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Abstract

This thesis reports on research into the electromagnetic backscatter from overhead power
cables as this method of distributing electrical power is hazardous to aircraft flying at low-
altitudes especially during periods of low visibility. The work presented intends to improve
current overhead cable detection techniques by using high-resolution millimetre-wave devices
which will also allow compact devices that can be practical on a variety of airborne platforms

such as manned aircraft, unmanned aerial vehicles and drones.

The research also presents cable measurements obtained by airborne radar devices that operate
at lower frequency bands, Ka-band and Ku-band, which were able to identify power line
vulnerabilities due to a change in cable tautness along a power line. The effect of cable tautness
on cable signatures measured by currently operating Ka-band and Ku-band devices on board a

manned aircraft are supported by a cable sag model described.

A modern, more efficient, overhead power cable type ACCC (Aluminium Conductor
Composite Core) is also discussed and the effect of the less prominent surface structure of this
cable type, relative to the most commonly used type of overhead power cable ACSR
(Aluminium Conductor Steel Reinforced), on the backscattered radar signature is compared
using both modelled and measured results for both cable types. The scattering model and
measurements presented in this research are the first ever quantitative results reported for the

ACCC type of cable.
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1. Introduction

The Introduction section of the thesis explains why overhead power cable detection
using radar devices is necessary to improve the safety of aircraft flying at low altitudes. The
section will also briefly discuss the emergence of radar devices in the early 20" century as well
as the main parameters that are considered when designing a radar system to perform a specific
purpose. The analytical RCS theory for a perfectly smooth cylinder will be displayed that
explains the main electromagnetic scattering regions that exist for different wavelength-to-
target size ratios. The specular, Bragg and diffuse scattering phenomena will be discussed
which encompasses the effects of random surface roughness and deterministic surface
periodicity of radar targets. The chapter will finish off with a review of OH power cable
detection literature which will put across the measured backscattering from OH power cables

for a wide-range of electromagnetic frequency bands.

1.1 Motivation

Due to the fact that Overhead (OH) power cables were the cause of numerous fatal
accidents, in the 21% century alone [1]-[3], the operational requirements of a system that can
detect the presence of such obstacles are the motivation for this research. The research intends
to produce both simulations and measurements that will help in the design of a compact system
that can be mounted onto both manned and unmanned aircraft. This system should allow future
airborne vessels to react in time to avoid causing a collision when a power cable is in the

vicinity of its flight trajectory even whilst operating in adverse weather conditions (Figure 1-1).

Due to the fact certain airborne radar applications require compact devices, low
atmospheric losses and an adequate level of range resolution to detect features of potential
targets, the frequency range of interest here is 10-300 GHz. Reliable detection of the cables
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requires fast scanning over a wide field of view with high resolution, i.e. with a relatively large
antenna and at microwave frequencies the scanning system is too large and heavy to justify its
place in a small aircraft in comparison with other safety aids. An obvious alternative to the
previously stated range of frequencies is the systems that make use of infrared (IR) waves
[4][5], and measurements of cables have also been made at such wavebands, but since the
atmospheric attenuation, particularly in fog, is much higher at these wavelengths , it has again
proved impossible to design systems which are able to detect the cables at the desired range
whilst remaining small and light enough to justify their place on the aircraft. A further
important requirement for an airborne cable detection system is fast scanning which can be
easily achieved with a single beam configuration with a fine range resolution which will also

allow a wide field of view at the ranges required.

Figure 1-1: Low flying aircraft in a dangerous environment containing OH power cable [6]

It is a realistic expectation that as technology becomes more mature at the upper end of

the millimetre-wave band of frequencies (>100 GHz) [7] [8] and within the Terahertz region
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(>300 GHz), wire avoidance systems will still have sufficient atmospheric penetration to detect

hazardous cables whilst also being compact enough to operate on small aircraft.

Since the work on millimetre-wave obstacle avoidance systems during the late 1980°s
there has also been a great increase in the number of unmanned air vehicles, many of which
might also benefit from wire-avoidance systems, although the greatest desire to design such

systems is the requirement to protect the safety of the occupants of manned aircraft.

The application of modern research that relates to the design and processing of
transmitted/received waveforms is expected to allow further enhancement of any airborne
measurements although this aspect of the system will not be the focus of this work. The well
documented coupling between Doppler and range in linearly modulated chirps, which is
discussed in the classical Bell Labs journal paper [9], will not need to be considered in the work
presented due to a stationary setup being used or because a compensation has been applied to

negate this effect.

1.2 Radar: Definition and Basic Operation

1.2.1 Definition

A radar (RAdio Detection And Ranging) device is a system that makes use of
Electromagnetic (EM) waves to detect and estimate the location of an object. According to
[10], the first known device to use electromagnetic waves for this application was realised by
a young German engineer named Christian Hiilsmeyer, who in 1904 constructed and
demonstrated a radio device that could detect ships and went on to patent the invention. Such
a device was required by Hiilsmeyer when human sight was inadequate to perceive approaching
ships at sea when foggy conditions were present. Hiilsmeyer had witnessed an accident

between two ships and this went on to motivate him to build a radar device that can warn crew
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on-board a ship of any impending collisions. This concept of using radar to detect objects then
went on to be critical during and after WWII in a variety of military and civilian applications
such as those based on ground (Chain-Home [10]), mounted on aircraft (H2S [11]) as well as

for Hiilsmeyer’s initial maritime application.

[ <6
—

Pf - R
[ rx
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Figure 1-2: Monostatic radar configuration illuminating a target with radar-cross-section ¢ at distance R [12]

The only type of radar of interest in this thesis is the monostatic type of radar configuration
that has the receiver and transmitter producing and intercepting electromagnetic echoes at the
same location (illustrated in Figure 1-2) that are usually coupled in operation. The term
transceiver will be used here-on to combine the transmitter and receiver that jointly perform

the detection of objects.

The advent of radar systems in the early 20™ century is largely due to the lower
atmospheric loss and better propagation attainable at microwave frequencies together with the
fact that human vision has a relatively limited view for distances of more than a few hundred
metres even in clear conditions. A vast range of frequency bands including the microwave and
visible parts of the EM spectrum are visible in Figure 1-3. The rapid growth of the number and
capability of potential targets, especially aircraft and missiles, required detection at a range of
many kilometres to have an adequate reaction time to deal with the threat and thus furthered
the need for devices with better detection capabilities than that achievable with human sight

alone.
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Figure 1-3: Definition and placement of electromagnetic frequency bands within the known EM spectrum [13]
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1.2.2 Radar equation

A very useful mathematical expression that encompasses the main parameters when
estimating the required system specifications to detect a target of interest is the radar equation
used to estimate Signal to Noise Ratio (SNR) (Equation 1-1)[14]. The power losses within a
transceiver device is incurred by multiple subsystems such as Mixers, Amplifier and Filters
and the effect of these are all usually incorporated into a parameter called the Noise Figure F),.

___ RG%o
(4r)’ R'k,TB,F,L

Equation 1-1: Radar Equation in Signal Noise Ratio format [14]
where

P4y — Average transmit Power [W]

G — Antenna Gain [dBi]

A — Wavelength [m]

o — Radar Cross Section [m?]

R —Range [m]

K5 — Boltzmann Constant ~ 1.381e-23[m*kg s K]

T — Receiver Temperature [K]

B, — Receiver Bandwidth [Hz]

F,» — Noise Figure (Equation 2) [Dimensionless]

L — Atmospheric attenuation [Dimensionless]
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The radar equation (Equation 1-1) and the equation for the average power of a pulsed
waveform (Equation 1-2) jointly create a compromise between resolution (Equation 1-3) and

the signal-to-noise ratio.

An additional method of increasing the SNR would be the combining of multiple (n) received
pulses (Equation 1-4), if these pulses are fully correlated with coherent integration an ideal gain
(neglecting post detection losses) (G") of N can be achieved whilst the ideal maximum gain
from a completely uncorrelated or partially correlated set of returns that are coherently summed
will be a smaller value determined by the probability density function for the specific target
type. The fluctuations in target magnitude and phase decides the correlation between
consecutive returns and this will decide the amount of gain that con be accumulated. If instead
non-coherent (or amplitude) integration is performed over n returns then an estimated

maximum integration gain G"=\N can be used [14].

Match filtering by using prior knowledge of the waveform can further increase the signal-to-
noise ratio for each individual detection although a technique known as pulse compression
which makes use of frequency/phase modulation can allow a relatively large average power to

be transmitted whilst having fine resolution in range compared to traditional pulsed systems.

Ppulse — ET
av
TP

Equation 1-2: Average Power (P,/""°) of a pulse waveform in terms of peak power P;, Pulse duration T and
pulse repetition period 7,

cr
2

A ” pulse __

Equation 1-3: Theoretical range resolution (477¢) for a pulse waveform in terms of the speed-of —light
¢~2.998¢8 ms™! and pulse duration time t
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SNR" = G"SNR

Equation 1-4: Signal to Noise Ratio accumulated (SNR") after combining n returns in terms of that for
single pulse SNR

Smin
{l SNR min
POWER DISTANCE
—- * or TIME

Rmax

Figure 1-4: Signal with respect to distance which shows the noise power and noise figure concept [12]

Figure 1-4 shows the theoretical R relationship for received power whilst also
displaying the minimum power measurable due to other loss parameters that exist alongside
thermal noise. This theoretical range relationship is obtained from the inverse-square law
assumption for the propagation of a spherical EM wave propagating along free-space with a
point source at both the transceiver and point target. In reality, both the aperture of the antenna
and illuminated target are both finite in size and the physical extent of both, as well as the range
between them, will have an effect on the relationship between the return signal and the range

of the target.

Another important parameter which develops out of the physical extent of both the

antenna and illuminated target is the Fraunhofer or far-field criterion.

2
RF — 2thent

Equation 1-5: Far-field distance in terms of the largest extent of a illuminated target or antenna and the wavelength
[15]
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The far-field distance (Equation 1-5) assures that the EM wave produced by an object (antenna
or target) with the largest extent (Dexwens) 1S planar because of negligible phase change (n/8) at
this distance and thus can be thought of as a superposition of rays that are parallel to each other.
Satisfying the far-field distance simplifies the modelling of both the antenna radiation pattern
and also target scattering. [lluminating objects at distances smaller than this value will typically
produce nulls in the antenna pattern and increase the magnitude of side lobes and hence can

reduce the angular resolution of the system which is usually not desirable.

In radar applications, the term antenna is used for a device that is used to convert
electronic signals to electromagnetic waves (or vice-versa) which makes the parameters of such
a device imperative to the transmission and reception of EM waves. The antenna Gain
(Equation 1-6) is one important parameter, particularly to designers of airborne devices, as it
decides the weight and dimensions of the antenna being used to produce controllable
propagating electromagnetic waves that can travel at close to the speed of light (=2.998e8 m/s).
A larger antenna that has a larger physical area (Apnysicar) Will typically produce a larger gain
(Equation 1-6, Equation 1-7 and Equation 1-8) for a given efficiency n and thus will have the
capability of detecting objects at larger distances. The physical size of an antenna is not a huge
issue for ground based radars as such, but becomes an important parameter for airborne systems
especially for systems that require to physically rotate the antenna rapidly in order to perform
a scan of the surrounding environment. The larger the wavelength the smaller the expected gain
which as previously discussed gives a typically lower atmospheric loss and this relationship

creates a compromise for a radar designer.

4z A
= £ where A=A

/12 e — “Tphysical n

G

Equation 1-6: Gain and effective aperture (A.) relationship with the proportionality of A with the physical
antenna area (Aphysica) and antenna efficiency (n) [15]
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A A
D, = - y and Dy~ - 3dB
3.413sin(AG°) 3.413sin(Ag™™)

Equation 1-7: Diameters of a circular horn antenna in both E-plane and H-plane with respect to 3dB beamwidths
(radians) in azimuth and elevation [15]

2
T

A03dBA¢3dB

Equation 1-8: Approximation of antenna gain for a Gaussian beam shape in terms of the 3dB beamwidths
(radians) in elevation and azimuth [15]

The transmit power and receiver noise parameters relate to the maturity of devices for
a specific frequency band. Different industries have made technological advancements which
has enabled mass manufacture at specific frequency ranges. Technology advancements in the
design and development of frequency multiplies/dividers broadens the possibility of getting
adequate transmit oscillators and receiver parameters. To discuss the advancements made in
the design and manufacture of subsections (such as oscillators, antennas and receivers) both
during the 20™ and 21° centuries would be a momentous task and would be of little value in
the thesis. Fortunately, Table 1-1 was presented in [16] and shows applications that are deemed

suitable for radar devices that make use of specific frequency bands.
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Table 1-1: Typical applications for devices usin

microwaves up to Ultraviolet [16]

Band Designation

Frequency Range

General Use

VHF 30-300 MHz Over the horizon radar, communications
UHF 300-1000 MHz Ground penetrating , communications

L 1-2 GHz Ground surveillance, astronomy

S 2-4 GHz Ground surveillance

C 4-8 GHz Space-based SAR

X 8-12 GHz Fire control, proximity, airborne/space SAR
Ku 12-18 GHz Collision avoidance, speed traps

K 18-27 GHz Fire control radar, collision avoidance

Ka 27-40 GHz Fire control radar, surveillance

Millimetre 40 — 300 GHz Astronomy, collision avoidance, missile seekers
Submillimetre >300 GHz Astronomy, detection of explosives

Band Designation | Wavelength Range | General Use

Far IR 14-50 um Properties of molecules

Mid IR 3-5um Missile seekers

Long-wave IR 8-14 um Laser radar, forward-looking IR

Near IR 1-3 um Personnel detection

Very near IR 0.76-1 um Imaging, laser ranging (industrial)

Visible 380-760 nm Imaging, astronomy

Ultraviolet 100-380 nm Missile plume detection, gas fire detection
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1.2.3 Radar Cross Section

o in Equation 1-9 represents the Radar-Cross-Section (RCS) which is highly dependent
on both the target characteristics and the frequency of the transmitted wave [17]. To simplify
the EM backscatter calculation from the target when illuminated by a monostatic radar device
the concept of RCS was developed. RCS is a theoretical concept that applies to completely
illuminated, deterministic targets that exist in the far-field (Equation 1-5) of the radar and thus
ideally have a wave-front that is planar in order to simplify target return estimates. Equation
1-9 is a qualitative description of RCS whereas Equation 1-10 is approximately the same
concept but in a mathematical format. Due to the typical variations in target returns, especially
for a realistic target being illuminated by a millimetre-wave device, the parameter is usually

described using the decibel format (dBsm/dBm?) rather than with linear units (Equation 1-11).

o = (total scattered power [W]) / (Incident power density [Wm™])

Equation 1-9: Concept of Radar Cross Section in a qualitative form [17]

2

azlleiirolo(47zR2)||]]i—f|2

Equation 1-10: Mathematical definition of Radar Cross Section [17]

oldBsm]=10log(c{m*])

Equation 1-11: conversion of RCS from linear units (m?) to the more widley used logarithmic units (dBsm)

The RCS parameter incorporates different phenomena depending on the ratio between the

target dimensions and wavelength, the following three scattering regions can be observed:

e Rayleigh region (L/A<<1): when the dimensions of the target in the propagation plane
are small compared to the wavelength, the phase variation on the surface can be

considered zero causing the amplitude and phase of the induced currents to be
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approximately constant. Body shape has little effect for this scattering region. The RCS
with respect to changes in wavelength in this region fits very well to A,

e Resonance region (L/A=1): within this region the phase variations become significant
due to the effect of constructive and destructive interference along the target surface
which allows phase variations to significantly contribute to the scattering pattern. This
effect leads to oscillatory behaviour in the wavelength dependence of RCS.

e Optical region (L/A>>>1): due to a large number of wavelengths across the target’s
surface in this region, a very large dependence on the angle of the incident wave will
be present for complex targets. Large amplitudes in the backscatter will be from isolated

points for smooth targets [17].

10! &
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1072

103 R AR RS TS B S I R 213 | L £ rrorroear i g2 ey

107 107 10° 10! 102

Figure 1-5: RCS of a Perfect Electrical Conductor (PEC) cylinder of radius @ and length L [12]

A fundamental shape that has an analytical solution in terms of the wavelength
dependence of RCS is a smooth cylinder of length L and radius a. Figure 1-5 shows the RCS
normalised to the dimensions of a PEC smooth cylinder for two different polarizations of the
electric field. The perpendicular behaviour nicely shows the three scattering regions discussed
previously when the incident wave is at normal incidence with the cylinder. When the phase
constant is much less than the cylinder radius, the A* dependence can be seen up to ka is just
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below unity in which a series of maxima and minima occur which dampen as ka goes to infinity

and oscillates around the optical RCS value, kal.

The angular dependence of the RCS of a smooth PEC cylinder can also be derived with
a simple analytical solution (Equation 1-12) and the parameters of this equation are visible in
Figure 1-6. A more accurate derivation is available in [17] although this is a lot more complex
than Equation 1-12 but this added complexity doesn’t improve the accuracy significantly. A
plot that uses Equation 1-12 to show the effect of a change in cable length on the RCS is shown
in Figure 1-7 which concludes that the larger the cylinder, the narrower the main and side lobes
present on the pattern and thus the more rapid fluctuation there will be when a deviation in
angle is present off-normal. Figure 1-8 instead shows the effect of different radius sizes and
concludes that this has a significant effect on the amplitudes of the angular profile of the

cylinder and not on the lobe widths.

2

. (27l .
ool sin N sin &
o, = cos@
4 1 27l ‘
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A

Equation 1-12: Analytical Physical Optics solution for the RCS of a smooth PEC cylinder [17]
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Figure 1-6: Diagram that shows the geometrical proporties of a rotating thin cylinder
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Figure 1-7: Theoretical RCS of a smooth PEC cylinder of different lengths with respect to aspect angle
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Figure 1-8: Theoretical RCS of a smooth PEC cylinder of different radii with respect to aspect angle

An important factor to note that is discussed in [18], is the effect of illumination length as
Figure 1-7 has shown that this will decide the lobe widths of the angular response and this will
have a huge effect on detectability. [18] states that for a thin straight cable with a plane-wave
incident upon its surface, the majority of backscatter due to phase variations along the wave
front will reside in the first Fresnel zone that corresponds to Equation 1-13. This assumed that
cable sagging has a negligible effect on the phase variation at detectable distances and that the

surface roughness is also negligible at the incident wavelength.

L 'fresnel = 2m

Equation 1-13: Theoretical Fresnel length for a narrow wire with an incident planar-wave [15]
This thesis concerns the scattering and detection from cylinders with a helical surface

pattern although this type of target is expected to behave as a smooth cylinder at frequencies
below 10 GHz due to the expected Bragg lobe angles lying outside the range of the surface

normal.
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1.3 Electromagnetic Scattering

The effect of surface structure, roughness and periodicity when comparable to the
incident wavelength, on the scattering of electromagnetic waves will be discussed in this
section due to its importance in overhead power cable detection when the wavelength is

comparable to the surface structure dimensions.

1.3.1 Specular

The specular component of scattering is when the angle of reflection is equal to the
angle of incidence with respect to the surface normal of the illuminated surface. This type of
scattering will dominate when the surface micro geometry are minute compared to the phase
variation present and so the difference in the macro geometry alignment with respect to the

incident vector will dominate.

As aluminium is typically used to construct the outer strands of OH power cables, the
subsurface scattering and effect of the refractive index will be neglected due to the very high

conductivity.

Figure 1-9: Incident and reflected vector for a curved surface using Snell’s law [12]
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Figure 1-9 shows a point of reflectance on a surface with a facing vector (or unit surface
normal vector) 7, with a wave in the direction, &;, rebounding from the surface. Equation 1-14
and Equation 1-15 shows the vector manipulation required to calculate the vector direction of
the reflected wave. Equation 1-14 is known as the vector form of Snell’s law. The specular
component of the reflection from a smooth surface will have the majority of energy and thus
will have a relatively large amplitude. For an illuminated patch, the specular region will reside
in the area where the phase changes do not deconstructively interfere and hence will reduce in

size at small wavelengths.

k, =k —2(n-k)n

”

Equation 1-14 : Vector form of Snell’s law

1

[0.,6,,0,]=[cos™ (fz-l%),cos’1 (ﬁl -l%),cos’1 (ﬁz -k )]

Equation 1-15: Angles of the reflected vector notated in Figure 9 [12]

1.3.2 Diffuse

specular

very diffuse
component scattering
Pp——— i TN .—"._1_’__\
smooth slightly rough very rough

Figure 1-10: Effect of surface deviation on surface scattering [19]

As discussed previously, for a smooth surface the specular reflection dominates but
when the surface roughness becomes comparable to the incident wavelength there will be a
combination of a diffuse component and a reduced (compared to a smooth surface) specular

reflection (shown in Figure 1-10). This effect is present because a rough surface will alter the

28



phase of the reflected wave for a given point on the surface [19]. For an EM wave with the
wavelength A and an angle of incidence 0, the Rayleigh criterion (Equation 1-16) states that a
surface is considered smooth when the height of the surface roughness (#) meets the following
condition:

A
8cosd

h<

Equation 1-16: Rayliegh Criterion [19] [20]

As many “real-world” surfaces are considered rough at millimetre-wave frequencies [21] and
also due to the fact forces (such as friction) can roughen potential targets (such as with the OH
power cables) these effects will be important if THz devices are used for remote sensing.
Backscatter from rough surfaces can potentially allow a monostatic transceiver to measure the

extent of a target which encompasses many range cells.

Research in [22] investigated the surface roughness of OH power cables exposed to
realistic wind erosion. The measurements gained from optical instruments produced surface
roughness standard deviations of the order of 10 microns. The Rayleigh criterion would then
deem these cables rough and hence diffuse scattering to become significant at around 3.7 THz
although the research in [22] didn’t consider erosion due to the transportation and installation

of overhead power cables.

1.3.3 Bragg

The presence of periodicity on an illuminated surface which is of the order of the
incident wavelength gives rise to Bragg scattering. The phenomena emanates from the effect
of path lengths summated constructively and destructively for a given wavelength A and surface
period L at certain angles of incidence 6, (Equation 1-17) [18]. Figure 1-11 shows the basic

idea of constructively interfering paths for a plane wave incident on a helical structure. This
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type of scattering is of interest to this research due to the dimensions of the periodic structure

present on OH power cables and the wavelengths existing in the millimetre wave band.

Equation 1-17: Discrete angles of incidence where constructive interference occurs for a planar wave incident on
a perdioic surface

Incident Plane Wave
with incident angle
{8,) and wavelength

(A

For constructive
interference on the
cable surface:

Figure 1-11: Visual representation of Bragg scattering for a planar wave on a helically wound surface

1.3.4 High Resolution Radar

The high-resolution radar discussed in this section is relevant to systems that make use

of large bandwidths (Equation 1-18) in order to produce target signatures of many range cells.

c

Ar=——
2Af

Equation 1-18: Approximation of range resolution with respect to to bandwidth for a frequency modulated radar
system
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First of all, the improvement of the target-to-clutter ratio due to a finer range resolution
allows the enhancement of target detection. The existence of many resolution cells along a
target itself allows further target recognition due to the position and migration of multiple
scatter centres relative to each other. The orientation of an illuminated object can also be
observed by looking at the detectable range bins for a given measurement and this is of
particular interest to the research due to its basic processing requirement and uniqueness for
certain hazardous targets such as power cables. The range extent over an extended target over

time is expected to vary with both statistical and deterministic dynamics that relate to:

The target size and geometry

Target surface scattering

Motion of the transceiver platform

Motion of the target

A simple method that only requires basic processing is observing the minimum and maximum
detectable range cells over a given set of ranges. This is expected to allow the range extent to
be measured over time and thus with appropriate thresholding, will allow targets to be separable
from clutter as well as noise. In terms of power cable detection consider a thin cylinder

extended in range (Figure 1-12):
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Figure 1-12: Ranges for a finite cylinder rotating about the centre of the circular cross section at half the length
of the principal axis

R; and R, (Equation 1-19 and Equation 1-20) are the maximum and minimum ranges to the

cylindrical surface respectively at rotation angle 6:

Equation 1-19: Maximum range between the transeiver and the illuminated cylidrical surface in Figure 1-12

2
R, = Z—+R2 —chos[z—é’j
4 2

Equation 1-20: Minimum range between the transeiver and the illuminated cylidrical surface in Figure 1-12

It is assumed that the whole illuminated length, /, is detectable.

The range spread, Rypread, 18, Of course, the difference between the maximum and minimum

ranges as in Equation 1-21.

Rspread = Rl - R2

Equation 1-21: Range Spread

The return may be spread across a number of range cells (Equation 1-22).
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ANcells — Rspread
Ar

Equation 1-22: Decompostion of Range Spread into different range cells

where Ar is the range resolution and the symbol, [-], denotes the ceiling function (least

integer that is greater than or equal to the input).

The previous target’s extent, due to being split into multiple range bins, can be measured over
time assuming that target is indeed detectable in all range resolution cells. If the target surface
is Lambertian, meaning that it can be assumed to have isotropic scatterers that radiate uniformly
over a hemisphere regardless of the angle of incidence, then the presence in the target for a
certain number of range cells can indeed be expected and the objects extent and even movement

can be measured.

If the transceiver is located above ground and hence is susceptible to mechanical disturbances,
then measurements of the platform’s relative position and/or orientation would enhance this
processing. Now in terms of the combination of the variation of range spread over time and

surface scattering, the following cases can be considered:

o Smooth surfaces: At low frequencies, targets that contain smooth and complex surfaces
will have large variations in backscatter due to specular, diffuse, cavity and corner
reflectors. This will cause different parts of the object’s surfaces to dominate for certain
angles of incidence and also to become not detectable at other angles. This would
require more complex processing and more prior knowledge to use the range signature
to enhance detection compared to the ideal isotropic scatter case.

e Rough surfaces: The rougher the surface, the wider the angles at which backscatter
becomes detectable. The magnitude of return in the specular direction will reduce

although this increases at wider angles. For surfaces that appear very rough for a given

33



wavelength, the surface will go towards the behaviour of the isotopic case discussed

previously. As long as the diffuse return is detectable, the target extent should be able

to be estimated with less complex processing techniques. As the Rayleigh criterion in

Equation 1-16 suggests this roughness is indeed angle dependent and this may affect

the surface point detectability for certain target orientations.

e Periodic surfaces: Now for objects with a periodic surface pattern that are illuminated
by a signal with a wavelength that is comparable in size, then the backscatter
phenomena will be present at discrete angles of incidence where constructive
interference occurs (Equation 1-17); this will produce a signature distinct to this
surface. The previously discussed range spread behaviour will also only be detectable
at these discrete angles and hence will produce backscatter behaviour that is unique for
a given surface pattern period with a certain extent.

After considering the previous discussion of the coupling of surface scattering types
and measurable range spread for extended targets, power cables are expected to produce
distinct signatures compared to those obtained from vegetation or smooth man-made objects
even if these objects have the same range extent. This research will look to investigate this
coupling in the measurement of overhead power cables with a fine range resolution at a

wavelength comparable to the surface structure.

1.3.5 Synthetic Aperture Radar

The previous discussion regarding high bandwidths only enhanced the resolution in
range (or Down Range). Considering that a target/area of interest would be illuminated with a

narrow 3db beam width of 6398

, as shown in Figure 1-13, then the resolution in the
instantaneous perpendicular plane (or Cross Range (CR)) can be approximated simply by

Equation 1-23.
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Figure 1-13: Angular resolution for a real-beam monostatic radar with respect to Range
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Equation 1-23: 3dB angular resolution with respect to range and 3dB beamwidth

At short ranges, this may produce an adequate signal-to-clutter ratio but at ranges further than
a few tens of metres, both the clutter and antenna side-lobe returns could become troublesome

as well as having a very poor imaging capability.

A variety of techniques can be used to improve this resolution, most by making use of
velocity-dependant Doppler shifts, but the spotlight SAR technique is of interest here due to
the permitted access to reliable and information-rich images obtained by the research funders,

Thales UK, when using this method.

First of all, SAR stands for Synthetic Aperture Radar and this method processes
multiple measurements from a real aperture to form a finer resolution image than would be
attainable from the real aperture itself. The longer the synthetic aperture, the finer the CR

resolution can be made.
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Figure 1-14: Visual representation of a radar conducting measurements in the spotlight SAR mode

Figure 1-14 shows the basis of spotlight SAR imagery, this type of SAR takes multiple
measurements of a single ground-based area by rotating the aperture so that the same region is
illuminated regardless of the transceiver position or velocity. The cost of achieving highly
focused images is the computation power required to obtain several measurements and the
accurate orientation/position measurements of the transceiver platform. This method is
commonly used by airborne radar devices and thus typically requires a costly INS (Inertial
Navigation System) device to form high quality images that typically require a processing time
currently not suitable for airborne collision avoidance applications. This type of SAR
processing includes assumptions in regards to the relative movement (and hence Doppler shift)
of targets and can be supplemented by measurements gained from using other techniques such

as GMTI (Ground Moving Target Indicator) as shown in [23] [24] .

A higher resolution allows power cables to be separated from surrounding clutter in both the

DR and CR planes whilst also reducing speckle. Equation 1-24 and Equation 1-25 show the
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main parameters of the Spotlight SAR processing technique described in [25] which requires
the acquisition of a sufficient number of samples, CRyump, Over an angle extent of Af in order
to be able to gain the CR resolution p [25]. The CR resolution is in this case designed to be
equal to the range resolution in order to gain optical like images which also allowed the

processing shown later on in this report simpler.

Equation 1-24: Angular extent in spotlight SAR [25]

P _
K_ - CRsamp

w

Equation 1-25: Cross-Rang sampling in spotlight SAR [25]

Where:
AB — apparent angular extend
A — Transmit centre wavelength
K, — weighting factor
p — cross-range resolution

CRsamp — cross range sampling

1.4 Millimetre-wave and Terahertz Radar

This section puts across a brief history of millimetre wave devices and also explains the
advantages and disadvantages of such devices compared to devices that operate at higher and
lower frequencies when considering an overhead power cable detection system mounted on an

aircraft operating outdoors.
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1.4.1 History

Experiments using millimetre-wave (or mmW) radiation (30-300 GHz) have been
documented since the late 19" century when the late physicist Jagadis Chandra Bose
performed measurements of EM waves up to the frequency of 60 GHz whilst working at the
Royal Institution in London [26]. Although the history of millimetre-wave research spans more
than a century, it was not until recent times that the range and detection of objects by using EM
in the frequency ranges above 100 GHz was used in widespread applications. Previously the
upper end of the mmW band was restricted to specific applications such as astronomy and
military applications due to the high costs and lack of maturity in components [27]. Recent
technological advancements in a variety of fields have caused a rise of interest in devices that

can operate at the upper end of the millimetre wave region and the Terahertz region.

1.4.2 Advantages and Disadvantages

The growing interest in devices that operate above 100 GHz and below the Infrared
region is because of the possibility of gaining the resolutions attainable at IR/Optical
frequencies alongside the low atmospheric/scattering losses at Microwave frequencies as
shown in Figure 1-15; where a non-transparent medium refers to air contaminated with enough

dust or smoke to be observed visually.

As mentioned previously, using EM waves in the THz and mmW bands instead of the
microwave band has the disadvantage of incurring a higher attenuation whilst propagating in
the earth’s atmosphere due to the chemical decomposition of the atmosphere [28] but certain
relatively low attenuation “windows” (Figure 1-16) are available that reduce the effect of this
problem [28]. This attenuation will be more of a problem for non-clear conditions such as rain.
The atmospheric attenuation is even higher for IR (Infrared) and visible waves which should

give THz devices a larger range compared to these types of devices [29].
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A Trade off between microwave
imaging and optical imaging
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Figure 1-15: Expected advantages of using Terahertz waves relative to both the microwave and optical bands

either side [30].
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Figure 1-16: Atmospheric attenuation in the range 5-1000 GHz [28]

1000

Another important factor for uncontrollable outdoor applications is scattering loss which can

be present due to the presence of smoke or dust particles. The scattering loss caused by the

presence of measured airborne particles (such as smoke or dust particulates) is much lower for

THz devices compared to the loss present for IR/laser devices [31] [32]. Results in [31] show

39



the result of measuring a metal reflector with devices at THz, IR and optical frequencies in a
burning room, it is shown that the reflector could only be detected with the THz device for both

conditions (Figure 1-17).

The advantage of having lower scattering losses compared to higher frequency devices
ought to make both THz and mmW devices more robust in environments engulfed in

smoke/dust such as rescue or wartime situations.

Active THz images Passive LWIR images Visible images
SINE: ca. G000
Burning started,

Ma black smake

Black smake

Figure 1-17: Images obtained in [31] that show detectability of a metal object in a smoke-filled burning room at
THz, IR and by using an optical camera.

1.4.3 Applications

Although interest in devices above 100 GHz is growing in a variety of fields, a mass
production of such devices has yet to materialise due to the lack of maturity of outdoor
Terahertz systems. One such area that requires long-range transmission that has already
developed high power devices above 100 GHz is the satellite communications industry [33]
which is indeed promising for radar applications that can make use of these devices.
Applications that can negate the effect of atmospheric gases and particulates will benefit from
compact devices, such as satellite-to-satellite communications. The automotive industry also

appears to be moving away from the standard automotive devices that operate at 24 GHz and
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77 GHz and into higher frequency bands because of the increase in resolution that has the
potential to aid in the impending arrival of autonomous automobiles [34][35][36]. Military
organisations in the United States have been performing research above 100 GHz for decades
[38][39][40] and have just released a statement that devices quoted as being operational in the
International Telecommunication Union (ITU) branded EHF band (30-300 GHz) will be used

on military fighter jets to aid in the sensing of a variety of weather conditions [37].

1.5 Overhead Power Cable Detection

Previously published research that concerns the detection of overhead power cables
using EM waves was used devices in the microwave, millimetre-wave and IR range of
frequencies [4] [5] [38] [39] [40] with the exception of [40] which showed a single non-
informative range-profile acquired at 330 GHz ; meaning no investigations into low-THz
scattering of OH power cables have been made available. The range profile in [40] for a single
cable aspect angle at 330 GHz doesn’t allow the nature of the scattering to be analysed which

is required to assess realistic cable detectability.

Overhead power cables that distribute electrical power are a particular worry as they
are difficult to see visually and unlike telephone lines they cannot be severed using cutters due
to both safety, cost and possible disruption caused by doing so. The scattering behaviour
observed for each of the frequency ranges that have been made available will be described in
this section in ascending order (in terms of frequency) prior to a brief description of the typical

structure of OH power cables.

The most common type of overhead conductor is the Aluminium Conductor Steel
Reinforced type (ACSR) [41] which typically consists of exposed aluminium strands of
cylindrical wire, helically wrapped around a steel core [42] (Figure 1-18). The number of

strands of wire present depends on the current capacity of the cable. The grating present on
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the surface of these cables is considered to be the most important feature with regard to the
detection of these targets as these features are expected to be comparable to a wavelength in
the microwave frequency band up to the Terahertz band. This is because outer strand sizes that
form grooves on the cable surface vary between 1.5-5.5mm [43]. The internal cable structure
which is inside the surface of the outer aluminium strands (with respect to any external
incoming EM wave) is not expected to affect any EM scattering due to the high conductivity

of Aluminium and the compactness of the outer strand for an operational cable.

< W=1.975m
h=0.154

Figure 1-18: ACSR parameters, physical characteristics once suspended and surface pattern
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D=33.4mm L=24.4mm P=390mm

Figure 1-19: ACCC parameters, sagging physical characteristics once suspended and surface pattern

Another development since the earlier work has been in the structure of the cables
themselves. More recently, another form of cable construction, the Aluminium Conductor
Composite Core (ACCC) type of power cable has been introduced because it can carry higher
currents with lighter cables than is possible with the older ACSR type. [44]. The fact that the
grooves between the trapezoidal outer strands of the ACCC cable are less prominent than is
the case for ACSR cables means that the Bragg scattering off normal incidence is likely to be
less prominent. Figure 1-19 shows the construction, parameters and measurement
configuration for this cable type. This cable is also much stiffer than the ACSR and hence has
significantly less sag between the supports as shown in Figure 1-19. This research will look to
investigate the effect of the different surface structure present on the ACCC cable relative to
the ACSR type although the remaining research discussed in this chapter will concern the
ACSR type as no work ,other than that produced by this research, has been published on the

radar returns from ACCC cables.
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1.5.1 Microwave research

Four different variations of the ACSR power cable type were measured at 4.75 GHz,
9.5 GHz and 34.5 GHz in [18] and these measurements conclude that below 34.5GHz the
scattering of this type of cable is very similar to that of a smooth metallic cylinder with the

same dimensions. This observed behaviour was also confirmed in later research [38].

The similarities of the scattering by these helical wounded cables and smooth cylinders is
present due to the dimensions of the surface cable structures (such as grooves and outer strand
curvature) being much smaller than the wavelength (<30GHz), meaning the variations in phase

along the surface currents of the cable are negligible.

The scattering behaviour below 30 GHz suggests that power cables would have a low detection
probability when illuminated by an airborne monostatic radar using these frequencies
especially considering that realistically, such a device will be susceptible to random variations

in motion and alignment.

1.5.2 Millimetre-wave research

OH power cable measurements of straight sections of ACSR (Figure 1-20) have also
been performed with devices in the millimetre-wave band which shows additional peaks in the

angular response at off-normal incidence.

In the frequency range of 35-94 GHz, the geometrical features of typical OH power
cables are comparable to the wavelength, leading to the presence of detectable angular lobes
with peaks at certain scattering angles 6, (Equation 1-26), caused by Bragg mode scattering
(see Figure 1-21) [18][38][39]. Equation 1-26 assumes that a planar wave is incident on an
infinitely long straight cable with surface period L and this is illustrated in Figure 1-11. The

position of these extra peaks that start to appear in the millimetre wave band have been seen to
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depend on the ratio of the wavelength, A, of the incident electromagnetic wave to the surface
period, L, of the cable. This Bragg scattering broadens the range of angles at which strong
backscatter occurs compared to the operation at lower frequencies and helps the detection and
identification of OH power cables. This Bragg scattering behaviour was only detectable for
incident angles below a cut-off angle of +a (Equation 1-27) which is the maximum angular

extent of the surface normals present on the idealistic structure which limits cable detectability.

Diffuse scattering due to surface roughness appears to be negligible both at 35 GHz and
94 GHz [38] [39] as the scattered energy resides almost entirely in the first N Bragg lobes

defined by (Equation 1-28) whilst not detectable at other angles.

Figure 1-20: Taut subsection of ACSR cable measured in [18]

y=sm=112] W N D N
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Equation 1-26: Theoretical Bragg mode angles for ACSR cables in the mmW band [18][38]
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Equation 1-27: Bragg mode cut-off angle for ACSR cables [18][38]
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Equation 1-28: Number of Bragg peaks expected within an ACSR angular profile at mmW frequencies

where D is the cable diameter and P is the spacing between the turns of a single strand of wire.
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Figure 1-21: Co-polarized backscatter against incident angle for a suspended ACSR power cable at 18, 34, 56
and 94 GHz [18]

46



1.5.3 Infrared research

The only known non-optical published measurements of OH power cable above the
Terahertz range of frequencies were performed using IR (infrared) laser devices at two different
wavelengths (1.06um and 10.6um) [4][18]. The Bragg mode peaks seen at lower frequencies
were not distinguishable for all IR measurements and the difference in the specular backscatter
between normal incidence and beyond the cut-off angle a (Equation 1-27) was reduced in
magnitude and remained reasonably constant for the new/pristine cables measured (Figure
1-22 and Figure 1-23). As Equation 1-26 predicts, the Bragg peaks would have a separation of
a few hundredths of a degrees at these wavelengths meaning they would appear merged

together.

The reduction in backscatter in the specular range of angles has caused an increase in
diffused backscatter beyond a which allowed the cable to be detected at all measured incident
angles although the ability to classify cables using Bragg mode peak locations is lost. At
10.6um (Figure 1-22), the difference in the magnitude of backscatter between specular and
diffuse scattering was higher than for measurements made with a wavelength of 1.06um

(Figure 1-23) which corresponds to an increase in the surface roughness to wavelength ratio.

The cable backscatter response is asymmetric at both IR wavelengths which was due to the
deterioration of the cable over time [18]; this effect of asymmetry in the results was more
apparent for measurements of older/damaged cables (Figure 1-24 and Figure 1-25) which are
expected to have experienced a higher severity of surface erosion. An additional decrease in
specular backscatter and an increase in diffuse scattering is also seen in old cable measurements
due to surface roughness which causes the two specular and diffuse regions to become near

indistinguishable.
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The two outermost maxima visible in Figure 1-22 to Figure 1-25 were due to the cable supports

used in [18].
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Figure 1-22: IR backscatter (dBsm) from a suspended NEW ACSR power cable with respect to aspect angle for
2=10.6um [18]
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Figure 1-23: IR backscatter (dBsm) from a suspended NEW ACSR power cable with respect to aspect angle for
A=1.06um [18]
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Figure 1-24: IR backscatter (dBsm) from a suspended OLD (Eroded) ACSR power cable with respect to aspect
angle for A=10.6um [18]
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Figure 1-25: IR backscatter (dBsm) from a suspended OLD (Eroded) ACSR power cable with respect to aspect
angle for A=1.06um [18]
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1.6 Thesis Outline

Now that all of the important topics of the research have been introduced, this is a brief

overview of each of the remaining chapters of the Thesis:

Chapter 2 describes the modelling that was used to estimate the backscattering behaviour for
both the ACSR and ACCC types of cable for a realistic scenario. A geometric approximation
of the outer surface pattern for both types of cables will be presented alongside its
implementation into a physical optics model. A novel method of adding the sagging effect that
will be present for hanging cables will be described which has little effect on the simulated
Bragg lobe locations (Equation 1-26 and Equation 1-27) although an increase in sagging is
shown to widen both the specular and Bragg lobes. A simulation that inserts the angular profile
of a straight piece of cable into a sagging structure and the effect of a platform from an aerial
position is are described and the results obtained are then discussed in terms of detection

probabilities and transmit power requirements.

Chapter 3 describes the experimental equipment used to perform overhead power cable
measurements, from low-power laboratory instrumentation radars that operate at 150 GHz and
300 GHz to relatively high-power airborne equipment at K, and Ky band. Three experimental
sites will be explained, one being an indoor THz measurement facility at the University of
Birmingham whilst the other two being rural outdoor environments in different parts of the

UK.

Chapter 4 has cable backscatter results obtained from 150 GHz and 300 GHz devices
discussed in Chapter 3 whilst using the THz measurement facility. A comparison of the straight
cable measurements with the physical optics model results using the outer surface structure of

two different cable types will be presented and discussed.
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Chapter S has the Spotlight SAR results of power cables at both K, band and K, band for two
different scenarios described in Chapter 3. These results will be compared with certain results
from past research that measured overhead power cable at similar frequency bands. Extra
information gained from high-resolution spotlight SAR images will be used to explain certain
anomalies in the results. The results will also be compared to insights gained from earlier

modelling and Bragg theory.

In Chapter 6, conclusions are drawn and potential future work into overhead power cable
detection will be discussed whilst taking into account the results and techniques presented in

this thesis.
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2.Modelling

2.1 Introduction

This chapter of the Thesis described the theory and simulations used to model the
backscatter from realistic overhead power cables when illuminated by an airborne platform.
An understanding of cable backscattering behaviour is required in order to recommend
transceiver parameters that will permit the aircraft, either unmanned or with a human operator,
to be able to detect hazardous cables at a distance which will allow the aircraft to respond

effectively when such an obstacle is in the vicinity.

The previous chapter described the standard Bragg theory used in previous literature to
estimate the range of incident angles a typical ACSR power cable can be detected over [43]
[18]. This Bragg theory assumed that a cable is both straight and infinitely long and doesn’t
supply much needed information such as Bragg lobe width, precise number of Bragg lobes and
also the backscatter magnitudes for different types of cables. This chapter will use the ACSR
geometric surface model developed in [43] alongside physical optics theory in order to compute

RCS angular profiles for a straight, finite length of cable of the ACSR type.

Also described earlier in this Thesis, was the modern, more electrically and
mechanically efficient type of cable called ACCC. This section will show a geometrical model
developed to approximate the surface normal structure of the ACCC cable type, in order to

gain a RCS angular profile and hence more information regarding detectability.

In reality, suspended overhead cables have substantial sagging geometry due to having
finite weight suspended by pylons/poles hundreds of metres apart and this is expected to alter
the backscatter behaviour when observed by an airborne radar at high altitude. Due to the fact

that previous models do not take sagging into account, a model is presented that includes this

52



sagging effect by using a catenary function. The main parameters of this catenary function are
stated and a method that allows the computation of the surface normal relative to an airborne

radar is described.

The chapter goes on to describe the main radar parameters required when performing a
power link budget for cable detection in collision avoidance. This will include measured data
from past external research such as cable sagging and atmospheric attenuation in order to
propose an adequate cable detection system. This analysis will be performed from 16 GHz to
300 GHz, due to the requirement to have compact and light components for lightweight aircraft
such as drones/UAVs which is considered practical above 100 GHz.; A sagging cable
fluctuation simulation will be shown that can estimate the transmit power required to have a
high probability of detection and low probability of false alarms for both types of cables (ACSR

and ACCC); which have different surface structures and sagging characteristics.

2.2 Straight ACSR and ACCC Cable RCS

In order to simulate the scattered electric field for the ACSR and ACCC types of cables
with no sag, the surface structure is preferred in analytical and differential form. A 3D
parametric function for the ACSR type is already described in [43] and thus will be used to
compute the angular RCS profile for this type of cable. This modelling is especially required
above 94 GHz as there are no published measurements currently available between 94 GHz
and Infrared. The only published radar measurements of both the ACSR and ACCC types of

cables that will be described here are in [45].

As in [43], Equation 2-1 and Equation 2-2 are used to produce the surface co-ordinates
of a number, N, of helically wound (pitch P) cylindrical strands with a diameter of d to form a
power cable with diameter D. The parameters for two different types of ACSR cable are shown

in Table 2-1 and the corresponding plotted cross section is shown in Figure 2-2. The limits of

53



the angle @, @, to produce each outer strand surface is used by solving Equation 2-4. The helical
rotation of the 2D cross section along the length of the cable is then performed by using
Equation 2-3. Equation 2-5 is the resultant parametric equation of the outer surface of an ACSR
cable. Figure 2-3 shows three rotated cross-sectional points along the length of the cable (z-

axis) for both types of cables in Table 2-1.

Equation 2-1: Vector between ACSR cable centre and outer surface (Cable cross-section) [43]

n=12,.N size(n) = N

n D—d 2m | . D-d) . (2m)]|.
r, = cos| — | [x+ sin y
2 N 2 N
Equation 2-2: Equation 2-1 in terms of the cable geometric parameters [43]

r, = icos 2_7zn cos @ — K sin 2_7zn sing X+ gsin 2_7m cos @+ K cos 2_7m sing |y
n 5 N 4 N 4 5 N Q N oy

o d+(zD)? + P?

2P

where:

Equation 2-3: Outer-strand vectors that make up the ACSR cable surface [43]

@ =—0,—D+ Ap,..0,Ap,..D size(p) =M

To derive @, solve for:

Tn (@)= Tn-1 (-9)

Equation 2-4: Derived equation that represents the angle of vectors (outer strand centre to cable surface) for all outer strands
in terms of the cable geometric parameters
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Figure 2-1: Cross-sections of ACSR type with surface structure model parameters [43]

Table 2-1: Parameters of two type of ACSR cables plotted in Figure 2-2

Parameter/Cable Cable 1 Cable 2

Outer strand diameter (D) 4mm 2.9mm

Cable diameter (d) 12mm 18mm

Helical pitch (P) 146mm; 288mm

Number of outer strands (N) 6 16
z=0,Az,..L. . Size(z)=M

5 ~ . 27z . (2mz )|, . (2mz 27\ |, A
R=Rx+R,y+R,Z= {rx COS(TJ =7, sm(7ﬂx + {rx sm(?j -7, COS(THX +17z

Equation 2-5: Cable surface vectors that produce the ACSR cross-section that helically rotates along the cable length (z axis)
[43]
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Figure 2-2: Cross-sections of two types of ACSR cables constructed by using Equation 2-1 and Equation 2-2.
The parameters for each are in Table 2-1
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Figure 2-3: Three rotated cross sections of the two types of cables (Table 2-1) by using Equation 2-5.
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Due to the fact that the modelling of EM scattering from the ACCC overhead cable
type could not be found in any published literature, the surface structure of such cables is
derived here .This model was based on the ACSR model described previously that was taken
from [43]. The cross section of the ACCC cable was constructed by assuming that each of the
U grooves existing along the outer surface of the cable have similar physical characteristics to
an “upside-down” Gaussian shape with a variance and mean that correspond to the angular
width and location respectively. Equation 2-6 shows the function that produces such a cross
section and Figure 2-4 shows the resulting plot when the parameters of an example of an ACCC
cable (shown in Table 2-2) are used. As with the ACSR model previously shown this cross
section is then helically rotated along the length of the cable as shown by Equation 2-7; which
produces Figure 2-5. The ACCC cable type is shown in Figure 2-6 which bares similar
resemblance to the developed surface function which is differentiable to make the mathematics
in physical optics modelling simpler.

D[, Lgoorexy 0-6,)° .
r, :!E(ID—/ZMZ:GXP(W cosd (X...

1
2
+ gmove sin@ |y
D/2 Z P 2A 2 y
T 37 T
where o =|:—7Z+U,—7Z+—,...,7Z+—:l

Lgroove-Groove Depth, AB- Groove angular width,

U- Number of grooves, D-diameter of cable

Equation 2-6: Vectors that creates the cross-section of the ACCC model
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Figure 2-4: Cross section of the ACCC model when using Table 2-2

Table 2-2: Parameters of an ACCC cable

0.015

Parameter/Cable Cable 1

Cable Radius (D/2) 16.5mm
Groove Depth D/8=4.125mm
Helical pitch (P) 400mm;

Number of outer strands | 17

(N)

z=0,Az,..L.,p. Size(z)=M

. - . 27z . (2mz |, . (2mz
R=Rx+Ryy+R,zZ= [rx cos(7j =7 sm(?ﬂx + {rx sm(?j

Equation 2-7: Vector that produces the outer surface of the ACCC model
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Figure 2-5: Three rotated cross sections that were computed when using Equation 2-7 and Table 2-2

Figure 2-6: ACCC parameters, sagging characteristics and surface pattern

2.2.1 Backscattered RCS

Now that the 3D locations and surface normal vectors can be computed for both the
ACSR and ACCC model, a method of computing the magnitude of the surface current at each
point is needed. The surface current magnitudes were calculated using the PO approximation
(Equation 2-8-Equation 2-10) and these were then summed with an appropriate propagation

factor (Equation 2-11) in order to produce the RCS angular profile (Equation 2-12).
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Each scatterer magnitude calculated was also weighted by a Gaussian function that

approximates the antenna pattern [46].
n=V(R)=n,X+nyy+n,z

Equation 2-8: 3D surface normal vector in terms of the grad function of the parametric equation

J(6;) =20 x H;|

Equation 2-9: Physical Optics approximation to compute the surface currents for any point of the cable surface for a given
incident magnetic intensity vector

H,(0,) = H,(cos(8,)y +sin(6,)z)

Equation 2-10: Incident magnetic intensity vector where Ho is the magnitude of the magnetic intensity in A/m
k NxMxO

E(Q)=E D F(0)J.e "4

i=1

Where the distance p between each cable surface point R and transceiver location 7R is:

p= \/(Rx ~TR.)* +(R, —TR,)* +(R, —TR.)* and TR =[TR X+ TR, +TR.Z]

L[ R, TR,
R, - TR,

2
0-06,
F(0) =exp| — 0.694[ Z j and 0 =tan
Absup

Equation 2-11: Scattered electric field in terms of the surface current magnitudes and free-space Green’s
function whilst in the far-field

2

E
RCS =47R* lim —L

R—x |E |2
i

Equation 2-12: RCS definition with respect to the scattered and incident electric fields

The following assumptions were made:

e The Free-space far-field Green’s function was used instead of the
complete Hankel functions [43] due to the typical distances required

for overhead cable detection being much larger than the antenna extent
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e Physical optics was used which assumes the radii of curvature of the
surface irregularities are large compared to the wavelength
e The effect of multiple bounces is assumed to be negligible due to
realistic cable detection scenarios for a monostatic transceiver
The length of each subsection simulated is equal to the Fresnel length (Equation 2-13) due the
majority of energy being expected to reside in this length of cable, due to the phase variation

of the incident planar wave for a flat subsection of cable as described in [18].

Table 2-3 contains the theoretical Fresnel Lengths for a straight length of cable for the

frequencies of interest in this thesis.

L. =2JR

Equation 2-13: Fresnel length

The RCS assumed that each point of the illuminated scatterer has a negligible phase difference
to adjacent points. Errors in this assumption are negligible when simulated at the Fraunhofer

(or far-field) distance in (Equation 2-14) which is a criterion that allows phase errors across the

target of n/8.
2D’
R far—field — 5
‘ A

Equation 2-14: Far-field distance for a target with extent D illuminated by an incident wave with the wavelength
A
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Table 2-3: Fresnel Length for the frequencies of interest at 500m using Equation 2-13

Frequency Fresnel Length Lr
16 GHz 6.122 m
34 GHz 4.199 m
150 GHz 1.999 m
300 GHz 1.412 m

The simulated results for a straight piece of ACSR and ACCC cable, at a range of 500 metres,
are shown in Figure 2-7a and Figure 2-7b respectively alongside the analytical solution for a
smooth cylinder (Equation 1-12) in Figure 2-7c. All of the simulated results in Figure 2-7 have

the same distance and approximately the same diameter. The length of cable simulated at each

frequency corresponds to the values in Table 2-3.
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Figure 2-7: Simulated RCS angular profiles for the ACSR, ACCC and smooth types of power cable
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Table 2-4: Parameters of an ACSR cable (Figure 2-7a)

Parameter Value
Cable diameter (D) 35.2 mm
Outer strand diameter (d) 4.46 mm
Helical pitch (P) 406.5 mm
Outer surface period (L) 24 mm
Number of outer strands (V) 21

Table 2-5: Parameters of an ACCC cable (Figure 2-7b)

Parameter/Cable Cable 1

Cable diameter 33mm

Groove Depth D/8=4.125mm
Helical pitch (P) 400mm;

Outer groove width 4°=0.07rad=1.1mm
Number of outer strands (N) 16

For the ACSR type, the reduced spacing of each Bragg lobe can be seen for an increase in
frequency. The previous cut-off angle of around 15 degrees can also be observed. For the
ACCC simulated result, Bragg lobes can be observed but at much lower magnitudes for
incident angles more than around 4 degrees but these additional lobes are at a higher magnitude

compared to the simulated smooth cylinder side-lobes in Figure 2-7c.
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2.3 Sagging Cable Geometry

As stated in the chapter introduction, OH cables are used to distribute electrical power
over large distances and such cables have suspension points (poles/pylons) separated hundreds
of metres apart causing sagging to be present for a realistic cable scenario. To predict how radar
signals scatter from realistic cables, this sagging will need to be included in the modelling as it

is expected to change the surface normal structure along the cable for an airborne transceiver.

Equation 2-15, Equation 2-16 and Equation 2-17 can be used to describe the sagging behaviour
for the simplified cable shown in Figure 2-8 which has a maximum sagging distance, S, and

fixed suspensions points separated by D [47].

Figure 2-8: Sagging parameters and co-ordinate system

f(x)=cosh(cx)/c

Equation 2-15: Hyperbolic cosine function with sagging parameter ¢
852 +3D?
3D

L=

Equation 2-16: Cable length approximation in terms of the central sagging length S and distance between fixed points D
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8S
> 482

C =

Equation 2-17: Sagging parameter for the sagging distance S and length of sagging cable L

The 2D sagging geometry can be approximated by a catenary function which is equivalent to
a hyperbolic cosine wave (Equation 2-18). The differential of this function, the hyperbolic
sine, determines the gradient and thus is used to determine the surface normal for a given point
along the cable (Equation 2-19). The sagging function can be split into infinitesimal flat
subsections, as shown in Figure 2-9, each with an individual surface normal vector
corresponding to (Equation 2-19) and (Equation 2-20) and its location along the cable’s length.
The co-ordinate system for the straight cable modelling present earlier and that described in

the sagging modelling do not coincide.
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Figure 2-9: Surface normal for each cable sub-section along the sag

Af = sinh(cx)Ax Ax = N£

X

Equation 2-18: Gradient (Differential) of the theoretical sagging function Equation 2-15
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_ (A
¢ =tan (ij

Equation 2-19: Sub-section rotation angle using Equation 2-18

Assuming that the cable is a cylinder, the cross section along the sag can be considered a circle.
Circular points are generated that follow the sagging geometry for each flat subsection (Figure
2-10). The main purpose of the generation of the sagging cable geometry is to determine which
subsection of the sag will dominate for a given incident planar wave and also to determine the
orientation of each subsection relative to the airborne radar. The orientation of the subsections
of interest is calculated by finding out which cylindrical surface norm in each individual
subsection has an elevation angle closest to the depression angle of the transceiver (Equation
2-20-Equation 2-22). The surface normal of the dominating cable subsection is then inserted
into a look up table of an ACSR and ACCC subsection in order to take into account the surface

structure.

We assume that the transceiver has a depression angle of 45 degrees.

Cable cross-section
(CIRCLE)

Figure 2-10: Rotation of cable cross-section so that the centre aligns with sagging
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a(0') = rcos(0")
b(0') = rsin(0)

O=-7,80",.1 size(0") = Q
(0" =ap+bz

Equation 2-20: Cylindrical subsection surface normals

C(#',5)=c(0"R”(5)
where

cos¢ 0 sing
RY(¢)=| O 1 0

—sing 0 cosg

Equation 2-21: Surface normals for each subsection that has been rotated using Equation 2-18 for a given point along the
function in Equation 2-15

To get the centre location of the strongest scatterer (normal for each subsection):

[77..77,,77. 1 = min(k; — C(sinh(cx)))

Equation 2-22: Computes the surface normal on each subsection that most closely aligns with the incident propagation vector &;
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2.4 Aircraft Model

In order to estimate the return power fluctuations from a power cable, the disturbances
present on an airborne platform would need to be approximated simply, but with adequate
accuracy. The research in [48] shows a simple way to produce the random variations in
different types of aircraft empirically. INS measurements were taken at different attitudes
whilst in autopilot and piloted operation for a small fixed winged aircraft. The INS
measurements of the heading/azimuth and pitch/elevation for a small fixed-wing aircraft is

shown in Figure 2-11.

Aircraft information:

e Altitude: 300 metres

¢ Fixed wing manned aircraft (Piper PA-28)

e Human control (experienced pilot)

e C(lear slightly windy conditions

e Fixed orientation

e Positive angle of attack (AOA)

e Correlation coefficient close to zero hence negligible

Investigations in [48] show that the azimuth/heading and pitch/elevation data can be

approximated by a bivariate Gaussian distribution with a zero correlation coefficient (Equation
2-23 to Equation 2-25) (Figure 2-12). The sampling rate of the INS device used to gain the
measurements displayed in Figure 2-11 was 50 Hz. The extracted azimuth and elevation means

and standard deviations for the data shown in Figure 2-11 are:

~ Ao ~ o
u, ~4°%0,~13

u.~=0%0, ~245°
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This simple model will be used to simulate the incident angle fluctuations when an airborne

transceiver illuminates power cables in a realistic scenario.

_ oV R B B
flazel) = ——exp| {W (=) 2p(a ) ue,)}
272—0—(120-61 \Al_p 2(1_10 )

o O_el O_az Uel

az

Equation 2-23: Bivariate Gaussian function

where the correlation coefficient p is defined by:

__E[azeel] covlaz,el]

Gaz Gel aaz O-el

Equation 2-24: Correlation coefficient in terms of the expected value of the azimuth (az) and elevation (e/)
variables (or the covariance between the two) and the variance for both (6., and 6.;)

2

Z — Uaz p O-el oz
2

p O-el Gaz Gel

Equation 2-25: Covariance matrix of the Bivariate Gaussian function
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a) Pitch/Elevation
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Figure 2-11: INS measurements of heading and pitch whilst on board a small fixed winged aircraft [48].
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Figure 2-12: Scatter plot of azimuth and elevation measurements which show no tilt on the confidence ellipses.

2.5 Sagging Parameters

Measurements of cable sag for both the ACSR and ACCC type of overhead power cable

were performed in [49] and the data presented shows that the central sagging distance for
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various temperatures between 20-200 degrees Celsius (Figure 2-13). The cable were clamped

65 metres apart at a height of 2.5 metres. Both cables had an overall diameter of around 28mm.

The measurements in [49] conclude that the structure of the ACCC cable incurs less
sag relative to the ACSR type for a given realistic temperature. Sagging values for a given
temperature can be inserted into an approximation of this data in order to estimate the effect of

sagging geometry on the backscattered signal for a realistic scenario for both types of cables.
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Figure 2-13: Sagging distance at cable centre with respect to temperature [49].
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2.6 Atmospheric attenuation

Figure 2-14: Atmospheric attenuation for clear and dry conditions from 10 GHz-1000THz [50]

In order to assess the powers required to detect power cables, the atmospheric attenuation
should be taken into account especially at the upper end of the millimetre-wave band (>100
GHz). Figure 2-14, obtained from [50], shows the atmospheric attenuation over a wide range
of frequencies for clear and dry conditions. This plot was used to estimate atmospheric losses
at 16 GHz, 34 GHz, 150 GHz and 300 GHz. (Table 2-6). This data will be used in the modelling

of power cable detection.
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Table 2-6: Measured atmospheric losses at 16 GHz, 34 GHz, 150 GHz and 300 GHz [50]

Frequency Atmospheric
Attenuation (dB/km)

16 GHz 0.025

34 GHz 0.05

150 GHz 2

300 GHz 8

2.7 Power Budget

The important parameters of the power budget for overhead power cable detection

will be discussed in this chapter whilst stating practical values for each.

2.7.1 Coverage and Beamwidth

The beamwidth should be 1° in both azimuth and elevation to allow the wires to be recognised
and to allow the pilot to find a path around them. The cross-range resolution at 500m would
then be just under 9m, which would be adequate to resolve the larger cables from the ground
by detecting the gap under them. This would allow military helicopters to fly under the larger
cables. Smaller cables would not be resolved from the ground until somewhat shorter ranges,
but this will probably be acceptable since only more modest manoeuvres will be needed to

allow a helicopter to fly over them.
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2.7.2 Antenna Gain
Assuming (conservatively) that the antennas are 50% efficient, the gain can then be calculated

by Equation 2-26.

4r
O radians|p|radians]

Equation 2-26: Antenna gain

0 and ¢ are the principal-plane beamwidths in radians. For a cylindrical beamwidth of 1°, this
equation predicts an antenna gain of 43dB. Assuming that the antenna used will be a circular
horn antenna with a uniform taper, Equation 2-27 can be used to estimate the cross section
dimension for a pencil beam with a 1° 3dB beam width in both azimuth and elevation [15]. The
antenna size and weight becomes extremely important for small aircraft such as UAVs and
drones. Antenna diameters for the frequencies of interest are shown in Table 2-7.

A A
D, = , . and D, = , .
3.413sin(Af[radians]) 3.413sin(Ag[radians])

Equation 2-27: Theoretical cross-section diameter for a circular horn antenna [15]

Table 2-7: Antenna size for 3dB beamwidths, A6 and A equal to 1°.

Frequency Antenna cross-section diameter using

Equation 2-27

16 GHz 31.5cm
34 GHz 14.8 cm
150 GHz 34 cm
300 GHz 1.7 cm
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2.7.3 Range Resolution

The range resolution is not a significant parameter in the system design. A resolution of a few
meters is very easy to achieve at these frequencies and is expected to give adequate information
to allow the aircraft to manoeuvre to avoid the cables. For this baseline design we will assume
that the range resolution is relatively coarse so that all the returns from the cable are within a
single range cell, i.e. the effect of the range spreading is not considered here and will be

discussed later.

2.7.4 Radar Equation

The signal to noise ratio is calculated by using the usual equation (Equation 2-28).

B Pthﬂzo'
[(47)’ r*kTBLN]

Equation 2-28: Theoretical Signal to Noise Ratio (SNR) assuming two-way transmission in free-space

where

P is the transmitted power

G 1s the gain of the antenna

k 1s Boltzmann's constant

T is the temperature of the receiver

L represents the atmospheric losses

N is the noise figure of the receiver and

B is the effective bandwidth.
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The previous discussion allows the value of many of these parameters to be deduced directly,

but some are not so obvious.

As is conventional, the product 47 will be taken to be -174dBm/Hz.

2.7.5 Receiver Noise Figure

A receiver noise figure of 10dB will be assumed. Whilst this is somewhat better than can
currently be achieved at 300GHz [51], previous experience at lower frequencies suggests that

it is reasonable to assume that this will be attainable as the technology matures.

2.7.6 Aircraft Response Time

Considering that the measured aircraft speed in [48] for the aircraft that the INS
measurements (Figure 2-11) were taken from is around 60 m/s, this will be taken as the ‘worst
case scenario’ velocity and thus will be used as the aircraft velocity parameter in the cable
detection simulations. Assuming that the aircraft has a human operator, which would typically
require a longer response time than a UAV/drone, the response time of around 9 seconds is
deemed reasonable in order for a human operator to take evasive action if a power cable is
detected. Considering the previous aircraft velocity and required response time, the distance at

which the cable should be detectable is:

R, =vr =60[m/s]x9[s]~500m

2.7.7 Typical Cable RCS Values

Previously most of the RCS measurements of ACSR power cables between 18 GHz
and 94 GHz were made at short ranges [43] [18] although [43] also presents 94 GHz results for
a 250 metre long cable measured at ranges of 100 m and 500 m. The RCS peaks measured at

100 metres, with a radar device operating at 94 GHz, were measured to be between 43 dBsm
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and 49 dBsm whereas the measured RCS peak values at the larger range have values between
50 dBsm and 58 dBsm. The modelling results that considered 150 GHz frequency at a range
of 500 metres also produced peaks of the order of 60 dBsm which is not a large increase
although this is expected to be because of the increased number of peaks at 150 GHz compared

to 94 GHz.

Table 2-8: Main parameters of the target fluctuation simulation

Parameter Value

Frequency array [16 GHz, 34 GHz,

150 GHz, 300 GHz]

INS sample time 10ms

Number of Azimuth and | 500

Elevation Samples

Bandwidth 1 MHz

Antenna 3dB beamwidth | 1°

in both azimuth and

elevation
Noise Figure 10 dB
Cable Span 232 m

Cable suspension height 25m

Cable temperature 30°C

Range 500 m
Aircraft altitude 100 m
Aircraft velocity 60 m/s

Probability of false alarm | 1e-6
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2.8 Target Fluctuation

The aircraft model, Sagging OH power cable data/model, power link budget and straight
cable RCS signatures were all integrated in order to simulate the fluctuation in returns from a
realistic overhead power cable being illuminated by an airborne radar. The main parameters

used in the fluctuation simulations are shown in Table 2-8.

The aircraft disturbance model was used to generate random samples for the elevation
and azimuth disturbance of the simulated flying aircraft. These samples were then inserted into
the sagging model alongside the position of a high altitude aircraft, so that the section of the
sagging cable in which the majority of the backscatter comes from can be determined and the
surface normal of this subsection can be computed relative to the airborne transceiver as

discussed previously.

The modelled RCS from a straight section of cable is then used as a look-up-table, by
using cubic spline interpolation, to determine the magnitude and fluctuation of the
backscattered RCS. This model was used for both types of cable with the corresponding RCS

look-up-table and sagging parameters for a given scenario.

The model then determines the output probability distribution function for the receiver
noise with no target (Figure 2-15), and with the noise plus the fluctuating target return for a
given number of samples (Figure 2-16 and Figure 2-17). Initially a very high transmit power
is simulated so that a SNR can be estimated, this then is used to simulate the model for a SNR

values either side of 0dB.

A compromise exists when choosing a threshold value to determine if a target has been
detected or not; because if the value is set too high then targets may be missed whereas a small

threshold would make the detector susceptible to clutter/noise. The statistical nature of noise
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induces the possibility that the noise alone can rise above any set threshold and this is known
as the false alarm probability Pr4. A voltage threshold is chosen to give an adequate false alarm
probability, by fitting the noise (Figure 2-15) to a Rayleigh distribution and using the estimated
variance value, y?, .in (Equation 2-29) to estimate the required voltage threshold, V7 [14]. This
threshold is then used to determine the probability of detection for different SNR values. The
P4 vs SNR plot produced (Figure 2-18 and Figure 2-19) can then be used to work out the
required transmit power in order to get a high enough probability of detection so that the

transceiver is robust enough for its application (Table 2-9).

1
V. = ’2 In| —
T 4 (PFAJ

Equation 2-29: Voltage threshold for a probability of false alarm Pr4 and Rayleigh noise variance y? [14]

Noise Mean:-21 dBm
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Figure 2-15: Noise (no target) probability distribution function for both cable types
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Figure 2-16: Target + Noise (Figure 2-15) probability distribution function at all simulated frequencies (ACSR
type)
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Figure 2-17: Target + Noise (Figure 2-15) probability distribution function at all simulated frequencies (ACCC
type)
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Figure 2-18: Probability of detection for sagging ACSR cable with respect to SNR either side of 0dB (caz=2.5°
& cel=1.22°)
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Figure 2-19 : Probability of detection for sagging ACCC cable with respect to SNR either side of 0dB (caz=2.5°
& oel=1.22°)

Table 2-9: Simulated transmit power to achieve Pfa=10e-6 and Pd=0.99 with aircraft disturbances included (c..=2.5° &
ce=1.22°)

Frequency /Transmit Power P: (ACSR) P: (ACCC)
16 GHz 9.9 dBm 10.9 dBm
34 GHz 15.9 dBm 11.4 dBm
150 GHz 11.9 dBm 12.9 dBm
300 GHz 8.4 dBm 12.9 dBm

The impact of aircraft disturbances on target fluctuations discussed here can also be
reduced by rapid scanning of the antenna or by stabilising the antenna motion against variations
in the platform orientation. If the random variation in the modelled platform is ignored (Ga,=0
& c.=0) and the previous simulations are repeated for both the ACSR and ACCC cables, the

probability of detection curves in Figure 2-20 and Figure 2-21 are obtained. Further analysis
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of these curves produce the transmit powers in Table 2-10 in order to get P¢=0.99. The expected
improvements due to ideal platform disturbance compensation is clearly evident as reductions
in the required transmit power value is seen to make a 5.6 dBm improvement on average in the

simulations made (Table 2-9 and Table 2-10).

The relatively compact radar systems that can be achieved at higher frequencies will make the
implementation of stabilisation or rapid scanning of a radar device more practical. The

simulated results show that transmit powers can be reduced in order to get adequate detection

performance.
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Figure 2-20: Probability of detection for sagging ACSR cable with respect to SNR either side of 0dB (caz=0° &
cel=0°)
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Figure 2-21: Probability of detection for sagging ACCC cable with respect to SNR either side of 0dB (caz=0° &
oel=0°)

Table 2-10: Simulated transmit power to achieve Pfa=10e-6 and Pd=0.99 with aircraft disturbances negated
(caz=0° & oel=0°)

Frequency /Transmit Power P: (ACSR) P: (ACCC)
16 GHz 2.9 dBm 5.4 dBm
34 GHz 6.9 dBm 5.9 dBm
150 GHz 9.4 dBm 4.9 dBm
300 GHz 7.9 dBm 5.9 dBm
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2.9 Conclusion

Physical optics models have been developed to simulate the high-frequency backscatter
from both the ACSR and ACCC types of overhead power cables by using an analytical
parametric function that describes the surface structure of each cable type. The ACSR cable
signatures produced by such models have similarities to the standard Bragg model in terms of
Bragg peak number and cut off angle but the presented model also includes important

information such as Bragg lobe width and magnitude

A model that incorporates cable sagging was also presented and the importance of
sagging geometry when illuminated by an airborne transceiver was discussed. A power budget
that centred on the radar equation was described which allowed simulation parameters to be
used to investigate fluctuations in power cable radar returns. The results show that due to the
surface structure and less sag present for the ACCC type, it requires the transmit power to have
a few more decibels relative to the ACSR type in order to achieve the same probability of

detection and false alarm rate.
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3. Experiment Sites, Methodology & Characterization

3.1 Introduction

This chapter of the Thesis describes the radar devices used to measure backscattering
from overhead power cables. The four frequencies that power cables were measured at were
within Ky-band (12-18 GHz) and Ka-band (26.5-40 GHz) and at 150 GHz and 300 GHz. The
two lower frequency devices were designed and constructed by DSTL & Thales UK and were
used to obtain high resolution spotlight images of outdoor scenarios containing overhead power
lines. The devices operating in both the Ky-band and Ka-band have relatively large mean
transmit powers of the order of a Watt, enough power to illuminate sagging power cables from
several thousands of metres away whilst being compact enough to be mounted on a fixed-wing
aircraft during flight. Farmland and Industrial scenarios were measured that contained different
types of power transmission lines and the measurements obtained will be discussed in this
chapter. The high resolution images obtained were used to measure certain parameters of the
cable, such as cable span and the sag at the centre of each conductor, as well as to separate
targets of interest from surrounding clutter. A spectrum analysis that was used at both Ky-band
and Ka-band to convert these high-resolution spotlight images to angular profiles of the cable

will also be described and illustrated.

Devices were also used at 150 GHz and 300 GHz that have lower power and poorer
receiver specifications; due to the lower maturity of sources and components in this frequency
range. These devices were capable of measuring straight subsections of different cable types
in an indoor environment. The large range resolution and the availability of adequate absorbers
at these frequencies allowed target returns to be separable from the surrounding indoor clutter.

The indoor mmW measuring facility used to measure cables just over two metres in length will
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also be described with the aid of photos and simplified diagrams. The basic theory of FMCW
and Stepped Frequency Radar will be discussed as this was required to perform experiments

with the 150 GHz and 300 GHz devices.

3.2 Experimental Equipment

3.2.1 I-Master and Bright Spark Systems

The availability of power cable measurements that were obtained by Ka-band and K-
band radar devices whilst on-board an airborne platform warranted a data analysis to
investigate the behaviour of the sagging cable backscatter in a realistic scenario. Two different
but very similar devices were used to obtain the airborne measurements, the I-Master (Ku-

band) [52] and the Bright Spark (Ka-band) [53] radar systems developed at Thales UK.

Both the I-Master and Bright Spark devices are intended for helicopters or small fixed-
wing aircraft for ground surveillance. The I-Master system has a weight of 30 kg and the Bright
Spark system is slightly heavier due to being the same system but with frequency converters.
The bandwidth and carrier frequency of the [-Master system are around 1.6 GHz and 16 GHz
respectively; the Bright Spark system has both double the frequency and double the bandwidth.
An IMU device provides direct measurements of the antenna motion in order to compensate
for high order vibration dynamics so that images can be focused effectively at K, and Ky band
by using SAR processing techniques. The down-range (DR) and cross-range (CR) resolutions

after spotlight SAR processing can be from 1 metre down to around 0.3 metres.
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Figure 3-1: Visual representation of a radar conducting measurements in the spotlight SAR mode

The measurements of interest were collated for both of the systems whilst they were
operating in the Spotlight SAR mode (Figure 3-1) which allowed the fine resolutions
mentioned previously. A higher resolution allows power cables to be separated from
surrounding clutter whilst also reducing speckle. Equation 3-1 and Equation 3-2 show the main
parameters of Spotlight Processing which required the gaining of efficient samples over an
angle extent of A6 in order to be able to gain sufficient CR resolution p [54]. The CR resolution
was chosen to be equal to the DR resolution for a given system in order to gain optical like

images which also made the processing shown later on in this report simpler.
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Equation 3-1: Angular extent in spotlight SAR [54]

P _cr
K

samp
w

Equation 3-2: Cross-Range sampling in spotlight SAR [54]

Where:
AB — apparent angular extent
A — Transmit centre wavelength
Kw — weighting factor
p — cross-range resolution
CRsamp — cross range sampling

The angle subtended at the target by the track length for the single-look spotlight SAR images

shown and used in this report are shown for the two systems below:
[-Master:

A= 4.5°
Bright Spark:

AB=7°
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Figure 3-2: Cropped high-resolution single-look images showing a cable in the specular and Bragg
scattering regions

Spotlight SAR processing by summing over the above angles to produce the high resolution
images produced optical-like images of the cables measured (Figure 3-2). The cables are
clearly distinguishable in this SAR image which also provides bearing angles and ranges of

interest.

The main disadvantage of the processed image is that the cable as discussed before will
only be detectable at discrete, relatively narrow angles, within the relatively wide range of
angles used to process the image. The detectable cable returns thus will be averaged over the
processed single-look image. The effect of having a windowing function to produce the
weighting factor, K., (Equation 1), produces a biasing of returns that depends on the chosen
range of angles; the cable returns present at the centre-most angle within the synthetic aperture
will have the largest weighting. The next section describes a spectrum analysis technique that

allows angular profiles of cables to be obtained from a processed single-look image.
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3.2.2 Spectrum Analysis of Multi-look Spotlight SAR Images

To estimate the Bragg peak locations that arise from the periodic surface structure of a
power cable, the DR and CR axes present in a processed single-look image need to be converted
into the angular domain. The processing used to both extract angular information of cable
returns whilst also focusing cable returns and not diffuse returns from surrounding clutter is

shown in Figure 3-3.

First of all, a single-look image containing OH power cables was manually cropped out of a
processed spotlight image and rotated so that the principal axes became along-cable (AC) and
cross-cable (CC). The cable can be assumed to be straight due to the negligible sag present in
each cropped image. An FFT was then performed along the AC axis. To perform a 1D FFT
along the cross-range axis of a single-look spotlight SAR image with M cross-cable rows and
N along-cable columns, the following number of complex multiplications is required to

produce the output image [55]:
C, = MN log, N

Equation 3-3: Number of complex multiplications to perform FFT method

Where N is obtained by rounding up # to the next highest power of two:
N = 2k

where k is a positive integer.

The complexity of the Fourier transform over a relatively small number of cross-cable cells is

much less than that of the original image formation.

This AC FFT allows the power in the cable returns to be concentrated into a few angles

where cable backscatter is strong whilst the clutter around it remains spread over all angles.
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This technique allowed the cable signatures to become more prominent in both the specular
and Bragg regions which allows further analysis to gain more information such as Bragg lobe
positioning and lobe widths. This required the orientation of the system to be known and this
information was supplied by the on-board INS device. If the cable returns are not processed at

the centre sample of the single-look image then a bias due to weighting will still be present.

DR

CR

Rotated :
ACMNOs5-Wire

along-wire

FFT In cross-range :
ACross—wire

B

Figure 3-3: Spectral analysis overview which includes performing a Fourier transform in the CR plane to obtain
condensed cable signatures

The result of performing this technique on a spotlight SAR image that contains three
parallel overhead cables each suspended between two poles is shown in Figure 3-4. The
resultant spectrum has three separate specular scattering regions for each sagging subsection
of cable between the suspension points. The effect of not having the wire along the plane that
the Fourier transform is taken, can be seen in the centre and right signatures in Figure 3-4 as a
spread of power is induced which causes specular signatures from different cables to overlap.
Figure 3-5 shows the centre span of the cable in Figure 3-4, after it had been cropped and the

resulting spectrum signature in the specular scattering region. The Bragg scattering signature
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for the same subsection of cable is shown in Figure 3-6 which is noticeably noisier than the
signature in Figure 3-5 because of the lower level of power in this scattering region compared

to the specular region at Ka-band.

The I-Master spectrum images were noisier and hence less clear and are not shown here.

Down range by cross-range

Result of 1D Fourier transform in cross range

Figure 3-4: Single span of overhead power cable with three suspension points (around 100m between each) before
and after the CR Fourier transform

Figure 3-5: Aligned cable within the specular scattering region before and after CR Fourier transform
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Figure 3-6: Aligned cable within the Bragg scattering region before and after CR Fourier transform. The
reflection is at a bearing angle of 10.8° with respect to the specular return shown in Figure 3-5)

3.2.3 150 GHz FMCW System

3.2.3.1 Basic FMCW theory

This section will describe the 150 GHz FMCW system used to gain cable measurements
at this frequency to investigate the scattering behaviour. The basic principles of FMCW radar
to obtain range profiles will be put across to show how the system was adequate to perform
short-range indoor measurements of a power cable subsection. This radar system was
developed by the millimetre-wave division at ELVA [56] especially for the radar group at the

University of Birmingham.

The typical transmitted waveform for an up-chirp linear frequency modulated wave system is

shown in Equation 3-4 and the instantaneous frequency required is shown in Equation 3-5.

This up-chirp waveform, has a time period of Tsweep, bandwidth of Af'and a normalised transmit

power.
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where rect(x) = {: 0 z'f|z| >1/2

Equation 3-4: Single transmitted linear FMCW
1 d A
fl.:——(D:fO+Kt where K:—f
27 dt T

Equation 3-5: Instantaneous frequency of the wave in Equation 3-4

Figure 3-7 displays the frequency response of a single up-chirp signal over time and also a
single received signal which is assumed to be of the same modulation shape, hence zero channel
dispersion effects, but with a different amplitude and a time delay due to the time taken for

signals to travel from the transmitter to the scatterer and back to the receiver
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Figure 3-7: Frequency Modulation over time for a transmitted and received FMCW wave

At a given time, the difference in the transmitted and received frequencies corresponds
to Equation 3-6 and this is known as the beat frequency which has a constant relationship with
range and the detectability of this component depends on the mixer circuitry which is designed
to filter out the unwanted signals. After subsequent post-mixer filtering and by neglecting noise
sources in the receiver, the received signal will be a superposition of sine waves that have a
beat frequency corresponding to the range (time delay), and an amplitude that corresponds to
the reflectivity of the scatterers that reside within this range cell.

_ A 2R
T c

sweep

Sy

Equation 3-6: Beat Frequency and range relationship
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Equation 3-7: Post-mixer sinusoidal summation of N returns

This superposition of sinusoids (Equation 3-7) can be segregated in frequency (or range) by
making use of the Discrete Fast Fourier Transform (DFFT). The post mixer filter (IF filter)
spectral characteristics and DFFT parameters will also decide how sg(¢) is decomposed as well
as the scenario being illuminated. The number of DFFT points (Nrrr), swept bandwidth (Af)
and the speed of light (c¢) can be used to estimate the maximum range attainable using this

method (Equation 3-8).

R = c.Nppr
Y ANf

Equation 3-8: Maximum range when using DFFT to distinguish beat frequencies [57]

Theoretically, the previous processing of transmitted and received FMCW waves should
produce a sinc function at the beat frequency fz .The 3 dB width of this sinc response in range
is the inverse of the bandwidth of the system and hence decides the resolution in the range
profile Ar as given by (Equation 3-9). Due to the fact that both the radar system and target were
stationary relative to each other during experiments, the effect of Doppler shifts will be ignored.

A windowing function can be applied to the mixer output in order to reduce range side lobes.

C

Ar=——
2Af

Equation 3-9: Range resolution and bandwidth relationship

The previous FMCW theory will be used alongside other radio propagation theories in
order to assess the feasibility of the 150 GHz FMCW radar system in terms of overhead power

cable experiments.
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3.2.3.2 150 GHz FMCW Parameters
The main parameters of the 150 GHz FMCW radar system (Figure 3-8) purchased from

ELVA [56] are shown in Table 3-1.

Figure 3-8: 150 GHz FMCW radar with two lens-horn antennas on a turntable to provide azimuth scanning [58]

Assuming non-linearity along the chirp are negligible, the bandwidth can be inserted
into Equation 3-9 to get a range resolution of around 3 cm which is deemed more than adequate
to separate the target from any surrounding clutter. The 150 GHz radar with a chirp sweep
bandwidth of 5 GHz produces an IF beat frequency shift of around 800 Hz per range
resolution cell. This range-resolution is actually likely to separate target returns into different
cells; the effect of this will be described later in this section. This radar has both up and down
chirps (Figure 3-9) for range and Doppler separating but due to the fact that is not required in

stationary measurements only the up-chirp was used.

The chirp bandwidth and two-channel (I and Q) FFT points in Table 3-1 give a
maximum range of 61.4 m (Equation 3-8) but the cut-off frequency of the IF filter also needs
to be taken into account which corresponds to 72 m by inserting 2 MHz into Equation 3-10,

this means that the maximum range measurable will be around 60 metres.
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max 2Af

Equation 3-10: Maximum range for a given IF cut-off frequency

Now to assess the maximum detectable range (Ruax) in terms of transmit power (P;),
Noise Floor (NVF) and Antenna Gains (G) in a power link budget the radar equation is used. A
matched-filter gain will also be present due to the compression of the waveform due to the
mixing process and this parameter can be calculated using Equation 3-11 [57]. Equation 3-12
shows the re-arranged radar equation to estimate the maximum range and the parameters in
Table 3-1 have been inserted into Equation 3-12 to produce the plot in Figure 3-10 which shows
the maximum detectable range for RCS values between -20dBsm and 20dBsm. The marker on
the plot shows that the maximum detectable range for a target with an RCS of only -20dBsm
can be detectable up to a distance of around 250m. Cable simulations expect the cable to be
higher than this value for the range of aspect angles of interest; although this doesn’t include

the effect of splitting cable returns into different range cells.

A block diagram that summarises the overall operation of the 150 GHz FMCW system is

present in Figure 3-11.
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Figure 3-9: FMCW radar up-chirp and down-chirp with the strobe pulse [58].

G = AF-T,

sweep

Equation 3-11: Matched filter gain

. PG’A’G, .0 \
max (47[)3 Pmin whnere

P. =k,TB, NF

Equation 3-12: Maximum range when considering typical radar equation parameters
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Figure 3-10: Maximum detectable distance using Equation 3-12 for a range of RCS values
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Figure 3-11: Summarised Block diagram of the 150 GHz FMCW radar [58]
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Table 3-1: ELVA 150 GHz FMCW radar device parameters [58]

Parameter Values
Transmitter

Power output into antenna 15 mW
Frequency sweep 145 - 150 GHz
Sweep bandwidth 5 GHz

Chirp Sweep Time 1.2 ms

Total sweep time (duty cycle) 30 ms

Lens horn Antenna

Antenna type

Gain 29 dBi

Tx/Rx isolation 60 dB
Antenna beamwidth (2 way) azimuth +/-1.1°
Antenna beamwidth (2 way) elevation +/- 5°
Polarization Vertical
Farfield distance (2d*/)) 6 m

Receiver

Noise figure 11dB

IF bandwidth 10 kHz -2 MHz

Processor Unit and Digital Data

Number of range cells per sweep

2048 (2!'' FFT points)

Digital data output Via Ethernet after FFT
Data range 16 bits
Interface protocol UDP

Other parameters

Data outputs

Strobe, I channel, Q channel

Power supply

12Vat25A

Size (Length, Width, Height)

L 320 mm, W 150 mm, H 200 mm
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3.2.4 300 GHz Stepped Frequency System

3.2.4.1 Stepped Frequency Theory

Stepped frequency radars transmit pulses at different centre frequencies in order to
perform discrete modulation over time. Measuring the ratio between the outgoing (V") and
incoming voltage (/) waves for a scene at multiple frequencies (Figure 3-12) allows a response
(S27) to be measured of the illuminated scene (Equation 3-13 and Equation 3-14). Performing
the inverse Fourier transform (Equation 3-15) on these measured responses in frequency
produces the time-domain response by including the propagation velocity of the EM wave.
Accurate knowledge of the transmit waveform allows the returns to be calibrated (Equation

3-16). A modulation in the wave is required to separate target returns from clutter.

A VNA device measures the amplitude and phase between transmit and receive ports
over a wide frequency range and thus is capable to be used as a Stepped Frequency Radar. The
Agilent Fieldfox [59] was used due to its availability and frequency range between 2 GHz and
18 GHz. The reason being due to the fact that the frequency converters produced by

VIVAtech [60] can covert signals between 2-18 GHz up to 282-298GHz.

A

S21
Magnitude

and
Phase N frequency points

=
f1 f2  freq

Figure 3-12: S21 scattering parameter measured over a span of equally spaced frequency values
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Equation 3-13: Scattering parameter measured by the VNA device at the frequency converter ports
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Equation 3-14: Scattering parameter in terms of the transmit power (P,) and received power (Py)
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Equation 3-15: Discrete Inverse Fourier Transform (Frequency domain to Time domain conversion)

Pm :S21+l)tx

Equation 3-16: Scattering parameter to received power conversion (dB to dBW conversion)

The 300GHz system, comprising of a VNA and frequency converters, was used to
measure the complex S2/ scattering parameter at discrete frequency points in between the
upper and lower extents of the available bandwidth (282GHz-298GHz). The signal in the time
domain was then obtained by superimposing the response from each frequency point and
converting the complex spectrum to the time domain by using the Inverse Discrete Fourier
Transform (IDFT). The time-delay was then converted into range by noting the speed of the

two-way EM propagating wave.

The swept bandwidth is the important parameter in regards to range resolution and the
equation used to determine the size of each range bin is the same as the FMCW (Equation

3-17).

The maximum range for stepped frequency systems still has to take into account the
power-link budget as well as the filter characteristics of components in the system but the

dominating factor for the stepped frequency setup in these experiments is the frequency step
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between pulses as the inverse determines the maximum delay that can be present within the
processed signal (Equation 3-18).

C
y=—
20f

Equation 3-17: Range resolution in terms of swept bandwidth

R =—o where sr=2L
25f N-1

Equation 3-18: Maximum range that can be processed for a given frequency step
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3.2.4.2 300 GHz SFR VNA System Parameters

Figure 3-13 shows the 300GHz system which consists of a Vector Network Analyser
(VNA) device (Agilent Fieldfox N9918A [59]) connected to frequency converters that were
developed at the company VIV Atech [60] to convert signals from 2-18 GHz up to 282-298
GHz. A block diagram describing the connections and signals is shown in Figure 3-14 although
this diagram assumes that the 10 MHz reference signal is obtained from the internal oscillator
in the VNA, although for all of the 300 GHz experiments present here, the reference this

reference signal was acquired from a Rubidium oscillator (circled in Figure 3-15).

The rubidium generator was used as the reference oscillator to synchronise the
transmitter and receiver as it has a lower phase drift over time which allows for a higher
integration gain when summing the complex reflected signal over a number of samples. The

main parameters of the stepped frequency 300 GHz system are visible in Table 3-2.

Figure 3-13: Agilent VNA and VIV Atech frequency converters
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Figure 3-14: Simplified Block diagram of VNA and frequency converter connections and signals

The system that consists of the VNA device and frequency converters when connected

by low-loss (at 2-18 GHz) SMA cables is shown in Figure 3-16.

The 300 GHz system can vary the modulation scheme transmitted and the variability in
the IF bandwidth also allows different receiver noise values to be achieved. The main
disadvantage of the system is the low transmit power and also the very large measurement time
required for each sweep to be performed. To achieve the parameters present for the 150 GHz
FMCW (Tiweep=1.2ms) system, the VNA-based SFR system requires measurement times in the
order of a second per sweep. This measurement time is acceptable for a stationary indoor

scenario.
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Table 3-2: 300 GHz Frequency converter specifications [60]

Frequency band

281.6-297.6 GHz

Maximum bandwidth of linear chirp 16 GHz
Output power -17 dBm
Noise Figure (Specification) <17 dB

Figure 3-15: Circled Rubidium Oscilator that was used as the reference to synchronise subcomponents
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Figure 3-16: VNA and Frequency converters connected using SMA cables onboard a linear positioner device

As a power cable should be detectable considering the modelled RCS values and the
previous power budget assessment, the modulation parameters of the stepped frequency
waveform can be designed. The required frequency increment within the modulation of the
transmit waveform is needed and the number of points required N,e; for a desired maximum
range Rnax and swept bandwidth Af can be calculated using Equation 3-19. For a target distance
of 8 m, measured with a chirp bandwidth of 16 GHz, Equation 3-19 suggests that around 850
points evenly spaced in frequency would be adequate.

_2MR,.,

C

req

Equation 3-19: Number of frequency points required for a given maximum range and frequency span

Similar to the FMCW analysis at 150 GHz, the stepped frequency device parameters
can be inserted into the radar equation (Equation 3-20) although instead of using the constant

bandwidth of the physical stand-alone filter, the IF bandwidth can be set for each pulse.
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The antenna gain was equivalent to the measured gain of the pyramidal horns shown in
Figure 3-16 (24 dBi) and a temperature of 17 °C. A IF bandwidth of 100 Hz was used in
experiments due to this value producing acceptable refresh times in practice. The maximum
distance for a range of RCS values is shown in Figure 3-17 which clearly show higher attainable
distances even though the transmit power is much lower than the 150 GHz FMCW system
which is largely due to the much lower receiver bandwidth . Although a very low receiver
bandwidth is achievable for such a large swept bandwidth, this device would be impractical
due to the measurement times scales being of the order of seconds (Equation 3-21). So for the
required 850 points with a bandwidth of 16 GHz, the measurement time were of the order of

10 seconds.

where P. =k, B, NF

Equation 3-20: Re-arranged version of the typical radar equation which determines maximum range for a given
receiver and scenario
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Figure 3-17: Estimated maximum detectable range of the 300 GHz (
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Table 3-2 and Equation 3-20) device for a range of RCS values

Equation 3-21: measurement time estimation for a given IF bandwidth (user defined) although this doesn’t take
into account any VNA latency

Finally, all experiments performed with the 300 GHz device contained a target which
had zero velocity with respect to the transceiver, so the effect of Doppler shifts on the Stepped

Frequency Performance will not be considered here.

3.3 Experimental Sites

This section will describe all of the sites that were used to measure power cables with
the devices discussed previously. Both indoor and outdoor sites were used that were suitable
for a given radar measurement device. Outdoor sites are described that contain realistic sagging
cables that span hundreds of metres. These sites were measured by the relatively high power
devices in the K. band and K. band whilst each were independently on-board a small fixed-
wing aircraft. Two rural areas that contained different power cable setups will be discussed.
The indoor measuring laboratory, constructed for radar devices between 150 GHz and 300 GHz
will also be described. This indoor site only had a measuring distance of 8 metres which was

deemed adequate for the low-power devices that are currently available at these frequencies.
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3.3.1 Farmland Site

Spotlight SAR images were formed by illuminating a farm-land area (Scenario 1)
located in Waddesdon, Aylesbury in the UK. This scenario contained three separate spans of
power cables which were suspended using wooden telegraph-style poles. Cable Spans ‘A’ and
‘C’ consist of three subsections between suspension poles whilst span ‘B’ has four of these
subsections. All subsections consist of three individual parallel power cables. An optical image
of this site is visible in Figure 3-18 and a high resolution multi-look spotlight SAR image is
shown in Figure 3-19. The power distribution map (Figure 3-20) from [61] states that the lines
located south from the farm, are 33 kV cables owned and maintained by UK Power Networks.
Spotlight SAR imagery was measured for Scenario 1 using both the [-Master (K,-Band) and
Bright Spark (Ka-band) radar devices on separate occasions (11 months apart). Using full-
resolution Single-look images on the SAR viewer software developed at Thales UK, the
wooden poles (example shown in Figure 3-21) were estimated to have a height of around 8.5m
and a distance of approximately 100m was measured between each adjacent pair of wooden

poles.

The sagging distance at the centre of cables could also be estimated in the high-resolution

images and the average of these measurements was around 0.8m.
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Figure 3-18: Optical image of the farm scenario taken from Google Maps. [62]

Figure 3-19: Labelled multi-look spotlight SAR image of the farm scenario that consists of three spans

of OH power cables.
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Figure 3-20: Distribution map that includes the Waddesdon farmland (scenario 1) [61]

Figure 3-21: Example of a wooden suspension pole used to suspend three lines of overhead power
cables [63]
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3.3.2 Pylons Site

The second outdoor scenario measured (Scenario 2) was a single span of higher voltage
overhead power cables, and one earth cable, which are located to the North-West of Spalding
in the UK (Figure 3-22). Sufficient data for this site was only available from the Bright Spark
(Ka-band) system. The power distribution map (Figure 3-23) from [64] and the overlaid image
in Figure 3-24 jointly suggest that the span of cables in Scenario 2 consists of 275 kV cables
which are owned and maintained by National Grid [65]. The information contained in the
full resolution single-look spotlight images processed at Thales UK (Figure 3-25) allowed the
cable span and pylon height for this scenario to be estimated to be around 230 m (Figure 3-26)
and 60 m (Figure 3-27) respectively. The sagging distance at the centre of the span was
estimated to be around 5Sm. The clutter surrounding the cables consisted of vegetation which
was seen to have significant diffuse scattering at K, band whereas the cable scattering observed

did not due to difference in surface roughness (Figure 3-25).

Figure 3-22: 275 kV cable scenario which consisted of two pylons (Source: Google) [66]
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Figure 3-24: Lines created by using Pylons visible from Google earth within the vicinity of Scenario 2
which has a high-resolution multi-look Spotlight SAR image overlaid (circled)
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Figure 3-25: Cable extent between the pair of Pylons in Scenario 2 which was measured to be around 232 m by using a Bright Spark multi-look image

Figure 3-26: Scenario 2 cable sagging measurement (4 m) taken using Bright Spark multi-look image
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Figure 3-27: Pylon height measurement (62 m) from a Bright Spark multi-look Spotlight SAR image
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3.3.3 Indoor mmW Measurement Facility

3.3.3.1 OH Power Cable Subsections

After making contact with the National Grid research centre at the University of
Manchester [67] they were kind enough to donate two OH power cable subsections to this
research project. One cable subsection was the more common ACSR type and the other was
the modern ACCC type, both of which were described earlier. The geometrical parameters,
physical dimensions and visual appearance of the ACSR cable is shown in Figure 3-28 and
Figure 3-29 shows the equivalent information for the ACCC type of cable. As expected the
ACCC type has much less sagging compared to the more common type. A tabular version of

the cable physical parameters can be seen in Table 3-3.

2 W=1.975m
h=0.154

Figure 3-28: ACSR parameters, sagging characteristics and surface pattern

123



D=33.4mm L=24.4mm P=390mm

Figure 3-29: ACCC parameters, sagging characteristics and surface pattern

Table 3-3: Main ACSR and ACCC geometrical parameters

Cable Parameter Quantity Quantity
(ACSR) (ACCO)

Cable diameter (D) 31.59 mm 33.4 mm
Number of outer strands (N) 24 16
Outer surface period (L) 20 mm 24.37 mm
Length between turns (P) 355.6 mm 390 mm
Cable length 2.05m 223 m
Outer strand diameter/height (d) 3.51 mm 4 mm
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3.3.3.2 Indoor Measurement Facility

Measurements have been made using the 300 GHz stepped-frequency radar and the

150 GHz FMCW radar, both described earlier in this section (Figure 3-30).

In order to get acceptable illumination of the cable, Signal to Noise Ratio, and clutter
level an indoor facility containing a mmW absorber was used to perform experiments to obtain
angular profiles of the cable subsections (Figure 3-31). Persian carpet which has high
absorption at 150 GHz and 300 GHz [68] was placed on the floor between the radar and cable

in order to reduce the effect of multipath reflections (Figure 3-31).

A fibre glass stand was constructed using non-metallic (nylon) screws to suspend a
straight subsection of cable in order to reduce unwanted backscatter. The stand was a square
shaped structure (2m by 2m) and was attached to the floor via a stepper motor turntable and
driver (Parker PD-E series [69]) using a large bolt. The cable was attached to the stand by using
nylon cable ties. An increment angle of 0.1 degrees was achievable by the stepper motor used

due to the design of the gearing ratio within the device.

Figure 3-30: Low-THz radar systems used in experiments, 150 GHz, FMCW system with lensed horn
antennas (left), 300 GHz, stepped frequency system with lensed horn antennas (right)
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Range=6.5

Figure 3-31: Indoor Experimental setup realised for the 150 GHz and 300 GHz devices

A measurement of the empty background was also performed to check that the available
dynamic range was adequate. The absolute RCS values were calibrated using small stainless

steel spheres as calibration targets which could be placed within the field of view of the radars.

This setup will allow a subsection of cable to rotate in a circular motion and hence enable an
angular profile of cable backscatter to be measureable. The maximum bandwidth was used in
order to spread the clutter away from target returns. The measurement area allows the target
to be illuminated by a radar device at a distance of around 6.5 metres. A simple depiction of

the measurement setup is shown in Figure 3-32.
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Figure 3-32: Indoor cable experimental setup visual overview

Figure 3-33: Ranges for a cylinder rotated by angle 6 about its central diameter

In terms of target resolution cells, the thin cable would extend 2m perpendicular to the
line that connects the cable centre to the transceiver at a distance of 6.5m. As the cable was
rotated from 6=%20° in increments of 1°, the minimum in the spread of targets returns will be

at 0 degrees and the maximum will be at £20°.
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The difference in the range of the nearest and furthest returns (Figure 3-33) can be calculated

by Equation 3-22 for 6=20° and Equation 3-23 for 6=0° (Figure 3-34):

Rlspread:Rl - R2

Equation 3-22: Spread of ranges present along a thin rotating cylinder (Rspread™> Rspread®)

Equation 3-23: Spread of ranges present along a thin rotating cylinder (Rpread®™> Rspread’)

where
R _ \/[12 /4+R? —chos(ﬂ/2+6’)]

Equation 3-24: Range to the left (Figure 3-33) extent of the rotating cylinder

R,_N|I’/4+R ~IRcos(n/2-6)|

Equation 3-25: Range to the right (Figure 3-33) extent of the rotating cylinder
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Figure 3-34: Range spread of the 2m non-sagging cable subsection at 6.5m

The processed signal will be this spread across a number of range cells (Equation 3-26).

ANcel Is — ARspread
Ar

Equation 3-26: Number of DR cells that returns reside in

where Ar is the range resolution and the symbol, [-], denotes the ceiling function.

L

'SPREAD =

—201og(AN“")

Equation 3-27: Range cell spread loss assuming returns spread equally in each cell

If we assume that the voltages are spread evenly into each range cell then we can add an extra
“range spreading” loss to estimate the power in each cell with Equation 3-27.
Putting in the numbers, D=6.5m, L=2m:

Af=6 GHz (150 GHz FMCW device):

ANCELLS=4 at 6=0° and ANCELLS=17 at 6=20°
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Af=16 GHz (300 GHz Steeped Frequency device):

ANCELLS=9 at  =0° and ANCELLS=44 at §=20°

These expected number of range cells that contain the extended target produce the following

using Equation 3-27:
Af=6 GHz (150 GHz FMCW device):

Lspreap=-12 dBsm at 6=0° and Lspreap=-15 dBsm at 6=20°
Af=16 GHz (300 GHz Steeped Frequency device):

Lspreap=-20 dBsm at 6 =0° and Lspreap=-33 dbsm at 6=20°

This range spread factor will be considered when analysing the magnitude of the RCS values

measured from cables that are extended in range.

3.3.3.3 Propagation and Noise Floor

In order to assess the performance of the developed indoor facility for both the 150 GHz
and 300 GHz systems, experiments were performed to investigate both the propagation and
Noise Floor of the devices with the antennas and other sub-components connected via
appropriate SMA cables. The wave propagation was of interest due to the fact that the presence
of the physical floor, which is rough at these frequencies, thus free-space propagation (R*)

cannot be assumed.

Noise Floor experiments were also performed to make sure that the manufacturer values
stated were accurate and that no attached cable or antenna was having a significant effect on
the performance. Smooth metal spheres with circumferences (90-1000 mm) much larger than
the wavelength were used as the calibration target in order to ease the alignment requirement

and also due to the simplicity of the analytical RCS value.
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Figure 3-35: Realised relatively non-reflective stand with metal sphere attached using a suction cup
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Figure 3-36: Diagram of the propagation and noise floor experimental setup

A setup that allowed large spheres to be suspended whilst removing significant clutter
in the same range cells is shown in visual form in Figure 3-35 and as a sketch in Figure 3-36.
The sphere was attached to a relatively non-reflective fibre glass pole via a plastic clamp and
a suction cup which are in the shadow region of the sphere relative to the illuminating radar.
As shown in Figure 3-36, the transceiver and target lie above a rough ground plane and thus

the wave propagation will not behave as it would do in free space.

By using a laser pointer and as well as azimuth and elevation alignment knobs on a
wheeled trolley in which the sphere was suspended, measurements were taken at multiple
distances between 4 metres and 7.5 metres. This was performed using standard gain pyramidal

horns for both the 150 GHz FMCW device and 300 GHz stepped frequency system.
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The resulting plots are shown in Figure 3-37 and Figure 3-38 alongside a linear-fit and
the free space R* expectation on a log-log scale with respect to distance. This plot is normalised
relative to the nearest measurement made so that the reduction with respect to distance can be
estimated. Similar propagation was measured for both devices for the same indoor environment
and target. A difference in propagation would also be expected due to the difference in the
‘floor roughness to wavelength’ ratio for the two devices. Also measurement error in alignment
were minimised but are expected to be measurable due to the accuracy of the alignment method.
The obtained path loss information can be used to aid in estimating the noise floor of each of
the devices. The measured range profiles for each distance are shown in Appendix A and

Appendix B for the 150 GHz and 300 GHz devices respectively.

] : [ :
.--{|=# measured data | -
“||==Ilinear approx |

rx power [dB]

10*Ioé(range [m])

Figure 3-37: Normalised received power from a sphere at different distances to the transceiver; using
the measured data in comparison to the theoretically calculated values
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Figure 3-38: Normalised received power from a sphere at different distances to the transceiver; using
the measured data in comparison to the theoretically calculated values

A plot that contains the theoretical SNR with respect to distance and the measured SNR,
gained by using noise statistics, is shown in Figure 3-39 and Figure 3-40. The range power
used was estimated from these propagation plots. The difference between the estimated and
measured SNR are visible in Figure 3-41 and Figure 3-42. The Noise figure is supposed to be
not related to distance and the small variations, which are a fraction of a decibel, are expected
to be due to errors in the alignment of the transceiver and target for each measurement. The
specification of the ELVA 150 GHz FMCW is 12 dB [58] and the mean measured value agrees
well with this. The 300 GHz system is vague [60] and states that the Noise Figure is less than

17 dB and the measurements are around 11 dB for this setup.
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Figure 3-39: Theoretical SNR (with 0dB Noise Figure) plotted against measured SNR [150 GHz]
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Figure 3-40: Theoretical SNR (with 0dB Noise Figure) plotted against measured SNR [300 GHz]
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Figure 3-41: Estimated Noise Figure of the 150 GHz system at a range of distances
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Figure 3-42: Estimated Noise Figure of the 300 GHz system at a range of distances

The gained knowledge on both the propagation of the waves at 150 GHz and 300 GHz

within the experimental site and also of the noise figure performance of both the FMCW and
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Stepped Frequency device were jointly used to analyse measurements made. The estimated
loss due to target returns splitting into multiple range cells was also considered when planning

the cable experiments and analysing the results obtained.

3.4 Conclusion

Two high resolution SAR systems developed by Thales UK and DSTL, the [-Master
and Bright Spark systems, have been briefly described in terms of the main spotlight SAR
processing parameters and the intended application. The information gained from Spotlight
SAR imagery whilst under the supervision of Malcolm Stevens (Chief Engineer at Thales UK)
was presented. A novel spectrum analysis suggested by Mr. Stevens that enabled further

enhancement of power cable signatures has also been described.

Two millimetre-wave radars, currently at the University of Birmingham have also been
described, a 150 GHz FMCW system purchased from ELVA and a 300 GHz VNA system
which makes use of frequency converters designed by VIVA tech. The basic principles of
FMCW radar and Stepped Frequency Radar have been stated in order to understand the main
parameters and also the compromises that are required when planning OH power cable

measurements.

All of the experimental sites used to gather overhead power cable measurements have
been discussed. Two outdoor sites, both in rural areas of the UK, but each with completely
different power cable setups were analysed and the main parameters of each stated. The indoor
experimental mmW laboratory developed to perform measurements at 150 GHz and 300 GHz
has been described. The effect of ground clutter on wave propagation was stated and
experimental results that show a difference for both devices compared to the simplified free-
space model. Noise floor experimental results were shown that agree with the specifications of

both the 150 GHz and 300 GHz systems. The effect of target returns being spread into multiple
137



range cells was stated and estimations of target returns in each cell were defined. All of the
investigations performed in the indoor measurement site at 150 GHz and 300 GHz allowed a

more accurate assessment to be made of the results acquired.
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4. Ku-band & Ka-band Cable Measurements

4.1 Introduction

This section will display the results gained from using the spectrum analysis technique
on the spotlight SAR images obtained by the [-Master and Bright Spark systems whilst each

were on-board aircraft mid-air.

The angular profiles measured from the farmland and pylon scenarios will be presented,
analysed and compared with theoretical expectations. The positions and widths of all the
measured peaks in the cable backscatter will be estimated using a simple quadratic fitting
process and the outline of the process and results produced will be described. The similarities

and differences in both peak position and width were compared across all measurements.

The PO modelling of a straight OH power cable will be combined with the sagging
model, presented in Section 2.3, in order to model the effect of varying sagging characteristics
on the power backscattered to an airborne radar. The results gained from these simulations,
which include parameters extracted from both high-resolution SAR and optical images, will be
compared with measurements made. This comparison will include observations made from

range-Doppler images which are shown in Appendix C and Appendix D.

4.2 Measured Angular Profiles

4.2.1 Farm Scenario

Subsequent to using the along-cable Fourier Transform based technique on all of the cable

subsections in Figure-4-1, for both the Ka-band and Ku-band sets of measurements, the
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processed data obtained was plotted with respect to the centre of the specular lobe; the resulting
figures are shown in Figure 4-2 and Figure 4-3. The levels in these plots are normalised to the

maximum value measured for a given cable subsection.

Figure-4-1: Multilook spotlight SAR image of farmland scenrio

The main observations in Figure 4-2 and Figure 4-3 are as follows:

e Figure 4-2 (Ku band angular profiles): The only angular profile measured, at
Ku band, with both positive and negative Bragg lobes shows good symmetry with
respect to the centre of the specular lobe with magnitude of the angular difference
being 22.4° for the positive Bragg lobe and 22.2° for the negative lobe. A further
consistency in Figure 4-2a to Figure 4-2c is that all of the Bragg lobes are in the
range of 22-23 degrees away from the specular lobe for a given cable and these
four figures were constructed using strands of cable along the ‘A’ power line in
Figure-4-1. The Bragg peaks in Figure 4-2d can been seen to be observed at slightly

lower angular separation of 19 degrees which may be due to a different cable type
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being present along line ‘B’ . All Bragg peaks were observed to be -30 to -20
decibels down relative to the specular peak.

Figure 4-3 (Ka band angular profiles): All of the peaks measured off normal
incidence were at much smaller angular positions (relative to specular) compared
to those measured at the lower frequency in Figure 4-2 which was expected from
theory. All of the off-normal peaks measured within the scenario in Figure-4-1
were in the angular range 9-12 degrees. Due to the Bragg peaks at Ka-band for
these cables being at an angular position closer to specular, all of the plots in Figure
4-3 contain both the Positive and Negative Bragg lobes that are all reasonably
symmetrical around the specular lobe centre. The increase in frequency has caused
the Bragg lobes to become less noisy and to have a lobe structure similar to its
specular counterpart at around normal incidence; although the Bragg lobes to
become nosier for patterns with large specular lobe widths as evident in Figure
4-3d. As with the Ka band results the Bragg peaks were consistent for a given line
which suggests that each line has the same type of cable throughout which would
be a more than reasonable assumption to make as cable type relates to current
capacity and no voltage/current transformers were observed. It also shows that each
line has slightly different surface periods on the surface of the cable used for each

line.
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Figure 4-2: : Cable backscattered power with respect to angle measured by the I-Master radar (Ku band) for
various cable subsections in Figure-4-1: (a) A1, (b) A2, (c) A3, (d) B3, Note: Cable 1: Northmost, Cable 2:
middle and Cable 3: Southmost.
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Figure 4-3: Cable backscattered power with respect to angle measured by the Bright Spark radar (Ka band) for

various cable subsections in Figure-4-1: (a) A3, (b) Bi, (c) B2, (d) C2, (e) C3. Note: Cable 1: Northmost, Cable
2: middle and Cable 3: Southmost.
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4.2.2 Pylons Scenario

Figure 4-4 shows the scenario that contains a single span of OH power cables that were
suspended by Pylons. This cable scenario was measured by the Bright Spark system at Ka band
and following the formation of the spotlight SAR image, the spectrum analysis technique was
also used on the data collected. The resulting plots that contain the backscattered power
measured by the radar system with respect to the aspect angle relative to the centre of the

specular lobe are shown in Figure 4-5.

Figure 4-4: Multilook spotlight SAR image of rural Pylon scenario

Figure 4-5: As with the farm scenario, the negative and Bragg peaks were measured to be
approximately symmetrical round the centre of the specular peak. This suggests that all of the
275 kV cables will have around the same surface period on the outer strands of the cable. The
asymmetry of the Bragg lobe magnitudes with respect to normal incidence, of around -25dB,
is expected to be due to the weighting process used to form the original spotlight SAR image
prior to the spectrum analysis technique. The lobe widths and lobe positions and not the
magnitude will be analysed here. The lobe widths measured for the Pylon scenario were on

average the largest out of all the measurements processed. Figure 4-6 was constructed by using
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the peak location data, Aircraft INS data and Google maps database in order to gain further

confidence in the results.
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Figure 4-5: : Cable backscattered power with respect to angle measured by the Bright Spark radar (Ka band) for
all of the detected cables present in Figure 4-4.
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Figure 4-6: Constructed Image that overlays the specular and Bragg locations with respect to to the aricraft (with
radar and INS onboard) with the Google maps image

4.3 Quadratic Lobe Fitting

A curve fitting procedure was used to analyse the data in Figure 4-2, Figure 4-3 and
Figure 4-5 with higher accuracy and this section will discuss the fitting technique used and the

results gained.

In order to obtain a continuous, easily modifiable function that comprises the main
features of each specular and Bragg lobe measured, the quadratic function in Equation 4-1 was
fitted to each set of normalised data by using the non-linear least square fitting method [70].
Once the fitting procedure has gained values of a, b and ¢ to approximate a set of data, the
estimated peak position can be simply calculated by using Equation 4-2. The estimated width
of each lobe, Aw'?, has to be relative to a certain value, K¢ (Equation 4-3), down from the peak
value. The value of Aw¥ (Equation 4-5) can be simply calculated by finding the solution X/

(Equation 4-4). K"¢ was arbitrarily chosen to be 6 decibels for all the results presented here.
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The specular and positive Bragg lobes from cable 1 in Figure 4-5 alongside the quadratic

function fitted for each are all visible in Figure 4-7.

Sit __ 2
y - a'xdata + bxdata +c

Equation 4-1: Quadratic equation for fitting
—b
X, =—
" 24
Equation 4-2: Peak location for a fitted quadratic curve

ypk—K’ef:ax *+bx,, +c

sol sol

Equation 4-3: Location of amplitude that is below the peak value

b+2y-aK™
Xeot = T

Equation 4-4: Analytical solution for x position (xs/) at K¢ down from the peak position

All the results presented here were gained with K"¢=6 dB

ref _
Aw —‘xpk X

sol

Equation 4-5: Width of the fitted quadratic peak for a given reference value (-6 decibels in this case)
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Figure 4-7: Specular and Bragg peak of cable 1 in Figure 4-5 (black with crosses) alongside the fitted quadtrtic
curved for each (solid green and solid sky blue respectively)

4.4 Tabular Results

The peaks and widths estimated by using the non-linear least square fitting method and

the quadratic function on the Farmland cable data are presented in tabular form as follows:

e Table 4-1-Estimated Bragg lobe angular positions
e Table 4-2- Estimated period of the periodic cable surface structure
e Table 4-3- Estimated Specular and Bragg lobe widths

The following observations were made from the tabular data:

Table 4-1: A clear consistency in the estimated Bragg peak location can be seen for a given
power line at both frequencies. The relative error of the Bragg peak location lies between
around 10 — 1% amongst different strands. Approximately double the centre carrier frequency
can be also seen to roughly half the Bragg lobe positions in all cases which agrees with

expectations.

Table 4-2: Inserting the mean of the Bragg positions for each line and also the centre

wavelength of the Bright Spark and [-Master devices produces consistent estimates in the
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estimated surface period for a given power line. The difference in the mean estimations is

submillimetre.

Table 4-3: The Specular and Bragg lobe widths estimated have a consistency again for a given
line but this consistency is much lower than that of the Bragg positions present in Table 4-2.
The consistency was enough to notice abnormally narrow peak widths for line ‘B’ at both
Ku band and Ka band. This observed peculiarity warranted the processing of a small area of
Figure-4-1 which produced Figure 4-8. Figure 4-8 shows that a large tree is pressing against
this line causing it to become taut. Figure 4-9 was obtained from Google maps which shows
that this line is terminated at a substation around 300 metres south-west from the farm and this
explains the tautness present because of a line termination at both ends (at the substation and
farm). This vulnerability in the line was found by analysing any relatively narrow peaks in the

cable backscatter and by analysing asymmetries in the high-resolution signatures.

Table 4-1: Estimated magnitude of Bragg peak locations with the mean and standard devivation values for the
three cable measurments for both positive and negative lobes [y (mean) = ¢ (Standard deviation)]

Line/ | 1 2 3 4
Span
A [Ka [|¢p]: 10.5£0.011° | |¢p|: 10.750.017° | |¢p|: 10.6  0.024°

Ku ||bp|: 22.9+£0.012° | |dp|: 22.2+0.144° |op|: 22.9 £0.174°

B Ka | |¢p|: 9.15+0.007° | |dp|: 9.15+0.006° | |dp|: 9.1 £0.005° | |¢p|: 9.45

+0.005°

Ku op|: 19 +0.013°

C |Ka [|¢pf: 1235 bp|: 12.240.01° bp|: 12.7 % 0.076°

0.053°
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Table 4-2: Estimated cable surface period that uses the values in Table 1 and Equation 1-26

[t (mean) = o (Standard deviation)]

Span Mean Surface Period (L) Mean Surface Period (L)
[Ky, band] [Ka band]

A 24+ 0.118 mm 24 +0.038 mm

B 28 £0.017 mm 27+ 0.138 mm

C 20 £0.055 mm

Figure 4-8: Small processed section of Figure-4-1 where measured specular and Bragg lobe widths were
measured to be minimal.
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Figure 4-9: Annotated Google Earth image of the power cable substation location, around 308 m southwest from
the farm, that cables spans B and C are physically coupled (Figure-4-1).

Table 4-3: Estimated Specular and Bragg lobe widths with the mean and standard deviation values for all
strands [y (mean) £ ¢ (Standard deviation)]

Line/ 1 2 3 4
Span
A K, Specular: Specular: Specular:
0.113 £0.012°
0.121 £ 0.2166 +
0.011° 0.028°
Bragg:
0.172
0.022 Bragg: Bragg:
0.24 + 0.1847
0.022°
0.015°
Ku Specular: 0.125 + Specular: Specular:
0.005°
0.187+ 0.279 +
0.025° 0.063°
Bragg: 0.627 +
0.026°
Bragg: Bragg:
0.332+ 0.842 +
0.026° 0.383°
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B | Ka Specular: Specular: Specular: Specular:
0.053 £ 0.002° 0.062 + 0.084 +£0.01° 0.0575 £
0.013° 0.003°
Bragg: Bragg:
Bragg: Bragg:
0.059 +0.007° 0.0679 +
0.0511 + 0.01° 0.051 +
0.008° 0.007°
Ky Specular:
0.0221 +
0.001°
Bragg:
0.156 +
0.075°
C | K. | Specular: Specular:
0.132 £ 0.06° 0.184 = 0.094°
Bragg: Bragg:
0.525 £0.29° 0.4177 +£0.226°

The quadratic lobe fitting method was also performed on the data gathered by measuring the
cables suspended by pylons in Figure 4-5. The mean and standard deviations of the estimated
Bragg positions, specular lobe widths and Bragg lobes widths estimated for all nine cables

present in Figure 4-4 are as follows:

e |bp: 15.012£0.101°
e AW (Specular): 0.157 +0.025°
e Aw (Bragg): 0.169 + 0.088°
The Bragg lobe location with respect to the specular peak were observed to have a relative

error of less than 1% which allows us to confirm that the same type of wire was used on each
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section of the line. The mean Bragg lobe location was slightly higher than those measured in
the farmland scenario which is expected due to the high current capacity of these cables relative
to those suspended by wooden telegraph poles at a lower height. The mean value of the specular

and Bragg lobe widths was measured to be almost equal for the single span of cables.

4.5 Cable Sag Simulations

In order to validate and also reproduce the observed behaviour in measured data, the
PO model for a straight ACSR cable was combined with the sagging model described earlier
in the thesis. Parameters gained from analysing the high-resolution SAR images and certain
measured results will be inserted into these models to see the effect of sagging and changing

between Ka band and Ku band radar devices.

First of all, by jointly taking into the estimated surface period in Figure 1-18 and the
cable structure information available in literature [38], a straight ACSR cable with the
following parameters was simulated with the length of (AR)"? at a distance of 4 km at both Ka

band and Ku band:

e D=35.2 mm (Total Cable Diameter)

e d=4.446 mm (Outer Strand Diameter)
e P=146 mm (Helical Pitch)

e L[=24 mm (Surface Period)

e N=45 (Number of strands)

This simulation produced the angular profiles visible in Figure 4-10.
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Ku band: The Ku band profile is very similar to all of the measured profiles; in terms of the
number of peaks and the location of each of these peaks. A single Bragg peak either side of

specular position was simulated at an angular position of around 21 degrees.

Ka band: The Ka band profile is similar to the measured profiles at Ku band in terms of the
location of the first peak off normal-incidence which was around -14 degrees in simulations.
The absence of additional peaks beyond this first peak were not measured due to the lack of

measurements at these angles.
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Figure 4-10: Simulated Angular profile for a small section (Fresnel length at 4 km) at both Ka band and Ku
band using the theory presented in Section 2.2

The angular profile for the straight ACSR cable in Figure 4-10 was then incorporated into the

sagging model in Section 2.3.
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The sagging characteristics, cable spans and transceiver parameters simulated were chosen to
equal the measurements gained from both the on-board sensors and processed spotlight SAR

data which were outlined in sections 3.3.1 and 3.3.2:

Farmland scenario parameters:

Cable span: 100m

Cable suspension height: 8m

Transceiver altitude: 1.5 km

Range to cable centre: 4 km

Pylon scenario parameters:

Cable span: 232m

Cable suspension height: 60m

Transceiver altitude: 1.5 km

Range to cable centre: 4 km

The Farmland parameters produced the angular profiles in Figure 4-11 and Figure 4-12 for Ku
band and Ka band respectively. The plots in these figures were normalised to the maximum
value for each cable tautness simulated so that the effects were clearly visible. Figure 4-15 has

the simulation results for the Pylon scenario at Ka band.
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Figure 4-11: Simulated angular profiles (using Figure 4-10) for a span of ACSR cable with different sagging
distances at the centre (Ka-band for Farmland scenario)
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Figure 4-12: Simulated angular profiles (using Figure 4-10) for a span of ACSR cable with different sagging
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Figure 4-13: Simulated angular profiles (using Equation 1-12) for a span of Smooth cable with different sagging
distances at the centre (Ka-band for Farmland scenario)
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Figure 4-14: Simulated angular profiles (using Equation 1-12) for a span of smooth cable with different sagging
distances at the centre (Ku-band for Farmland scenario)
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Figure 4-15: Simulated angular profiles (using Figure 4-10) for a span of ACSR cable with different sagging
distances at the centre (Ka-band for Pylons scenario)
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Figure 4-16: Simulated angular profiles (using Equation 1-12) for a span of smooth cable with different sagging
distances at the centre (Ka-band for Pylons scenario)
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All  of the simulated results conclude that an increase in tautness
(central sagging distance /cable span) produces a lobe widening and peak magnitude reduction
in both the specular and Bragg lobes until the Bragg lobes merge into the specular lobe to form

ripples.

This effect is evident throughout the farmland results (Figure 4-2 and Figure 4-3). Figure 4-3d
in particular shows the effect between strands as the widest specular lobe has the nosiest Bragg
lobe measurement. The tautness and lobe width effect was validated previously by gaining

“high resolution” truth in Figure 4-8.

The most extreme effect of the Bragg lobes disappearing to form a rippling effect along the
relatively wide specular lobe was observed in Range-Doppler imagery of the pylon scenario
which is visible in Appendix C and Appendix D. Although a Bragg peak was detectable in the
Range-Doppler images in Appendix D an extreme widening of this relatively low magnitude
peak was observed which swept the entire span of the cable span (around 232 metres) and this

did have a clear rippling structure in the images.

Figure 4-11, Figure 4-12 and Figure 4-15 display the same effect at different extremes where
the simulation results in Figure 4-15 appears to have the most extreme effect which is no

surprise due to the ratio between the maximum sagging distance at centre and cable span.

The results for a sagging smooth cable in Figure 4-13, Figure 4-14 and Figure 4-16 also show
a widening of the main lobe and a merging of the side lobes is pressing for an increased central
sagging distance, although due to the absence of periodic grooves, a reduction in magnitude is

seen off normal incidence as expected.
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4.6 Conclusion

This chapter has displayed the results of performing the spectrum technique on
high- resolution spotlight SAR images at both Ka band and Ku band. These results showed
consistencies in the Bragg peak locations for a given power line and these Bragg peak locations
allowed cable surface period estimations to be made that has the potential to classify cables by
type and hence estimate the current capacity. This cable surface period estimate also validated
the Bragg relationship with wavelength as the results shown have an error range of 2-10% in
both the Ka band and Ku band results which is equivalent to a fraction of a millimetre accuracy.
The specular and Bragg lobe widths were fairly consistent for a given strand and subsection
although these widths were seen to vary significantly for different lines. Abnormally small
specular and Bragg lobe widths which allowed the finding of a tree pressing on the line to be
found on the high-resolution SAR images which was causing the cable to become taught. The
Physical Optics model for a straight cable was incorporated into the sagging model presented
in this thesis to validate the Bragg peak locations and the effect of sagging on both specular
and Bragg lobe widths. A rippling effect that was observed along sagging power lines in Range-
Doppler images was also seen in the simulated results for sufficient sagging distance to cable-

span ratios.
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5.mmW /Low-THz Power Cable Results

5.1 Introduction

This section will display the results gained from measuring OH power cables at
150 GHz and 300 GHz. Quantitative values of the RCS will be shown. These are available
because the measuring instruments have been calibrated against standard reflectors. The ACSR
and ACCC type of cables were rotated individually at several aspect angles (Figure 5-1)
between -20° and 20° and a high resolution range profile was measured for each of these which
produces a three dimensional image; the axes being range, rotation angle and magnitude. The
magnitudes in this image for the two types of cables at the two frequencies of interest was then
summed in range to form angular profiles in order to observe any Bragg scattering behaviour.
The measured image with the axes: aspect angle (z-plane), range(y-plane) and RCS (z-plane)
was then used to produce a threshold value by taking the mean of the noise/clutter in a section
of the image. This was then used to measure the nearest and furthest ranges the cable was

detectable at each aspect angle which enabled range spread plots to be created.

All the previous measurements will be supported with the Bragg, Range Spread and
Physical Optics theories described earlier in the thesis (Sections 1.3.3, 1.3.4 and 2.2

respectively).
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Range=6.5

Figure 5-1: Indoor Experimental setup realised for the 150 GHz and 300 GHz devices

5.1.1 Experimental Parameters

Table 5-1 shows the main parameters of the experiments performed at the upper part of
the millimetre-wave band. The devices had approximately the same 3dB beamwidths in
azimuth and elevation in which the former plane had a narrower resolution. The range
resolution of the 300 GHz devices was finer although the distance of all the measurements were
all approximately 6.5 m causing the illumination length by the antenna to be consistent for all

measurements.

Table 5-1: Bragg scattering experimental parameters

Parameter Experiment | Experiment
1 2
Frequency (fo) 150 GHz 300 GHz
Range Resolution (Ar) 25 mm 10 mm
3dB Azimuth Beamwidth (H- ~1.5° ~1.5°
plane)
3dB Elevation Beamwidth 10° 10°
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Distance (R) ~6.5m ~6.5m

3dB illumination length ~170mm ~170mm

Fresnel length, 2V(Ar) ~125mm ~72.5mm

5.2 Experimental Results

5.2.1 High-Resolution Images

5.2.1.1 Results

As briefly described, the measurements of each of the two types of power cables
involved processing a range profile with the bandwidths stated in Table 5-1. To make sure
that no physical movement was present along the target, so that the range-Doppler coupling
in the linear modulation can be neglected, a sufficient period of time (around 5 seconds)

occurred between each measurement.

After subsequent FMCW (150 GHz) and Stepped Frequency (300 GHz) processing the
backscattered RCS images produced for the ACSR and ACCC cable types are shown in
Figure 5-2 to Figure 5-5. The plots of summing the RCS amplitudes in range are shown in

Figure 5-6 to Figure 5-9:

e Figure 5-2 and Figure 5-6 (ACSR-150 GHz): contains the expected distinct peak
structure predicted from Bragg theory with 7 peaks clearly detectable with a max
summed RCS of -5.5 dBsm. The cut-off angle of around +15° is also clearly visible
as the furthest detectable peaks away from normal incidence are around +13°.

e Figure 5-3 and Figure 5-7 (ACSR-300 GHz): Peaks are again visible in the expected
range of £15° at 300 GHz although they are not easily separable. An increase of

frequency has not only caused the Bragg peaks to be relatively condensed
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compared to the rotation increment of 0.1° but it has also produced a random
displacement in the specular constructive/destructive interference which is
expected to be caused by surface roughness becoming significant at this
wavelength. The maximum peak value in the summed RCS plot is around -
1.5dBsm and the average RCS within the detectable cable backscatter is around -
10dBsm.

Figure 5-4 and Figure 5-8 (ACCC-150 GHz): The measured image shows a
dominant main lobe around normal incidence and not much backscatter detectable
away from a few degrees off-normal. This is typical of a smooth metallic cylinder
although some constructive/destructive interference is visible within the main lobe
which may be due to the surface structure of the ACCC cable. The main lobe peak
amplitude was measured to 4dBsm which is the highest amplitude measure for all
cases which makes sense as the vast majority of the ACCC RCS profile at 150 GHz
is contained in the main lobe. A couple of peaks with an amplitude of around
- 5 dBsm were seen near the extreme angle at which Bragg returns would be
expected, although, for some reason, these are only apparent on one side of the
profile.

Figure 5-5 and Figure 5-9 (ACCC -300 GHz): Within this image the main lobe still
dominates, as with Figure 5-4, although a reduction in the incident wavelength and
hence an increase in surface sampling has caused some of the lower order Bragg
lobes, up to around 6°, to become more significant in the cable signature but these
lobes are around 10 dB lower than the dominant lobe around normal incidence.
The amplitude of the main lobe amplitude has a decreased value of 1.5 dBsm.
Figure 5-9 also shows, between about 2 degrees and about ten degrees either side

of broadside, a significant broad backscatter which decreases steadily with angle
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off broadside. The fact that this phenomenon is not visible at 150GHz (Figure 5-8)
provides strong evidence that it is caused by diffuse scattering. The power which
is scattered into this mode has, of course, been taken from that which would

otherwise have been scattered coherently and this is why the level of the coherent

‘flashes’ is slightly lower than it was at 150GHz.

RCS (dBsm)

-30 -20 -10 1] 10 20 30
aspect angle (deg)

Figure 5-2: Measured image using the calibrated 150 GHz FMCW radar with Af~5 GHz to measure high-
resolution range profiles of the ACSR cable at multiple aspect angles
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Figure 5-3: Measured image using the calibrated 300 GHz Stepped Frequency radar Af~16 GHz to measure
high-resolution range profiles of the ACSR cable at multiple aspect angles
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Figure 5-4: Measured image using the calibrated 150 GHz FMCW Af~5 GHz radar to measure high-resolution
range profiles of the ACCC cable at multiple aspect angles
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Figure 5-5: Measured image using the calibrated 300 GHz Stepped Frequency radar Af~16 GHz to measure
high-resolution range profiles of the ACCC cable at multiple aspect angles
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Figure 5-6: Measured image in Figure 5-2 summated in range (ACSR 150 GHz)
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Figure 5-8: Measured image in Figure 5-4 summated in range (ACCC 150 GHz)
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Figure 5-9: Measured image in Figure 5-5 summated in range (ACCC 300 GHz)

5.2.1.2 Analysis

To confirm that the models described in this thesis incorporate the main features of the
measured high-resolution backscatter from both the ACSR and ACCC power cables, the
experimental parameters were inserted into the Physical Optics model described in the
modelling chapter. The far-field azimuth patterns simulated were normalised to gain estimates
into the RCS magnitudes in the indoor experimental setup at the short range present (Figure
5-1 and Table 5-1). The normalisation makes use of the analytical far-field RCS equation for a
smooth cylinder (Equation 5-1) and the assumptions that all the Bragg lobes will be the same
amplitude (Equation 5-2) with the backscatter also spread evenly in Range (Equation 5-3 and
Equation 5-4). The effects of Bragg lobes and Range spread are incorporated to produce the
normalisation equation for the far-field cable patterns. Equation 5-5 will be used to compare
expected RCS magnitudes with measured calibrated values.

2l
ol P

norm

Equation 5-1: Far-Field RCS of a smooth PEC cylinder
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where [ - cylinder length, » - cylinder radius, A - incident wavelength

bragg ____norm
o peak ~— o ol 10 log(Npk)

Equation 5-2: RCS of Equation 5-1 divided into the number of peaks

where N, —Number of peaks

ANcells — |7 ARspread (9) —l

Ar

Equation 5-3: Number of cells that the target is spread in range

where ARspread — Spread in Range, Ar — Range resolution
Lprian - —101og(AN “y

Equation 5-4: Loss due to returns being split evenly into different cells

O_extented — O_normcyl _ 10 lOg(Npk ) _ 1 0 log(ANcells )

Equation 5-5: Theoretical extended straight perioic cable RCS

Using Equation 5-2 to normalise the magnitudes of the angular profiles in the modelling
chapters produces Figure 5-10 to Figure 5-13. Using the peak locations, which are not expected
to be related to range for an incident planar-wave, with the Range Spread theory presented

earlier in the thesis the images in Figure 5-14 to Figure 5-17 are created.
The following comparisons can be made between the measured and simulated results:

e ACSR 150 GHz
o RCS profile (Figure 5-6 and Figure 5-10)
The measured angular profile had 7 clearly distinguishable peaks with
magnitudes that range between -6 dBsm to -12 dBsm with an average of around

-9dBsm. The simulated response had 5 peaks with a space of -5 dBsm to
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- 12.5 dBsm with an average of -10 dBsm. The magnitudes of each peak were
consistent for both measurement and simulations although the measured cable
signature had two extra peaks. The possible reason for these extra peaks being
measured is the frequencies in which the FMCW chirps to get a bandwidth of
5 GHz although this bandwidth is less than 5% of the central carrier frequency.
The simulated response only considered a single narrow-band centre frequency
so it is unsurprising that additional constructed interference happens for the

chirp response.

o Image (Figure 5-2 and Figure 5-14)
The modelled and simulated images both have the same discrete peak structured
distributed over a number of range cells. The main difference between the
images is that spread in range when the cable is indeed detectable increases

slightly with range but this increase is not clear in the measured image.

e ACSR 300 GHz
o RCS profile (Figure 5-7 and Figure 5-11)
The simulated response had 9 easily distinct peaks between +15° with peaks
that span between -7 dBsm and -15dBsm with an average of around -10dBsm.
As mentioned previously the peaks measured were not easily separable although
they are indeed more condensed as the modelling predicts. The peaks measured
range in between -1 dBsm and -10 dBsm with an average of -7.5 dBsm. This
deviation is attributed to the diffuse scattering becoming significant due to the
ratio of surface roughness to wavelength increasing. An increase in the number
of peaks is also expected due to the frequency being stepped through a

bandwidth of 16 GHz around the carrier frequency. The range at which an
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increase in backscatter was observed is consistent for both the model and

measurements.

o [Image (Figure 5-3 and Figure 5-15)
At 300 GHz, the discrete peaks become less distinguishable compared to the
simulated results although due to the higher range resolution, the spread in range
in cable backscatter can be clearly seen to increase as the aspect angle increases
as in the measured results.
e ACCC 150 GHz
o RCS profile (Figure 5-8 and Figure 5-12)

The simulated angular profile had a maximum at normal incidence with a
magnitude of 4.5 dBsm with two peaks either side at +2° a few decibels lower
in magnitude. The pattern also displays minor but observable asymmetries. The
measured main lobe had also a magnitude of around 4dBsm with two peaks
either side at £2° although one was a few decibels lower than simulated. A
distinct peak at around -4dBsm was detected in measurements although this was
absent in simulations. The simulations assumed that the grooves of the ACCC
cable are Gaussian shaped to keep the modelling simple although the groove
edges of the actual cable were discontinuous which may be causing this extra
detail at 15° to be not present in modelling. Physical Optics would not have
included edge diffraction even if the actual discontinuous surface structure
would have been present, this would have required a much more advanced and
computationally intensive model such as UTD (Unified Theory
of Diffraction) [71].

o [Image (Figure 5-4 and Figure 5-16)
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The simulated and measured images for the ACCC at 150 GHz are very similar
as a dominant main lobe spread in range can be observed for both. Some
relatively weak backscatter can be seen in the measured results at angles over
5 degrees but this is expected to be due to both wear in the cable and the absence

of the discontinuous groove edges in modelling the ACCC type.

e ACCC 300 GHz
o RCS profile (Figure 5-9 and Figure 5-13)
The simulated profile had a main lobe at normal incidence at around 0 dBsm
although this has small rapid fluctuations of few decibels between +£3°. The
measured results also show low order lobes up to 7.5° with peak magnitudes at
approximately -16dBsm. The simulated results show a narrower main lobe at
around 2 dBsm and lobe structure up to around 8° although these were slightly
higher in magnitude (-12 dBsm on average) than the simulated lobes off normal

incidence.

o Image (Figure 5-5 and Figure 5-17)
The measured and simulated image for the ACCC type at 300 GHz are similar
in the fact that both have a dominant main lobe although the spread in range of
this lobe is observed to be much larger than any returns at higher aspect angles
in the measured results. The dominant scattering at normal incidence may be
providing a wider response after processing and this coupling between
backscattered lobe amplitude and width was not taken into account in

modelling.
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Figure 5-10: Normalised simulated PO angular profile for a ACSR at 150 GHz
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Figure 5-11: Normalised simulated PO angular profile for a ACSR at 300 GHz
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Figure 5-12: Normalised simulated PO angular profile for a ACCC at 150 GHz
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Figure 5-13: Normalised simulated PO angular profile for a ACCC at 300 GHz
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Figure 5-14: Image constructed by appling peak detection to the simulated Angular Profile (Figure 5-10) and
combining this with the theoretical Range Spread model for a rotated cylinder [ACSR 150 GHz and Af~5 GHz]
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Figure 5-15: Image constructed by appling peak detection to the simulated Angular Profile (Figure 5-11) and
combining this with the theoretical Range Spread model for a rotated cylinder [ACSR 300 GHz and Af~16 GHz]
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Figure 5-16: Image constructed by appling peak detection to the simulated Angular Profile (Figure 5-12) and
combining this with the theoretical Range Spread model for a rotated cylinder [ACCC 150 GHz and Af=5 GHz]
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Figure 5-17: Image constructed by appling peak detection to the simulated Angular Profile (Figure 5-13) and
combining this with the theoretical Range Spread model for a rotated cylinder [ACCC 300 GHz and Af~16 GHz]
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5.2.2 Range Spread and Bragg Coupling

a0.R),
- Threshold Peak Detection
- Mean( Noise ) »
-+ Max >
Plot
¢ Rspread ;= Rmax (gpg)- Rmin{ gpi)
Results |

Figure 5-18: Range spread processing of measured image which consists of thresholding, peak detection and max
and min range finding in the range profile gained at each aspect angle.

To measure the spread of cable backscatter in range, so that unique signatures for such
targets can be obtained by processing high-resolution radar images, a technique was required
that was robust to noise, clutter and other processing effects. Figure 5-18 shows a block
diagram that is an overview of the processing performed to measure the range spread signatures
presented. After measuring range profiles for a number of aspect angles a threshold method
was required to separate cable returns from the noise and surrounding clutter. To do this
without a large computation requirement and sophisticated theoretical basis, Nuin samples of
the lowest returns in the measured image was averaged and the maximum return from the cable
was also stored. Through varying Nui,» and analysing the probability distribution function shape

and mean value, a value of 50 samples was selected to calculate the threshold value. This
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threshold value was halfway between the maximum stored value and the mean noise value on

a decibel scale and only returns that were above or equal to this threshold were considered.

Subsequent to applying the previously defined threshold, a digital peak detection
method that uses the derivative and second derivative of the 2D data to decide where
maxima/peaks are present in the image was used. This peak finding method was performed to

remove the effect of lobe widths on the range spread signature.

The final step in range spread processing was computing the nearest and furthest peak within

the span of ranges and aspect angles that the cable was detectable.

5.2.2.1 Results & Analysis

This section will show the power cable range spread signatures obtained by using the
processing previously described. These results will be compared with simulated results that
were produced by using both the PO theory of cable scattering and the range spread theory

described earlier in the thesis.

Figure 5-19 to Figure 5-22 are the resulting range spread signatures that were produced by
inserting the measured images (Figure 5-2 to Figure 5-5) into the processing method described
in Figure 5-18. Figure 5-23 to Figure 5-26 are a result of processing the theoretical images in

Figure 5-14 to Figure 5-17 with the same technique.
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Figure 5-19: Measured range spread [ACSR, 150 GHz and Af=5 GHz]
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Figure 5-20: Measured range spread [ACSR, 300 GHz and Af~16 GHz]
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Figure 5-21: Measured range spread [ACCC, 150 GHz and Af~5 GHz]
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Figure 5-22 : Measured range spread [ACCC, 300 GHz and Af~16 GHz]
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Figure 5-23: Simulated range spread [ACSR, 150 GHz and Af=5 GHz]
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Figure 5-24: Simulated range spread [ACSR, 300 GHz and Af~16 GHz]
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Figure 5-25: Simulated range spread [ACCC, 150 GHz and Af~5 GHz]
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Figure 5-26: Simulated range spread [ACCC, 300 GHz and Af~16 GHz]

The measured and simulated mean, minimum and maximum range spread due to the cable
being at a squint angle with respect to the radar (Figure 3-33) for each measurement are as

follows:

o ACSR, 150 GHz (Figure 5-19 and Figure 5-23)

Theory-Min: 4, Max: 12, Mean: 8.66
Measured-Min: 3, Max: 7, Mean: 5.8
o ACSR, 300 GHz (Figure 5-20 and Figure 5-24)
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Theory-Min: 9, Max: 33, Mean: 22.21

Measured-Min: 2, Max: 30, Mean: 9.45

o ACCC, 150 GHz (Figure 5-21 and Figure 5-25)

Theory-Min: 4, Max: 6, Mean: 5.2

Measured-Min: 3, Max: 7, Mean: 5.67

o ACCC, 300 GHz (Figure 5-22 and Figure 5-26)

Theory-Min: 9, Max: 21, Mean: 14.3

Measured-Min: 2, Max: 21, Mean: 9.6

Comments: The increased range resolution at 300 GHz (10mm) relative to the 25mm range
resolution present with the 150 GHz system did ensure a larger spread for a given physical
extent. One noticeable difference between theory and measurement was the minimum range
spread measured remained at 2/3 cells regardless of the range resolution and this was not
measured at around normal incidence as expected from theory. The scenario in which the
measurement signature resembled most closely to the signature expected from a rotating
cylinder was the ACSR measurement at 300 GHz (Figure 5-20). The increase in range
resolution for this measurement as well as an expected increase in diffuse scattering are both
the causes of the enhancement of the signature. Although diffuse scattering is expected to allow
the radar to detect more of the cables’ extent it will also reduce the distinct Bragg signature
because of both the random variations of lobes angular positions and amplitudes which is

clearly evident in Figure 5-7.

186



5.3 Summary

This chapter has displayed the results gathered from measuring both the ACSR and
ACCC types of overhead power cables by using the 150 GHz FMCW and 300 GHz Stepped

Frequency radar devices within the indoor Terahertz laboratory.

Images constructed by concatenating the range profiles measured at several aspect
angles were analysed and compared with images constructed by combining the Physical Optics
models and range spread theory. Each image was then summed in range to gain a RCS range
profile that was compared with the simulated narrowband RCS profiles at the centre carrier
frequencies used. The processing technique used to gain Range spread signatures from each of
the images was described and the obtained plots were again compared with theoretical plots
that combined range spread theory with the Physical Optics angular signatures that were
normalised using the number of peaks in the profile and an analytical RCS formulae for a

smooth PEC cylinder.
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6. Conclusions and Future Work

6.1 Conclusions

Electromagnetic simulations of the most common type of overhead power cable (ACSR)
are presented in Section 2.2 which use the Physical Optics approximation alongside the cable
surface model in [43] at 16 GHz, 34 GHz, 150 GHz and 300 GHz. These simulations confirm
the expectation of a higher number of Bragg modes at higher frequency values (Figure 2-7a)
which was also expected in previous power cable theory [18] [38] [39]. A novel theoretical
model of a more modern type of overhead power cable, ACCC, is also presented and show a

reduction in Bragg Mode scattering due to the less prominent surface structure (Figure 2-7b).

Modelling that takes into account measured aircraft disturbances, atmospheric
attenuation and overhead cable sagging parameters at 16 GHz, 34 GHz, 150 GHz and 300 GHz
is presented in Section 2.8 that simulates the required transmit power for a given set of detection
parameters. These transmit powers (Table 2-9) were compared with those obtained with
idealised motion compensation (Table 2-10) to confirm the importance of motion
compensation techniques in airborne radar and thus overhead cable detection. The transmit
powers estimated for cable detection at 150 GHz and 300 GHz were deemed achievable in the
near future by comparing them with current trends at these frequencies [7][8]. Validation for
using devices at higher frequencies on airborne platforms is also discussed in terms of the

practical antenna sizes in Section 2.7.2.

Airborne measurements of multiple overhead power cable lines presented here
(Section 4) alongside simulations that combine a Physical Optics model of a straight power
cable and Geometrical Sagging (Section 2.2, Section 2.3 and Section 4.5) jointly show a

significant effect of cable sag on both the specular and Bragg lobe widths at Ku-band and Ka-
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band. The previous effect allowed a cable hazard to be found in SAR imagery as a line had
abnormally narrow lobes in the angular pattern measured which was caused by a tree pressing
on the line (Figure 4-8) (Table 4-3). The Bragg lobe positions relative to specular were
measured to be consistent for a given power line (Table 4-1) and these Bragg peaks produced
reasonable estimated surface periods (Table 4-2) which were attainable using simple Bragg

theory (Equation 1-26) and knowledge of the transmitted wavelength.

A developed model that combines both overhead cable signatures gained from the
Physical Optics simulations (Section 2.2) with the cable extent at multiple incident angles
(Section 1.3.4) was described in Section 5. This model becomes realistic for radar devices with
sufficient range resolution and also resembles the cable signatures measured by devices at
150 GHz and 300 GHz that have range resolutions of the order of a centimetre (Section 3.2.3
and Section 3.2.4). This coupling between Bragg signatures (Section 5.2.2) and spread in range

is a novel technique which has the potential to supress clutter in a practical scenario.

Some of the main parameters that are important when considering the feasibility of an
airborne radar device operating above 100 GHz have been mentioned in the thesis. The main
advantage of using devices in between 100 GHz and IR is the compactness of a potential radar
device especially when rapid scanning is required for collision avoidance. Another important
factor for the outdoor airborne application is the low scattering loss requirement in order to
gain suitable detection distances even with the presence of dust/smoke. A device robust to
adverse outdoor condition may not be possible using IR or optical devices and a practical

microwave device may not have sufficient resolution to separate targets from clutter.

Transit powers estimations were shown in Section 2.8 for an airborne OH power cable detector
with an acceptable probability detection whilst also having a satisfactory probability of false

alarm due to noise. The estimated transmit power values at both 150 GHz and 300 GHz are
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slightly larger than that present with current devices, such as the 150 GHz FMCW used to
gather measurements, although technological advancements in the near future are expected to
allow these transmit powers to be achievable at these frequencies. Another important factor is
the target fluctuation as this will decide the alignment accuracy and scanning mechanism
required. Moving up in frequency will cause fluctuations to increase for specular targets,
however as shown here, Bragg and Diffuse scattering can reduce the target fluctuations with
respect to aspect angle and this has the potential to reduce the need for expensive motion
compensation devices for an airborne platform. So in all, advancements in power generation
devices and other component manufacturing are considered the main requirements in regards
to submillimetre-wave and Terahertz radar devices to become an affordable and hence a viable

option for airborne radar in the future.

6.2 Future Research and Development

6.2.1 Airborne Overhead Cable Vulnerability Detector

The Ka-band and Ku-band results presented in Section 4 show the capability of measuring
power line faults and vulnerabilities with currently available devices. The resolutions
achievable with the I-Master and Bright Spark systems (Section 3.2.1) also allowed individual
cables of a multi-cable distribution line to be observed in different range cells which allows
any severe asymmetries in the overhead lines to be observed. It is proposed that a comparison
1s made between the costs of having one of these airborne systems to measure regions of interest
with the cost of having ground inspectors inspecting distribution lines on a visually clear day.
The radar devices would not necessarily need a reference cable signature for comparison to
detect power line vulnerabilities as detecting changes in cable profiles over time may in fact

give more information regarding the change in the condition of the cables. Climate information
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may also be gained due to the effect of temperature and certain adverse weather conditions on

cables.

6.2.2 Airborne Bragg Signature Detector

The theoretical results presented in Section 5.2.2, which were supported by measurements in
Section 5.2.1, show the potential of measuring target extent within the Bragg peaks within a
cable signature. This coupling between range spread and Bragg scattering will cause cable
backscatter to be distinct from other types of illuminated objects such as vegetation or urban
structures. This frequency also allows resolution of the order of a centimetre to be practical as
well as having compact devices that can be mechanically scanned at high speeds to obtain
images at an adequate refresh rate. Section 2.8 estimated the required transmit powers to get a
high enough probability of detection of cables and low enough false alarm rate for Rayleigh
noise for a potential transceiver. These presented cable detection simulation results (Figure
2-18 to Figure 2-21) did not include clutter suppression and a proposed millimetre-wave system
that can measure adequately in range and scanning angle by measuring the spread in range
(alongside appropriate range gating) should vastly reduce the presence of surrounding clutter
due to the expected distinct high-resolution cable signatures. When devices that operate at
around 150 GHz become available with transmit powers of the order of 10 dBm, it is proposed
that such a system takes into account the ideas present in this work in order to produce a

compact cable detection system which is robust to the presence of clutter.
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Appendix A. 150 GHz Sphere Range Profiles
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Appendix B. 300 GHz Sphere Range Profiles
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Appendix C. Ka-band Range-Doppler images of

the Pylon Scenario (Specular region)
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Appendix D. Ka-band Range-Doppler images of

the Pylon Scenario (Bragg region)
-
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