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ABSTRACT

A microwave shipboard wave-height radar sensor for
measuring ccean wave spectra, developed by the tlaval Research
Laboratory, was installed on the containership =5.5. Me2Lzil, February,
1975. The sensor's performance, desiqn, and analysis of data for
one data run are discussed. The radar system has a 3 centimeters
wavelength, 2 nanoseconds pulse width. 100 watts of peak transmitted
power, 10,000 pulse per second repetition rate, 2-foot parabola
antenna diameter, 7 decibel receiver noise figure, 100 pulses per
second equivalent pulse processing rate, and a 1-foot resolution.
Results are in reasonable agreement with airborne measurements.
Areas for improving the system are also discussed.
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SHIPDBOARD RADAR

1.0 Introduction

The ability to measure the wave spectra in the open
occan from a moving vessel has met with varying degrees of
SUCCeas, Bach sensor to date has suffered in its performance

due to environmental conditions or due to its placement foi

measuring the unperturbed sea. This report will discuss the
utilization of a microwave sensox on a moving vessel for
measuring the open ocean wave spectra. Employing microwaves,

some of the limitations of other sensors are not experienced.

Tucker [1] developed the Tuckermeter for measuring the

wave spectra from a moving ship by sensing changes in watex

pressure due to surface wave conditions. The Tuckermeter is i
placed below the water line and thus reguires calibration '
for each wave frequency, ship speed, and depth. Since the E
sensor operates on pressure, it performs as a low pass !

filter and will not sense the higher freguencies.
A microwave shipboard wave height radar sensor for |
measuring the ocean wave spectra was developed by the Naval !
Research Laboratory (NRL) and was installed on the S.S.
¢

MclLean in February 1975 and its performance, design, and
2 1

analysis of data for one data run will be discussed in this

report. |




2.0 i il \ ¢
8 Introduction
Any sensor that profiles the ocean surface and measure

the height variations can provide the necess
for deriving the wave spectra. Since radanr
neasuy ] device, it lends 1tself ideally fox

Profiling waves with a radar reguires

a very narrow antenna beam and very narrow
narrow antenna beam illuminates a small spot
ocecan surface and the narrow transmitted puls

resolving the fine height structure of

radaxr with these features on a

clearly show the ability of the system to profile
as shown in Figure 2-1. In addition the
permits the radar to be aimed away from the

ents of

necasurem

moving vessel., Microwaves also permit the

operated day or night, in rain or fog
i X oo L4

bow spravy,

ineffective when a solid sheet of

radar is

across the antenna beam.

that 1t can be discounted.

Radar System Parameters

The radar's high resolution of one foot

using a very narrow pulse of 2 nanoseconds.

&=

that ti

the way

tower, the rad:

narrow
nadix
the ocean unperturbed by the bow wake of
radar
with bow

and continuously or intermittently.

1iry information
is a range
this purpose.

e radar employ

1l ses. The

size on thi

¢ width permits
VoS . Using a

X Yeturns
the ocean
antenna beam
allowing
the
to be

no

spray ox

the

Howoever ’

water splashes

This situation occurs so infrequently

i1s achieved by

Figure 2=2 1s a




functional

rincipal

located about 90 fect

antenna is

the antenna mountec

(upper box)

inside the watertight

assembly in a

block diragram of
characteristics ol
Wavelength
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Peak Transmitted Powel

Pulse Repetition Rate

Antenna Diameten
Receiver Noise k"iﬂll].‘\.‘

Equivalent Pulse
:

Processing Rate

The R.F. components for

mounteda

in a watertight

above

degrees with resgpect to nadir.

-
1

ridge and the figure to the right

measured data before processing.

and receiver

circuits are located remotely

standard half

pointed abeam and

on the

(lower box) as

enclosure.

rack as shown

the radar systom; and

the radar system are:

3 centimeters

2 nanoscconds
100 watts

10,000 per seccond
2-foot

parabola

7 db

second

HO0 per

the transmitter and
enclosure on an antenna }_\k‘\‘ik‘:;
the ship's water line.

tilted down and out

o)

Figure 2=3° ig
starboard side of
shows a

Figure 2-—4

The control

transmit

from the

All the timing and control signals are derived in this unit.

receiver

a photograph

sample of

shows
they arc mounted
and display
ter-receiver

in Figure
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2. 3 rincxple of Operation

The 10 KHz timing generator, shown in Figure 2-2,
triggers the transmitter and synchronizes the receive:
signal processing. The R.F. transmissions consist of 2 ns
wide pulses at 10 GlHz can er freguency with a peak power of

100 watts and with a puls repetition rate of 10,000 pei

S PV W) 1
Secona. i

g the 2 ns wide pulses
the system with bandwidths of 500 mHz. 1t is desirable to
operate at a lower bandwidth wiere components are more
easily used and obtained. By employing a sampling scope for
display and signal processing, it is possible to make this
bandwidth transformation which is eguivalent to a video
wicroseconds wide or a bandwidth of 5 KHgz.

Thus the usec of standard low speed logic¢ circuits can be

used for signal processing resulting in a simpler and more

reliable system. The principle of operation of a sampling
scope is well known and will not be discussed. See refereonces

{2, 3; 4] for the particular scope used in this radar.




I'he block d ram for the automat) gain cont 1 (AGC)
1 hown Pagure 2=06. e ip L tud ‘ the returned
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constants in the AGC loop are adjusted to com; for th
low chan jes of ship's roll but will not affect y rapid
pulse—-to-pulse changes.
F o8 2 Range Tracker
The block diagram for the range tracker is shown in
Figure 2-7. The remote programming feature of the Tektronix
sweep unit [4] is used in the range tracking loop. E '.‘.O‘;“.x
this featute permits the range tracker to automatically
adjust the time delay of the scope trigger so that the
returned video pulse always remains centered on the samplinc
scope screen. The details of the tracker are shown in

Figures 2-<§, 2=9, 2-10, and 2-11. The signal flow

and

controls are quite involved and will not be discussed

This information will be provided if requested.

2-4
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2.3.3 Output Signal

The range tracker follows the peaks and crests of the
waves and produces an output voltage proportaional to the
range excursions. The voltage to be recorded changes one
volt for each 12.8 feet change in the distance of the radar
antenna from the ocean surface. When as many as fifty
successive range pulses have been missed, indicating loss of
range lock, an error light is lit. The AGC meters shows the
value of attcnuaﬁion inserted in the receiver amplifier
which is a measure of the returned signal amplitude.
2.4 System Drawings

The drawings of the system are included so that the
details of the system can be trace out. The drawings include
a simplified block diagram, Figure 2-8, a total radar system
schematic, Figures 2-9, 2-10, and 2-11, the cable connections

and control panel, Figure 2-12, and the transmitter-receiver

schematic, Figure 2-13.
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WAVE STAFF  RADAR

PULSE DATA FROM THE
CHESAPEAKE LIGHT TOWER
WAVE HEIGHTS & FEET
HOR. SCALE 2.0 FT/DIV
VERT. SCALE I SEC 701V

Ficure 2.1
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3.0 Data Reductions

3.1 Experimental Test

The nanosecond radar is located starboard on the bridge
of §.5. McLean and adjusted to view the ocean at a look
angle of 15° from nadir and away from the bow wake. On
February 6, 1975, while the ship was underway from Elizabeth,

New Jersey to Portsmouth, Virginia, simultaneéous ocean

—

surface data was taken by the shipboard radar while an
airborne laser profilometer and airborne nanosecond radar
were measuring the same seas. The object of this effort is
to establish the validity of the shipboard measured data.

The shipboard radar data was recorded at 30 minute

i
: -

intervals starting at 8:20 A.M. EST on Februaxry 6, 1975 and
ended at approximately 2:00 P.M. of the same day. Each file
of data started with about a minute of zero level setting
and followed by a minute of calibrations. The ship was .
travelling at 29 knots at 214° heading. Approximately 9:26
A.M. the aircraft intercepted the ship's track at 38°3' N in
latitude and 74°41' W in longitude. Ailrborne data was
recorded at 500 feet and at 1000 feet altitude in the
inmediate vicinity of the ship's path. At 500 feet altitude,
a laser profilometer [5] and an airborne nanosecond radar
were used to profile the ocean surface. At 1000 fect

altitude, NRL's airborne nanosecond radar was operated in : |

the wave spectrometer mode. Aircraft data was recorded

continuously at intervals of about 90 seconds as the aircraft

3=l . f




was fiying at 146 knots ground speed. Exacl coineidonce ot

data takRing was not possible and comparison of the data is

based on approximate times from the ghip and ajrcraft logs.

3.2 Analysis

The dynamiecs of the two platforms (aircralft and ship)
whitle roecording ocean surface data was significantly duf fer
In additieon to their pecwliar mosion charagclteristics, the
data was recorded in different manners. One, conbinuously
i analog and the othery, lintermittently and digitally. To
el fect o better comparison of the data, 1t was necessary

that the data be reduced to some comuon baso.

The analog shipboard data was recovded in real time,
and thon sampled and digitized at 8 liz off-line. This
digitizing rate was a compromise, faking into account the
longest occan wavelengths expected to be expevienced by the
ship and the storage capacity of in-hiouse computers Lo
progess Lhe data. The alrcraft data was digitized at 90 iz
rate i real fime but was utilized at L5 Uz pates of f-1ine.
Ngain a compromisce was made with the hidgh Crequencics which
were not overly significant being truncated and at the same
time trying to maintain egual spatial resolution with the
shipboard data. The data storage and handling capacity of

the computor was also of concern,

1'
'




P

s

55

-

The largest amount ot dynamic motion or movement othern
than forward velocity of a ship is its roll. In Figure 2-3
was shown a sample of the shipboard radar output and the
output of the roll scnsor. The magnitude and the period of
the roll which affect the determination of the truce ocean
wave spectra must be removed before any real analysis can be
conducted. However other motions also need to be corrected
for unless they become scecond order in magnitude and can be
ignored.

The geometry of the radar aboard ship is shown in
Figure 3-1. The upper figure shows the direction of the
ship moving into the paper and in still water thus remaining
in the upright pesition. The radar measures R(t), the
distance from the radar to the surface of the water at an
angle o with respect to the vertical. As the ship moves,
the radar distance, R(t), changes with the peak and crest of
the waves. It is the magnitude and frequency of these radar
distance variations that yields information for determining
the ocean spectra. As mentioned carlier, ship motions,
particularly roll, affects the magnitude of these variations
vielding an erroncous wave height change.  In the lower
illustration of Figure 3-1 is shown an instantancous roll
position that the ship can assume. In this situation, the
change in radar distance R(t) is not due to waves but is duc

to the ship's motion and the radar then measures the distance

RU instead of Ro' The magnitude of the change in R to Rn

O




needs to be determined.  The geometry, assuming rigid body

motion, for determining this change is shown in Figure 3.1

where

IIO = distance from radar antenna to water surface, in
the direction of ship's symmetric axis, and 0°
roll angle; 76 ft. for ”o in these calculations.

“U = distance from radar antenna to water surface in
the direction of ship's symmetric axis, caused by
0 degrees roll angle.

l.O = horizontal distance of radar antenna from centecr
of gravity of the ship at 0° roll angle, 40 ft.
for these calculations.

0 = angle of roll; positive in clockwise convention,
from vertical upright position, by looking into
the direction of ship's beading.

Ro = radar distance of 0° roll angle;

RO = radar distance at 0° roll angle,

a = look angle of radar antenna, 15 degrees,

CG = center of gravity of the ship,
MC = metacenter of the ship,
BC = buoyant center of the ship.

From the lLaw of Sine's, it can be shown that

3-4

(1)




Rearranging

sLn(U,» - 0)
R, = H, —m—————
) il
: 3 sin(fz H 8 = o)
cosl
- 1 SN e oy
(HO ]0 tand) (2)

cos (0 = )

wheve R0 is the radar distance to the water surface at a
roll angle of 0°. Using Equation (2) the values for Ru(t)
can be determined from “o’ LO, a, which are given and the
roll angle 0 which can be obtained from the ship's roll
SENSOr.

Using Ro(t) in the radar distance measurcments, the

following relationship can be established:

RR(t) = Rﬂ(t) + ¢ (k) + AR(L) (3)
wheoere
RR(” - the radar distance measurement to the water
surface
r LE) - = the instantaneous apparent wave hcight
AR(t) - the radar distance changes due to ship motion

other than roll.

This relationship shows the effect of ship motion in

conjunction with wave motion and their effect on the radar




: rangce measurcments, but assumes that any flexure which

changes the distance between the radar antenna and the

center of gravity is negligible. All other motion changes
such as yaw, pitch and heave, etc. are combined into AR(t).
Z(t), the term of interest in describing the sea surface, is
small in magnitude and it modulates the distance RRU) which
is large. The shipboard equipment was designed only to
record this modulation and as a result a large distance
bias, D, rocmains.

Let

RA(L) = RR(L') — B (1)

where R}\(L) is called the relative radar range mecasurcment

and D is a constant. Substituting (3) into (4),

RA(t) = I{U(t) 4+ ¢ (t) + AR(t) - D . (59
Rearvranging the terms
}{A(t_) = Ro(t.) = glt) + Aty = D. (6)

Redefining (0)

Rl((‘-) = R‘,\(L) = RO(t)

= o FEe) + AR(E) = B (7)




whero !\'l () is the relative radar range without the effect

of ship's roll. Rearranging the terms

tit) = Ry () - LAR(E) = DI - (8)

This results in ¢{t) describing the sea surface variations.
There still exist AR({t) - D which has not been accounted for
because D is basically a DC term. This however can be
removed by filtering the data. AR(t); as defined, consist
of all the other ship motions affecting the radar range
mneasurements. The high fregquency components of AR(t) are
of such low magnitude that their effect on the wave measure-
ments is negligible, whereas the low fregquency component can
be effectively removed with a high pass filter. &(t) still
contains a doppler term and it must be taken care of before
it is possible to study the ocecan surface characteristics.
In Appendix A the filtering process employed to remove the
AR(t) term is discussced.

The term ¢ (t) describing the amplitude variations of
the waves as the radar profiles the surface while the ship
is underway includes a doppler term. Due to the velocily of
the ship and the doppler effect, the waves encountered are
foreshortened. Thus the wavelengths measured are not the
true ocean wavelength but an apparent wavelenth. If the

radar's instrumentation had incorporated a coherent R.I°.

3=




gsignak, the effect of the ship's veloelity Gang by approprlat

instrunentaion, be subtracted directly. Sinece this 1s noi
the case, 1t is necessary to correct the apparent spectra to
a true spectra. In erder o accomplish this, it is no
longexr possible to operate in the time domain but one must
resort to working in the wave number or frequency domain.
Thus the time function must be transformed into a wave
number function:

t(t) transforms =+ . (k. )

FATA

where k;\ is the apparent wave number because of the doppler

effect and is the apparent wave number spoectrum. It

‘s"A(kA)

can be shown, Appendix B, that {

U Lk transforms » & (0
\A( .7\) ¢ L '_l')
where ,'(;‘,l,) is the true wave f[frequency spectrum.

\*(\‘T) is the spectrum shown in the results. Equation (B-2)

in Appendix B.

3.3 Fast PFourier Transform
A fast fourier transform [6] was used in the spectral
analysis and since this is standard operation, it will not

be discussed here. However it was necessary to use a

Hamming function [7] to smooth the spectra.




3.4 Spectral Bamdwidth Va. Spectral Resolution

The 2-foot parabolic antenna illuminates a footprint
[8] about 3.11 feet in diamcter at a radar range of 80 feet.
This footprint size can only resolve wavelengths larger than
six feet which is equivalent to an apparent cutoff frequency
of 0.%08 Hz. The true cutoff fregquency is 0.358 Hz afte:
removing the Doppler effect. Translating this true cutoff !
frequency into a true wave period results in wave period of
not less than 2.8 seconds. The high pass filter, discussed
earlier, removes wave periods in the data larger than 7 seconds.
The wave spectra shown in the results are calculated for the
wave period window of 2.8 to 7 seconds.

If different spectral bandwidths are desired, the upper
frequency bound can be raised by increasing the antenna !

size. The lower frequency bound can also be extended but

this requires removing the ship's motions without the use of
high pass filter. The analysis requires ship motion sensors
at the site of the antenna to record the actual excursions
of the antenna. In this manner it is possible to resolve
the longer wavelengths of the spectra.
3.5 Significant Wave Height

Significant wave heights were determined from Equation
(9) cwploying the following [9]

H = 4/B (9)

/S

3=9




vhoeroe !!I -~ 1s the significant hoigh md B 18 the total
/ D

/

energy of the waves, which is obtained by integrating the

wavae :ii‘:‘(‘(.l'llm curve .

3.6 Results

Wave spectra from the shipboard mcasurements are
presented in Figure 3-2 to 3-9. The significant wawve heights
for files 1 to 8 of the data, respectively,; axre 6.90, 7.29,
733, 7.1}, 7.10, 6.53, 6.53, and 6.37 feet. Sance the sea
was not in steady state conditions and fetch-limited seas
did not exist, it is not possible to make comparison with
the Pierson-Moskovity spectrum []0]. Airborne mesurecments
are presented in Figure 3-10 and 3-11. Fagure 3-10 shows
the measurements made by laser profilometer and the nano-
second radar. Figure 3-11 shows the analyzed results from
the airborne measurments. Laser profilometer registered
6.04 feet and the nanosecond radar registered 4.70 fect as
the significant wave height based on data while flying at
500 feet. At 1000 feet, operating the nanosecond radar in
wave spectrometer mode yielded significant wave height of
6.60 feet. All airborne measurements were made in the
vicinity of the ship during part of the time the shipboard
radar was recording data that is shown in file 2. Accordingly,
Figure 3-11, the airborne measurcments and Figure 3-3 of
the shipboard measurements are combined in Figure 3-12 for

comparison. The shapes are very similiar. The significant

3-10




wave heildghts of all the measurements show
The data are in reasonable agrecment, exp«
coincidence of the data is not possible a
covers such large area about the ship.

Discussions

3.7

In any system, one can always find a
ment, and this radar is no different. Af
anlaysis of the data, several points shou

1. Future radars for this purpose should record th
total range as well as the range modulation by the waves.

The advantage is cnable one to make

for the ship -ions; otherwise, only rel

can approximately be made for ship motion

1
L

the DC offset as an unknown quantity.

2. A shipboard radar measurement of

permit viewing the undistrubed arca of

time and spatial resolution and by employ

on the antenna, the ship motion effects ¢

Three accelerometers and three

directly.

the site of the radar are recommended for

3. Shipboard radars can operate in

weather,

twenty-four hours a day.

noan Faidgs =13
cially & 1t ame
d the aircraft

reas for improve-

absolute

the

conducting the

1d be noted.
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ative corrections

and still leave
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wave spectra 3

With better
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an be removed

angular sensors at
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KPPERDES A

RBIGH PASS DIGI'PAL FILTER

to remove the effects of AR(t) =« B is:

O

=

(sce refererce [11]) where ;
R. = filter function, |

<

r = normalized {requency which is defined by f(,’],g . '

. ]

f = freguency in Hz, ;

!

E_ = sampling fregquency in Hz |

< i =y i 2 r {
v,, = the kth weighting function,

EAY

N = an integer; total number of weights is defined as !

i

|

2[\‘ o+ l. |

|

The following are used for evaluating the terms in Equation i

(A=-1): f

(I\—L’):
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function
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3=-14

larae, the oscillations cannot exceed the
presclected filter freguency fall off.
Howaever by increasing the wvalue of h, decreases
the sharpnees of the cuteff, but the sharpness
Q1 the eutoff decreases as h Iincreases
b. a second iteration is made on the weight
determination to insure that the filtex has
unit gain at zero freguency.
Since the filter must reject frequencies lower than
0.2 Hz in order to reduce the influence of AR(t) - D in

range variations, the following values were used to obtain

that cut-off freguency:

The above values assume a sampling frequency of 8 Hz.
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DOPPLER SHIFT CORRECTIONS

The changing pitch of the sound from, say, a fire-
. » giren it moves by at high spec ig fami & Ee
all; this effect, the Doppler effect, 1s one of the most
| obvious influences of relative motion between the source and
the medium. Similarly, if a wave train of ocean waves
propagating at the surface of the ocean is observed i

radar in motion, a Doppler change of freguency also will

.

result. The Doppler effect is purely a kinematic phe 1
and can be evaluated without resorting to dynamical equatilons
|
| of wave motion. By kinematic argument [12], it can be shown
|
|
| that
‘ 2
\",[‘

I = g, k= W CeSt B

S A 7 ( )
|
|
| where

0., = true wave frequency, 2u/T or ck,j‘,

1 ]

k’I‘ = truec wave number, 2 ’/“‘"1"

'\'l‘ = true wavelength,

0, = apparent wave frequency

A 3

2

k, = apparent wave numbexr, 2u/X. = (0 g) = (B/Vv COSE

A apj ) / /AN (‘J‘/~) (.1,
| T = wave period,

\\ = apparent wave length ,

7
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By cmployi
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M = total number of lags,

J = lag number,
Ax = v cosf At = distance between observations,
At = time between observations, then

2
J O (J) oT(J)
ka ~ kqW0) = gax = —g — * v cost
from Equation (A-1), and also
5 1/2
q gnd

Op * OplJd) = =

i 2V Ccosf, MAX

4 (v cost) -

from Equation (B-2).

B-3
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