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THE RADAR OCEAN-WAVE SPECTROMETER 

The scanning-beam radar ocean-wave spectrometer (ROWS) technique is described and a "strawman" 
design for a ROWS ~ode on. Spectrasat is presented. In the proposed design, two pencil beams separat
ed by a ~e.w degrees In ele:atlOn ~~e. used to measure the cross-section roll-off. In addition to providing 
the reqUIsIte data for the tIlt sensItIvIty, these measurements will provide a means of estimating the wind 
vector over the swath. 

INTRODUCT10N 

The scanning-beam radar ocean-wave spectrometer 
(ROWS) technique had its origins in the early 1970s when 
NASA was considering various possibilities for a waves 
sensor on Seasat. At that time the Goddard Space Flight 
Center (GSFC) proposed a conceptually simple but to
tally unproven approach as an alternative to synthetic 
aperture radar (SAR). In essence, this approach was to 
use an off-nadir-pointing, conically scanning, short-pulse 
radar to measure the wave-associated surface contrast 
variations as a function of surface range and antenna 
azimuth. Spectrum analysis of the returned signal as a 
function of range on the surface would yield a measure 
of the wave-slope spectrum for that azimuth; wave direc
tion would be determined by the azimuth at which the 
signal spectrum was greatest. At that azimuth, the wave 
crests would be aligned with the electromagnetic wave 
front striking the surface, and so the contrast signal 
would be maximized. It was suggested that short-pulse 
altimeters such as the one planned for Seasat could be 
modified to perform the measurement. The altimeter 
would have adequate link margin provided the nadir an
gle was not too large, and angles around 10 degrees were 
considered. Small-angle operation was also seen to be 
desirable in order to keep the scan radius reasonably 
small. While the concept was promising, there was no 
real theory of measurement and no supporting aircraft 
data at the time, and so NASA understandably chose 
to fly a SAR on Seasat. 

GSFC, however, continued its interest in the short
pulse scanning-beam concept. In 1974 an aircraft instru
ment development program was begun based on bread
board Geos-C altimeter hardware, and subsequently 
considerable effort was also devoted to developing a ra
tional theory of measurement. 1 Aircraft data obtained 
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with the GSFC Ku-band chirped radar in 1978 provid
ed the proof of concept. Analysis of these data, obtained 
with a small rotating antenna at altitudes between 5 and 
10 kilometers, showed that absolute, directional wave
height spectra could be measured with remarkable ac
curacy.2,3 The aircraft data were shown to scale in ac
cordance with the theory, and thus the feasibility of a 
ROWS measurement at spacecraft altitudes was fairly 
well assured. Since 1978, the Goddard ROWS instru
ment has flown on several missions on the NASA P-3 
with the surface contour radar (see Walsh et al., this is
sue). Among the more recent missions is the SIR-B un
derflight mission discussed by both Beal and Monaldo 
elsewhere in this issue. 

In the following, we describe briefly the ROWS mea
surement technique and present some examples of the 
aircraft data; then we present a preliminary "strawman" 
design for a ROWS mode on Spectrasat. 

ROWS TECHNIQUE 

The ROWS geometry is shown in Fig. 1. Short pulses 
(or equivalent pulse-compression waveforms) are trans
mitted, strike the sea surface, and backscatter some of 
the energy to the receiver. The pulses are assumed to 
be short enough to resolve the dominant waves. The 
backscattered pulses are detected, integrated (in range 
bins fixed in the surface), and then subjected to spec
trum analysis for the spectrum of the reflectivity modu
lation as a function of range. Because of the large lateral 
extent of the antenna footprint (e.g., Ly = 8 kilome
ters for Spectrasat), the wave contrasts cannot be re
solved in azimuth (short of resorting to synthetic aper
ture). Rather, the wave contrasts are averaged laterally 
across the beam spot. This averaging provides the direc
tional resolution, since only surface-contrast wave com
ponents aligned with the beam direction will contribute 
to a net contrast signal. The condition is essentially one 
of wave-front matching, the same that provides the direc
tional resolution in the two-frequency scanning-beam 
technique (cf. Refs. 1 and 4; also Plant, this issue). The 
mechanism of contrast modulation by the dominant 
waves depends on the incidence angle, O. At large an
gles, 0 ;z: 20 degrees, the predominant mechanisms of 
contrast variation are hydrodynamic and aerodynamic 
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Figure 1-Schematic of the ROWS concept, using a narrow 
pulse radar to irradiate the surface from a circularly scanning 
off-nadir antenna. 

modulation of the short Bragg-diffracting wavelets; geo
metrical tilting is generally less important. The opposite 
is the case in near-nadir backscatter, 0 :$ 15 degrees; 
here geometrical tilting provides most of the signal. The 
scattering is quasi-specular, and the contrast mechanism 
is similar to that in sun glint observations. (No doubt 
the reader has observed waves in the sun's glint pattern 
from an airplane and noticed the high visibility of waves 
running orthogonal to the isophotes.) 

A geometrical optics solution for the spectrum of the 
range reflectivity modulation is given in Ref. 1; an al
ternative derivation of the solution is given in the com
panion paper by the author in this issue. In both papers 
and in Ref. 2, the conditions under which the scattering 
solution may be linearized to yield proportionality to the 
slope spectrum are described; in Ref. 1 the results of 
some second-order calculations for scattering from a 
Gaussian sea surface are given. The calculations indi
cate that, overall, the combined effect of harmonic dis
tortions arising from the steep aspect angle and from 
the "bursty" character of infrequent steep specular 
slopes tend to be a minimum for an angle of incidence 
near the root-mean-square slope (about 10 degrees for 
a 10-meter-per-second wind); also, the more gentle the 
dominant wave slopes and the higher the root-mean
square slope (or wind speed), the greater is the fidelity 
of the contrast spectrum to the large-wave slope spec
trum. If the surface-wave vector is defined as 

k = 2(27rj/c) sin 0 (cos ¢, sin ¢) , 

where j is the detected video modulation frequency, C 

the speed of light, 0 the incidence angle, and ¢ the azi
muth angle, then the reflectivity modulation spectrum 
in the linear approximation may be expressed as 

(la) 

where F(k) is the polar symmetric height spectrum de
fined such that the height variance 
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and where the "sensitivity coefficient" is given by 

4 .J7rln2 ( a In(TO) 2 
a = cot 0 - - -

L ao y 

(lb) 

where Ly is the lateral (azimuthal) 3-decibel footprint 
dimension (for the formulas presented here, Gaussian 
beam and pulse shapes are assumed), and (To = (T°(O,¢) 
is the average surface cross section. The cot 0 term rep
resents a linearized area tilt term (such as would pro
vide the contrast for a wavy Lambertian surface); the 
second tilt term-the cross-section roll off-represents 
the rigid rotation of the subresolution-scale scattered
power pattern in the plane of incidence by the large wave 
slopes. Since (To, near vertical incidence, is proportion
al to the wave-slope probability density function p( V S-) 
evaluated at the specular condition V S- = tan 0 (cos ¢, 
sin ¢), it follows that for an approximately Gaussian sea 

a In p 

where here x and yare assumed to be the principal axes 
and where ¢x is nominally the wind direction. At Ku
band frequencies (about 2-centimeter wavelength), 
S-; / r~ ::::: 0.85 typically, and the mean square slope 
< (v S-) 2) = < r;) + < S-; ) is given approximately by5 

«V S-)2) ~ 0.0022 U + 0.016 (3) 

for neutral 10-meter winds U greater than 6 to 8 meters 
per second. The slope variance predicted by Eq. 3 is 
about 60 percent of the optical slope variance; for low
er wind speeds, the Ku-band mean-square slope is ap
proximately equal to the optical slope as determined by 
Cox and Munk.5 

By definition, the root-mean-square modulation depth 
is given by 

(4) 

For a k - 2 slope spectrum, it matters little for design 
purposes whether the upper limit is taken as the resolu
tion wavenumber or infinity. 

We note that the wave-front curvature does not af
fect the form of Eq. 1 provided that the sea is direc
tionally spread, that is, provided that the directional 
spread of the sea is greater than the wave-front curva
ture (e.g., 7 degrees in the case of the satellite design 
to be discussed). In the case of narrowband swells, the 
IlLy dependence of the sensitivity coefficient will have 
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to be modified, and the result of integrating the swell 
spike over a larger angular band (e.g., an output band 
of 15 degrees) will have to be established. Let (3() and 
(3</> represent the elevation and azimuth 3-decibel beam
widths. The 3-decibel range and azimuth footprint 
dimensions are then given by Lx = '0 sec () (3() and Ly 
= '0 {3</> where '0 is the slant range to the beam-spot 
center. The directional resolution for a stationary beam, 
defined as the 3-decibel spectral window width (in azi
muth), is given by 

[ ( 
8ln2 )2 2J !(, 

tl<Pstat = kL
y 

+ ( (3</> CSC ()12) , (5) 

where the two terms represent, respectively, the effect 
of the finite footprint and the wave-front curvature. In 
the case of a rotating beam, one must also factor in the 
finite azimuth tl<Prot swept out during the pulse integra
tion time. The resolution in this case needs to be calcu
lated, but it should not be too different from the 
stationary case since the effective azimuth footprint Ly 
(data window) is increasing at the same time the effec
tive angular spread (3</> csc () is increasing. The resolu
tion might be conservatively approximated by 

For steep incidence angles, wave-front curvature can af
fect the wavenumber resolution. In the plane-wave 
aproximation, the surface range x is related to the sig
nal delay time 7 according to 

x - xo = C (7 - 70)/(2 sin ()o) , (6) 

where the subscript refers to nominal values at the cen
ter of the beam spot. Similarly, the surface wavenum
ber is proportional to the video-modulation frequency, 
j, as 

k = (47fj/ c) sin () . (7) 

The linear time-versus-surface-range and frequency
versus-wavenumber relationships will hold for elevation 
beamwidths of a few degrees. For larger beamwidths 
(e.g., such as we have in the case of the aircraft ROWS, 
(3() = 10 degrees, (3</> = 4 degrees), one must correct for 
wave-front sphericity. In a short pulse system, this can 
be done by re-arraying the time-domain sampled data 
(the detected power versus delay time) according to 

where H = C 7N/2 is the altitude and 7 is the delay 
time (epoch time) corresponding to the return of a pulse 
from the nadir point. This time can be provided by the 
radar altimeter (RA) segment of a combined altimeter / 
spectrometer (RA/ ROWS) system (see MacArthur, this 
issue; also below). 

For a finite-duration, finite-bandwidth pulse, one must 
account for the Rayleigh fading (speckle) and the point 
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target response. If the point-target-response spectrum is 
denoted R(k), then the observed spectrum of a single 
backscattered, square-law detected pulse is given by 

P N = I (k, <p) = R ( k) [Pm (k, <p) + tlx J, 
2-v27fln2 

where tlx is the 3-decibel-range-resolution cell (or equiva
lent bandwidth surface-range resolution). An integration 
of N independent pulses prior to spectrum analysis will 
reduce the fading variance by a factor of N. If the plat
form is moving rapidly, the pulse returns cannot be in
tegrated in radar-fixed range or delay bins but must be 
integrated in range bins attached to the surface. Assum
ing that this is accomplished with proper surface track
ing, then one has for the signal-to-noise ratio (SNR) of 
the measured spectrum, 

. N Pm (k) . (9) 

One may also account for thermal noise here; however, 
if the average signal power to thermal-noise power ra
tio (signal-to-noise ratio) is 3 decibels or greater, ther
mal noise can be neglected as far as the spectrum 
measurement is concerned. 

Numerous other considerations enter into the practi
cal measurement problem. Most of them are dealt with 
in Refs. 2 and 3 and are discussed below. 

AIRCRAFT DATA 
The extensive aircraft flight data set obtained in 1978 

with the GSFC Ku-band pUlse-compression radar2
,3 has 

fairly well demonstrated the basic validity of the ROWS 
technique. The linear-tilt-model prediction has been veri
fied with data obtained between 5 and 10 kilometers al
titude, and the ability to measure absolute wave-height 
spectra over a range of sea states from 2 to 10 meters 
has been demonstrated. Good fidelity to the slope spec
trum is observed up to frequencies approaching twice 
the peak frequency. 

Figure 2 is a dramatic example of ROWS spectra ob
tained from the 1978 mission. The data-here convert
ed from slope spectra in the wavenumber domain to 
height spectra in the frequency domain-show two ener
getic wave systems produced by an intense cyclone travel
ling up the Norwegian coast (Fig. 3) These data have 
been used together with data from a Waverider buoy 
located near the ROWS file A to test the performance 
of two numerical wave models developed by V. Cardone 
of Ocean weather , Inc. The results indicate that the hind
casts performed remarkably well considering the inten
sity and speed (25 meters per second) of the storm. The 
basic structure and spatial distribution of the "ROWS 
spectra in Fig. 2 were reproduced in the hindcasts. The 
discrepancies that existed appeared to result from mod
el phasing and/ or wind-field errors and possibly from 
a too-rapid directional relaxation. Figure 4 is an exam-
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Figure 3-Surface weather chart, 1800 GMT, November 2, 1978, 
with the CV-990 flight track and low's track, plotted for six-hourly 
pOSitions. 

pIe of a three-way comparison among the hindcast, the 
ROWS spectra, and the buoy spectra. The ROWS and 
buoy nondirectional spectra are seen to be in excellent 
agreement. The hindcast closest in time to the observa
tions does not agree well with the observations; howev
er, the hindcast 6 hours earlier does. 

Since 1978, the ROWS has flown on several flight ex
periments on the NASA P-3 in concert with the surface 
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Figure 2-Norwegian Sea storm 
height-frequency spectra, November 
3,1978,0800-1000 GMT. The CV-990 
aircraft altitude was 10 kilometers. 
The wind barbs (full barb = 5 meters 
per second) are from the hindcast 
wind-field analysis. 

contour radar (SCR) (cL Walsh et aI., this issue) and 
we have accumulated a sizable intercomparison data set. 
Probably the most interesting of the data sets obtained 
so far are of fetch-limited waves off the U.S. east coast. 
Figure 5 is an example of ROWS data obtained at 6 
kilometers altitude over an approximate 200-kilometer 
fetch normal to the U.S. east coast off Wallops Island, 
Va. The figure illustrates the profound effect of coast
line irregularities on the developing wave field. In this 
case, Delaware Bay appears to be acting as a source of 
energetic waves traveling off the wind direction (which 
was within a few degrees of normal to the coast). Un
fortunately, because of a malfunction of the SCR, no 
comparison data from it are available for this flight; 
however, SCR radar data obtained in the same location 
under similar wind conditions two years before6 com
pare remarkably well. (Note that the data in Fig. 5 are 
preliminary; for example, they have been computed as
suming an isotropic a.) 

Figure 6 is a comparison of ROWS and SCR spectra 
for a large fetch in a fetch-limited situation on another 
flight day. Just as it was in the case of Fig. 5, one sees 
a bimodal wave system with nearly equally energetic 
downwind and off-wind components despite the fact that 
the wind was normal to what would seem to be a fairly 
straight coastline. In this case, the off-wind component 
is traceable to the apex of the New York Bight (Fig. 6b). 
The ROWS spectrum, here corrected for a 15-percent 
anisotropy in the mean-square slope according to Eqs. 
2 and 3 with < (''V ~i) = 0.04, is seen to be in good 
agreement with SCR. The modal directions, peak values, 
and half-power contours agree quite well; the approxi
mate 5 percent difference in the downwind component 
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Figure 4-Comparison of ROWS, hindcast, and buoy spectra 
in the vicinity of ROWS file A (Fig. 2). The waverider spectrum 
is at 0830 GMT, the ROWS at 0810 GMT, and the hindcast times 
are as indicated. The curve at the top of the nondirectional com
parisons is the ROWS 95 percent confidence interval. The sig
nificant wave height is 9.5 meters. 

peak frequency is probably due to the slight fetch dif
ference. 

An excellent set of ROWS and SCR intercomparisons 
was obtained on the Chile SIR-B underflight mission in 
1984. Some examples of these intercomparisons are given 
by Beal and by Monaldo (in this issue). 

A ROWS MODE FOR SPECTRASAT 

In Ref. 2, ROWS measurements are shown to be feasi
ble at 700 kilometers altitude using a Seasat-class al
timeter. However, the much lower altitude of Spectrasat 
offers some distinct advantages, first of which is the 
much smaller scan radius for the 275-kilometer Spec
trasat altitude. For example, for a 12.5-degree nadir an
gle, the scan radius is about 60 kilometers. Thus, the 
greatest separation between the various directional cuts 
through the spectrum is 60 kilometers, this occurring be
tween the fore / aft looks and the looks to broadside on 
either side of the satellite track. There are also some en-
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gineering advantages, including reduced transmitter
power requirements and increased contrast -signal levels 
for a given antenna gain. 

There are a fair number of considerations and 
tradeoffs involved in designing a spaceborne system; at 
present, without a much more thoroughgoing "phase
A" type of study, we can offer only a preliminary con
ceptual system design. Among the more important de
sign considerations are: incidence angle; twin-beam 
option for cross-section roll-off and wind vector deter
mination; rotation rate and integration time; antenna and 
footprint dimensions; transmitter power, bandwidth, and 
pulse type and pulse-repetition frequency; and process
or configuration, especially as driven by the requirements 
of geometrical correction and pulse integration for a fast
moving platform. 

We will take as a given the basic transmitter and re
ceiver characteristics described by MacArthur (in this is
sue) and repeated in Table l. These will be seen to be 
adequate for the measurements. 

Incidence Angle 

There is a tradeoff between the best incidence angle 
for minimizing nonlinearities in the scattering and the 
small angle desired for minimizing the scan radius. At 
present, we only know theoretically that nonlinearities 
tend to be a minimum around 10 degree incidence; the 
best angle remains to be precisely determined for speci
fied conditions of large wave steepness and wind speed 
(root-mean-square slope) . Since this problem is not likely 
to be solved in the near future, we will simply settle for 
any earth-incidence angle in the neighborhood of 10 to 
13 degrees. Since 13 degrees is the nominal incidence an
gle for the aircraft ROWS, we feel most comfortable 
with that angle. We note that at about 10 to 13 degrees 
incidence, the scattering cross section is nearly indepen
dent of wind speed (this is the well known "hinge point" 
in scatterometry) . For the nominal 275-kilometer Spec
trasat altitude, the scan radii corresponding to 10 and 
13 degrees incidence are approximately 49 and 64 
kilometers. 

Twin Beam Option 

The twin beam option is perhaps not so much an op
tion as a requirement. While aO at 10 to 13 degrees in
cidence is nearly independent of wind speed, the 
sensitivity coefficient varies by about a factor of 3 over 
the wind-speed range of 5 to 20 meters per second. If 
the scan radius were small enough, one could simply es
timate the cross-section roll-off from the ratio of the ra
dar altimeter's nadir aO to the ROWS off-nadir aO

, 

assuming a Gaussian slope probability density function, 
for example. (Note that in this case one can also simply 
use the radar altimeter wave-height estimate to scale the 
directional spectrum.) However, in the case of a 60 kil
ometer separation between the fore-and-aft and broad
side looks, there can be a large wind variation, and hence 
a large mean-square slope and sensitivity variation. This 
problem can be solved (or substantially mitigated) by 
having an antenna with twin beams separated by one 
or two beam widths in elevation, say, pointing to 10 and 
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Figure 5-ROWS height-frequency 
spectra for fetch-limited waves off 
Wallops Island, Va., January 16, 1983. 
The contour levels are equally 
spaced in decrements of one-sixth 
the peak value. Neutral 10-meter 
winds were 13.9 meters per second. 
The top of the spectra corresponds 
to aircraft heading. The arrows in the 
representative directional spectra in
dicate directions from the center of 
the mouth of Delaware Bay. 
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13 degrees off nadir. While the looks will be only 15 
kilometers apart, the cross-section roll-off will be ap
preciable. For example, according to Eqs. 3 and 4, for 
a 10-meter-per-second wind speed, 

-2.3 dB 
---- at (J 

30 

A twin-beam configuration will not only provide the 
cross-section roll-off for the sensitivity, but will at the 
same time provide wind-vector estimates, e.g., via the 
mean-square slope/ wind-speed relationship of Eq. 3. 
(See Ref. 7 for a discussion of wind-vector measurements 
using scanning-beam scatterometers.) 

Rotation Rate 
The choice of rotation rate involves a tradeoff between 

the integration, or dwell time, and the density of cover-
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age. We want the scan rate to be at least such that the 
spacecraft movement over a scan period T scan is no 
more than the scan radius. For a 60-kilometer scan ra
dius R, the rate required to produce measurement cells 
(i.e., areas containing 180 degrees of look on either of 
the satellite track) with commensurate along-track and 
cross-track dimensions is approximately 6 revolutions per 
minute (lO-second period). Figure 7 shows the surface
scan patterns for three different rotation rates: 3, 6, and 
12 revolutions per minute. It is seen that, for all rota
tion rates, if one allows less than 180 degrees of look 
for a measurement cell, the cell size can be reduced con
siderably. For example, in the 12-revolution-per-minute 
case, 120 degrees of the spectrum can be measured in 
about 35- to 40-kilometer cells to broadside on either 
side of the satellite track. Obviously, there are a num
ber of ways the data from these scans could be treated. 
For the more rapid scans, i.e., for about 12 revolutions 
per minute or more, the coverage is dense enough to al-
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Figure 6-(a) Comparison of SCR and ROWS fetch-limited direc
tional height-frequency spectra for a large fetch , January 18, 
1983. The contours for both spectra are equally spaced in decre
ments of one-sixth the peak values. The off-wind component , 
directed to about 155 degrees T (true north), is traceable to the 
apex of the New York Bight as shown in (b), the accompany
ing map. 

Iowa least-squares fitting of a locally linear field of 
F(k,1» to the data, i.e., one could let the data 
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Table 1-Spectrasat ROWS characteristics. 

Spacecraft altitude 
Orbit 
ROWS antenna 

Total aperture 
Nadir angles 

RA/ ROWS frequency 
Beamwidth 

Antenna gain 
Antenna scan rate 
Surface scan radii 
RA/ ROWS transmitter 

peak power 
RA/ ROWS transmit pulse 

RA/ ROWS pulse repetition 
frequency 

ROWS mode peak power 
ROWS receiving section 

IF filter bandwidth 
Effective pulse length 
Compressed pulse length 
Detection 
SNR (thermal) 
ROWS footprint (3 dB) 
Surface range data window 
Surface range resolution 
Geometrical correction 
Surface range sampling 

Surface tracking 

ROWS integration time 
Modulation depth 
Signal-to-noise (output 

pectrum) 
Directional resolution 

Number of independent 
spectra per beam 

Output format 

Output bit rate 
Degrees of freedom 

Cell average degrees of 
freedom 

275 km 
Near polar 
Dual pencil beams, 

mechanically rotated, 
antenna type TBD 

1 m x 1 m 
9.5° (beam 1) and 

12.5° (beam 2) 
13.6 GHz 
1.6° azimuth x 1.6° 
elevation (each beam) 

37.8 dB effective/ beam 
12 rpm 
50 km and 65 km 

20 W 
Linear FM, 320 MHz 

bandwidth chirped pulse, 
16,384: 1 pulse compression 
ratio 

4.1 kHz 
18 W 

60 MHz 
9.6 f.J.sec 
17 nsec 
Square-law 
+ 6 dB 
8 km x 8 km (each beam) 
6.4 km (each beam) 
12 m 
Optional 
25 m x 256 at 6 bits 

(each beam) 
Input relative velocity 
vector 

0.05 sec nominal 
16070 rms nominal * 
15 dB nominal; 
o dB minimum * 

5° nominal * 
(3-dB points) 

- 3 per 15 ° of azimuth 

FNOC format 
20% bandwidth 
wavenumber bins and 24 
15 ° azimuth bins at 
10 bits 

< 1 kilobit/ sec 
- 75 total for the 2 
beams 

-150 per 15 ° per 60-km 
cell 

*Nominal = 200-m water wave, upwave/ downwave looks, 10 
m/ sec wind speed; minimum = 50 m water wave at 3-dB 
points. 
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Figure 7-ROWS surface scan patterns (flat earth) for 250 kilom
eters altitude and 12.5 degrees nadir angle for scan rates of (a) 
12 revolutions per minute, (b) 6 revolutions per minute, and (c) 
3 revolutions per minute. The tic marks are for every 15 degrees 
of antenna rotation. 

Xjn = VTscan (¢j/27r + n) + R cos ¢j 

Yj = R sin ¢j , 

where F is assumed to be symmetric, n is the scan num
ber, j = 1, 2, ... 24 (say), and where the mean spectrum, 
Fo, and the gradient are to be evaluated at some cen
ter of mass, xo, on the subsatellite track Y = O. We will 
see that a 12-revolution-per-minute scan does not limit 
the integration time; faster scans start to take a bite out 
of the output signal-to-noise ratio. Accordingly, for the 
present, we will take 12 revolutions per minute (72 
degrees per second) as the nominal scan rate. 

Antenna and Footprint Dimensions 

The antenna gain requirement is set mainly by the 
minimum thermal signal-to-noise-ratio requirement and 
by the size of the range data window needed for a speci
fied number of degrees of freedom in the spectral esti
mates. The azimuth footprint affects the signal strength 
only weakly as L; \12 ; further, the gain does not affect 
the output spectrum signal-to-noise ratio if the integra
tion time is assumed to scale with the azimuth beam
width, that is, if the integration time is limited by the 
requirement that the beam move no more than some 
fraction (e.g., one-half) of its azimuth footprint. Our 
original thinking was of an antenna having a 0.5-meter 
elevation by I-meter-azimuth aperture, possibly of a Cas
segrain design (see MacArthur, this issue). The antenna 
could also be a mechanically rotated planar array, ei
ther mechanically boresighted to off-nadir or electroni
cally phased to off-nadir. This aperture would generate, 
at 13.6 gigahertz, a 3.2 degree elevation by 1.6 degree 
azimuth beamwidth. The broader elevation beamwidth 
was chosen mainly for the greater degrees of freedom 
afforded by the larger range data window (16 kilome
ters at 275 kilometers altitude). However, considering 
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now the twin-beam configuration and the need for suffi
cient thermal signal-to-noise ratio for accurate cross
section roll-off measurements, the design problem be
comes a little more complicated. For example, will the 
Cassegrain antenna work satisfactorily with dual 
subreflectors? Should the aperture now be significantly 
larger to increase the signal-to-noise ratio? Will some 
"noise-only" measurements suffice for the cross-section 
measurement, or should we have also a long-pulse mode 
for the cross-section measurements? Probably, noise
only measurements using, for example, a long sample 
gate before or after one of the main beam returns will 
suffice for the (To measurements. The question of the 
antenna design will require some further thought. We 
will see from the discussion below that an approximate
ly 1.6 degree pencil beam (1 meter x 1 meter aperture) 
is consistent with the simplest processor. If two such pen
cil beams are generated by beam switching, then the 
number of pulses, N, available for either beam must be 
halved; alternatively, if twin beams are generated simul
taneously, the peak gain for each beam must be half that 
of a single beam generated by the 1 meter aperture since 
only half the transmitter power and half the collecting 
aperture area are effectively available for each beam, as 
can easily be seen by considering a phased array of dis
crete elements. 

Integration Time, Sphericity Effects, 
and Processor Configuration 

The number of independent pulses that can be aver
aged prior to the spectrum analysis of the detected range
reflectivity modulation signal depends on the Doppler 
bandwidth, Bd , of the backscattered signal, the pulse 
repetition frequency, and the antenna rotation rate or 
swell time, YinI' as discussed in Ref. 2. In addition, a 
limit on the integration time will be set by the wave-front 
curvature in azimuth and the platform velocity. The az
imuth curvature is ultimately limiting because the cur
vature in the elevation plane can always be corrected for 
in the time-domain processing by using Eq. 8. 8 

If there is no geometrical correction, the surface 
wavenumber will vary over the range extent; i.e., the 
wavenumber will be dispersed according to Eq. 7. For 
f3e = 1.6 degrees, the wavenumber will be dispersed in 
the amount 

ok/ k = cot(){3e = 0.12, 

which is less than a standard wave-model band and 
therefore negligible. For larger elevation beamwidths, 
e.g., for {3e = 3.2 degrees, it will be necessary to cor
rect the data geometrically according to Eq. 8. The wave
front sphericity (finite beamwidth) affects the integra
tion time because of the differential range walk across 
the footprint (Fig. 8). If the beamwidth is small enough, 
tl)e surface can be tracked accurately over the entire foot
print simply by advancing or delaying the trigger on the 
waveform sampler according to 

dr/ dt = TO = -(2V/ c) sin ()o cos ¢o, (10) 
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Figure 8-Differential range walk during the ROWS integration 
time T int due to wave-front curvature, (top) in the elevation 
plane (range) , and (bottom) in the horizontal plane (azimuth). 

where V is the magnitude of the relative velocity vector 
between the radar and earth surface, and where the sub
script refers to the center of the beam spot. For the giv
en beamwidths, (3f) = (3¢ = 1.6 degrees, the differential 
range walk over the integration time ~nt is, from the 
elevation variation, 

± OXf) = V~nt I cos ¢ o I cot eo ((3012) 

:::s 430 meters per second x ~nt , 

and, from the azimuth variation, 

± oXcb = V~nt I sin ¢ o I csc eo ((3</> 12) 

:::s 430 meters per second x ~nt , 
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where Vis assumed to be 7 kilometers per second. This 
range smearing must be kept less than the nominal sur
face range-sampling resolution, which we will take as 
25 meters; say, less than 20 meters. Given these rates 
of slip, it is clear that the simplest ROWS system would 
have equal azimuth and elevation beamwidths of, say, 
1.6 degrees and a fixed integration time of 0:05 seconds 
corresponding to the worst case OX¢ = 22 meters at 
broadside (¢ = 90 degrees). It thus appears that the 
ROWS has its own kind of "azimuth fall-off" prob
lem; however, it occurs in the SAR's range direction. 
In the case of the 1.6 degree beamwidth, there is no need 
for geometrical (sphericity) correction. For the case of 
3.2 degree elevation beamwidth, geometrical correction 
is necessary for any integration time longer than about 
0.02 second. 

The limit on integration time of 0.05 second due to 
azimuthal wave-front curvature turns out to be no more 
severe than that due to beam rotation, since at a 
12-revolution-per-minute scan rate, approximately one 
half of the subtended azimuth of 7 degrees is swept out 
during the integration time; i.e., 72 degrees per second 
x 0.05 second = 3.6 degrees. Interestingly, this corre
sponds almost exactly to the nominal 3-decibel spectral 
resolution for a 200-meter water wave according to Eq. 
5, namely il¢slal = 3.6 degrees; thus the spectral reso
lution for a 0.05-second integration time is conservatively 
approximately 5 degrees. We note that while the integra
tion time might be varied according to azimuth, the in
crease in signal-to-noise ratio is not very significant (cf. 
the following and Table 1); further, by keeping ~nt 
fixed, its effect on the sensitivity (through the depen
dence on the variable fraction of azimuth swept out dur
ing the integration time) is thereby eliminated . 

I f the Doppler bandwidth Bd is greater than the 
pulse repetition frequency (PRF), the number of in
dependent pulses is given by N = PRF X ~nt : if the 
bandwidth is less, N = Bd X ~nt . Since for the pulse 
limited geometry, 

Bd = (2 V1Aem) I sin ¢ I (3cb = 18 kilohertz I sin ¢ I 

exceeds the pulse repetition frequency (= 4 kilohertz) 
for all azimuths outside of 12 degrees of fore and aft, 
we have for most azimuths 

N = 4 kilohertz x 0.05 second = 200. 

Figure 9 is a block diagram of a ROWS system with 
a processor based on straightforward pulse integration. 
Figure 10 depicts the RA/ ROWS pulse returns and 
waveform sampler trigger sweeps. As discussed by 
MacArthur (this issue), the 320 megahertz bandwidth 
RA/ ROWS signal cannot be compressed in the ROWS 
receiving section using the full de-ramp technique, since 
far too many range bins are required. Thus, the received 
ROWS mode signal is filtered to 60 megahertz band
width and dechirped using a surface acoustic wave de
vice. The surface range resolution then becomes .!lx = 
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Figure 9-Block diagram of Spectrasat radar altimeter/spectrometer (RA/ROWS) subsystems with the ROWS-mode time-domain 
processor (tracker and integrator). 
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12 meters. After detection, the signal is further condi
tioned with a 30-megahertz filter to permit sampling at 
25 meters resolution (37-nanosecond gates). Since 75 per
cent of the signal energy is lost and the excess bandwidth 
that could have been used for speckle reduction is not 
utilized, this design is clearly not ideal; however, it does 
give the general flavor of a RA/ ROWS system design. 
For the twin-beam design, two 256 six-bit samplers, each 
triggered with a variable delay according to Eq. 10, will 
provide at 37 nanoseconds resolution a total of 2 x 256 
x 25 meters = 12.8 kilometers of range record for the 
modulation signal. Since the 3-decibel spectral window 
width in azimuth for 0.05 second integration is about 
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5 degrees, there will be approximately three independent 
spectral estimates for every 15 degrees of azimuth; as
suming logarithmically spaced 20 percent (approximate
ly) wavenumber bands, we should then have about 75 
degrees of freedom per 15-degree azimuth bin for a 
nominal 200-meter water wave. 

While the conceptual design here is based on a 
straightforward pulse integration, the possibility of al
ternative processing schemes should not be discounted. 
For example, if the radar-to-earth-surface relative veloc
ity vector were not precisely known, a processor could 
be used that spectrum-analyzed the Doppler-shifted 
modulation signal over a number of slow-frequency 
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bands, 0i = ki . V rei , that would cover with certainty 
the Doppler shift frequencies of the modulation signal. 
This processing would be similar to that proposed in Ref. 
4 for the two-frequency technique. 

PERFORMANCE SUMMARY 

The proposed ROWS system and performance charac
teristics have been given above in Table 1. Table 2 de
tails the link equation for the thermal signal-to-noise 
ratio. The measurement signal-to-noise ratio is calculated 
assuming a Phillips spectrum, 

F(k) = Bk - 4 (4/ 371") cos 4¢ , 

with B = 0.005 and assuming a nominal wind speed of 
10 meters per second for the Q' estimate. Both the ther
mal signal-to-noise ratio and the output spectrum signal
to-noise ratio are seen to be quite good. For example, 
for the shortest sampled wavelength, 50 meters, the 
signal-to-noise ratio is unity at the directional half-power 
points . In Table 1, the "cell-average" degrees of free
dom is based on the approximate two scans in the nomi
nal 60 by 60 kilometer cell. This gives approximately four 
spectral samples for fore and aft looks if there is no over
lap and two samples for broadside looks. However, we 
will probably want to design for 100 percent overlap of 
fore and aft looks in order to develop a database for 
modeling ISO-degree asymmetries in the modulation 
spectra caused, for example, by skewness in the wave
slope distribution. 

Apart from the sampling errors, the magnitude of 
which may be inferred from the degree-of-freedom es
timates in Table 1, no error or accuracy figures are giv
en for the system. On the basis of the aircraft data 
analyzed so far, however, in the energy-containing part 
of the spectrum, an accuracy on the order of the sam
pling error might be expected; quoting more precise 
numbers would at this point not be very meaningful. 
(For example, the 16-centimeter root-mean-square error 
in significant wave height found in Ref. 2 for a 2 to 10 
meter range is based on only seven cases.) 

CONCLUSION 

The ROWS technique has been described, some ex
amples have been given of the aircraft data, and a straw
man conceptual design for a ROWS mode on Spectrasat 
has been presented. The expected performance of the 
system is seen to be quite good. The low altitude of Spec
trasat offers some engineering advantages, particularly 
in terms of reduced transmitter power and antenna gain; 
more important, however, is the much tighter scan pat
tern for the low-altitude orbit. One is here getting down 
to the scale of the aircraft observations of Fig. 2, and 
one should be able to apply the ROWS data usefully 
to a variety of geophysical situations. 

We have indicated the need for two elevation beams 
in order to measure the cross-section roll-off both for 
the sensitivity calculation and for wind vector estimates. 
Although we have not had a chance to consider what 
type of antenna such an option might imply, one does 

Table 2-ROWS SNR (thermal). * 
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Parameter 

Peak power WI * 
Antenna gain G * 
Wavelength, )-... 
Pulse length, 7 

Incidence angle, (h 
Azimuth beamwidth, {3o 

Cross ecrion, a D 

Slant range, R 
Noise power , kT 
Bandwidth B 
Noise factor , F 
Loss factor, L 

Value Factor 

18 W 
37.8 G 2 

0.022 m )-... 2 

9.6 Ilsec 
13.10 (c712 sin 0E) 

1.60 0.028 rad 

+ 5 dB 

282 km (47rR) 3 

4 x 10 - 21 W I Hz 
60 MHz 
4 dB kTBF 

Decibels 

42.6 (mW) 
75.6 

- 33.2 (m 2
) 

38.0 (m) 
- 15.5 

+ 5 

+ 112.5 

196.4 (m 3
) 

- 92.3 (mW) 
2 

(-) + 106.1 

SNR = + 6.4 dB 

*For the twin-beam configuration, the power can be considered 9 W for each beam where the 
collecting aperture per beam is 0.5 m x 1 m; equivalently, the effective one-way gain can be 
considered halved for each beam in the link equation as is done here. 
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not imagine that this would present any real engineer
ing difficulties. 

We have seen that a limit on the ROWS integration 
time of about 0.05 second is imposed by wave-front cur
vature and beam rotation effects; for integration times 
approaching that limit, there will be a loss of high
frequency response that must be accounted for along 
with the point -target pulse response by the appropriate 
inverse filter. 

Many considerations, tradeoffs , and options are ob
viously involved in the design of a ROWS system for 
space, and, clearly, a "phase-A" type of study effort 
will be required before a more definitive design can be 
offered. 

Presently, on the basis of aircraft data analyzed so 
far, we are fairly confident about the accuracy of the 
measurements for sea states greater than 2 meters and 
wind speeds greater than 5 meters per second. Continued 
analysis and intercomparison of aircraft ROWS spectra 
with buoy and SCR spectra will help to better quantify 
the limits of accuracy of the ROWS spectra produced 
according to the linear tilt model. However, it is impor
tant to note that, whatever the errors in the inferred spec
tra , they are generally relatively small , and a reasonable 
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scattering theory exists upon which one may base more 
sophisticated algorithms to mitigate these errors (cf. ac
companying paper by the same author, this issue). 
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