudes of the motion. It
has also been shown that this frequency modulation has a much greater effect on the

first-order RCS than it does on the second-order. Simulation results show that a fraction
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of the energy is transferred from the Bragg peaks to the motion-induced peaks, which
may be located in the region of the second-order radar cross section.

If the effect of the platform motion is ignored in interpreting the Doppler spectra,
these motion-induced peaks may raise the second-order radar cross section. This would
result in an overestimation of the significant wave height, an effect which has been
observed in experimental data [9]. In addition, the regions of the Bragg peaks have been
shown to be broadened by the sideband components, a fact which agrees with the field
data presented in [74]. It is worth noting that in [35-37] the platform motion is linear
since a shipborne HFSWR was used. For such a case, the Bragg frequencies drift due to
the platform motion. Here, the platform motion is represented using a sinusoidal function.
In this situation, the frequencies of the Bragg peaks are not shifted, but a fraction of
the energy is transferred from the Bragg peaks to the motion-induced peaks due to the
frequency modulation effect as explained, for example, in [71].

Simulations have been conducted to demonstrate the effect of the bistatic angle on
the radar cross sections. The bistatic angle affects both the power of the second-order
received Doppler spectra and the modulation level of the platform motion on the radar
cross sections. In addition, it has been shown that the size of the modulation level has a
dramatic effect on the energy of the Bragg peaks in the radar cross sections. The results
are expected to provide a good theoretical basis for determining suitable geometries for
the deployment of platform-mounted bistatic HFSWR.

The RCS models developed have been analysed using simulated data. The analysis
will assist in the design of future field experimentation needed to further validate these
models. From (4.37) and (4.38), it is seen that although pitch and roll movements
have not been considered here, a similar method to that used in [9] can be adopted by
transferring pitch and roll movements to the horizontal and vertical planes, extracting the
horizontal components, and adding these extracted components to the surge and sway

movements into the platform motion model.
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Chapter 5

Motion Compensation for High
Frequency Surface Wave Radar on a

Floating Platform

5.1 Introduction

Based on radar cross section models for an antenna on a floating platform found in
Chapter 4, a new compensation method for mitigating the platform motion effect is
proposed in this chapter. In Section 5.2, the first- and second-order radar cross section
models for a fixed antenna are reviewed. The relationship between the radar cross
sections for a fixed antenna and for an antenna on a floating platform is established in
Section 5.3. Through this relationship, a motion compensation method, which involves
deconvolving the radar cross section data with the derived transfer function, is proposed.
Four different deconvolution techniques are illustrated in Section 5.4. Then, in Section
5.5, the radar cross section model for an antenna on a floating platform with external
white Gaussian noise is developed. Application of the proposed compensation method,
along with results obtained under different sea states and SNRs, appears in Section 5.6.

Section 5.7 contains conclusions and suggestions for future investigations.
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5.2 Radar Cross Sections

The first-order monostatic HFSWR cross section of the ocean surface o fised for the case

of a fixed antenna may be written as [75]

A
01 g (00) = 21i3Ap Y / K2S; (mK) Sa’ [ 2p (K—zko)} §(wy +m+/gK)dK
‘ m= il
(5.1
The corresponding second-order radar cross section 0y, , for this case was also

derived in [75] as

szmd(a)d) 26 2](4 Z Z //S1 lel)Sl(msz) |Fpm| K
=+1my=£1) (5.2)

5((1)d +mi+/gK| +mo/ ng)del?ldKl'
5.3 Platform Motion Compensation Method

For the first-order radar cross section model (4.20), where the sampling function dom-
inates the integral in (4.20), the range of K in the main lobe of the squared sampling
function is extremely small. For such a narrow range of K, the squared values of the
Bessel functions vary only slightly (see Fig. 5.1). Thus, it is assumed here that K in the
arguments of the Bessel functions is constant and is set to a representative value of 2k,
the wavenumber of the first-order Bragg wave. Then, the Bessel function summation can

be removed from the integral and (4.20) may be written as

Glﬂoatmg a)d Z ) Z J

nj=—oo np=—o0
Pukiap ¥ / K251 (mK) S [Azp (K—2k0)} (5.3)
m==+1

- 0(Wg +mr/gK +njwp +nyw,0)dK
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Fig. 5.1 The squared values of sampling function and the Bessel functions with respect
to K. The radar operating frequency is 10 MHz, the platform motion amplitude is 5 m,
and the motion direction is the same with the radar look direction.

where z; = 2a,1 ko cos(0x — 6, ) and z, = 2anko cos(Ox — 6, ). At this stage, it is helpful
to define the total radar cross section including the first- and second-order radar cross

sections as

O fixed (t) = Glfixgd (Z) + sz[xed (l) (54)

and

Gfloaling (t) = G] floating (t) + szloating <t) : (55)

By comparing (5.3) and (4.21) with (5.1) and (5.2), respectively, it may be readily
determined that the relationship between the radar ocean surface cross section involving

a fixed antenna and that for an antenna on a floating platform may be expressed as

O floating (@) Z Z 1(22) O fixea (@q + 11 @p1 + M2 0p2). (5.6)

ny=-—oo np——oo
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Taking an inverse Fourier transform of (5.6), the relationship may be written in the time

domain as

Gfl()ating( Gflxed Z Z Jm @1 +n2wp2)t (57)

np=—o ny=——o0

Since J2(z) = J?,,(z), (5.7) reduces to

Gfloating( cFftxed Z Jr%l Z1 Z ZZ COos nlwp1+n2mp2)t (5.8)

ny=-—oo np=-—o0

Also, the relationship can be extended to the case of a multi-frequency platform motion

model. At this point, the transfer function in the time domain /(¢) is defined as

Z J7 (21) Z T3 (22) - cos(ny @p1 +na@po)t. (5.9)

ny=-—oo np=-—o0

Based on the convolution theorem, (5.8) may then be written in the frequency domain
as [76], [77]

Cyfloating((’od) = Gfixed(wd) ®H(wd) (5.10)

where ® is the linear convolution operation, and H (@, ) represents the Fourier transform
of h(t). H(wy) is an array of n elements, expressed as H(w,) = [ho, k1, ,hy—1], which
depends on the floating platform parameters. Thus, if the parameters of the floating
platform motion are known, the radar cross section Gﬂxed(a)d) can be recovered through
deconvolving the radar cross section O'fjoqring(@g) With H(@y).

It is should be noted that the models shown above are developed for the monos-
tatic geometry (both the transmitter and the receiver are on the same platform). The
relationship (5.10) can also be applied to bistatic radar by modifying the modulation
indices in (5.9). For the bistatic case of a fixed receiver and an transmitter on a floating
platform, the modulation indices z; = ay1ko[cos(Ox — 6, ) + tan ¢y sin(Ox — 6,,.)] and

22 = axko[cos(Ok — 6,,) +tan @ sin(Ogx — 6, )]. In addition, (5.10) can also be easily
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extended for a multi-frequency platform motion model by extending the two frequency

components in (5.9) to multiple frequency components.

5.4 Deconvolution Techniques

A variety of deconvolution techniques have been developed for different applications.

For the problem at hand, four deconvolution techniques are described.

5.4.1 Division in the Time Domain

Based on the convolution theorem, deconvolution in the frequency domain can be
converted to division in the time domain. Therefore, the radar cross section with platform

motion compensation may be calculated through the relation

6 ived(0d) = F{T O f1oaring(0a) } (1)} (5.11)

For the ideal case of no noise or error in both Gfjxeq and Gyjpuing, (5.11) 1s stable, and
the method can work successfully. However, for practical systems where there are both
noise and error in the data, it is possible that for a certain ¢, h(¢) could approach zero, but
Ofloating 18 not relatively small due to the presence of the noise and error. This may cause
Ofixed 10 be an irregularly large number and thereby cause instability in the computation

of Ofireq. This represents an ill-posed problem in deconvolution [78].

5.4.2 Transformation Matrix

A method of performing a deconvolution by matrix multiplication is introduced. Through
the relationship in (5.10), Gfparing(®Wa) and Oieq(@,) can also be cast in terms of a

transformation matrix H,,, i [79] as

O floating(Od) = HmarrixOfixed (0q) (5.12)
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with

ho 0 0 0 0
hi  hy 0 0 - 0
h hy O -~ 0
H,rix = . (5.13)
hy_1 -+ hi hy 0
0 hy hi  ho

Thus, the deconvolution procedure can be achieved by calculating the inverse matrix

H—]

matriv and multiplying it with the convolved data. The procedure may be written as

Gfixed<wd) = H;;zrixofloating(wd)a (514)

and the deconvolution problem is simplified to a matrix inversion problem. However,
the ill-posedness still exists in the inversion process, and, therefore, small changes in the
O floating(®4) may cause severe distortion in the Gyixeq(®s) because the matrix H g rix
has a number of small eigenvalues. Here, Von Neumann and Goldstine’s P condition

number (see, for example, [80]) is introduced as

. }Lmax
)vmin

P (H matrix)

(5.15)

where A4, and A, respectively represent the eigenvalues of H 4y of maximum and
minimum magnitude. The condition number is an indicator of the “health condition”
of a matrix. When P(H ygsrix) ~ 1, Hparrix is well-conditioned. When P(H pgzrix) >> 1,
H . .:ix has at least one small eigenvalue A,,;, causing the P condition number to be large,
and H,,, i, to be ill-conditioned. The worse the condition number of the matrix, the
greater the value of P. In our study, an ill-conditioned H iy usually appears when the
amplitude of the platform motion is large or the radar operating frequency is high, which

results in an increase in the modulation indices.
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5.4.3 Tikhonov Regularization

Tikhonov regularization (see, for example, [81]), which is widely used to solve ill-posed
inverse problems, is introduced by using a transformation matrix as discussed below.

In this study, an assumption of K = 2k in the argument of Bessel functions is made at
the beginning of Section 5.3. This assumption may cause errors in the inversion process.

If the errors and noise are represented as a matrix E, (5.12) may be written as

Gfloating(wd) = Hmatrixcfixed<a)d) +E. (5.16)

In order to obtain the vector Gfixeq(®;), an error minimization criterion is formulated as

(Iy?il’;ﬂ |Hmatrix6fixed - c7floal‘ing| |2 + ,)/2| | cyfixed| |2} (5.17)
where || - || indicates the 2-norm of a vector. ¥ is a regularization parameter determined

by the noise and errors, which may be estimated by [82]

_ ||Hmatrix6fixed - Gfloatingl ‘2

Y (5.18)
|16 iveal
Then, the estimate for Ofiyeq is given by
Gfixed = (H;Yq;a[rimeatrix + YI) _lHrY;mtrix Gfloating~ (5 19)

A higher level of noise or errors will require a larger value of y. The matrix I is an
identity matrix. If a second-order differential matrix is used to replace the matrix I, (5.19)
reduces to the least-squares solution. The main idea of Tikhonov regularization is to add
a small positive number to the diagonal elements of the transformation matrix to stabilize
the system in the inversion process. It is shown in [83] that compared to the matrix

H! . Huric, the magnitude of the smallest eigenvalues of the new transformation

matrix HY .- Hyarie +¥I in (5.19) is increased by finite values of . This results in a
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decrease in P, an improvement in the “health condition” of the transformation matrix

and the stabilization of the solution.

5.4.4 Iterative Tikhonov Regularization

It is also shown in [83] that the Tikhonov regularization or least-squares method is based
on the smoothness of the solution. If the Doppler spectrum Gfjyqring has a sharp low
frequency cutoff, this method has limitations. Finally, as in [81], an iterative method is

proposed for slow solution convergence by

i+1 - i
ngijed) = (H ;{mtrixH marrix ~+ Y1) X (H nTmzrix Ofloating + YG}iied ) (5.20)

where Gj(c}x) .4 18 calculated from (5.19). Usually, the larger the number of iterations,

the better the solution will be. Typically, 4 or 5 iterations are used in our study. The

performance improvement is negligible after 10 iterations.

5.5 Radar Cross Sections with External Noise

To date, there is little appropriate existing field data dedicated to the case of an antenna on
a floating platform. In order to better mimic experimental data collected from the ocean
surface, a combined sea clutter and external noise radar cross section model developed
by Gill and Walsh [84] was used to undertake a simulation for a fully developed wind
sea and to examine these motion compensation methods.

In the HF band, the external noise may be characterized as a white Gaussian zero-
mean process [85]. For HFSWR, it is shown in [86] that the first-order sea echo is a
Gaussian process, consisting of linear operations on the presumed stationary Gaussian
ocean surface. Additionally, by the central limit theorem, the second-order ocean wave

scattered signal may also be treated as a Gaussian process [86]. For such a stationary
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Gaussian process, the time-domain form of the signal may be written as [87], [84]

dw
27

16 = [ e @), [F (@) (5.21)
B

where B represents the limited bandwidth of the system, i.e. —§ <B < . F(o) is
the power spectral density of f(7) and €(®) is a random phase variable whose values
lie between 0 and 2. However, in our study, the radar received signal is frequency-
modulated by the platform motion [68]. Frequency modulation is a nonlinear process.
Thus, (5.21) is no longer suitable for addressing the radar cross sections for this case.
Combining (5.8) with frequency modulation results found in Chapter 7 of [71], it

may be deduced that

ffloaling (t) :ffixed (t) ’ ej(z1 €S Wp11+22.008 Dyt (522)

where ffioaring(t) and friveq(t) represent the received radar signals in the case of an
antenna on a floating platform and on a fixed platform, respectively. Thus, if the signal
f(¢) is frequency-modulated, the signal after modulation in the time domain may be

expressed as

o(t) = X F(1) = e/ / o1 oie(0), [ ()42
B 2r

(5.23)
where X = 71 cos 0,17 + 22 COS Wyt

It is worth noting here that the external white noise will also be modulated by the
platform motion due to the limited system bandwidth. Substituting the clutter and noise
power spectral densities into model (5.23), obtaining the frequency-modulated clutter
signal ¢(¢) and noise signal n(t), respectively, and adding them together, the combined

signal may be expressed as

s(t) =c(t)+n(r). (5.24)
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Following the analysis in [84], the Doppler spectrum may be estimated by

P(w) :Ait

(5) . 2
/,1 s(r)e*-fﬂ”dt) (5.25)

where the time series length from 7 to 7, is specified as Atr.

Fig. 5.2 shows an example of a combined sea clutter and external noise Doppler
spectrum for an antenna on a floating platform. The detailed radar system simulation
parameters used here are also found in [84] and given in Table 5.1. The SNR in this
chapter refers to the ratio of the sea clutter power spectral density for the largest Bragg
peak to the noise power spectral density. The platform motion simulation parameters are
taken from Table 2.1 for a wind speed of 10.3 m/s. From Fig. 5.2, it is clearly seen that
the noise floor is approximately -160 dB, which means the Doppler spectra information

below -160 dB is contaminated and covered by the white external noise.

Table 5.1 Radar system parameters [84]

Operating frequency 10 MHz
Bistatic angle 30°

Pulse width 13.3 us

Pulse repetition period 333 us
Peak power 16 kW
Transmitter gain 1.585

Half-power beam width 0.07029 rad

Receive array gain 65.76
Distance from patch to transmitter 50 km
Distance from patch to receiver 50 km
Rough spherical earth attenuation 0.312
SNR 60 dB

5.6 Examples of Motion Compensation Results

Examples of motion compensation results under different sea states, developed using
the deconvolution techniques found in Section 5.4, are shown in Figs. 5.3-5.8. The

Doppler spectra for an antenna on a floating platform, and incorporating external white
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Fig. 5.2 A combined sea clutter and external noise Doppler spectrum. The radar operating
frequency is 10 MHz with SNR = 60 dB.

noise, are simulated using the technique illustrated in Section 5.5. Spectra obtained in
this manner are referred to as ‘before compensation’ in the following figures. Then, the
platform motion compensation method is used on the simulated spectra to eliminate the
effect of the platform motion and to obtain the compensation result, labeled as ‘after
compensation’. Finally, the corresponding Doppler spectrum for a fixed antenna with
external white noise (under the same simulation environment as for the floating platform
case) is simulated and labeled as ‘fixed’ in these figures. By comparing the ‘fixed” with
the ‘after compensation’, the performance of the platform motion compensation method
can be evaluated.

Fig. 5.3 shows an example of platform motion compensation results for the cases of a
single-frequency platform motion model. The amplitude and radian frequency data of the
platform motion in Fig. 5.3 are taken from Table 2.1, and these parameters are given for
a sea state of 5 on the Beaufort scale with a wind speed of 10.3 m/s. The radar operating

frequency is taken to be 15 MHz, and the SNR is about 65 dB. In this case, the condition
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number P is 1.12, which means that the transformation matrix is well conditioned. For
such a well-conditioned transformation matrix, it is mentioned in Section 5.4 that all four
deconvolution techniques can be used to obtain the same compensation results. Here in
Fig. 5.3, deconvolution method B of Section 5.4 is used.

As previously noted, the platform motion may cause additional peaks symmetrically
distributed in the Doppler spectrum [50]. In Fig. 5.3 (a), some of the first-order motion-
induced peaks are located in the region of the second-order Doppler spectrum. If the
effect of the platform motion is ignored in interpreting the Doppler spectra, this will
cause an overestimation of the significant wave height. This effect has also been observed
in experimental data [9]. In addition, it may be clearly observed from Fig. 5.3 (b) that,
due to the floating platform motion, a fraction of the energy is transferred from the Bragg
peaks to the motion-induced peaks. This phenomenon has also been discussed in [66]. It
may be observed from Fig. 5.3 that through platform motion compensation, the motion-
induced peaks are completely removed from the radar Doppler spectra. Additionally, the
energies of the Bragg peaks are simultaneously recovered, though this phenomenon is
not obvious in Fig. 5.3 due to the small magnitude of the modulation index (which is
related to the amplitude of platform motion in this study).

In [88], a floating platform with a mooring system was modeled and simulated. The
time series of the surge motion were given for significant wave heights of 4 m and 8 m.
Based on the surge motion curve (see [88]) for the Hy = 8 m case, the platform motion
parameters of the two main frequency components can be obtained as a; =2 m, @, =
0.05 rad/s, a; = 0.9 m and @y, = 0.63 rad/s. Taking into account the saturation limit on
the significant wave height (Hy,; = 2/kg) given in [72], the radar operating frequency
is taken as 10 MHz. Based on the parameters shown above, the condition number P is
calculated to be 1.03, which means the transformation matrix is well-conditioned. Fig. 5.4
shows the platform motion compensation results using these simulation parameters and

deconvolution method B, resulting in an SNR of around 56 dB.
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Fig. 5.3 An example of the platform motion compensation results for a single-frequency
motion model having an amplitude of 1.228 m and a radian frequency of 0.127 Hz. (a)
Comparison of the Doppler spectrum before compensation with that after compensation
(b) A zoomed-in view of (a).
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Through a number of simulated data tests, it is found that when P is less than 5, the
matrix can be assumed to be well-conditioned. In this case, the deconvolution operation
can be achieved by division in the time domain (method A) or the direct inversion of a
transformation matrix (method B). When P is greater than 5, the compensation results
may be acceptable, but are not ideal as compared to those when P is less than 5. From the
experience in this study, the compensation results should be discarded for P > 10. In the
case of P > 5, Tikhonov regularization (method C) or an iterative Tikhonov regularization

(method D) is adopted to solve the ill-posed deconvolution problem.
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Fig. 5.5 An example of the platform motion compensation results for a dual-frequency
motion model having amplitudes of 5.5 m and 0.4 m, and radian frequencies of 0.02
rad/s and 0.38 rad/s, respectively. This result is for an ill-conditioned transformation
matrix by using the deconvolution technique A or B in Section 5.4.

The motion model of another floating platform with a mooring system was estab-
lished and tested in [70]. The time series of the surge motion were recorded under a
combined swell and wind sea condition. The significant wave height was 2.05 m and

its peak wave period was 6.7 s. From [70], the platform motion data of the two main
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Fig. 5.6 An example of the platform motion compensation results for a dual-frequency
motion model having amplitudes of 5.5 m and 0.4 m, and radian frequencies of 0.02 rad/s
and 0.38 rad/s, respectively. This result is for an ill-conditioned transformation matrix by
using the deconvolution technique of Tikhonov regularization. (a) Comparison of the

Doppler spectrum before compensation with that after compensation (b) A zoomed-in
view of (a).
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frequency components were obtained as a; = 5.5 m, w,; = 0.02 rad/s, a; = 0.4 m and
7 = 0.38 rad/s. The radar operating frequency is taken as 20 MHz. In this case, P is
calculated to be 3116, indicating that the transformation matrix is ill conditioned. By
using these simulation parameters as an example, comparisons using different deconvo-
lution techniques are made and shown in Figs. 5.5 to 5.7. The SNR in these figures is
taken to be approximately 70 dB. It should be noted that it is meaningless to compare the
amplitudes and radian frequencies of the platform motion for different floating platforms,
even though they may be subject to the same environmental conditions. This is because
the amplitudes and radian frequencies of the platform motion are determined by many
factors, such as environmental conditions, and the size, weight and structure of the
floating platform and its mooring system. It may be clearly observed from Figs. 5.5 to 5.7
that, due to the floating platform motion, a fraction of the energy is transferred from the
Bragg peaks to the motion-induced peaks. This phenomenon has also been discussed in
Chapter 4.

Fig. 5.5 shows the compensation results obtained by directly using “division in the
time domain” (method A) or direct inversion of the transformation matrix (method
B). It can be seen from the figure that the compensation results are poor for the case
of an ill conditioned transformation matrix. The compensation results obtained using
Tikhonov regularization or least-squares deconvolution techniques are shown in Fig. 5.6.
The ill posed problem is partially solved, and a better compensation result is obtained.
However, the compensation results in the region of the Bragg peak are unsatisfactory.
The magnitude of the Bragg peak is not completely recovered and the region of the
Bragg peak is still broadened. This is because there is a sharp low frequency cutoff
at the boundaries of the Bragg peaks region where it meets the second-order region.
As mentioned before, a smooth solution provided by Tikhonov regularization is not
realistic for the case of a sharp cutoff, although the compensation results in the rest of
the Doppler regions show a good performance. Considering these issues, Fig. 5.7 gives

the motion compensation result obtained using iterative Tikhonov regularization. It may
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be observed from Fig. 5.7 that the Doppler spectrum with antenna motion has been well
compensated and recovered as compared to the corresponding simulated fixed Doppler
spectrum. It can be observed that the platform motion compensation has completely
removed motion-induced peaks from the radar Doppler spectra and the energies of the
Bragg peaks have been recovered.

The motion compensation technique derived in Section 5.3 is for both the first-order
and the second-order radar cross sections. The technique has the same impact on the
second-order radar cross section as it does on the first-order. For example, there are
additional second-order motion-induced peaks appearing in the Doppler spectrum, and a
fraction of the energy is transferred from the second-order peaks to these motion-induced
peaks. However, as discussed in [18] and [55], the motion-induced second-order peaks
appearing in the spectrum are seen to have significantly less energy than those in the
first-order case. Thus, the second-order motion-induced peaks are not obvious in the
spectrum (see the peaks near -0.67 Hz labeled by the blue solid line in Fig. 5.7 (a)). From
Fig. 5.7 (a), it is clear that the energies of the second-order peaks are also recovered
through this compensation method.

The model of a floating platform with a mooring system was next considered for
a storm condition associated with sea state 11 [89]. Time series of the surge motion
were recorded under environmental conditions associated with a 100 year storm. For
this extreme sea state, the significant wave height was 14 m and its peak wave period
was 15.8 s. Based on the surge motion curve shown in [89], the platform motion data
involving the two main frequency components are taken to be a; = 10 m, @, = 0.08
rad/s, a; = 5 m and @, = 0.63 rad/s. The radar operating frequency is taken to be 5
MHz and the SNR decreases to 40 dB. In this case, P is calculated to be 36876, which
shows the transformation matrix defines a greatly ill-posed problem. Based on these
simulation data, Fig. 5.8 shows the platform motion compensation results using the
iterative Tikhonov regularization deconvolution method. In this extreme case, the trend

of the compensation result is generally acceptable, and the curve in the Bragg peak
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Fig. 5.7 An example of the platform motion compensation results for a dual-frequency
motion model having amplitudes of 5.5 m and 0.4 m, and radian frequencies of 0.02
rad/s and 0.38 rad/s, respectively. This result is for an ill-conditioned transformation
matrix by using the deconvolution technique D in Section 5.4. (a) Comparison of the

Doppler spectrum before compensation with that after compensation (b) A zoomed-in
view of (a).
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Fig. 5.8 An example of the platform motion compensation results for a dual-frequency
motion model having amplitudes of 10 m and 5 m, and radian frequencies of 0.08
rad/s and 0.63 rad/s, respectively. (a) Comparison of the Doppler spectrum before
compensation with that after compensation; (b) A zoomed-in view of (a); (c) Comparison
of the compensation result with the Doppler spectrum for a fixed antenna.

region is well-compensated. However, for the low-energy peaks, like the second-order
electromagnetic peaks, the compensation performance is not ideal.

To quantitatively show the performance of the motion compensation method, Ta-
ble 5.2 illustrates the root-mean-square differences between the “after compensation”
and “fixed” cases in Figs. 5.3- 5.8. As observed in the table, the worst performance
is seen in Fig. 5.5, where an ill-posed problem occurs. By comparing the values of
root-mean-square difference for Fig. 5.6 with that for Fig. 5.7, the performance of the
motion compensation method is found to be improved by using an iterative Tikhonov
regularization deconvolution technique. Through these motion compensation results,
the motion compensation method proposed in this thesis is well examined and shows a

satisfactory performance.
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Table 5.2 Root-mean-square differences between the “after compensation” and “fixed”
cases in Figs. 5.3- 5.8

Figures | Root-mean-square differences (dB)
Fig.5.3 0.4163
Fig. 5.4 0.8402
Fig. 5.5 22.8646
Fig. 5.6 4.4696
Fig. 5.7 22171
Fig. 5.8 5.0757

It is worth noting that when calculating H(®,) based on the information of A(z), an
integer number of periods should be used in the Fourier transform in order to avoid the

spectral leakage problem and improve the performance of the deconvolution.

5.7 Chapter Summary

A compensation method has been proposed for the purpose of mitigating the platform
motion effects on HFSWR Doppler spectra. The relationship between the HFSWR cross
sections of the ocean surface for a fixed antenna and an antenna on a floating platform
has been established. Through this relationship, motion compensation can be achieved
by deconvolution procedures. The radar cross section incorporating external Gaussian
white noise is developed and used to examine the compensation method. In this study,
an iterative Tikhonov regularization deconvolution method is suggested for solving the
ill-posed deconvolution problem. The compensation results under different sea states
and SNRs obtained by using this deconvolution method show a satisfactory performance.
This motion compensation method can also be extended for shippborne HFSWR.
Tikhonov regularization and iterative Tikhonov regularization are introduced to solve
the problem caused by the ill-conditioned transformation matrix. Of course, in the
case of a well-conditioned matrix, Tikhonov regularization and the iterative Tikhonov
regularization can still be used. However, in order to minimize numerical uncertainties

introduced by the computation software and to reduce the computation time, a simple
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deconvolution method (method A or method B discussed in Section 5.4) can be used

when the transformation matrix is well-conditioned.
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Chapter 6

Conclusion

6.1 Summary

The objectives of this thesis have been: 1) to establish comprehensive HFSWR cross
section models of the ocean surface in order to investigate the effect of antenna motion
on the radar Doppler spectrum; and 2) to develop a compensation method to mitigate the
platform motion effects that distort the Doppler spectrum such that ocean remote sensing
parameters can be accurately extracted.

Based on the work of monostatic radar cross sections for a pulsed source involving
an antenna on a floating platform [17] and [18], corresponding bistatic models are
firstly developed by using elliptic coordinate transformation and the stationary phase
method. The ocean surface is described by a Fourier series with the coefficients being
random variables. The second-order radar cross section contains both hydrodynamic and
electromagnetic contributions. A new bistatic electromagnetic coupling coefficient is
derived, which unlike some earlier versions produces no non-physical singularities in the
Doppler spectrum. The effect of the platform motion is found to result in a sum of Bessel
functions of the first kind in the final cross section result, varying in order from zero to

infinity. It is verified that by imposing the appropriate conditions, the new RCS models
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reduce to the stationary bistatic models in [51] or to the monostatic models involving
antenna motion in [17], [18].

Assuming a simple model in which the platform motion is caused by the dominant
ocean wave, simulations are made to illustrate the motion-induced peaks under different
sea states and to compare the bistatic model with the monostatic case. Simulation results
show that the locations of the motion-induced peaks are symmetrically distributed in
the spectrum and the magnitude decreases with increasing order of the Bessel functions.
These motion-induced peaks have less energy in the second-order radar cross section
than those in the first-order. In addition, the frequencies of the first-order, second-order
and their corresponding motion-induced peaks are closer to zero Doppler frequency in
the bistatic case than those in the monostatic case.

Following this work, the first- and second-order bistatic radar cross sections are
then extended to investigate the impact of using an FMCW source which is subject
to platform motion. Based on previous work in [50] and [55], the derivation begins
with the general bistatic electric field in the frequency domain for the case of a floating
antenna. Demodulation and range transformation are used to obtain the range information,
distinguishing the process from that used for a pulsed radar. After Fourier transforming
the autocorrelation function and comparing the result with the radar range equation, the
radar cross sections are derived. The newly derived bistatic RCS models for an FMCW
source are modulated with a sinusoidal platform motion model and compared with those
for a pulsed source. It can be found that for the same radar operating parameters, the
first-order radar cross section for the FMCW waveform is slightly lower than that for a
pulsed source. The second-order radar cross section for the FMCW waveform reduces
to that of the pulsed waveform when the scattering patch width approaches infinity. As
expected, the sidelobe level is found to be reduced with increasing magnitude of the
range bin. When the range bin approaches infinity, the first-order radar cross section
for an FMCW waveform approaches a rectangular function and the second-order radar

cross section model for the FMCW waveform reduces to that of the pulsed waveform.
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The effect of platform motion on the radar cross sections for an FMCW waveform is
investigated for a variety of sea states and operating frequencies, and, in general, is found
to be similar to that for a pulsed waveform.

Next, a more complicated platform motion model, rather than the single-frequency
sinusoidal function motion model as appears in earlier work, is established based on the
investigations of the horizontal motion of a platform with a mooring system. In order to
simplify the study, the platform motion model is reduced to a combination of two cosine
functions in one direction, respectively representing low frequency motion and wave
frequency motion. Monostatic and bistatic radar cross section models incorporating a
dual-frequency platform motion model are derived. Then, the platform motion model
is extended to include multiple frequencies and both surge and sway directions, and
the corresponding radar cross sections are also developed. By comparing the signal
modulation theory, such as appears in [71], it is found that the platform motion can be
viewed as a modulator of the radar frequencies and the modulation indices are related to
the amplitudes of the platform motions. This frequency modulation has a much greater
effect on the first-order RCS than it does on the second-order. Simulation results show
that a fraction of the energy is transferred from the Bragg peaks to the motion-induced
peaks, which may be located in the region of the second-order radar cross section. If
the effect of the platform motion is ignored in interpreting the Doppler spectra, these
motion-induced peaks may raise the second-order radar cross section. This would result
in an overestimation of the significant wave height, an effect which has been observed
in experimental data [9]. With a larger amplitude of platform motion, more energy is
transferred from the Bragg peaks to the motion-induced peaks, and more motion-induced
peaks need to be considered. Simulations also find that the bistatic angle affects both
the power of the second-order received Doppler spectra and the modulation level of the
platform motion on the radar cross sections.

Finally, a method for mitigating antenna motion effects in HFSWR Doppler spectra

developed from ocean backscatter is proposed. Based on the established radar cross sec-
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tion models for a fixed antenna and for an antenna on a floating platform, the relationship
between these models is developed. Through this relationship, motion compensation can
be achieved by deconvolving the radar cross section data with the derived transfer func-
tion. Four different deconvolution methods (division in the time domain, transformation
matrix, Tikhonov regularization and iterative Tikhonov regularization) are investigated
and discussed in this thesis. The ill-posed problem occurs with different platform motion
parameters, and the P condition number is used to evaluate the “health condition” of the
system. Usually, ill-posedness appears when the amplitude of the platform motion is
large or the radar operating frequency is high, both of which would result in an increase
in the modulation indices. Tikhonov regularization is widely used to solve ill-posed
problems by assuming a solution to be smooth. Iterative Tikhonov regularization is an
improved method of Tikhonov regularization. To better mimic experimental data for
use in the motion compensation method, the radar cross section model with external
noise for an antenna on a floating platform model is developed. The external noise is
characterized as a white Gaussian zero-mean process of finite variance. By using the
four deconvolution techniques, the compensation results under different sea states and
SNRs are shown. Through these compensation results, the compensation method using
iterative Tikhonov regularization is seen to provide better performance. It is shown that
this process significantly removes the motion-induced peaks and simultaneously recovers
the energy of the first- and second-order peaks.

The main contribution of this work is the development of the various bistatic HFSWR
cross section models of the ocean surface for the case of an antenna on a floating platform.
Firstly, these radar cross section models can provide a theoretical foundation for a better
understanding and utilization of HFSWR experimental data to extract accurate oceanic
information. Secondly, the analysis of the motion effects on the Doppler spectrum
brings valuable insights for future practical investigations to determine the feasibility of
using HFSWR on a floating platform and suitable geometries for the deployment of a

platform-mounted HFSWR. Finally, the compensation method proposed in this thesis
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gives a technique to mitigate the motion effects and recover the Doppler spectrum. While
the techniques suggested here show promise for improving ocean parameter estimation
from platform-mounted HFSWR, the extent of their utility will only be determined by

their future application to field data.

6.2 Suggestions for Future Work

Based on the work presented in this thesis, several remaining problems are briefly
discussed here with suggestions for future theoretical and experimental research work.

Firstly, it may be noted that the radar cross section models developed in this thesis
are based on several assumptions, for example, a good conducting ocean surface, and
small height and small slope of the ocean surface waves. These assumptions considerably
simplify the analysis and development of the RCS models. However, in the real world,
ocean surface waves may be far more complex. Thus, these assumptions restrict the class
of ocean surfaces which HFSWR may be used to observe with the methods of this thesis.
In the future, it would be worthwhile to investigate the effect of these assumptions on the
RCS models and to develop new models by relaxing these assumptions.

Secondly, to date, there is no existing field data dedicated to the problem of HFSWR
operating from a floating platform. It will be important, therefore, to evaluate the RCS
models for data obtained under conditions of the motion discussed in this thesis.

Thirdly, it is known that radar experimental data is more complex to analyze because
it contains a variety of other information, which are not considered in the RCS models
derived in this thesis. For example, currents, swell, internal system noise, non-Gaussian
external noise and so on will potentially impact the data and derived results. Thus,
the motion compensation method proposed in this thesis may still encounter various
problems when applied to experimental data. Simultaneously, this compensation method
needs to be examined using field data and further improved so that the method could

work effectively under a variety of sea states.
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Finally, it is worth noting that the compensation method presented in this thesis is
especially proposed for a large floating platform with a mooring system, in which case
the horizontal motion of the platform motion is dominant. This motion compensation
method can also be extended for shipborne HFSWR. However, for shipborne HFSWR
operating under a high sea state, the pitch and roll angles of the ship would also need to
be considered in the compensation method. It is expected that, in the future, the pitch and
roll angles of the ship will be analyzed and incorporated in the compensation method.

The work presented in this thesis provides a solid theoretical basis for these and other
extensions of the analysis of platform-mounted HESWR. With this work, it is hoped that

HF radar, as an ocean remote sensor, will become increasingly mature and successful.
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Appendix A

A Stationary Phase Process for the

First-Order Electric Field

Scattering point n [Z

(x1ay1)\N $

Transmitter Receiver

(D (R)

Fig. A.1 Depiction of the bistatic geometry associated with stationary phase condition.

In order to apply the stationary phase integration, an elliptic coordinate transformation
should be performed. Firstly, the Cartesian (x,y) coordinate system is rotated anti-
clockwise by 6 and then the origin is shifted to the center of the line segment defined

by the transmitting and receiving points. The resultant Cartesian coordinate system is

denoted by (x',y’), shown in A.1, where

x= (x/-l—B)cosO —'sin @,
2 (A1)

y= (x’+g)sin6+y’cos9.
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Then, the elliptic coordinate (i, V) can be defined in terms of (x,y") by using X' =

5 P coshpcosvandy = 5 sinh g sinv. Thus,

x) = g[(l + cosh i cos v) cos O — sinh p sin v sin 6]
y = g[(l +cosh ttcos v)sin 6 +sinh tsin v cos 0]
p1= g(coshu +cosV)
P (A.2)
P2 = E(coshu —cosV)
0: — tan—" <y1> _ tan-! [(1 +coshprcosv)sin 0 +sinh i SinVCOSO]
b x1/ (1 +coshpcosv)cos 6 —sinhyusinvsin6

dxidy) = p1p2dudv.

Since x; = pycos O and y; = p;sin Oy, cos(0; — Ok) in the exponential term of (1.2)

can be expanded as

ejlecos(OlfGK) _ ej%K[(l+coshucosv)cos(GKf(-))Jrsinh[,LsiHVSin(OKfG)}_ (A.3)

In view of these transformations, (1.2) reduces to

kCo

2w oo )
(En)1~—5 ) PzK / / cos(81 — Bk ) F(py ) F(py)e k3Pocos(61—60)
= 0 0
K

(2m) (A4)

_ej%[(1+cosh/.Lcosv)cos(9K79)+sinh,usiHVSin(GKfG)] efjk(p1+p2)d‘udv.

From (A.2), it may be observed that p; + p» = p cosh i, which means the scattering
ellipse is determined by the value of u, if p, the distance between the transmitter and the

receiver, is fixed. Then, (A.4) can be written as

kCy
(2n)* %

esz[cosh,ucosvcos(GK 0)-+sinh sin vsin(0x—0)] e]k5p0cos(91 9°)dvd,u

. 21
(Er ~ == e et [ cos 6y — 6P (p1)F (p2)

ZP_'KJZCOS(GK 0)/(><J

0

(A.5)
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Next, the v integral in (A.5) may be defined as

27
1) = /O cos(6 — Ox)F(p1)F (p2)

.ej%K[cosh[,Lcosvoos(OKfG)Jrsinhp,sinVSin(GKfG)] ejkb‘pocos(ﬂlfﬂo)d

(A.6)
V.

For bistatic operation, p is usually several tens of kilometers. Then, %K in the
phase term will be a large value for an wide range of K. Also, it is known that for
highly conductive surfaces, the values of F(p;) and F(p;) are slowly varying. Moreover,
0pp is a very small quantity compared to the other distance parameters. Under these
conditions, (A.6) can be solved by the stationary phase method [90]. After applying the

stationary phase integration, (A.6) reduces to

I(1) = V21 cos(6) — O)F (p))F (pa)el*oPocost®i=)

. ej%K[coshu cos Vcos(Og—0)+sinh p sin vsin(6g —6)] (A.7)

. {j%K[COSh,LL cos v cos(6x — 0) + sinh e sin v sin(6x — 6)]} 2

with the stationary phase points given by
tan vy = tanh  tan(6g — 0). (A.8)
A final asymptotic form for /(1) may be written as

I(1) ~ V2m(++/cos (p)% o/k8pocos(61—60) ,£jKpscosd ,Fj5 (A.9)

where p; = @ = %COSh . Gill [49] shows that the surface wavenumber, K , 18 normal
to the scattering ellipse (i.e. Oy = Ok) and the ellipse normal bisects the angle between

the transmitter and receiver, as viewed from the scattering point. ¢ is the bistatic angle,
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defined as each portion of this bisection, shown in Fig. A.1. Furthermore,

cos(0; — 6y) = cos(6x — ¢ — 6p)
(A.10)
= cos ¢ cos(Ox — 6y) + sin ¢ sin(Og — 6y).

Then, (A.9) may be written as

o= F(p1)F :
I(u) = V2r(+ cosq))weimpscow
Ps (A.11)
. e?]%ejképo [cos @-cos(Ox—0B)+sin@-sin(Ox —6y)] '

Substituting (A.11) into (A.5) gives

kC
T
/ ¢ Ikpcoshit 7 IF (4 COS¢)F(p1_>F(p2) (A.12)
: N

_eijpo[cosq)cos(GK—60)+sin¢ sin(6x—6p)] einpscostl)d‘u'

From the definition of pj, it can be readily deduced that du = ﬁa’ps. Chang-
py—(p

ing the U integration to a pg integration gives

(En) o kc(;/ZZP \/_chos (60— 9)/ (pl) (p2> :Fj%(j: COS¢))
(27) P2\ Jplp? — (p/2)]

.ejképo[cos¢cos(9K—90)+sin¢sin(OK—GO)] ejps[:thos¢—2k]dps.
(A.13)
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Appendix B

(M(K, 6k, T, t)) for a Sinusoidal

Antenna Motion Model

It is assumed that the sway motion §p, = asin(w,t)p, is caused by the dominant ocean
wave. The sway frequency can be expressed as @, = /gK,, where K}, is the dominant
ocean wavenumber, and a is the sway amplitude depending on the sea state. In addition,

o, and a are assumed to be constant during the sets of observations. Thus,

M(K, Ok, T, l)
_ OO iyt +sin(@pt-+@y)
aK tan @ sin - (Bl)
| ORI (i (pt)-+sin @i+, 7)
_ pJveos(@ptor)
where |
v = aK[cos(0k — Ok,) + tan @ sin(6x — 6k, )] sin(i(opl’)
0 = Wyt (B.2)
1
o = Ewpr.
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Here, the Bessel function J,, of the first kind of order n is introduced and may be expressed

as
—n

j
Jn -
(z) o

2n
/ 7705 ¢ (16)d O (B.3)
0

where n can be any integer. The graphs of Bessel functions look roughly like oscillating
sine or cosine functions that decay proportionally as 1/,/z. Again, using the definition

of the zero-order Bessel function of the first kind, (B.1) reduces to

<M(K, Ok, T, l)>

:i/Zﬂejvc05(¢p+¢l)d¢
27 Jo P

1

T jveosu (B.4)
- d :
27 /o ¢ H

=Jo(Vv)

1
= Jo{aK[cos(0k — Ok,) + tan ¢y sin(6x — Ok, )] sin(ia)p’c)}.
Considering the properties of the Bessel function, it can be shown that [17]

o [mm(%)] — )42 iljg (x) cos(n6)

For the problem here, it can be observed that x = JaK[cos(6k — Ok,) + tan ¢o sin(Ox —

0k,)] and ¢ = @, 7. Thus,

(MK, 6k, T, 1)) =
K
Jg{%[cos(OK — 6k, +tan ¢y sin(6x — O, )]} (B.5)

s ak ,
+2 ZIJ,%{?[COS(GK — 6Ok,) +tan@psin(Og — Ok,)]} - cos(nw,7).
n—=
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Appendix C

A Stationary Phase Process for the

Second-Order Electric Field

For the present analysis, it is useful to write (2.41) in elliptic coordinates (i, d) and to

this end we note

P> = =(cosh i +cos9d)

Bol Sl e

P20 = E(COShH —cosd)

P2+ P20 = p cosh

xp = pacos 6 = Z[(1 4 coshptcosd)cos O — sinh i sin § sin 6] (C.1)

T oo

y2 = pa2sin6, = —[(1+cosh p cos §) sin 6 + sinh p sin 6 cos O]

\S]

6, — tan_l(&) _ tan_1[<1 + cosh i1 cos 8) sin © + sinh  sin 6 cos 6

X2 (1 +coshpcosd)cos O —sinh i sin§sin 0

dxady, = paprodpds.

With these transformations, it is straightforward to show that

szCOS(@K— 92)
(C.2)
= %K[COS(OK — 6) +coshucosdcos(Ox — 6) + sinh i sin § sin(Ox — 6)]
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so that (2.41) may be written as

(En)be ~ — OZZZP[?] Pf(2€] > Kcos(0x—0) / ¢ Jkpcoshu

2n)" %% 0

. /27r (_kx)eijﬁoﬁgej%K[coshu cos 8 cos(Og —6)-+sinh e sin § sin(Ox —0)] (C.3)
0

“F(p2)F (p20)dddu.

Then, a stationary phase approach may be used to reduce (C.3) to a single integration.

Setting

and noting

F(8) = (—kx)e/*PoP2F (py)F (pao)

f(8) =coshucosdcos(0x — 0)+ sinh usin & sin(6x — 0),
the stationary phase points may be shown to be given by

tan §; = tanh y tan(6g — 6). (C.4)

Thus, the inner integral in (C.3) may be written as

ej%K[COSh[,LCOSSCOS(QK—G)-‘,-SiHhH sindsin(0x—0)] (C.5)

\/j%K[cosh,u cos 6 cos(Og — 0) + sinh u sin d sin(Og — 0)]

Following the same analysis as in [49], (C.5) may be reduced to

(_kX)F(p2)F(p20) ejk550~ﬁ2€inp3COS¢e:Fj% (C6)

VKpscos @

15 ~\V21
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where p; = % Since

6;)() . [52 = COS(GZ — 90)
=cos(Ox — ¢ — 6p) (C.7)

= cos @ cos(Ox — 6p) + sin ¢ sin(Og — 6p)

(C.3) may be written as

(E 2bf ~ kCO ZZPH P* JZKCOS 9[( 9) /‘00CJ e—jkPCOSh,u (_kX)F(pz)F(p20)

27) 2 7R VKpscos @

_eijpo[cos¢cos(9K—90)+sin¢sin(OK—Qo)] e:thp‘gcos¢e¥j%du'
(C.8)

Also, because p; = % = 5Scoshy and dpy = 5sinhp dp =/ p2 — (%)zdu, (C.8)

becomes
_ P
kCO Z Z Kl K2 Jj 7 Kcos(0g— 9)e¢j%

/) (_kl) (Pz) (P20) ¢/Ps(£K cos p—2k) o)

e Vess o o)

_eijpo[cosq)cos(OK—90)+sin¢51n(6K—90 ]dps-

(Ep)opf =
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Appendix D

Symmetrical Coupling Coefficient

In order to derive a symmetrical electromagnetic coupling coefficient for (2.45), it is
worthwhile to consider G[K;(p2, K} )], appearing in the x of (2.41), in more detail. Since

F(p12) varies slowly with p15, ﬁ[F (p12)] may be assumed to be negligible. Thus,

G[K,(p2, K1) =/ F(pio)e /P12y (p12Ky)dpra
P12

1 : d
- F(p12 e Jkp12
Ks Jpi, ( ) dpi2

Jo(p12Ks)]ldp12
= ——{F(P12)€ kP12 Jo (p12Ky)| / aons F(p1o)e 7*P2)Jy(p12K;)dp1a

= f{l —jk/o F(p12)e /P20y (p12Ks)dpi2}.
’ (D.1)

.. —jk .
In [91], it is shown that . [F(p) ‘32; pp] = #, where .# represents Fourier transforma-
ot2

0

tion, ug = VK2 — k2, uy = \/ K> —n3k?, n§ = &, —

index and the relative permittivity, respectively. For a good conducting surface (see [92]),

up = /K% —n3k? ~ jkny. (D.2)

Joe— w o and ng and &, are the refractive
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Defining a parameter A = % as the intrinsic impedance of the surface gives

ZIF(p) ! D.3
F ~ . .
F(0) 5~ i (D3)
Recalling that the zero-order Bessel function of the first kind may be defined as
Jo(@) = 5= | et (D4)
21 Jo ’ )

(D.3) becomes

F1F (o) F(0) L o ikt g
— X — Jky,
FIEC) g1 = [ [F01 5 xdy

| e oo
— [T F(p)e ke / —~jKpcos(9p—6k) gy 4 (D.5)
o [ Fee ™ [T Opdp
= / F(p)e " Jo(pK)dp
0
where ¢, and O are directions of p = (x,y) and K= (ky,ky), respectively. By apply-
ing (D.3), (D.5) to the integral in (D.1),

o . 1 1
F —ikPi2 Jo (012K )dpra = = . D.6
/0 (p12)e o(p12Ks)dpi2 wo b KA KT K4 kA (D.6)
Inserting (D.6) into (D.1) gives
GlK,(py,K1)] = e Jk D.7
[ S(p27 1)]_ES{ - \/m—f—]kA} ( . )

G[K,(p2,K)] should be zero when K; approaches zero. In keeping with the same
argument as for the time-varying electric field with a pulsed dipole source in [17], (D.7)

can be modified as

G[K(p2, K1) = i{1 —j kol +4)

K K2 — K2 + jkoA
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Seeking a symmetrical form of the electromagnetic coupling coefficient gI'p with
respect to K and K>, an expression for the symmetrical electromagnetic coupling coeffi-

cient can be written as

selp(K1,Ky)

1 = = — —
= E[EFP(K17K2) +£Tp(K2,K1)]

__Jko ks
_ZI(cosq)o{(K1 p2)

(D.9)

= = = =

[Ry(p2, K1) - K2)GK (P2, K1)] + (K2 - P2) Ry (P2, K2) - K1 | G[Ks (P2, Ka)]}

where Ks(ﬁz,Kz) = kP> — K>, with I%S([)z,l?z) and Ks(ﬁz,fz), respectively, being the

direction and magnitude of Es(ﬁz,fz).
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