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ABSTRACT

The capabilities for quantitative measurements of the ocean backscatter at |ow grazing angles of a conventional
low-budget X-band marine radar associated with a commercial digital capture board are investigated. Details
are given of the external and internal calibration methods designed to determine the system’s transfer function.
This work reveals that the accurate system transfer function can be determined only by calibrating the composite
system in one single step. Results of an absolute calibration attempt using buoy-based corner reflectorsin very
calm weather conditions are presented. The dynamic range is deduced and found to span over a 50-dB range
well suited to describe the ocean backscatter coefficient values expected at low grazing angles. The analysis of
the overall error budget and system stability provides a theoretical estimate of the system'’s relative radiometric
resolution. The marine radar system is found to produce backscatter coefficient images with a relative error
typically of the order of 1 dB. When averaging over several antenna rotations, the error reduces further down
to 0.6 dB, where it compares favorably with the performance of traditional research radar systems. It is concluded
that despite the inexpensive nature of these instruments, marine radar systems represent a tool that is effective
in routinely providing reliable quantitative measurements of the sea surface roughness, which may serve to

complement the synoptic views offered commonly by satellite or airborne radars.

1. Introduction

In recent years, microwave remote sensing has be-
come an area of great interest for both academic and
operational oceanographers. Airborne and satellite-
based microwave radars have now clearly proven their
ability to provide high-resolution images of sea surface
roughness variabilities such as those associated with
swell waves, surface active slicks, or the presence of
internal waves or bathymetric features (Vesecky and
Stewart 1982). However, when routine operational use
over a particular area is required, these highly sophis-
ticated radar systems are prohibitively expensive to run
and offer only a limited temporal coverage and poor
measurement repetivity.

In comparison, shore or ship-based conventional ma-
rine radars have only occasionally been used for sci-
entific applications, asthey are generally considered un-
suitable as investigative tools for research. Until re-
cently, access to marine radar backscatter data for sci-
entific purposes was difficult, involving the lengthy
processing of photographs of radar video display screens
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(Watson and Robinson 1990). The advent in recent years
of digital capture board technology has enabled marine
radars to produce high-resolution digital imagesin rea
time. Among the few examples of scientific applica-
tions, most are concerned with the extraction of direc-
tional ocean wave spectra (Young et al. 1985; Hirakuchi
and lkeno 1990; Henschel et al. 1994), although appli-
cationsto oil spill detection (Tennyson 1988; Atanassov
et al. 1991) and wave refraction patterns imaging
(Boalch and McManus 1989) can also be found.

To date, however, the large majority of these studies
has made use only of the qualitative information in ma-
rine radar data. Some investigations at the Naval Re-
search Laboratory (NRL) have used calibrated high-
resolution U.S. Navy marine radars to examine the na-
ture of ocean backscatter at low grazing angles (Trizna
1991; Trizna and Carlson 1996; Trizna 1997), but these
offer little indication of the performances of a typical
low-budget nautical radar system as a means for routine
guantitative measurements of the sea surface roughness.

In this paper, we examine the capabilities of atypical
low-budget navigational radar attached to a commer-
cialy available digital data capture board. Although this
work focuses on the calibration and performance as-
sessment of one particular system, it is hoped that the
results can be representative of the capabilitiesfor quan-
titative ocean backscatter measurements of similar low-
budget nautical radar systems. After a succinct descrip-



666

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VoLuMmE 17

TABLE 1. Marine radar system technical characteristics and calculated and measured absolute calibration scaling factor K.

Pulse setting Pulse length (ns) PRR (Hz) Peak power (kW) Radial footprint (m) K calculated (dB) K measured (dB)
Short pulse 0.08 2400 7.0 12 316 313
Medium pulse 0.3 1200 10.0 45 33.1 35.8
Long pulse 1 600 115 150 33.7 36.8

tion of the data collection procedure, the paper reviews
the parametersinvolved in the normalization of the radar
images. Particular attention is given to the method con-
ceived to obtain the accurate determination of the sys-
tem transfer function with a brief history of early un-
successful attempts. An effort toward absolute calibra-
tion of the system isreported and enables the assessment
of the system’s dynamic range. The data quality issue
is examined to produce an evaluation of the radiometric
error in the system’s estimate of the ocean backscatter
coefficient. The performance of the system as a quan-
titative backscatter measuring device is finally put into
perspective in relation to other microwave radar systems
and user requirements for the study of oceanographic
processes.

2. Instrumentation

The radar system consists of a conventional marine
radar coupled to a digital capture board based on a per-
sonal computer (PC). The capture board intercepts radar
backscatter signals at the output of the radar amplifier
and digitizes and stores them as binary image files on
the PC. A detailed description of the radar system can
be found in Robinson et al. (1999, manuscript submitted
to J. Atmos. Oceanic Technol.).

a. The X-band marine radar

The radar is an X-band Racal Decca marine radar
fitted with a 1.8-m linear antenna rotating with a 2.4-s
period. The horizontal beamwidth at half-power is ap-
proximately 1°, producing a 10-m-wide antenna foot-
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Fic. 1. Composite radar and data capture board setup.

print at 500 m. The emitted X-band frequency of 9.4
GHz corresponds to a wavelength of 3.2 cm. As for
most marine radars, the polarization is horizontal (HH).
The microwave energy is emitted in the form of pulses
of varying lengths—short (0.08 us), medium (0.3 us),
or long (1 us)—which produce nomina antenna foot-
prints 12, 45, or 150 m long, respectively, in the radial
direction. Both the pulse peak power and pulse repe-
tition rate (PRR) are determined by the pulse length
setting (Table 1). On reception, the radar signal is log-
amplified and displayed on the radar video display unit
(VDU).

b. Data capture board

The data capture board is PC based and synchronized
with the radar viathree links (Fig. 1). The north marker
pulse provides the radar heading reference point, the
trigger pulse marks each pulse emitted by the magne-
tron, and the video signal consists of the log-amplified
returns from the sea surface. This backscatter signal is
extracted by the capture board at the output of the log-
amplifier and is unaffected by any signal processing
occurring downstream (e.g., rain/sea clutter filtering,
sensitivity time control) designed to improve the display
of the signal on the VDU.

Various adj ustabl e parameters control the data capture
and determine the properties of the digital radar image.
The image’s spatial coverage in azimuth can be set to
up to 180°. The image's resolution in azimuth is deter-
mined by the number of independent *‘looks” (or suc-
cessive echoes returned from the sea surface) averaged
by the capture board per pixel in azimuth. In order to
reduce speckle, the number of looks is maximized gen-
erally to match the image resolution in azimuth with the
antenna’s physical horizontal beamwidth. Hence, for a
2.4-s antenna rotation period, a 1° beamwidth, and the
PRR values given in Table 1, the number of looks for
short, medium, and long pulse settingsis equal typically
to 16, 8, and 4 pulses, respectively.

The integrated multilook backscatter signal is then
sampled at a rate of 20, 10, or 5 MHz, resulting in an
image pixel resolution in range equal to 7.5, 15, or 30
m, respectively. The backscatter signal is digitized to 8
bits (256 gray levels) and stored on the PC. The buffer
size of the capture board is limited to 512 bytes, each
byte corresponding to one pixel in range. Hence, for a
sampling rate of 10 MHz, the image’s spatial coverage
in range is limited to 7680 m (4.2 nmi).

The data capture board also permits images of the
same area to be collected over several antennarotations.



May 2000

GOMMENGINGER ET AL.

667

Fic. 2. Geometry of the pulsed radar antenna footprint and sea clutter resolution cell: R is the
slant range of the range resolution cell’s nearest point, ¢ is the grazing angle, and ¢ is the pulse-

limited vertical beamwidth of the radar beam.

The production of such time series allows the pixel-to-
pixel averaging of sequential images into an average
backscatter image for which the radar backscatter sig-
nal-to-noise ratio is much improved. Similarly, images
of higher-order statistical moments can also be com-
puted.

3. Image normalization

The radar backscatter intensity in each pixel repre-
sents the power received at the antenna from the sea
areailluminated by the antenna at that range. For a unit
area of sea surface, the ratio of the scattered power to
the incident power defines the surface's backscatter co-
efficient, also known as the normalized radar cross sec-
tion (NRCS), usually expressed in decibels. Although
the scattering mechanisms responsible for microwave
radar backscatter at near-horizontal incidence anglesare
not well understood, the scattered power is known to
increase with increasing wind and sea conditions, and
the NRCS can thus be taken as a measure of the sea
surface roughness.

a. Radar equation

The power received at the antenna P, is related to the
NRCS o° of a target by the radar equation (Ulaby et
al. 1982)

_ R0, 9)ATA "
' (47)2R* '
where R is the slant range (m) of the target, P, the
transmitted power (W), g(6, ¢) the antenna gain pattern

in azimuth (0) and €elevation (¢), A, the effective ap-
erture of the antenna (m?2), and A, the physical area of

P

the target (m?). For highly directional marine radar an-
tennas, the gain g(6, ¢) can be approximated by the
maximum antennagain, G = g(0, 0). In the present case,
G istaken equal to 28 dB, following the manufacturer’s
technical specifications. The antenna’s effective aperture
A, is related to the antenna’s physical area A and the
antenna efficiency n by A, = mA, and represents the
performance of the antenna in reception. The antenna’s
effective aperture can be related to the maximum gain
of the antenna by A, = GA?/4, where A is the wave-
length of the radar radiation (m). Thus, replacing A, in
(1) leads to the NRCS in decibels:

o (dB) = 10 log,,0°
= 10 log,,P, + 10 log,,R* — 10 log,, A,
— 10 log,,K, 2

where the NRCS is a function of received power, target
range, physical area of the target, and a scaling factor
K characteristic of the properties of the magnetron and
antenna, which can be evaluated as K = P,G2A?/(4)3.

b. Sea clutter area A,

For distributed targets, the physical area of the target
A, isequivalent to the size of the antenna beam footprint
on the sea surface. At high angles of incidence, the
footprint of the pulsed radar beam is limited in azimuth
by the horizontal beamwidth of the antenna » and is
limited in range by the temporal length of the radiated
pulse 7 (Fig. 2). The equivalent spatial length of the
radar pulse p is given in meters by p = cr/2, where c
is the speed of light (c = 3 X 108 m s™!) and 7 is the
radar pulse length (s). Assuming a flat earth approxi-
mation, Fig. 2 yields the rigorous expression for the
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pulse-limited vertical beamwidth & of the radar beam

(rad) as
:]_ p) - cos—l(g) 3

where h is the height of the radar antenna (m). Hence,
the solid angle of the pulsed radar beam Q (rad?) is
given by Q) = ®w, and the area normal to the incident
radiation is S, = R2() (m?). Given the expression for
the grazing angle, ¢ = sin~*(h/R) in radians, the sea
clutter area A, (m?) can be written as

S,  Rdow
sing sing

&d = cos?
(&

(4)

For near-grazing angles (® small), (4) is equivalent to
the classical expression of the clutter cell limited by
pulse length (Nathanson 1969):
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c. Received power P,

The signal intensity in the images is related to the
received power P, at the antenna by the radar system
transfer function. This relationship includes transmis-
sion losses in the radar’s various components, the radar
logarithmic amplification, and the digital capture board
transfer function. The determination of the system trans-
fer function constitutes the major effort in the normal-
ization of the radar images and is examined in the next
section.

4. Radar system transfer function
a. External calibration approach
1) FORMULATION

Most modern marine radars arefitted with logarithmic
amplifiers designed to increase the dynamic range of
the instrument, improve the detectability of targets at
far ranges, and reduce the risk of saturation at close
ranges. To first approximation, the amplification func-
tion may be assumed to be perfectly logarithmic. The
relation between received power and intensity is then
expressed on a logarithmic scale as a linear function:

X = Alog,P, + B, (6)

where X isthe image intensity in digital numbers (DNs)
and A and B are two constants defining the amplification
function. From (2) and (6), we can write

10 log,,P, = 10 log,,(c°A,) + 10 log, K
— 10 log,,R% @)

10 log,,P, = 10(%). (8)

After equating (7) and (8), we obtain
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10 log,,R* = CX + D, 9
with
c= -2 4 (10)
10B

D= N + 10 log,o(c°A,) + 10 log,o(K). (11)
The numerical values of C and D can then be determined
experimentally by plotting 10 log,,R* against the echo
intensity X for targets of known radar cross section, o,
= o%A,, located at different ranges. These empirically
determined coefficients will be referred to hereafter as
C, and D, to indicate that they were obtained from mea-
surements over calibrated point targets. Analytically
these coefficients are equal to

10

C= 2
10B

D, = A + 10 logy,(ay) + 10 log,oK. (13)

Hence, substituting (8) in the expression for the NRCS
[(2)] and given the expressions for C, and D, [(12) and
(13)], the NRCS of the sea surface o2 can be repre-
sented finally in decibels as a function of the pixel
intensity X:

o2 (dB) = —C,X — D, + 10log,,(c;) + 10 log,,R*
- 10 IOngArsv (14)

where C, and D, are the coefficients determined empir-
ically from calibrated point targets, o, is the radar cross
section of the calibrated point target (m?), Risthe slant
range of the pixel (m), and A is the sea surface area
(m?) illuminated by the radar antenna at that range. It
should be noted that the traditional R—2 dependence of
o onrangeisincluded implicitly given the quasilinear
dependence of A, on R at low grazing angles. Hence,
the empirical determination of the coefficients C, and
D, enables the definition of the end-to-end transfer func-
tion of the radar system.

2) PRELIMINARY RESULTS AND VALIDATION

The coefficients C, and D, were determined experi-
mentally from radar images collected in Christchurch
Bay off the south coast of the United Kingdom. In this
area, numerous navigational buoys fitted with radar re-
flectors are located at various ranges and azimuths from
the radar position, and allowed us to plot 10 log,,R*
versus X with reasonable accuracy. The radar reflectors
on all buoys were 16-in. octahedral Speckter reflectors
with a reported radar cross section o, = o?A, equal to
10 m? (J. Simmons 1994, personal communication). The
reflector echo intensities X were measured in images
averaged over 16 antenna rotations. The coefficients C,
and D, at medium pulse were determined by least square
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Fic. 3. Calculated NRCS using the external calibration results ap-
plied to radial transects in three images of the same area in different
environmental conditions: (1) U10 ~ 5m s, (2) U10 ~ 13 ms'?,
and (3) U10 ~ 8 m s,

fitting of a linear function to the data points and were
found equal to —0.206 and 170, with 95% confidence
intervals of £0.03 and *5, respectively. The system’s
end-to-end transfer function (14) may thus be rewritten
for the medium pulse length case as

a2 (dB) = 0.206X + 10 log,,R* — 10 log,,A,
— 160. (15

Validation was sought by applying these preliminary
results to a set of radar images collected from a coastal
location over the same area on three occasions char-
acterized by different wind and sea conditions. |ssues
relating to the estimation of the error in the computed
NRCS will be addressed in section 6. The surface rough-
ness could be assumed to be spatially uniform over cho-
sen parts of the images, so that the NRCS outside the
breaking zone was expected to be either constant or
decreasing with range because of the possible shad-
owing of the sea surface by wave crests at very small
grazing angles.

Representative transects of the calibrated images are
presented in Fig. 3. At close range, within 1000 m, the
NRCS shows a clear increase with wind speed, thus
marking the increase in surface roughness, with inshore
wave breaking further enhancing the NRCS at high
winds. Beyond 1000 m, however, the NRCS unexpect-
edly, is seen to increase steadily with range regardless
of environmental conditions. This trend could not be
related to any effective increase in sea surface roughness
in this region, so an instrumental effect was implied.
Further tests showed that this behavior coincides with
the onset of low levels of received power, as suggested
by the steady increase becoming discernible at closer
range for lower wind-sea conditions. It was thus in-
ferred that the assumption of a perfect logarithmic am-
plification does not apply at low power levels, where
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Fic. 4. Experimental evidence of nonlogarithmic behavior of the
radar amplifier at low and high pixel intensities. The discrepancy
around X = 170 relates to an oceanographic feature in the image and
should be ignored.

the amplifier output voltage tends toward the constant
voltage associated with the receiver noise.

This nonlogarithmic behavior of the amplifier at low
power levels was further confirmed by data obtained
from other sites. Figure 4 shows the quantity
10 log,o(R*) — 10 log,,A. plotted against intensity X
for every pixel of aradar image radial transect obtained
over an area assumed uniformly rough. If the amplifi-
cation were perfectly logarithmic, the plot would be
linear with X [see (15)], but the data are seen clearly to
deviate from the linear form at both high and low in-
tensities. The hypothesis of a perfect logarithmic func-
tion therefore introduces discrepancies for low- and
high-power returns, which result in computed NRCS
values that are over- and underestimated, respectively.

b. Internal calibration approach
1) HistoRY

In light of the external calibration approach’s short-
comings, an internal calibration procedure was under-
taken to define as accurately as possible the system
transfer function at low and high received power levels.
A first experimental method consisting of a two-step
procedure was carried out initialy, in which the radar
and capture board were calibrated separately and the
respective transfer functions were combined subse-
guently. This method offered the advantage of being
easy to implement in practice but eventually yielded
results contradictory to the external calibration results.
Full details of this experiment thus are not presented
here but can be found in Gommenginger (1997).

Although this experiment failed to produce the de-
sired improved system transfer function, several obser-
vations of relevance for later work were made. First,
the range of input voltages accepted by the data capture
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Fic. 5. Experimenta setup for one-step internal calibration setup
of the composite radar system.

board was found to correspond to the lower section of
the range of output voltages generated by the radar. The
system thus is better suited to measuring low-power
backscatter. It follows that the dynamic range of the
composite system is governed by the noise level of the
marine radar and the saturation level of the data capture
board.

Second, the medium and long pulse settings were
found to share the same amplification function and to
differ only in the peak power P, and the duration of the
emitted pulse. Hence, the system transfer function re-
lating the received power P, to the pixel intensity X
needs to be determined only for short and medium-ong
settings, while the absolute calibration coefficient K
needs to be determined for all three settings. The me-
dium-ong setting also reveal ed additional amplification
for low-power echoes, which implies differencesin the
system’s detection performance in the different pulse
settings.

2) ONE-STEP CALIBRATION

The one-step method was disregarded initially fol-
lowing technical difficulties with implementation. The
calibration of the radar system requires the injection of
calibrated microwave pulses into the radar receiver and
implies the disconnection of the transmitting unit and
antenna rotating plate, as well as the removal of the
antenna. The radar consequently is unable to produce
the north marker and the trigger pulse necessary to drive
the data capture board. To resolve this problem, two
AC/DC pulse generators were introduced to simulate a
pseudo—north marker and a pseudotrigger pulse signal
that were then injected into the data capture board (Fig.
5). Microwave pulses of variable power were produced
using a calibrated pulsed X-band microwave generator.
After synchronizing the microwave pulse generator and
the pseudotrigger pulse generator, the digital data cap-
ture board was set to collect artificial *‘images” of the

JOURNAL OF ATMOSPHERIC AND OCEANIC TECHNOLOGY

VoLuMmE 17

-60

-70

-80

90

-100

-110

Received Power Pr (dB)

20} --3

130 -

140 H H H H H
0 50 100 150 200 280 300
Image Intensity X (counts)

Fic. 6. Qualitative comparison between the one-step and the exter-
nal calibrations.

calibrated microwave pulsesfor incremented power lev-
els.

The resulting empirical transfer functions relating the
received power in decibels, P,, to the image intensity
X for short and medium— ong settings are shown in Fig.
6 and compared with the external calibration result for
a medium pulse. At intermediate intensities, there is
good qualitative agreement between the slopes of the
external calibration function and the one-step calibration
function for medium pulse. At lower image intensities,
the one-step amplification function clearly diverges
from the ideal logarithmic form for intensities around
50, which compare favorably with the experimental ob-
servations in Fig. 4. Hence, the expression of NRCSin
decibels in (2) can be rewritten as

O-O (dB) = fs,m/l(><) + 10 IOglOR4 - 10 IOglOArS
— 10 log,K, (16)

with f and f,,, the amplification functions for short and
medium—ong pulses, respectively, obtained by least
square fitting a polynomial function to the data points
shown in Fig. 6; R the slant range (m); A, the sea patch
area; and K the scaling factor characteristic of the trans-
mitting/receiving properties of the magnetron and an-
tenna.

The one-step calibration resultswere validated by cal-
culating the NRCS for the same dataset as used pre-
viously to verify the external calibration. Again, the
issues relating to errors in the computed NRCS and to
the stability of the radar system are discussed in section
6. The coefficient K was taken from the manufacturer’'s
technical specifications (K = 33.1 dB in the medium
pulse setting), and the results are shown in Fig. 7. The
sharp NRCS decrease within 1000 m with increasing
rangeisagain related to differencesin surfaceroughness
in the nearshore area for different wind conditions. Be-
yond 1000 m, the NRCS over regions of uniform surface
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Fic. 7. Calculated NRCS using the one-step calibration results ap-
plied to the same dataset as used in Fig. 3.

roughness varies little with range and thus confirms the
validity of the one-step calibration results. The system
transfer function also definesimplicitly the system’sdy-
namic range and enables the identification of pixelsdis-
playing receiver noise and saturation signals. These pix-
els could then be assigned an arbitrary NRCS value
(=70 dB in the case of receiver noise pixelsin Fig. 7)
and could be ignored subsequently in later processing.
Further analysis of the system’s dynamic range is pre-
sented in section 7.

5. Absolute calibration

The aim of the absolute calibration is to define the
scaling factor K found in the radar equation (2), which
relates the NRCS of atarget to the intensity of its echo
in a digital image. The determination of K is essential
if the performances of the marine radar system as a
guantitative NRCS measuring device are to be compared
with more conventional research radars. So far, the scal-
ing factor was calculated from the technical specifica-
tions provided by the radar manufacturer. But as these
values are only indicative and may not represent reliably
the capabilities of the current system, an experiment
using calibrated point targets was devised to estimate
the true scaling factor K for all pulse length settings.

The practical implementation of an absolute calibra-
tion is difficult because of the high sensitivity of the
NRCS to the orientation of the target relative to the
radar wave and because the measured target echo in-
cludes interference from multiple reflection and para-
sitic signals. The need for absolute measurements for
marine radars is confined generally to research and de-
velopment projects carried out by radar manufacturers
to improve the radar’s performances as a navigational
aid. In order to minimize the risk of measurement error,
such calibration experiments take place usually at spe-
cialy designed sitesfeaturing arrays of mast-based radar
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reflectors located at sea. Unfortunately, no opportunity
for access to such facilities arose during this study. In-
stead, it was possible to make better use of the buoy-
mounted corner reflectors used previously for the ex-
ternal calibration.

a. Multiple scattering

Measuring NRCS for targets raised above the sea sur-
face is different from measuring the ocean backscatter
coefficient. The radar equation givenin (1) isvalid only
for point targets located in free space. The presence of
the air—sea interface between the radar and the target
allows for multiple scattering whereby the energy trav-
els not only by the direct path but also by paths that
include reflection from the sea surface between the radar
and the target. In the case of a perfectly smooth surface
and a horizontally polarized X-band radar wave, the
magnitude of the reflected component to the backscatter
can be of the same order as that of the direct component.
Under these particular conditions, the contribution to
the received power due to multiple scattering can be
estimated and a new expression for the received power
can be found as (Skolnik 1980)

_ 47P,G2°A htht

& A%RE '

17
where, respectively, h, and h, are the heights of the radar
antenna and the target above the mean sea level. It fol-
lows that the NRCS for a point target in the presence
of areflecting flat surface is given as

o° (dB) = 10 log,,P, + 10 log,,R® — 10 log,,A,

— 10 log, K, (18)
where a new scaling coefficient K’ is introduced as
47P,G?(h,h,)*A?
K' = 7P, G?(h,h,) . (19)
)\2

From the expression for the original scaling factor K,
the coefficient K’ can be related to K by

K’ A4

= amrhany

(20)

b. Basis of a practical procedure for an absolute
calibration

If an absolute calibration isto be achieved, the method
for the external calibration described in section 4a must
be adapted to allow for the multiple scattering discussed
above. The assumption of a linear response now leads
instead of (9), to

10 log,,R® = C'X + D'. (21)

In principle, this enables C' and D’ to be evaluated
empirically asC; and D; from a series of measurements
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of the signal echo from known targets (o) at various
ranges. Then, from (18) and (21), we can write

10 log,,P, = —C/X — D/ + 10 log,q0;
+ 10 log,,K'. (22)

But 10 log,,P, isdescribed also by theinternally derived
calibration function f,,,(X). Thus, over the interme-
diate range in which the linear relationship between the
received power in decibels, P, and image intensity X is
valid, we can say

fomn(X) = —C{X—D{ + 10 l0g,,0; + 10 log,,K’, (23)
where for short pulse

fo(X) = 0.223X — 125 (249)
and for medium-ong pulse
fa(X) = 0.201X — 123. (25)

Thus, C; can be assumed to be equal to the slope co-
efficient in (24) and (25) determined from the internal
calibration, and all that remains is to determine Dy,
D;., and Dy by fitting (21) to measurements of known

target echoes. Comparison of (23) with (24) and (25)
yields expressions for the new scaling coefficient:

Ko (dB) = D, — 10 log,o, — 125  (26)
K/ (dB) = D, — 10 log,o, — 123 (27)
Kl (dB) = D) — 10 log,o;, — 123 (28)

from which the original scaling factor K can be derived
using (20).

c. Experimental results

Despite the obvious uncertainty associated with the
motion of the buoys, the measurement errors were min-
imized by carrying out the experiment in very cam
wind and sea conditions, thus reducing the pitch-and-
roll motion of the buoys and limiting the contribution
to the backscatter from the surrounding sea surface. The
radar image spatial resolution was optimized to 7.5 m
for the accurate measurement of the radar reflectors’
sharp echoes intensities. For each target, a time series
of 250 echo intensity measurements was obtained at
each pulse setting and was submitted subsequently to
statistical analysis.

It was noted from the distorted shape of the buoys
echoes that the radar receiver presented alow-filter-type
response in which a delay is introduced in the time it
takes for strong echoes to reach their nominal intensity.
The rise time was found to be of the same order as the
duration of the medium pulse and therefore was partic-
ularly detrimental to the measurement of target echo
intensity in short pulse images. The tempora charac-
teristic of the receiver response was estimated from ra-
dial transectsin the artificial images obtained during the
one-step internal calibration. Unfortunately, the maxi-
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FiG. 8. Upper 30% echo intensity versusrange for buoy-based radar
reflectors. The slopes of the straight lines are preset from the one-
step internal calibration results, and only the offset is determined by
least square fitting to the empirical points for the calculation of D;.
The outlier point at X = 255 corresponds to the saturation of the
system for the nearest buoy and should be disregarded.

mum 20-MHz sampling rate used in these images
proved inadequate to determine the time characteristic
of the receiver accurately enough. As a result, only an
approximate correction could be applied to the buoy
intensities, and it is thought that a pulse-dependent bias
may have been introduced at this stage that could ques-
tion the validity of the empirical K values derived for
different pulse settings from these measurements.
After correction of the echo intensities, the histograms
for each time series were produced. The intensity as-
sociated with the 10 m? radar cross section (RCS) was
identified by comparing our results with RCS statistics
reported by Trinity House Lighthouse Service for this
type of buoy-based radar reflectors. In their latest study
(Ward and Vennings 1989), the performance of the
Speckter radar reflectors was expressed in statistical
terms for various buoy tilt angles. The 16-in. octahedral
Speckter radar reflectors were found to behave well, and
RCS statistics reported echoes larger or equal to 10 m?
for 30% of the time for tilt angles between 0° and 10°
from the vertical. In the very calm conditions encoun-
tered during our experiment, the buoy motion was as-
sumed to belong to this range of inclinations. The in-
tensity corresponding to the upper 30% of al echo oc-
currences was therefore determined for each buoy and
associated with a 10 m? radar cross section. The range
R and the 30% intensity X,, of the radar reflectorswere
plotted as 10 log,,R® against intensity X,y in Fig. 8.
The intensity of the closest buoy echo unfortunately
reached the system saturation level on al pulse lengths
and could not be used in the linear function fitting. The
offset D; was determined by least square fitting of the
datapointswith alinear function of predetermined slope
C; obtained from the one-step internal calibration func-
tions at intermediate intensities expressed in (24) and
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(25). The coefficient D, was found equal to 323, 325.5,
and 326.5 for short, medium, and long pulses respec-
tively. Following the calculation of the intermediate
scaling factor K’ from (26) to (28), the original scaling
factor K was calculated using (19) for a radar height h,
of 7 m and areflector height h, of 3 m above mean sea
level. This resulted in values of K equal to 31.3, 35.8,
and 36.8 dB for short, medium, and long pulses.

These experimental results are compared in Table 1
with values of K calculated from the manufacturer’s
technical specifications for the maximum antenna gain
(28 dB) and from laboratory measurements of the emit-
ted power for each pulse setting. The numerical values
of the empirically derived scaling factor K are in rea-
sonably good agreement with the cal culated values and
indicate that the nominal antenna gain figure given by
the manufacturer is a realistic estimate of the system’s
performances. However, given the uncertainty in the
echo intensity correction factor for different pulse
lengths, these experimental results are not sufficiently
reliable to serve as abasis for the analysis of theradar’'s
dynamic range capabilities on different pulse settings.
Hence, it was deemed safer to perform the absolute
calibration of images and the assessment of the system’s
NRCS using the calculated values of K. Thus, the final
expression of the NRCS in decibels as a function of
pixel intensity X (DN) at arange R (m) is

for short pulse:
o° (dB) = f(X) + 10 log,,R* — 10 log, A,

- 316 (29)
for medium pulse:
o° (dB) = f,,(X) + 10 log,,R* — 10 log, A,
- 331 (30)
for long pulse:
o° (dB) = f.,,(X) + 10 log,,R* — 10 log, A,
- 337, (3D

where A, is the sea clutter area illuminated by the an-
tenna as defined by (4), f,and f,, are the radar system
amplification functions found during the internal cali-
bration of the system for short and medium—ong pulse
settings, and the last term is the absolute calibration
scaling factor calculated from laboratory measurements
of the emitted power and the manufacturer’s technical
specification of the maximum antenna gain.

6. Error analysis

The NRCS of the sea surface at a given pixel is a
function of many variables. The most important sources
of error were identified as originating from the pixel
intensity X (including the received power error linked
to instrumental noise and the stability of the system),
the transmitted power P,, the pixel range R, and the
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radar antenna height h. Hence, the NRCS can be re-
written as

0% (dB) = W(X, P, R, h). (32

The NRCS measurement error of the radar system was
estimated theoretically, as there was no opportunity for
repeatable measurements over a static rough surface.
Since the absolute error attached to the scaling factor
K cannot be estimated easily, only the relative error was
investigated at this stage. The estimation of this error
will be rounded up systematically whenever required in
order to achieve an evaluation of the maximum total
relative error to be expected in the data.

a. Errors types

Measurement errors can be divided into systematic
or random errors. Systematic errors are caused by in-
correct methods of measurement and always bias the
resultsin aparticular direction. Usually thistype of error
does not affect the internal consistency of the measure-
ments, but it becomes critical when comparing mea-
surements with results from other experiments. Random
errors are due to unavoidable interference during the
measurements and are governed generally by Gaussian
statistics. In contrast to systematic errors, random errors
can be minimized by averaging over many realizations.

b. Error in pixel intensity

The error in the pixel intensity consists of the error
in the received power related to the system noise and
stability and to the digitization error introduced during
the experimental determination of the instrument trans-
fer function. The high accuracy of the microwave pulse
generator used during the internal calibration experi-
ment was found to result in a maximum digitization
error less than 1 DN in the artificial images.

The error in the received power was identified as the
main source of error in the NRCS, as it consists mostly
of the system receiver noise. Receiver noiseisarandom
error related to the thermal agitation of electronsin the
instrument, and its statistical characteristics are related
directly to the noise temperature of the receiver (Wheel-
er 1963). Thethermal noise characteristics of the present
system could be determined experimentally given the
ability of the data capture board to collect radar images
without prior power transmission. In the absence of
transmitted pulses, the signals collected at the amplifier
consist of the receiver noise plus the ambient microwave
noise. At X-band frequencies and in the absence of other
interfering systems in the vicinity, the natural level of
microwave energy can be considered negligiblein com-
parison with the instrumental noise. When other systems
are present, the disruption of the data is generally suf-
ficiently perceptible to ensure these data are rejected
from the analysis.

Experimental measurements of the thermal noise
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Fic. 9. Mean and standard deviation of the receiver noise in DN
for a variable number of images averaged and three ambient tem-
peratures. X = 12°C, + = 15°C, and O = 17°C.

were carried out on several occasions characterized by
different environmental conditions to examine the sta-
bility of the system with temperature. On each occasion,
a time series of 64 “‘blind”’ images was collected for
all three pulse settings. For each time series, the average
and standard deviation images were then produced for
a variable number of antenna revolutions. The mean
value in the average and standard deviation images was
calculated by averaging over the whole image. The re-
sults for three different ambient temperatures are pre-
sented in Fig. 9 for al three pulse settings. The mean
and standard deviation of the receiver noise are ex-
pressed in digital numbers between 0 and 255.

The mean receiver noise was found to be largely in-
dependent of pulse length setting and the number of
revolutions but clearly dependent on temperature. The
5°C temperature difference between the datasets plotted
as ‘X" and “Q" in Fig. 9 correspond to a 1.5-count
increase in the mean receiver intensity. Thus, the mean
receiver noise should in principle be measured for every
data capture session but can be assumed safely to be
less than 25 counts in most environmental conditions.

The receiver noise standard deviation was found in-
dependent of temperature but showed a clear 1/NV? de-
pendence on N, the number of images averaged, in ac-
cordance with Gaussian statistics. The variability of the
receiver noise appeared larger for long and medium
pulse settings, presumably because of the smaller num-
ber of independent looks on longer pulse settings. The
receiver noise error was then digitized by rounding up
to the nearest DN value for a range of N values. The
total error in pixel intensity S, was derived by combining
the digitization error and the receiver noise error. The
results are summarized in Table 2 for al pulse length
settings and a range of N values.
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TABLE 2. Pixel intensity error in DN on different pulse settings
and a variable number of images averaged.

Number of rotations N

N<4
N=4
N<4
4=N<16
N = 16
N<4
4=N<8
8=N<24
N = 24

Pulse setting
Short

Noise error S, in DN

Medium

Long

NWANNWONW

c. Error in emitted power

The transmitted power P, is affected by a random
error linked to the thermal agitation in the magnetron
and fluctuationsin the power supply. The random pulse-
to-pulse fluctuations of the peak power is one of the
parameters used to characterize the quality of the mag-
netron. In the present case, the pulse-to-pulse error is
specified by the manufacturer (English Electronic
Valves, Chelmsford, United Kingdom) to be less than
+10% of the mean peak power over a wide range of
temperature and humidity conditions.

Adopting the rigorous assumption that the manufac-
turer’s confidence limit represents one standard devia-
tion of the emitted power pulse population, it follows
from the laws of random errors that the error in the
emitted power for images in which n, number of in-
dependent looks are integrated per pixel in azimuth is

S 01P,
e e

(33)

where S is the standard deviation of the single pulse
population and P, is the mean emitted power (W). Sim-
ilarly, the error in emitted power for radar images col-
lected with n, number of looks and averaged over N
antenna rotations becomes

S - S 0.1P,
t Nv2 (Nni)1/2'

Theerror S, in the peak power in radar images can then
be calculated for all pulse settings and for a variable
number of antenna revolutions N from the values of P,
givenin Table 1 and the nominal number of independent
looks n; associated with each pulse setting.

(34)

d. Error in range

The error in the range of a given feature is arandom
error of very small magnitude determined in principle
by the accuracy in measuring the time delay between
the pulse emission and the reception of the echo. With
the digitization of the returned echoes, however, small
variations in range can result in a feature appearing
alternately on two adjacent pixels. The error in range
in aradar image isthen arandom error with amagnitude
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determined by the sampling rate used for the digitiza-
tion. Hence, for short-pulse images collected with a 20-
MHz sampling rate, for example, the maximum error in
range Sy is 7.5 m.

e. Error in antenna height

The error in the antenna height is a systematic error
that biases the results for a given site in a particular
direction. It isaccountablefor the discrepanciesbetween
results obtained from different radar locations. | n coastal
sites, the height of the antenna with respect to the mean
sealevel isdetermined whenever possible by direct mea-
surement or visual estimate, taking into account any
tidal elevation of the sea surface. When an accurate
visual estimation is not available, the antenna height
can be obtained from the nearest altitude reading on
1:50 000 Ordnance Survey maps. For much of the U.K.
coastline, the Ordnance Survey will guarantee levelsto
an accuracy of the order of about 10 m (Ordnance Sur-
vey 1998, personal communication). Thus, the largest
error in antenna height S, is of the order of 10 m, where
high locations such as cliffs are used.

7. Radiometric resolution and dynamic range
a. Radiometric resolution

The error analysis established that the total relative
NRCS error consists of random errors in the pixel in-
tensity X, the emitted peak power P,, and the range R,
as well as a systematic error in the height h of the
antenna. Following (32) and the laws of error combi-
nation (Boas 1983), the relative NRCS error can be
written as

80 ave = [(BW,)? + (8We)? + (8WR)2]V2 + 6W,, (35)

where 6W,, W, , W, and 6W, are the relative errors
expressed in decibels associated with pixel intensity,
emitted power, range, and antenna height, respectively.
The relative error in decibels for each variable is cal-
culated from (32) and from the standard deviation of
the variable. For example, the relative error in pixel
intensity 6W, expressed in decibels reads

W, = W(X, P, R, h) —W(X +S,P,R,h), (36)

where the overlined symbols indicate the mean value
of the variable and S, is the pixel intensity standard
deviation expressed in DN.

From (35) and (32) it follows that the total relative
error is a function of range, pixel intensity, antenna
height, pul se setting, and the number of imagesaveraged
N. Closer examination of the dependence of the indi-
vidual errors 8W,, 6W,, 6Wg, and 6W, on these pa-
rameters leads to some simplifications. The rapid decay
of 8Wy and 8W,, with range, for example, can be gen-
eralized easily by estimating the total error in three im-
age range gates: smaller than 200 m, between 200 and
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Fic. 10. NRCS relative error in decibels due to pixel intensity error
shown as error bars for a pixel intensity error of S, = 3 DN on a
short pulse setting.

400 m, and larger than 400 m. Similarly, the dependence
on antenna height can be resolved by assimilating the
error W, to the maximum error as calculated for arange
of antenna heights varying between 5 and 100 m above
mean sea level.

The dependence of the total error on pixel intensity
through 6W, can also be removed by considering the
variation of the error 6W,, with intensity. Figure 10
represents W, in the form of error bars for a pixel
intensity standard deviation S, of 3 DN. The error ap-
pears small and stable throughout the intermediaterange
of intensities but becomes very large rapidly at low and
high intensities. Hence, it is clear that the high slope of
the system transfer function at both extremes of the
intensity range renders these data unreliable and implies
that these data should not be included in the quantitative
interpretation of the NRCS. It is therefore possible to
remove the dependence of the total error in NRCS on
intensity by redefining the system’s dynamic range as
the interval of received power levels for which the error
oW, is stable. In terms of intensities, this range corre-
sponds to X values between 30 and 245. The error 6W,
can then be represented by the maximum error in that
range for given values of S,. After simplification, the
total relative error in NRCSthen finally can be estimated
from (35) as afunction of pulse setting, range gate, and
the number of averaged images as presented in Table 3.

b. Dynamic range

The radiometric dynamic range is defined astherange
of NRCS values measurable with the present system. In
principle, its lower and upper limits are determined,
respectively, by the system’s minimum detectable signal
(MDS) related to the marine radar noise level and the
saturation level of the data capture board. In the present
case, however, the high NRCS error found in the pre-
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TABLE 3. Radiometric resolution on different pulse settings, range gates, and a variable number of images averaged.

Maximum error 3W, . (dB)

Maximum error d3W,44ve (dB)  Maximum error 3W, .. (dB)

Pulse setting Number of rotations N R <200 m R=200m R =400 m
Short N<4 15 1 0.9
N=4 13 0.8 0.6
Medium N<4 17 14 1.3
4=N<16 13 0.9 0.8
N = 16 12 0.7 0.6
Long N<4 21 19 1.8
4=N<8 14 12 11
8=N<24 1.2 0.9 0.8
N = 24 11 0.7 0.6

vious section at high and low power levels has called
for a redefinition of the system’s dynamic range to the
intensity interval between 30 and 245, where the major
error W, is reduced (Fig. 10). Thus, the lower limit of
the dynamic range (or MDS equivalent NRCYS) is cal-
culated for each pulse setting by introducing X = 30
DN in the normalization equations [(29)—(31)], while
the system saturation level (or saturation-equivalent
NRCS) is obtained by taking X = 245 DN in the same
equations. The MDS and saturation-equivalent NRCS
are shown in Fig. 11 for all pulse settings.

8. Discussion
a. Calibration methods

For the first time, the radiometric performance of a
conventional low-budget marine radar attached to adig-
ital capture board has been investigated. The internal
calibration, implemented via a two-step and a one-step
method highlighted the importance of treating the com-
posite radar system as a whole to describe the system
transfer function with sufficient accuracy for low and
high backscatter signals. The one-step calibration meth-
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FiG. 11. Dynamic range defined by the NRCS interval between the
minimum detectable signal (solid lines) and the saturation level (dot-
ted lines) for different pulse settings. At 7 m s~ wind speed, the low
grazing ocean NRCS at HH polarization is typically between —20
and —30 dB.

od provided results in good agreement with experimen-
tal evidence obtained from external measurements on
calibrated targets.

The experimental method for the absol ute calibration
is admittedly questionable, chiefly because of the use
of unsteady buoy-based targets. The approach, however,
did account for the possibility of multiple scattering,
and buoy measurements were obtained statistically over
several hundred samples in very calm conditions for
which both the buoys' motion and the contribution to
the backscatter from the surrounding sea surface were
minimal. Although the empirical results showed rea-
sonable agreement with calculated values of the scaling
coefficient K, the lack of accuracy in measuring the
receiver's low-filter temporal characteristics represents
a serious problem, as the derived correction factor is
likely to include a pulse-length-dependent bias that
could misrepresent the performance of the system on
different pulse settings. For these reasons, the system
performances were evaluated using the more reliable
scaling coefficients K calculated from laboratory mea-
surements of the emitted power and the estimate of the
nominal antenna gain suggested by the manufacturer.

b. Dynamic range

From the literature, the range of ocean NRCS mea-
sured by airborne and shipborne HH-polarized micro-
wave systems at low grazing angles is reported to vary
between —60 and —10 dB (Daley et al. 1971; Trizna
1985), while the typical ocean NRCSfor a7 ms-*twind
speed is of the order of —20 to —30 dB. The dynamic
range of the marine radar system shown in Fig. 11 spans
a 50-dB range, which covers easily these low ocean
backscatter values. Thewidely recognized ability of ma-
rine radars to detect low-power echoes at far ranges
seems to be further enhanced by the filtering and in-
tegrating achieved in the digital capture board. The pro-
cessing of the returned pulses in the composite system
thus results in a reduced signal-to-noise ratio and an
extension of the marine radar’s dynamic range toward
lower NRCS values. Hence, this ability to measure low-
power echoes makes the marine radar system a cheap
and simple method to study quantitatively the ocean
backscatter at near-horizontal incidence angles.
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c. Radiometric resolution

The radiometric resolution of the system shown in
Table 3 for various combinations of parametersis seen
to improve significantly for ranges beyond 400 m, where
itisfound to be of the order of 1 dB. Hence, for typically
sized radar images, this smaller error applies over more
than 90% of the image area and therefore can be con-
sidered to represent the overall quality of the digital
radar images.

For single-rotation images, the 0.9-1.8-dB error is
clearly much poorer than that of traditional research
radars, which can claim accuracies better than 0.5 dB
(Vogelzang et a. 1992; Meadows and Wright 1994).
Nevertheless, this error is better than 1 dB for a short
pulse and is therefore of sufficient quality to image the
most rapidly changing oceanographic features with rea-
sonable accuracy. The marine radar system offers the
additional facility of producing time series of 2D images
that may be used to study the spatial and temporal evo-
[ution of the sea surface roughness distribution over any
period of time, ranging from seconds to minutes to
hours, in a manner inaccessible to satellite or airborne
systems.

For stationary oceanographic processes, the radio-
metric resolution in the digital marine radar images can
be improved significantly down to 0.6 dB by averaging
over several antenna revolutions. On short pulse set-
tings, such low relative errors can be achieved by av-
eraging asfew asfour successiveimages. Hence, images
from different sites and obtained under different envi-
ronmental conditions can now be compared with con-
fidence, and most oceanographic processes character-
ized by radar backscatter signatures over of afew deci-
bels (surfactant slicks, bathymetry—current interactions,
fronts, etc.) can be studied quantitatively in space and
time with good accuracy using this type of instrument.

9. Conclusions

The performance of a low-budget composite marine
radar and data capture board system has been established
for the quantitative measurement of the ocean back-
scatter coefficient. The system’s dynamic range was
found well adapted for sea surface roughness measure-
ments at low grazing angles, and its radiometric reso-
lution was revealed of sufficient quality to enable ac-
curate imaging of many oceanographic phenomena. Ma-
rine radar systemsthusrepresent asimple and affordable
technique to obtain high-resolution quantitative images
of the sea surface roughness distribution over specific
areas.

The good performance of marine radar systemsat low
grazing angles, their versatility in terms of temporal and
spatial sampling technique, and their long-term deploy-
ment capabilities make these instruments ideal tools to
complement satellite and airborne imaging radar data.
The combination of quantitative sea surface roughness
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measurements from different types of radars should lead
ultimately to a better description of oceanographic pro-
cesses and a better understanding of the microwave
backscatter mechanisms responsible for their radar sig-
natures.
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