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This thesis examines the capabilities of a conventional X-band marine radar associated with

a digital capture board for quantitative measurement of ocean surface roughness, and to

provide a useful tool for oceanographic research. For the first time, the detection

performances of a conventional marine radar system are established and found particularly

suitable to sea clutter measurements at low grazing angles. Similarly, the definition of the

system's radiometric resolution reveals that data quality is comparable to that of traditional

research microwave radars.

The study of the relation between the ocean backscatter and operational parameters

establishes the dominant influence of ocean wave crest scattering and shadowing processes at

low grazing angles. A composite shadowing model is proposed and found to provide a

satisfactory method to estimate the range of ocean backscatter extinction in a wide range of

operational and environmental conditions. Examples of the positive contribution of the

system in particular investigations establish the great potential of this type of instrument in

oceanographic research.
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Chapter 1

Introduction and Aims

1.1 - Introduction

Over the past decade, microwave remote sensing has become an area of great interest for

academic and industrial oceanographers. Airborne and satellite-based microwave radars have

now clearly proven their ability to image the distribution of the sea surface roughness over

large areas. For example, DeLoor (1981) detected underwater bathymetric features from

airborne Real Aperture Radar (RAR) images under suitable tidal conditions. Similarly, the

detection of natural or anthropogenic surface slicks and internal waves signatures using

microwave radar systems is also commonly reported (Vesecky and Stewart, 1982).

Microwave radar systems encountered in the research literature mostly fall into two

categories: (1) airborne and satellite-borne systems benefiting from a wide spatial coverage,

with good spatial and radiometric resolution, and (ii) fixed-platform based systems

concentrating on the temporal evolution of radar scattering within one antenna footprint.

These two types of highly sophisticated systems give complementary information for the

overall study of radar scattering from the ocean. However, when routine monitoring of a

particular area is required or where transitory oceanographic processes are being studied,

they fail to provide the requisite measurement repetitivity and extended spatial coverage.

In comparison, shore or ship-based conventional marine radars are only occasionally used for

scientific applications as they are generally considered unsuitable as investigative tools for

oceanographic research, despite being inexpensive and readily available. This is partly

related to the marine radar technology being optimised for the detection of ships and buoys

for which signals from the sea surface are treated as noisy clutter to be suppressed. In
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addition, the propagation of radar waves over the ocean at near-horizontal angles is more

complex than that at steeper viewing angles. Consequently, the interest of oceanographers

has focused on remote-sensing applications linked with airborne and satellite-based radar

systems, with the simpler marine radar systems remaining largely neglected.

1.2 - History of marine radar applications to oceanography

Until recently, the recording of marine radar data involved the lengthy processing of

photographs of the radar display screens (Kerry, 1984). The intensity of the radar returns was

represented at best as 2 bit data (black/white and 2 grey levels) which limited the intensity

resolution of those instruments. In spite of this, scientific benefit has been demonstrated, for

example in the imaging of gravity and internal waves (Watson and Robinson, 1990).

The advent in recent years of digital capture board technology has made marine radar

backscatter data more easily accessible and reproducible. Radar echoes can be digitised in

real-time to produce 8 bit images (256 grey levels) with spatial resolutions comparable to

that of more expensive airborne and satellite-based systems.

Taking advantage of the instrument's reasonably extended spatial coverage, its high
i

measurement repetitivity and the newly acquired high intensity and spatial resolution, marine |;

radars became a popular method for producing unambiguous directional wave spectra using \

the information in both time and space domains (Young et ai, 1985, Buckley, 1994). Other \

uses of digital marine radar images for oceanographic purposes include the study of wave |:

refraction in the coastal zone (Boalch et al, 1989) and the detection of oil spills at sea

(Atanassov et ai, 1991, van Hasselma and Teeuwen, 1992).

However, most marine radar studies reported in the literature have restricted their interest to

the qualitative exploitation of the information in the images. At present, the only accessible

example of a fully calibrated marine radar applied to oceanography is that reported by Trizna

(1988) at the Naval Research Laboratory (NRL) where a high-performance military radar was

employed to investigate the statistics of sea clutter. But, to the best of the author's
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knowledge, no conventional marine radar system has ever been calibrated and hence their

capabilities for quantitative measurements have never been investigated.

It is difficult to assess the potential of conventional marine radar systems for the quantitative

study of ocean processes as essential information on the dynamic range and radiometric

resolution of those instruments is lacking. The definition of these performances will show the

potential of these marine radar systems as an inexpensive technique to produce reliable

quantitative measurements for a wide range of oceanographic features which may be able to

fill the gap left by other radar systems for operational monitoring in a given area.

1.3 - Aims of the thesis

The prime objective of this thesis is to establish the technical performances of conventional

marine radar systems for the production of quantitative ocean backscatter measurements. The

dynamic range and radiometric resolution of these systems is estimated from the results of

the calibration and error analysis for a standard marine radar associated with an off-the-shelf

digital capture board. Hardware modification is kept to a minimum as the aim of the study is

to give a representative view of the technical performances of a standard system.

The second objective of this thesis is to illustrate the usefulness of quantitative marine radar

images for oceanographic applications. For this purpose, the importance of operational and

environmental parameters on the ocean backscatter is investigated to assess the range of

conditions for which this type of radar is an effective measuring device. Then using

experimental evidence and literature reports on the radar signature of oceanographic features,

the extensive range of oceanographic applications which can be quantitatively studied with

this system is demonstrated.

1.4 - Structure of the thesis

The thesis is divided into two parts to reflect these dual aims. Part 1 (Chapter 2 to 5) is

concerned with the definition of the radar system, its calibration and the determination of its
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performance. Part 2 (Chapter 6 to 8) investigates the properties of the radar backscatter

obtained at near-horizontal incidences with the radar system and its oceanographic

application. The content of each chapter is as follows:

Part 1 - Instrumentation, Calibration and Performance

Chapter 2 provides background information on the parameters quantifying the

electromagnetic properties of a medium and describes the electromagnetic properties of the

sea surface at microwave frequencies. A brief review of statistical parameters commonly

used to describe the sea surface roughness is given. Some vocabulary specific to microwave

remote sensing is introduced and the fundamental properties of microwave remote sensing

are recalled.

Chapter 3 introduces the marine radar and the technical specifications and mechanism for the

radar data capture by the digital board. The spatial and temporal resolution of the radar

images is determined in relation to the various parameters in the digital capture board set-up

register. The optimal register to be used throughout the study are established for each pulse

setting. Also, a new electronic device, named the "Electronic Flywheel", is introduced to

improve the radar antenna heading accuracy of the system. Details of its working principle

and evidence of its efficiency are presented.

Chapter 4 concerns the normalisation of the raw echo intensity images into radar backscatter

coefficient images representative of the physical properties of the sea surface. The successive

calibration steps towards the determination of the system's end-to-end transfer function are

presented in detail, including an attempt at an absolute calibration using navigational buoys.

Chapter 5 presents the error analysis which estimates the error associated with each variable

in the normalisation equations used to calculate the ocean radar backscatter coefficient and

defines the system's radiometric accuracy. Also, the dynamic range of the instrument in

which the measurement error is minimised is derived.
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Part 2 - Ocean Backscatter at Low Grazing Angles

Chapter 6 gives a review of the theoretical background to microwave backscatter from a

random rough surface. Particular attention is given to the search for a radar backscatter

model suitable for the prediction of microwave backscatter from the sea surface at near-

horizontal incidence.

Chapter 7 investigates the influence of operational parameters on the radar backscatter. In

particular, the impact of antenna height and emitted pulse length on the nature of the sea

clutter are examined. Models for the evolution with antenna height of radar backscatter at

near-horizontal incidence are compared with experimental results in order to quantify the

effect of antenna height on the performances of the radar system.

Chapter 8 examines the effect of environmental conditions on the radar backscatter from the

sea surface using experimental results from a long-term deployment on the Isle of Portland,

UK. The principal environmental parameters affecting the backscatter coefficient are

determined from the experimental evidence. The range of conditions for which radar

backscatter is expected to give satisfactory ocean backscatter measurements is established.

Examples of oceanographic applications are introduced and discussed based on the radar's

performances and the features' radar signatures.

Finally, Chapter 9 summarises the principal results and concludes on the suitability of marine

radar systems for the quantitative study of oceanographic processes. Areas of work in future

oceanographic applications are identified.
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Chapter 2

Background Knowledge on Microwave

Remote Sensing of the Sea Surface

In this chapter, the background information needed in the subsequent chapters is provided.

First, the quantities characterising the electromagnetic properties of a medium are defined

and the properties of sea water at microwave frequencies are examined. A brief overview of

parameters used to describe the sea surface roughness is provided and some vocabulary'

specific to microwave remote sensing is given. The fundamental properties of the microwave

remote sensing technique are summarised.

2.1 - Electromagnetic theory

i :

2.1.1 - Maxwell's equations

All electromagnetic waves obey the Maxwell equations which describe the propagation and

interactions of the electric field E and magnetic field H in a medium. These equations

relate the electric field E and magnetic field H via the electric permittivity e, the magnetic

permeability \i. and the conductivity o which characterise the medium.

Maxwell's equations can be rearranged to accept a plane wave solution of the form

E(r,t) = EQ.e~'(kr~a") with £0 a constant amplitude vector, k=k.k the electromagnetic

(e.m.) wave vector with k the unit vector along the direction of propagation of the

wave. = k the wave number equal to 2K/\, X the wavelength and co the angular frequency

of the wave.
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A corollary of these equations is that E and //are perpendicular to each other and to the

direction of propagation of the wave. This fact is sometimes represented by introducing the

wave intrinsic impedance Z defined as:

Z = J— Equation 2. 1

which enable E and H to be related by:

Z H = k A E Equation 2. 2

It follows that the intrinsic impedance Z represents the ratio of the absolute magnitudes of E

to H in the medium.

The temporal and spatial characteristics of the e.m. wave are related via the dispersion

relation obtained by applying the plane wave solution to the original equations. The relation

can be written:

k2 = Ejico2 - ijacoa Equation 2. 3

The complex nature of the wave number k indicates the attenuation of the e.m. wave

amplitude by the medium. From Equation 2.3, it follows that the complex velocity of the

electromagnetic wave in the medium is:

v = — = —==== Equation 2. 4
k I (

V cos.

2.1.2 - Electromagnetic properties of a medium

In free space, the electric permittivity and magnetic permeability take constant values s0 =

8.8545xl0"12 F.irf' and ja0 = 4TIX10"7 H.m"1 and in absence of source charges, the conductivity

a equals 0. Hence, the velocity of electromagnetic waves in free space is real and equal to

the speed of light:
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c = — = . « 3.10* m.s ' Equation 2. 5
k

The relative electric permittivity, sr = s / e0, and magnetic permeability, jar = |LI/|LIO, are two

complex quantities which represent the effect of the medium on an e.m. field in comparison

with its propagation in free space. For natural media like the atmosphere or the ocean which

possess no magnetic properties, the magnetic permeability |jT is usually taken equal to 1 so

that // = //0.

The ratio of the velocity' of the e.m. wave in free space to its velocity in a medium defines the

complex index of refraction n of the medium which reads as a function of s, as:

n = — =
\

s Equation 2. 6
s0co

The dielectric function or "constant", K, of a medium is then defined as the square of its •

index of refraction. The attenuation of the e.m. wave in the medium can be expressed by i

rewriting the complex index of refraction n as: j

n = Tj + i% Equation 2. 7
M

where the real part r\ represents the reduction of the e.m. wave propagation velocity in the

medium with respect to the speed of light and the imaginary part % characterises the j

attenuation of the electromagnetic wave as it propagates through the medium. The wave ; :

number k can be rewritten as:

k = co njc = o)T]/c + i co%lc Equation 2. 8

and the electric field magnitude can then be expressed as:

E = Eo exp(-i(kx-cot))- Eoexp(/cx)exp -i(—-x-col)) Equation 2. 9
V c /

which clearly introduces the attenuation coefficient K as

K = or/jc Equation 2. 10
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Another parameter characterising the electromagnetic properties of a medium is given by the

skin depth, d, defined as the distance travelled by the e.m. wave in the medium before its

amplitude is reduced to l/'e of its original value. The skin depth is defined as the inverse of

the attenuation coefficient K:

d = — = Equation 2. 1 ]
K (OX,

2.1.3 - Electromagnetic properties of sea water at microwave frequencies

The e.m. properties of a medium depend on the frequency of the e.m. radiation. In the

present study, the radar radiation being used belongs to the range of microwave frequencies

and is close to 1010 Hz (or 10 GHz). The equivalent radiation wavelength in the atmosphere

is equal to 3 centimetres.

The dielectric constant of sea water, K, is given by the empirical Debye formula derived

from laboratory measurements on pure water with a contribution due to the sea water's

conductivity:

Equation2.12
l-icotk(T,S) cos

o

where T is the temperature, S is the salinity, K^is the dielectric constant at infinite frequency

(co = lid —» oo),Ks is the static dielectric constant (GO = 27tf —>0) and tk is a relaxation

time. The analytic expressions for these coefficients as functions of salinity and temperature

can be found for example in Stewart (1985).

The effect of salinity and temperature on the real and imaginary part of the dielectric

constant at microwave frequencies is shown in Figure 2.1. For frequencies greater than 5

GHz, the influence of salinity can be considered negligible. Similarly, the influence of

temperature on the dielectric constant can be ignored over the normal range of oceanic

temperatures.

10
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The e.m. conductivity of the sea water a increases the complex part of the dielectric constant

and thus causes strong attenuation of the e.m. field in the sea water. The result is a weak

penetration in the water column resulting in very thin skin depths. For an e.m. frequency of

10 GHz for example, the skin depth of 20 ° C sea water at 35 psu is approximately equal to

1.3 millimetres.

Hence, at microwave frequencies, the scattering will originate almost exclusively from the

first few millimetre of the water column. Unlike the scattering of visible light by the ocean,

the scattering of microwave radiation does not include any signal from the water column but

is only affected by the surface properties of the sea water.
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Figure 2. 1 - Complex dielectric constant of pure, fresh and sea water at 0 (blue) and 20

(red) degrees C (after Fiuza, 1990) .*
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2.2 - Concepts of microwave remote sensing

2.2.1 - Surface scattering and Normalised Radar Cross Section (NRCS)

An e.m. wave impinging on a perfectly smooth and conducting surface at an angle 6 from the

vertical is entirely reflected in a direction equal and opposite (- 6) referred to as the specular

direction. For a rough surface, the e.m. wave is partly reflected in the specular direction

(coherent component) and partly scattered in all directions (diffuse component). The

magnitude of the coherent component decreases for rougher surfaces _while the diffuse

component increases with surface roughness. For very rough surfaces, the specular

component disappears altogether and the radiation pattern consists of only diffuse scattering.

In this case, the surface is said to approach a Lambertian surface.

The proportion of diffuse scattering in the direction of the incident wave is called the

backscatter component. The backscattering property of a surface is quantified by the

backscatter coefficient or Normalised Radar Cross Section (NRCS) defined as the ratio of the

power of the backscattered radiation to the power of the incident radiation for a unit area of

surface. The NRCS is usually referred to as a0 (sigma-naught) and expressed in decibels (dB)

as:

a°(dB) = 10-log!0(a°) Equation 2. 13

The backscatter coefficient is representative of the surface scattering and is strongly

dependent on the e.m. properties of the surface and the scale of the surface roughness with

respect to the incident radar wavelength.

2.2.2 - Incidence angleto*

One particularly important parameter in microwave remote sensing is the angle of incidence

of the electromagnetic radiation to the sea surface. This angle is measured with respect to the

local vertical at the scattering point. Small incidence angles correspond to near-vertical

viewing angles while large incidence angles refer to near-horizontal viewing angles.

12
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For coastal or ship-based radars, incidence angles are generally large and it is more

convenient to talk in terms of grazing angles defined with respect to the local horizontal. The

terms small and large grazing angles are then employed to describe respectively near-

horizontal and near-vertical viewing angles.

2.2.3 - Radar frequency nomenclature

As mentioned earlier, microwave radiations correspond to centimetric wavelengths and

frequencies around 1010 Hz. The frequency is generally expressed in gigahertz or GHz (10y

Hz). During World War 11, some radar frequency bands acquired specific denominations

which are still commonly used to date. The nomenclature for the radar frequency bands most

frequently encountered in microwave remote sensing are given in Table 2.1. The radar

system used in the present study is shown to belong to the class of X-band radars.

Radar frequency

band

L

C

X

K

Frequency range

• (GHz)

0.390-1.550

3.90-6.20

5.20- 10.90

10.90-36.00

Wavelength range

(cm)

76.9 - 19.3

7.7-4.8

5.7-2.7

2.7-0.8

Table 2. 1 - Radar frequency bands (adapted from Stewart, 1985)

2.2.4 - Polarisation

The e.m. wave is also characterised by its polarisation which indicates the orientation of the

electric field with regards to the wave's plane of incidence. The horizontal polarisation

corresponds to the case where the electric field is perpendicular to the plane of incidence.

The vertical polarisation corresponds to the electric field being parallel to the plane of

incidence. It should be noted that while the electric field is indeed horizontal at horizontal
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polarisation, the electric field in the vertical polarisation is not necessarily vertical.

The capacity of a radar system to emit and receive electromagnetic waves of a particular

polarisation is determined by the properties of the radar antenna. Where a system emits and

receives in the horizontal polarisation, the mode of operation is referred to as HH. Similarly,

the mode is known as VV when emitting and receiving vertically polarised waves.

In some cases, the polarisation of the radiation can change after reflection from the surface.

This phenomenon is known as "depolansation". Only systems with two antennas or with an

antenna able to switch polarisation rapidly are able to record the depolarised component of

the backscatter. The modes of operation are then referred to as HV or VH where the first and

second letter respectively indicate the polarisation of the emitted and received radiation.

2.3 - Description of the sea surface

2.3.1 - Decorrelation time and correlation length

The elevation of the sea surface r\(t) above its mean level may be represented as the

superposition of an infinite number of weakly interacting independent sinusoidal waves with

amplitude a} , frequency COJ and wavenumber k,. For a one-dimensional profile along an O/X

axis, the surface elevation reads:

r)(x, t) = ^T a ,• • expn(k,. • x - co • • t H Equation 2.14

The autocorrelation function of the surface elevation indicates the randomness of the sea

surface by giving a measure of the degree of change in time and space between the surface

elevation at a time t and position x and at a time t+At and position x+Ax. Adopting the

bracket notation <q> to indicate the averaging of a quantity q over N samples, the surface

elevation autocorrelation is given as:

p(Ax,At) = (ri(x +Ax,t +At).T)(x,t)) Equation 2. 15

14
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The autocorrelation function is maximal for At and Ax equal to 0, when it corresponds to the

surface height variance or mean square height H . The surface variance or mean square

height of the surface is then given as:

H2 = p(0,0) = (rf(x,i)) Equation 2. 16

where H is also known as the root-mean-square (rms) height.

The decorrelation time and the correlation length are two quantities derived from the

autocorrelation function to characterise the surface. They correspond respectively to the time

and distance for which the autocorrelation function is equal to 1/e times its maximal value

H". The surface correlation length and decorrelation time estimates the distance and duration

for two samples to be statistically independent.

The zero-crossing period is another temporal quantity derived statistically from the wave

height time series directly. It is defined as the mean time between two successive upcrossings

of the mean level by the surface elevation.

2.3.2 - Power spectral density

The power spectral density S(co) gives the distribution of the wave energy among the

different wave modes present in the wave field. It can be obtained by computing the Fourier

transform of the temporal autocorrelation function of the surface elevation r\ (Apel, 1987)

measured at a fixed point in space. The power spectral density is usually normalised in order

for the total energy in the wave field to be equal to the surface mean square height H2 as

follows:

H2 = — fS(co) dco Equation 2. 17

In practice, the power density spectrum obtained from Waverider buoys is discretised and

expressed as a series of energy density coefficients per frequency bandwidth Af; as:

15
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H 2 =^S, -Af ; Equation 2. 18

where the frequency bandwidth Af, is defined by the upper and lower frequencies f|up and f,lcnv

in the band as:

Af; = f.up-f.low Equation 2. 19

and where the wave frequencies f; are related to the angular frequencies co; by:

fi = — Equation 2. 20
2n

The energy density coefficients S, are expressed in m2.s~' and permit the calculation of the

wave energy in the corresponding frequency band. The mean energy in a frequency band can

then be equated to the square of the amplitude a, of the waves in that band (Komen and

Hasselmann, 1994):

Sj • Af, = af Equation 2. 21

Hence, within the limits of the linear wave theory, it is possible to calculate the amplitude of

the individual waves in the wave field and recreate the surface elevation from the power

spectral density function.

The significant wave height H]/3 is another quantity derived from the power spectral density

used to indicate the total amount of energy present in the ocean wave field. It corresponds to

the average of the heights of the highest one-third of the waves in a wave height time-series

and for a Gaussian surface is related to the root mean square height by (Apel, 1987):

H,,,3 « 4 • H Equation 2. 22

2.3.3 - Surface mean square slope

The sea surface roughness is often defined in terms of the statistics of the surface slope

instead of surface height. In 1 dimension, the slope along the O/X axis is given as:

16
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C(x,t) = —(ri(x,t)) = J k j •aj •exp(i(kj •x-aj •:)) Equation 2. 23
dx j

The mean square slope s" for the surface is then equal to:

s2 =(C2(M)} = - ^ T a J - k ; Equation 2. 24

The wavenumber kj is related to the angular frequency COJ by the dispersion relation issued

from the linear wave theory. The general dispersion relation reads as:

co2 = g • k • tanh(k • d) - Equation 2.25

where d represents the water depth in meters. Two approximate relations can be deduced

when the water depth is much larger and much smaller than the ocean wavelength. In the

deep water approximation, the relationship reads:

co2 = g-k Equation 2. 26

with g the gravitational acceleration. When the water depth becomes equal to less than half

the ocean wavelength, the dispersion relation in the shallow water approximation leads to:

co2=g-k2-d Equation 2. 27

Following Equation 2.21, the mean square slope can be calculated from the power spectral

density coefficients Sj as:

s2 = -^TSj • AcoJ • k
2 Equation 2. 28

2.4 - Properties of X-band microwave remote sensing

2.4.1 - Day/night operation

Unlike most other remote-sensing techniques, microwave radar systems are not affected by

17
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the intensity of solar radiation or the distribution of the cloud cover. Hence, they are not

impaired by diurnal variations and can perform equally well by day and night.

2.4.2 - Atmospheric particle scattering

The scattering of an e.m. radiation by particles in the atmosphere depends on the dimension

of the particles with respect to the e.m. wavelength. For particles much smaller than the

wavelength, the scattering is referred to as Rayleigh scattering for which the backscattered

power is proportional to the sixth power of the particles diameter. Hence higher microwave

frequencies are more likely to be perturbed by hydrometeors (e.g. rain, snow) than lower

frequencies.

Centimetric X-band radiations are however largely unaffected by the smaller types of

hydrometeors like fog, mist or drizzle. For example, the attenuation rate for a 3 cm

wavelength in conditions of light rain is estimated to be about 10"2 dB/km (Skolnik, 1980)

resulting in a 0.2 dB contribution to the NRCS of a target located at 10 km from the radar.

Larger particles like snow, sleet or cases of heavy rain can strongly interfere with an X-band

radiation and totally obscure the returns from the sea surface. In this case, measurement of

the sea surface NRCS is impossible as most of the radar backscatter originates from the

atmosphere between the radar and the surface.

2.4.3 - Spatial resolution

The spatial resolution is an important criteria in remote-sensing as it determines the smallest

observable features with a given technique. At radar frequencies, the dimension across the

propagation path of the sampling cell is determined by the radiation wavelength X and the

aperture of radar antenna. The spatial resolution in azimuth can be approximated by X/L,

where L is the physical length of the antenna. Hence, for a given antenna length, high

microwave frequencies produce a better resolution in azimuth than at lower frequencies.
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2.5 - Conclusion

The study of the electromagnetic properties of sea water has revealed that at X-band radar

frequencies, the sea water behaves like a perfect conductor and the microwave radiation

cannot penetrate further than a few millimetres into the water column. The parameters

describing the electromagnetic properties of sea water at X-band have been found to be

independent of temperature and salinity in the range found in oceanic waters. Consequently,

the ocean NRCS measured at X-band is primarily a measure of the physical roughness of the

sea surface.

Microwave remote sensing at X-band offers a good compromise between spatial resolution

and sensitivity to atmospheric attenuation by hydrometeors. X-band radars can operate

successfully in a large variety of weather conditions and can be used night and day. These

properties make the X-band radar an ideal tool for marine surveillance and monitoring.
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Chapter 3

Instrumentation and Digital Radar

Image Capture Procedure

This chapter presents the technical specifications of the radar system used in this thesis and

explains the principle of radar image collection by the digital capture board. The role of the

data capture set-up parameters in defining the properties of the radar images is established.

The optimal set-up registers are determined in view of the ultimate oceanographic

applications of the radar images. A new electronic device, named the "Flywheel", is

introduced to improve the heading accuracy of the antenna. Its working principle and the

improvement in heading accuracy it induces are demonstrated.

3.1 - Description of the radar system

3.1.1 - Operational set-up of the system

The radar system consists of a marine radar associated with a digital capture board based on

a personal computer. Figure 3.1 gives a schematic representation of the system's operational

set-up. The two elements of the system are connected via three data links which are

discussed in detail later.

The system is compact and mobile as the electric power can be supplied by a portable power

generator. Set-up time is typically less than half an hour for two people upon arrival on site.

The system is occasionally deployed from boats but the pitch and roll motion adds to the

complexity of the problem of accurately measuring the ocean backscatter coefficient. Hence,

20
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in this study, the radar system was deployed exclusively from coastal sites with at least 180

degrees coverage in azimuth of the sea.

c
Antenna

Scanner
C Transmitter/

Receiver)

Monitor

North Marker

Trigger pulse

Video Signal

/ \

C
a B
P o
t a
u r

Computer

Figure 3.1- Radar and capture board set-up

Additional requirements for the site are an elevated unobstructed location where the rotating

antenna can be secured and a dry workspace for the set-up of the computer equipment. The

workspace also doubles as shelter from the microwave radiation for the operators. Examples

of sites have included Coast-Guards look-out towers, disused light-houses and Portacabins

on beaches and cliff tops. More often though the system is simply deployed from a vehicle

parked in a suitable coastal location thus providing an adaptable and mobile base for a wide

range of applications.

3.1.2 - Marine radar technical specifications

Radar antenna

The radar is a standard panoramic X-band Racal Decca 1070A marine radar fitted with a

linear 1.8m rotating antenna. The antenna rotates at 25 revolutions per minute (RPM)

equivalent to a period of about 2.4 seconds. As for most marine radars, the polarisation is

horizontal (HH).
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The properties of the antenna are defined by the antenna gain pattern which depicts the

antenna gain in azimuth and elevation. The characteristic parameters are the antenna beam

width defined as the width of the main lobe at half power i.e. when the gain equals -3 dB,

and the gain of the side lobes which determines the percentage of power received from

unwanted targets and surroundings lying at angles outside the main lobe.

As in most marine radars, the aerial is specifically designed for the accurate detection and

location of point targets at all ranges regardless of the boat motion. To this end, the antenna

gain pattern is narrow in the horizontal plane for accurate azimuth determination and wide in

the vertical plane to provide a uniform antenna gain with range and insensitivity to the boat's

pitch and roll.

The horizontal beam width at half power (-3 dB) is equal to about 1.3 degrees so that the

dimension in azimuth of the antenna footprint at 500 meters from the radar is approximately

equal to 10 meters.

The nominal value of the maximum gain of the antenna is provided by the manufacturer and

is equal to 28 dB. The relative gain of the highest side lobe with respect to the main lobe is

less than -23 dB thus indicating a strongly directional antenna. Any contribution to the signal

from side lobes can therefore be neglected.

The vertical beam width of the antenna is approximately 25 degrees centred on the horizon.

It ensures a constant gain at all but the closest range. The vertical beam width determines the

closest range for sea clutter measurements as:

R = Equation 3. 1
* min • ~

sina

where h is the height of the antenna above sea level and a is equal to approximately 12.5

degrees.
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Radar radiation

The microwave radiation is emitted in the X-band at a frequency centred around 9.41 GHz.

The radiation wavelength is approximately 3.2 centimetres.

The frequency tuning of the radar receiver is carried out manually before each data capture to

account for the slight shift in emitted frequency caused by the effect of temperature and

humidity variations on the magnetron. Tuning is achieved by adjusting the tuning control on

the radar display unit until the intensity of faint echoes from fixed targets are maximised on

the radar screen. This operation is essential in minimising the error between measurements

from different data capture sessions and must therefore be performed with great care.

The microwave energy is emitted as rectangular pulses of varying temporal lengths t. Three

pulse lengths settings are available: short (x = 0.08(is), medium (x = 0.3us) or long (x = 1 fas)

producing nominal antenna footprints respectively 12, 45 or 150 meters long in the radial

direction. On the present system, the pulse length is selected by adjusting the range selector

and setting the "Short/Long" pulse switch according to the information in Table 3.1.

Range selector in

Nautical Miles (NM)

0.25- 1.5

3

6-96

Nominal Pulse Length

Oxs)'

Short

0.08

0.3

1.0

Long

0.3

1.0

1.0

Table 3. 1 - Pulse length as a function of range selector and "Short/Long " switch settings.

The different pulse length settings are characterised by the Peak Power Pt (W), which

represents the amplitude of the pulses emitted, and the Pulse Repetition Rate PRR (Hz),

which represents the frequency of repetition of the pulses. The nominal values of the Peak

Power and the PRR associated with each pulse length setting are shown in Table 3.2. It
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shows how the peak power is higher for longer pulse length settings to allow the detection of

signals from greater distances, while the PRR is lower to leave enough time between two

pulses to be able to determine the range of remote targets without ambiguity.

Pulse

Setting

Short

Medium

Long

Nominal pulse

length (JLIS)

0.08

0.3

1

Peak Power

(kW)

>6

> 8

> 8

PRR

(Hz)

2400

1200

600

Antenna Footprint

Radial Length (m)

12

- 45

150

Table 3. 2 - Emitted pulse characteristics for different pulse length settings.

Radar receiver

The radar receiver records the returned echoes incoherently i.e. only the amplitude of the

signals is recorded and phase information is ignored. After reception, the signals are shifted

in frequency from GHz to MHz to enable subsequent amplification by the radar logarithmic

amplifier. The amplified signals are then sent to the radar Video Display Unit (VDU) to

produce a 360 degrees polar representation of the distribution of backscatter on the screen.

The radar display unit is fitted with rain and sea clutter filters which are designed to reduce

sea clutter and optimise the detectability of buoys and ships on the radar screen when used

for navigational purposes. These filters should be turned off during sea clutter measurements

to visualise the sea clutter on the video screen. However, these controls do not affect the gain

of the receiver and have no influence on the intensity of the signals received at the radar.
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Technical specification summary

X-band Racal Decca 1070A marine radar

Aerial type

Aperture

Rotation speed

Horizontal beam width (at -3 dB)

Vertical beam width

Side lobes

Aerial gain

Polarisation

Frequency

Peak power

PRR

and

Pulse length

Short

Medium

Long

Amplification

Linear end-fed slotted wave guide

1.8 meters (6 ft)

25rpm(150deg/s)

1.3 degrees

25 degrees approximately

< -23 dB outside ± 10 degrees of main lobe

28 dB approximately

HH

9380 - 9344 MHz

10 kW nominal

2400 Hz

1200 Hz

600 Hz

0.08 \is

0.3 us

1.0 pis

Logarithmic

3.1.3 - Digital Capture Board

The data capture is performed by a Wavex digital capture board built by MIROS Ltd. Little

information was available with regards to the hardware and the processing occurring in the

Wavex board as co-operation on the part of the manufacturer was minimal. Consequently,

the principle of the data capture and the signal processing inside the board was deduced by

means of trial and error.
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The capture board is based on a PC and interfaced to the radar via three links as shown on

Figure 3.1. The North Marker pulse indicates the position of the antenna heading reference

point determined by the orientation of the radar scanner with respect to North. The Trigger

pulse marks each microwave pulse emitted by the magnetron and has consequently a

frequency equal to the Pulse Repetition Rate (PRR). The Video Signal consists of the radar

echoes captured from the radar at the output of the radar logarithmic amplifier.

The principle of the data collection by the capture board and the role of the set-up parameters

are described hereafter. Practical details of the experimental set-up and the computer

operations can be found in the "Southampton University Wavex System" manual (1992) and

MIROS's "Operation Manual For Wavex Radar Data Capture System" (1991).

3.2 - Principle of the digital data capture

Various input parameters are needed by the capture board to collect radar data. These set-up

registers determine the properties of the final radar images. These parameters are listed in

Table 3.3 with the range of their possible values.

3.2.1 - Spatial resolution in the radar image

Resolution in Azimuth

The Azimuth Step represents the number of pulses integrated for every azimuth bin in the

radar image and is equivalent to the concept of "number of looks" encountered in satellite

and airborne radar remote sensing. Together with the Pulse Repetition Rate (PRR) and the

antenna rotation speed, it determines the dimension in azimuth of the pixels in the radar

image.

The resolution in azimuth (deg) is calculated as:

AzimuthStep * RotationSpeed
AnguiarResolution = Equation 3. 2b PRR (Hz)
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where the antenna rotation speed (deg/s) is defined in relation to the Time per revolution (s)

as:

RotationSpeed = —
360

TimePerRevolution
Equation 3. 3

For each azimuth bin, the capture board integrates a number of returned echoes equal to the

Azimuth Step. It then samples and digitises the resulting composite echo to produce radar

backscatter values represented in 16-bits. The digital data are subsequently compressed to 8

bits (256 grey levels) for storage on PC. The Mux Control controls the position of the 8 bit

offset to adjust it in relation to the intensity of the data and maximise the dynamic range. The

usual practice recommended by the manufacturer is to set the Mux Control in accordance

with the value of the Azimuth Step. Typically, for an Azimuth Step value of 2n, the Mux

control is set to n.

Set-up Registers

Azimuth Step

Mux Control

Azimuth Start Angle

Azimuth Interval

Sampling Rate

Initial Delay

Burst Duration

Number of Images

PRR

Time per revolution

Range of values

1 -256

0 - 7

0.9-357.3 ±1.8 degrees

1.8- 180 ± 1.8 degrees

2.5,5, 10, 20 MHz

0.6- 25.4 us

0.2-51.0 us

1 -256

2400, 1200, 600 Hz

2.4 s

Table 3. 3 - Set-up registers for the digital capture board
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Resolution in range

The amplified echoes collected at the output of the logarithmic amplifier are sampled at a

Sampling Rate which can be set to 20, 10, 5 or 2.5 MHz. Figure 3.2 represents the emitted

and received pulses at the transmitter and receiver respectively and their defining parameters.

Transmitted f

Power p

Transmitter

\
i

\

7

1/PRR

7 time

Receiver time

Figure 3. 2 - Pulse parameters at the transmitter and receiver (power levels for transmitter

and receiver are not to scale)

The Sampling Rate determines the radial dimension of the pixels in the image which is

calculated as:

Radial Re solution =
2 * SamplingRate

Equation 3. 4

where c is the speed of light (3.108 m/s). Hence, the radial resolution associated with the

above values for the Sampling Rate is equal to 7.5, 15 , 30 or 60 meters respectively.
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3.2.2 - Geographical definition of the sea area

Geographical location in azimuth

The co-ordinates in azimuth of the geographical area to be imaged are determined by the

Azimuth Start Angle and the Azimuth Interval as shown on Figure 3.3. The Azimuth Start

Angle represents the start of data recording by the board and is given with respect to the

North Marker heading. The Azimuth Interval determines the end of data capture and is

determined with respect to the Azimuth Start Angle.

North Head
Marker

Figure 3. 3 - Geometrical definition of the sea area imaged by the radar

The capture board estimates the start and end of capture times, associated respectively with

the Azimuth Start Angle and the Azimuth Interval Angle, by counting the number of emitted

pulses in the Trigger signal. Assuming a constant antenna rotation speed, the board deduces

the Angular Resolution for the image using Equation 3.2 and the capture parameters setting.

From the value of the Azimuth Step, it determines how many pulses to integrate per azimuth

bin and from this, can deduce how many azimuth bins to skip between the North Marker and

the Azimuth Start Angle. Hence, the number of azimuth bins skipped before the start of data

capture is:
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„ , , „ AztmuthSt art Angle „
StartAzimuthBin = — Equation D. 5

AzimuthResolution

Similarly, the end of capture is deduced by estimating the total number of azimuth bins to be

collected during the Azimuth Interval, as defined by:

.,, , . , .. Azimuthlnterval . _ .
1 otalAzimuuiBin Equation J. 6

A zim uthResolulion

Geographical extent in range

The definition of the location in range of the image is determined by the~Initial Delay and

the Burst Duration (jas) as shown in Figure 3.3. The Initial Delay determines the time delay

between the end of the emitted pulse and the start of the data recording (see also Figure 3.2).

It defines the closest range in the image and its minimal value is set to 0.6 f.is, (90 meters) to

avoid damage to the system from strong echoes at close proximity. The Burst Duration is

the length of time after the Initial Delay during which the capture board is recording. It

usually defines the maximum range interval in the image although this is ultimately

determined by the Sampling Rate and the limitation of the capture board's buffer.

The maximum number of pixels in range is limited by the capacity of the capture board's

buffer. The 512 pixel buffer capacity advertised by the manufacturer should not be used as it

has been observed to cause the last twenty pixels in range in the images to overflow and

reach saturation. This problem is resolved when the data capture is limited to 510 pixels in

range. Hence, the maximum capacity of the buffer should be taken to be 510 pixels and the

maximum range interval for an image is therefore the minimum of:

c * BurstDuration
MaxRangelnterval = Equation J. 7

and

MaxRangelnterval = Equation 3. 8
2 * SamplingRate

For example, the maximum range interval for an image sampled at 20 MHz with a Burst
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Duration set equal to 51 JUS is limited to a maximum range interval of 3825 meters (or 2.1

nautical miles).

3.2.3 - Resolution in time

The capture board is able to collect up to 256 images consecutively and produce time-series

of radar images for a particular area. It is therefore possible to study the statistics of radar

backscatter in time. Post-processing can produce average radar images which present at every

pixel the average radar backscatter value calculated for this pixel over several antenna

rotations. Similarly, images featuring the standard deviation or the skewness can also be

obtained.

On short pulse setting, the system can collect data on consecutive rotations separated on the

present instrument by 2.4 seconds. On medium and long pulse settings, the radar only

transmits every two and four revolutions respectively to avoid any possible ranging ambiguity

from far range echoes. This characteristic cannot be modified and time series images for

medium and long pulse are consequently separated by 4.8 and 9.6 seconds respectively.

3.3 - Optimisation of the digital capture parameters

3.3.1 - Image resolution in azimuth

Nominal Azimuth Step

The optimal azimuth resolution of the radar system is set by the horizontal beam width of the

system's antenna. It determines the smallest feature that can be imaged in the azimuth

direction. The angular resolution in the images was shown to be directly related to the

Azimuth Step (Equation 3.2). Due to the intrinsic speckle in radar signals, the number of

"looks" should be chosen so that the image resolution in azimuth equals the dimension in

azimuth of the antenna beam footprint.
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For the present system, the antenna horizontal beam width is equal to just over 1 degree and

the antenna's angular rotation speed is 150 degrees per second. Hence, the nominal Azimuth

Step, corresponding to a resolution in azimuth of 1 degree, can be calculated from Equation

3.2 for short, medium and long pulse setting using PRR values respectively equal to 2400,

1200 and 600 Hz. The nominal Azimuth Step values for short, medium and long pulse setting

are found respectively equal to 16, 8 and 4 pulses.

Oversampling

When the Azimuth Step is chosen larger than the recommended nominal value for a given

pulse setting, the resolution in azimuth of the image deteriorates by becoming larger than the

effective physical resolution of the antenna. The result is indistinct blurry radar images.

If the Azimuth Step is chosen smaller than the nominal value, the resolution in azimuth is

artificially improved by sampling several times within the same antenna footprint. Although

this type of oversampling could potentially enhance the clarity of the images, it results in

fewer pulses being integrated per azimuth bin and increases the radar speckle. Consequently,

the radar images will preferably be collected with an optimal azimuth resolution set to 1

degree per azimuth bin.

3.3.2 - Image resolution in range

Smallest distinguishable feature in range

The radial resolution of the marine radar is determined by the selected pulse length which

determines the size in range of the sea patch contributing to the radar backscatter. This

dimension defines the size of the smallest distinguishable feature by the system in the radial

direction. The radial size of the sea patch was found equal to 12, 45 and 150 meters for short,

medium and long pulse respectively.

The radial resolution in the digital image is determined by the Sampling Rate used to digitise

the returned signals. The equivalent dimension in range of the image pixels was found equal
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to 7.5, 15, 30 and 60 meters for sampling rates equal to 20, 10, 5 and 2.5 MHz respectively.

The radial resolution in the image should in principle be matched with the radial resolution

of the radar for a given pulse setting. However, in contrary to what happens when

oversampling in azimuth, there is no increase in speckle when oversampling the returned

pulses in range as the number of pulses integrated and the size of the sea patch area

contributing to the scattering are unchanged. It is therefore possible to sample medium or

long pulse images at high frequency to enable for example pixel to pixel comparison with

images collected on short pulse. However, the dimension of the smallest distinguishable

feature in range is ultimately determined by the maximum of the radar pulse length and the

image radial resolution.

Image range interval

Given the limit in the storage capacity of the capture board buffer to 510 pixels, the choice of

the digital sampling rate is usually the result of a compromise between the dimension of the

smallest feature to be imaged and the desired extent of the image's range interval.

Hence, if small features such as ocean waves are to be imaged, the radar should be set to

Short Pulse and the Sampling Rate set to its highest value (20 MHz) so that ocean

wavelengths equal to 12 m and greater can be detected in the images. In this case, the

maximum range interval is limited by the buffer capacity to a maximum of 3825 meters

(Equation 3.8). If instead the emphasis lies on imaging an area as large as possible, the

Sampling Rate should be lowered to below 10 MHz. The dimension for the smallest

detectable feature then becomes 15 meters.

At this stage, it should be noted that Sampling Rates less than 10 MHz are rarely employed as

the maximum permitted Burst Duration value is equal to 51 JJ.S. The largest possible images

can therefore be sampled at 10 MHz without over-running the 510 pixel capacity of the

buffer. The lower Sampling Rate values are only rarely used when a smoothing effect

performed by averaging over large sea areas is pursued.
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3.3.3 - Choice of pulse length

If coverage of a large area is required and the imaging of small features is unimportant, the

choice of the pulse length setting should be made in accordance with the level of radar

backscatter from the sea surface. In conditions of low to moderate backscatter, the pulse

length can be set to medium or long pulse for which the higher level of emitted power should

enable backscatter coefficient measurements for larger ranges from the radar.

3.3.4 - Summary of the optimal capture set-up

For all pulse length settings, the image resolution in azimuth will always be optimised to

coincide with the 1 degree resolution of the antenna and reduce radar speckle. The choice of

the remaining capture parameters will be made as a function of the final applications for the

radar images and the backscatter conditions. The optimal capture parameters for each

application are detailed in Table 3.4.

Set-up register

Azimuth Step

Mux Control

Sampling Rate

Initial Delay

Burst Duration

Pulse setting

PRR

Time per revolution

Optimal values for

high resolution images

16 pulses

4

20 MHz

0.6- 25.0 Ms

25.0 \xs

Short

2400 Hz

2.4 s

Optimal values for large

coverage images

8 pulses

10MHz

0.6-25.0 (as

51.0 ias

Medium

1200 Hz

2.4 s

4 pulses

2

10 MHz

0.6-25.0 |as

51.0 jas

Long

600 Hz

2.4 s

Table 3. 4 - Optimal set-up parameters for different applications
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3.4 - Radar images representation

The rotating antenna configuration of the marine radar system causes data to be collected in a

radial geometry. In contrast, the digital radar data are recorded column after column in a

rectangular matrix, each column consisting of the pixels obtained for all ranges at a

particular azimuth bin.

Ideally, the radar data should be displayed in a radial projection to represent the sea surface

backscatter in a geographically corrected (or geo-corrected) frame of reference and facilitate

comparison with charts and other sources of information. The transformation from a

rectangular to a radial representation does however have implications for the quality of the

data.

The major problem originates in the rectangular matrix database providing the same number

of data points to represent the area at close and at far ranges. Thus, in radial projection, the

area near the radar is described by many data points while at far ranges there are large gaps

where no data points are available, requiring a combination of averaging (near field) and

interpolation (far field) to reproduce a regular spatial data grid.

An alternative solution is to use the simple Cartesian projection of the data matrix as a

rectangular image. An example of the two type of projections is given for comparison in

Figure 3.4 for an area in the Bay of Christchurch on the south coast of England. The

Cartesian image is simply plotted as range versus azimuth bins regardless of the orientation

of the area with regards to the true geographical North. This type of representation is

particularly useful when accurate data values are needed and for the application of pixel-by-

pixel correction. It also provides a faster way to assess the content of an image.

Throughout this study, both types of projections will be used. Where images are employed

for the definition of instrumental characteristics or for the general study of radar backscatter,

the more convenient Cartesian projection will be applied. Where the underlying geographical

circumstances are relevant to the argumentation and for images used in oceanographic
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applications, the radar data will be converted to a radial projection and displayed in a

geographical frame of reference. The geo-correction will be undertaken using an in-house

conversion routine.

Cartesian projection

0 20 40 60 80 100 120 140 160 180
Azimuth Bin (cleg)

Radial projection

Digital Counts (0-255)

40 120 160 200 240 255

Figure 3. 4 - Cartesian and radial representation of a raw radar image collected in

Christchurch Bay on the south coast of England.

3.5 - Antenna heading improvement: the "Flywheel"

From an early stage, it appeared that consecutive images collected as a time-series were

regularly offset by a few degrees in azimuth and thus rarely represented exactly the same

geographical area. One important consequence of these sequences of non-overlapping images

was the loss of the potential reduction in measurement error through averaging over several

antenna rotations.
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The origin of the problem was rapidly identified as the irregular antenna rotation velocity.

After carefully analysing how the antenna heading is estimated by the digital board, a new

electronic device named the "Flywheel" was designed and implemented to reduce the

antenna heading uncertainty in the images. The new device was developed in conjunction

with the Electronic workshop of the Department of Oceanography, University of

Southampton.

3.5.1 - Origin of the heading error

As previously explained (3.2.2), the accurate determination of the start and end of capture

time by the capture board rests on the assumption of a constant antenna rotation speed and is

based on keeping a count of the number of emitted pulses. In practice however, the antenna

rotation velocity is seen to vary by over 10 %, often visibly decelerating within a single

rotation.

The failure of the system to produce a regular antenna rotation speed is understandable as it

is not an essential factor in the normal application of marine radars as a navigational aid.

Hence, no particular effort was made during manufacture to ensure a consistent rotation. The

result is an unsteady antenna rotation velocity featuring unpredictable decelerations with

respect to the nominal velocity, especially in case of strong winds.

3.5.2 - Harmful effects on image capture

As a consequence of the above, the number of pulses emitted per degree of azimuth varies

randomly and the antenna heading is therefore inaccurate. This has several detrimental

effects on the radar images quality.

The most noticeable problem arises in the erroneous determination of the start of capture

time which is based on counting the number of emitted pulses with respect to the North

Marker reference heading. Given that the antenna speed does not control the emitted pulse

repetition rate, when the antenna speed is lower than its nominal value, the capture board

reaches the pulse count associated with the start time earlier than planned i.e. for a true
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antenna heading smaller than the specified Azimuth Start Angle. This may result in a loss of

control over the area for which data are being collected.

Also, as these antenna decelerations occur randomly, the start time will be slightly different

from one antenna rotation to the next. Consequently, the time-series of radar images

represent non-overlapping areas all starting at different headings. Average images

subsequently produced by averaging several images of the time-series pixel-to-pixel appear

smeared and unfocused. In extreme cases, some features are visible at several locations in an

image and point targets echoes appear as linear features by being stretched in azimuth.

3.5.3 - Principle of the Flywheel

The principle of the Electronic Flywheel is based on the availability of a true antenna

heading signal produced as standard by the marine radar. This Heading Marker consists of a

pulsed signal which marks every 1 degree scanned in azimuth by the antenna. The signal is

obtained directly from monitoring the physical displacement of a disk at the base of the

antenna and therefore records all the irregularities in the antenna velocity.

The basic idea behind the Flywheel is to regulate the flow of returned echoes and ensure the

integration by the capture board of an exact and fixed number of pulses between two

Heading Marker pulses. The regulation of the flow of pulses received by the capture board is

made possible by the particular characteristic of the capture board to remain on stand-by

whenever the flow of the Trigger pulse signal is interrupted and to record data to the next

azimuth bin only after receiving the exact number of pulses stipulated by the Azimuth Step.

Hence, the Flywheel starts to count the number of incoming pulses after each Heading

Marker pulse, interrupts the flow of incoming pulses when the correct number of pulses is

reached, and then waits until the next Heading Marker pulse comes up.

3.5.4 - Limitations of the Flywheel

It is clear that the principle of the Flywheel can only work when the number of pulses per

degree of azimuth is larger or equal to the Azimuth Step which corresponds to an antenna
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speed lower than the nominal value. Experimental evidence seems to confirm that the

antenna rotation speed is generally lower than the nominal value, although data capture with

the Flywheel had to be temporarily postponed on some rare occasions of very strong wind.

The electronic Flywheel is a small box inserted at the links between the radar and the capture

board. It takes two input signals from the radar (one from the radar Trigger Pulse, one from

the radar Heading Marker) and has one output link to the capture board "Trigger Pulse"

input. It also features a "Number of Pulses" manual switch and an audible alarm which

triggers when it fails to count the required number of emitted pulses between two Heading

Marker pulses.

The development of the Flywheel was carried out on a minimum budget. The restrictions this

imposed on the quality of some of the hardware components employed have given rise to

some limitations of the Flywheel's performances.

Additional delay in range

The Flywheel is known to introduce a time delay of approximately 2 microseconds, which

was detected by comparing the positions in range of fixed buoys in no-Flywheel and with-

Flywheel images. This delay is related to the relatively poor quality of its electronic

microchips which cannot match the rapid response of the electronic components in the radar.

The delay introduces a 360 meters offset of the closest measurable range in the image and

prevents the collection of data at very close range.

A second characteristic of this additional delay is the slight variation of its duration.

Transects across fixed navigational buoys have helped to estimate the variation at a few

tenths of a microsecond, sufficient to introduce an uncertainty in range of a few meters.

Figure 3.5 represents the profile in range of echoes from the same navigational buoy over

several consecutive rotations for images collected with and without the Flywheel. The

position in range of the peak of the echo is clearly shown to shift over several pixels from

one image to the next. Also, the overall profile of the buoy echo changes from rotation to

rotation in images collected with the Flywheel while remaining absolutely identical in shape
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in non-Flywheel images. This observation indicates that the wobble in range occurs for every

emitted pulse and that the change in the buoy's shape results from the integration of several

pulses with slightly different delays.

Milford on Sea - 04/05/95 - Short pulse (05041101) - Without Flywheel

3500 3600 3700 3800 3900 4000
Milford on Sea - 04/05/96 - Short pulse (05041209) - With Flywheel

- 3500 3600 3700 3800
Range (m)

3900 4000

Figure 3. 5 - Buoy echoes on successive rotations for non-Flywheel images (top) and with-

Flywheel images (bottom)

Hence, this wobble in range can strongly degrade the intensity of discrete targets such as

buoys and images collected with the Flywheel should therefore not be used for the accurate

measurement of the echo intensity and range of point targets. In contrast, these fluctuations

in range have no serious implications for the measurement of ocean backscatter and are less

damaging than the wobble in azimuth experienced without the Flywheel.

Manual dial restrictions

The second Flywheel hardware limitation is related to the restriction on the selector dial for

the "number of pulses to be integrated" on the Flywheel. The dial can only be set to odd

values between 3 and 13. This parameter determines the number of pulses counted by the

Flywheel between two successive Heading Marker pulses and therefore affects the images'
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resolution in azimuth.

Hence, the new resolution needs to be determined and the capture parameters modified in

accordance. For the sake of brevity, only the case of short pulse images collected with the

optimal digital capture registers is considered. The result are generalised to the other pulse

length settings later.

3.5.5 - New image resolution in azimuth

On short pulse setting, the optimal number of pulses to be integrated per azimuth bin is equal

to 16 pulses and results in the nominal resolution in azimuth of 1 degree. The closest value

on the Flywheel manual dial is equal to 13. Figure 3.6 illustrates the Flywheel mechanism

under these circumstances by showing the input and output signals.

In Figure 3.6, the top plot represents the Heading Marker and indicates every degree of

azimuth scanned by the antenna. The middle plot represents the incoming Trigger Pulse

signal from the radar. The bottom graph represent the Trigger pulse sequence at the output of

the Flywheel as seen by the capture board.

The 16 consecutive pulses integrated for each azimuth bin by the capture board are indicated

in individual colours. It becomes immediately clear that the discrepancy between the

Azimuth Step and the Flywheel "Number of Pulses" setting results in the radar data being

collected over an azimuth angle larger than 1 degree.

From Figure 3.6, it is clear that the resolution in azimuth would be equal to exactly 1 degree

if the capture board could be set to integrate 13 pulses only per azimuth bin instead of 16.

However, following the conditions on the definition of the Mux Control (3.2.1), the value of

the Azimuth Step must be a power of 2 and can therefore not be set to 13.
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Figure 3. 6 - Input and output signals for the Flywheel when the Azimuth Step is equal to 16

and the Flywheel "number of pulses " selector is set to 13.

New capture registers

The angular resolution for short pulse images collected with the optimal set-up registers is

16*150
given by Equation 3.2 and is equal to

2400
1 degree. If only 13 pulses are integrated

per azimuth bin, it can be shown that the same 1 degree resolution in azimuth can be

achieved by arbitrarily changing the PRR value to 1300 Hz and the RotationSpeed to 100

13*100
degrees per second, so that

1300
-= 1 degree. This artefact is admissible simply because

the capture board has no internal time clock and uses the PRR and RotationSpeed

information only to determine the number of pulses per degree.

From this equivalence and from the resolution in azimuth suggested graphically in Figure 3.6,

the expression for the new resolution in azimuth for Flywheel images can be deduced using

Equation 3.2 and the new capture registers as:
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. . . . , ,_ , . 16*100 „„ 7

NewAzimuthalResolution = = 1 23 degrees
1300

Equation 3. 9

Generalising this expression for all pulse length settings, the modified resolution in azimuth

is calculated as:

NewAngularResolution -
AzimuthStep * RotationSpeed

Nf*100
Equation 3.10

where Nf is the setting of the "number of pulses" switch on the Flywheel and the new

optimal capture set-up parameters for images collected with the Flywheel are as given in

Table 3.5.

Set-up

register

Pulse setting

Azimuth Step

Mux Control

Initial Delay

New artificial PRR

Nf

New artificial Time per

Revolution

Resolution in Azimuth

Optimal values for

high resolution images

Short

16

.4

2.6 to 27.0 us

1300 Hz

1
13

3.6 s

1.23 degree

Optimal values for large

coverage images

Medium

8

3

2.6 to 27.0 JUS

700 Hz

7

3.6 s

1.14 degree

Long

4

2

2.6 to 27.0 us

300 Hz

3

3.6 s

1.33 degree

Table 3. 5 - Modified optimal capture registers for radar images collected with the Flywheel.

It follows that the new angular resolution in Flywheel images is slightly degraded in

comparison to the earlier 1 degree resolution. However, this angular resolution is still smaller

than the real beam width of the antenna (1.3 degrees). Hence, the Flywheel does not reduce

the system imaging capabilities in azimuth when the "Number of Pulses" switch is chosen as

close as possible to the value of the Azimuth Step.
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Conditions of operation

The Flywheel will be operational as long as the number of pulses between two Heading

Marker pulses is larger than the value selected on its manual switch. In case of strong winds,

it can happen that the antenna is accelerated and that a sufficient number of pulses cannot be

collected. In these conditions, the Flywheel alarm will sound to signify that the data are

corrupted and collection must be interrupted. If data need however to be collected, it is

possible to turn the "Number of Pulses" selector down to a lower value to enable data

collection. The angular resolution in the image would however be degraded as estimated

using Equation 3.10.

3.5.6 - Experimental evidence of the Flywheel efficiency

The following experimental results illustrate the efficiency of the electronic Flywheel in

improving the quality of the radar image collection. The images presented in this section

were collected with and without the Flywheel a short interval apart. All images were

captured using the appropriate optimal capture registers.

Figure 3.7 illustrates the improvement of the Azimuth Start Angle accuracy. Each figure

includes four single rotation views extracted from a 64 rotations time-series. The two time-

series were collected at 10 minutes interval in calm wind conditions so that any heading error

is due to the inherent rotation speed irregularities of the system. The images are represented

in Cartesian projection with azimuth angle represented along the X axis and range running

along the Y axis.

The improvement in heading accuracy is clearly demonstrated when comparing the azimuth

bearing fluctuations in the time-series obtained without Flywheel (top section) and with

Flywheel (bottom section) of the headland on the left-hand side of the images and the buoy

echo at 3100 meters. Note how the azimuth error for the position of the headland reaches up

to 15 degrees in the time-series without Flywheel while being less than 1 degree in the time-

series obtained with the Flywheel.
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Figure 3. 7 - Rotation 1, 16, 33 and 61 extracted from a 64 rotation time-series obtained

without Flywheel (a) and with Flywheel (b). Note how the azimuth bearing of the headland

and huov highlighted in the top-left image fluctuates by over 15 degrees in the time-series

obtained without Flywheel.
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The azimuth accuracy can be determined exactly in both instances by plotting the position in

azimuth of a fixed target. Figure 3.8 presents the position of the navigational buoy

highlighted in Figure 3.7.a, plotted for every rotation of the time-series without Flywheel

(top) and with Flywheel (bottom). The standard deviation of the position in azimuth over the

time-series is found equal to nearly 3.5 degrees in the non-Flywheel images and less than 0.5

degrees with the Flywheel, thus clearly indicating the considerable improvement in heading

accuracy.
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Figure 3. 8 - Azimuth position error of a fixed navigational buoy in non-Flywheel (top) and

with-Flywheel (bottom) images.

Finally, the deviation image which represents the standard deviation of the backscatter

intensity at every pixel was also computed for both time-series. The results are shown in

Figure 3.9. The mean standard deviation in a typical area was calculated for both images and

found respectively equal to 27.4 and 24.3 digital counts for non-Flywheel and with-Flywheel

images. The values of the standard deviation are therefore clearly larger on the non-Flywheel

images as the non-overlapping of successive images introduces further fluctuations in the

backscatter signal.
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