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during the clear weather tests of December 6. These showed the CPR

levels associated with off-axis reception to be well below the values

measured during the storm (at least for the high residual CPR

associated with o = —16.5°) and would seem to eliminate off-axis

reception as a source of error in our data.

A striking feature of the snow data displayed in Fig. 6 compared to
rain data from a terrestrial link [2] is the large depolarization ob-
served for a given attenuation. To get a CPR of – 28 dB (the left-
most 0 = —19.5” point in Fig. 6) with rain on a ground path would
require at least 7-dB attenuation and possibly as much as 20 or 30 dB,

depending on path length and raindrop canting angle.
Some theoretical case may be made for associating small attenu~

tion and severe depolarization with scattering by bodks which are
relatively lossless but lack rotational symmetry. Certainly snowflakes

and high-altitude ice crystals fit thk description, but the very frag-

mentary data available for snow do not necessarily support this

conclusion. Watson [11 ] working at 11 GHz with a 13.7-km path

reported a huge fade (24 dB ) in wet snow accompanied by a CPR of

–22 dB. On the other hand, a rain fade of only 8 dB on the same path
wae associated with a —20-dB CPR. Since our frequency is almost
twice that of Watson’s and hk snow was wet while ours was dry, it is

very possible that he could have been dealing with scatterers that

were relatively more isotropic than ours were. Some Russian work

[12] at a much higher frequency also indicates that, for the same

water content, snow attenuates more highly than rain, but thk tells

us nothing about depolarization. Clearly more research is needed. We

should operate a terrestrial path link and a satellite downlink simul-

trmeously, and also study the high-altitude conditions with’ a polari-

zation diversity radar.
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Abstract—This paper reviews current aircraft and satellite pro-

grams which use microwaves to measure ocean wave and surface

wind conditions. These particular measurements have been identi-

fied by the user communi~ as offering significant economic and tecllr-

nological benefits. Active microwave remote sensing tdrniques for

these applications have been described theoretically and verified

experimentally. The ‘resufts of recent aircraft and sat elfite experi-

mental programs are presented herein along with plans for the

SeaSat-A satelfite scatterometer (SASS).

INTRODUCTION

For many years many industrial and government groups have ex-

pressed interest in measuring a variety of oceanographic conditions.

However, the great area of the sea and its harsh environment have

prevented effective monitoring with sufficient observational density

to satisfy most of their requirements. A recent study {onducted for

NASA has shown that significant economic and technological benefits

would result from a satellite able to measure ocean waw :s and surface

winds on a global scale. Even though many desired oceanographic

parameters cannot be inferred from satellite measurements, data

from a spacecraft can be combined with other surface measurements

to construct a more general view of the ocean. Furthermore, surface
observations are quite useful by themselves to bolster the librsry of
memurements of the oceanlatmosphere interaction. Eeveral active
microwave techniques have been shown, both theoreti tally and ex-
perimentally, to be applicable for aircraft rind/or sat?llit,e ocem
measurements. Other radar techniques in earlier stages of develop-

ment promise improved or expanded ocean remote :iensing capw

bllities. This short paper reviews several of the foregoing techniques

includlng recent aircraft and satellite ocean measurements and
presents plans for tlhe SeaSat-A satellite scatterom>ter (SASS).

WAVE MEASUREMENTS

An extensive real-time data collection network with rapid dis-

semination of data to users does not currently exist for the global

ocean wave conditions. Moreover, existing quantitative techniques

utilize in situ instrumentation and frequently involve laborious data

analyses. Radar techniques, however, have exhibited potential for

rapid and accurate measurements of ocean wave conditions over

large areas.

A dual-frequency correlation technique has been developed by

Weissman [1] for measuring the root-mean-square (rms) wave

height averaged over an area of the sea that is much greater than

typical horizontal wavelengths, of the wind-generated wavea. Imple-

mentation of thk technique on commercial and/or mi Iitary aircraft

while on transoceanic flights would provide routine ol]servations of

rms wave height over major shipping lanes. This technique of

measurement involves a near-nadir looklng radar that transmits and

then receives two monochromatic plane electromagnetic waves

simultaneously. At the receiver the two radar returns are correlated

rw a function of their variable frequency separation Af. The resulting

cross correlation R ( Aj) depends primarily on the rms wave height.
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However, Barrick [2]hae shown that for targets dktributed on a

plane, R(Af) varies with the incidence angle of these plane waves,

and for the configurations that arise in microwave backscattering

from the ocean, this variation is very strong. Therefore, the beam-

widths and patterns of the transmitting and receiving antennas are an

important factor andmust reconsidered instudying thecapabilitiea

and resolution of this technique. Weissman’s analysis [1] concludes

that the pattern ~ffect can be adequately predicted, and the resultant

equation for th~ magnitude of the two-frequency correlation co-

efficient i? I

]R(Afl\ =exp[--2(2rAf/c) 2@] (1)

where
.,

a rms wave height;

e antenna beamwidth;

C speed of light;

P(Af,6) antenna pattern decorrelation factor.

The P(Af,19) term adversely affects theseusitivityin the measure-

ment of u; therefore, it should beminimized byminimizingd.

The two-frequency correlation technique requires that two narrow-

band signals (one withvariable frequency) besimultaneously trans-

mitted and that the returns be separated and their complex ampli-

tudes”correlated. For aircraft implementation of this technique at

ground speeds less than 100 m/s and altitudesup to approximately

3300 m, consecutive measurements made within 1 ms may be con-

sidered to be simultaneous. An aircraft instrument, the dual-fre-

quencyscatterometer (DFS), waedesigned anddeveloped consistent

with these requirements and fllght tested by the NASA Langley

Research center (LaRC) in 1974.

The DFS is a modification of an existing scatterometer and many

of its operational characteristics were dictated by the parent instru-

ment. A simplified block diagram of those portions of the instrument

peculiar to DI?S is shown in Fig. 1. The operating frequency is

selected on a pulse-by-pulse basis (every 80 ps) by switching be-

tweentwo phase-lockedo scillatorsfaandj~. The frequency of the-f.

oscillator is fixed at13.9GHz and~~is selectable to field l3.9GHz —

Af, where A~ranges from 1–40 MHz. The value of Ajis stepped

sequentially inas many as 16increments with a minimum increment

of 1 MHz. The returned pulses are amplitude detected, ac coupled,

and alternately sampled, thereby separating the amplitude modula-

tion of the~~ return signal, %, and thejb return, tit,. Weissman [.3] has

shown that

I E(A$) \z a(V.V,) (2)

where the brackets denote time averaging. The quantity (ti,#6 ) is

produced at the DFS correlator along with appropriate normalizing

factors so that minimal data analysis is required to infer u from the

measurement using (1).

Aircraft measurements have been made under low-, moderate-,

and high-sea sta be conditions. Predominantly, these measurements
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Fig. 1. Block diagram of dual frequency scatterometer.
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Fig. 2. Dual frequency scatterometer correlation coefficient for low-,
moderate-, and high-sea states from aircraft at 3048-m altitude.

have been made from an altitude of 3048 m with a 1.5° antenna

beamwidth. Under these conditions, the diameter of the illuminated

surface area was approximately 80 m. Results reported by Johnson

[4] for low- and moderate-sea states were in good agreement with

Weissman’s theory. Additional mesimrements with significant wave

heights up to 6.5 m (Fig. 2} also showed good agreement for low- and

moderate-sea states. The high-sea state data however showed sig-

nificant deviations from theory. In thk case, preliminary wave

measurements using an aircraft laser profilometer indicate the

dominant water wavelength to be in the neighborhood of 160 m.

Thus it is hypothesized that the effect seen in Fig. 2 for high-sea

states and large values of Aj is the result of an inadequate number of

scattering points in the antenna footprint. In Fig. 2, the rms wave

height a is a calculated best fit to the data. Laser protilometer wave

data were taken on these flights and are currently being p;ocessed to

yield rms wave height for comparison with the radar inferred values.

Tomiyasu [5] has proposed a short-pulse wave dwectional-

spectrometer approach whereby the time-varying amplitude of the

backscattered signal is used to infer the directional wave slope spec-

trum. A short transmitted pulse sweeps across the ocean surface

producing a backacatter signal that is essentially the impulse response

of the waves. An ocean wave spectrum can then be resolved by

signal processing. Short-pulse radar measurements were made in the

North Sea by the Naval Research Laboratory (NRL) during the fall

of 1973 with data analysis provided by the NASA Goddard Space
Flight Center ( GSFC!). The NRL instrument operated at 9.75 GHz

with a 12.5-ns pulse length and antenna beamwidths broad enough to

ensure pulse-limited conditions. Fig. 3 shows wave-dkectional spec-

trometer results for a 10” incidence angle, 3J50-m altitude, and 6-m/s

surf ace wind speed compared with accompanying laser profilometer

and radar altimeter measurement results. Development of this

technique is being pursued by NASA-GSFC in cooperation with

NRL, and the idea has been conceptually developed into a satellite

ocean wavelength sensor by Eckerman [6].

WIND VECTOR MEASUREMENTS

During the period 1965-1971, extensive measurements of the radar

backscatter from the ocean were performed by personnel of the Naval

Research Laboratory. The system used was the NRL four-frequency

airborne coherent puked radar operating at 428 MHz, 1228 MHz,

4455 MHz, and 8910 MHz. The antenna system was composed of
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Fig. 3. North Sea, wave height spectra by NRL at a wind speed of 6
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four dual linear-polarized antennas which were sequentially used in

all combinations at each frequency. The antennas were stabilized in

roll and pitch and could mechanically scan through 315° in azimuth

and 100° in elevation. A dual channel receiver (direct and cross

polarized) measured both the amplitude and phase of the back-

sca.ttered signal for the ‘polarization combinations.

Typical system operating parameters were: peak power, 25 liW;

pulse repetiticm rate, 500-800 Hz; pulse length, 0.25-0.5 ~; IF band-

width, 10 MHz; and range gate width, 25–50 ns. The received power

from the ocean was absolutely calibrated by referencing it to the

power returned from aluminum spheres dropped from the aircraft.

This method of system calibration has been described by Guinard

and Daley [7] and the results of the aforementioned programs have

been published by Valenzuela et al. [8] and Daley [9]. A compre-

hensive data bank has been established on the parametric behavior of

the normalized radar scattering coefficient uo as a function of radar

wavelength, polarization, and incidence angle for a variet y of sea and

wind conditions ranging from caIm to rough seas (7–8-zn wave

heights) and high winds (24 m/s).

Other aircraft measurements of ocean radar scattering coefficient

were obtained by the NASA Johnson Space Center (JSC) using a

13.3-GHz continuous-wave Doppler radar scatterometer. Thk

system used two fan-beam antennas (separate transmitting and

receiving) to radiate a wide ( 120°) beamwidth fore and aft and a

narrow (3°) beamwidth across the Klght path. Two 13.3- GHz

scatterometers were used, which were similar, except one was

vertically polarized and the other was dual, linearly polarized. The

receiver was a homodyne type with both in-phase and quadrature

channels. The composite baseband video spectrum was recorded on

magnetic tape and was later processed to yield Cofor incidence angles

between +60” (near-nadir data were excluded). Flights were con-

ducted under a variety of sea-state and surface wind conditions, and

the radar signatures were characterized according to ocean surface

conditions [10]–[12].

An analysis of NRL smd NASA-JSC data has been performed by

Apel [13] to determine the dependence of ocean co on surface wind

speed. To remove instrument biases, ,@ at 35° incidence was nor-

malized to UOat 10° incidence (theoretical incidence angle for minim-

um ocean ,YOvariation). When these data are plotted as in Fig. 4,

the result suggests a power-law relationship such that

,# = Auv (3)

UPWINO DATA T T

.25~~
15 20 25

Wmd s$eed, mls

Fjg. 4. Normalized scattering coe21icient data from JilC and NEIL.

TABLE I
TARLES OF WIND-SPEED POWER COEFFICIENT

(a) NRL

I Freq. Direction IPOlariz~tion lExpOnentE=i-Y&i

(b) NASA-JSC

aIncidence Angle, e

Freq. Direct ion Polarization EXPO; 20” 3°’ 40” 50”

13.9 GHz Upwind Vv v 1.03 1.6e 1.77 1. (db

Downwind .98 1.56 1.62 1.55

crosswind .98 1.49 1.52 1.51

13.9 GHz Upwind HH v 1.00 1.65 1.98 1.93

Downwind
.94 1.6S 1.97 1.96

Crosswind .75 1.A5 1.46 l.be

(c) AAFE RADSCAT

where

A a constant;

U wind speed;
v the wind-speed power coefficient.

Fitting (3) to the data leaves large residuals (Fig. 4) and contro-

versy exists as to whether or not GObecomes constant for high wind

speeds. Better power-law fits were obtained for each data ,set sep-

arately. Listings of wind-speed power coefficients for upwind, down-

wind, and crosswind observations have been obtained for NRL data

from Daley ~9] and for NASA-JSC data from Bradley [11] and

Claassen [12] and are listed in Table I(a) and (b).

To help resolve differences in NRL and NASA-J8C wind-speed

power coefficients, measurements were obtained by NASA-LaRC
[14], [15] using a 13.9-GHz pencil-beam scatterometer (AAFE
RADSCAT). This instrument consisted of a high-precision long-
pulse (interrupted CW) microwave scatterometer, mounted in Lhe
NASA-JSC C-130 aircraft. The antenna looked out of Lhe open ramp
of the C-130, so that the radar obtained an unobstructed view of the
ocean’s surf ace without the use of a radome. A dual linear-polari:zed

parabolic antenna was mechanically scanned in elevation to view ~he
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Fig. 6. AAFE RADSCAT scatterometer wind direction sensitivity.

surface from nadir to approximately 55° aft. Radar measurements

were obtained for vertical and horizontal polarizations as a function

of incidence angle and flight direction over a range of wind speeds

from 3 m/s to 28 m/s, Fig. 5 shows a plot of downwind u“versus

wind speed for various incidence angles, andthecorrespondlng wind-

speed power coefficients arealso tabulated in Table I(c). ~

Previous observations by NRL and NASA-JSC indicated am

azimuthal variation (wind direction dependence) of the scattering

coefficient for incidence angles well off nadir. To examine this effect,

the AAFE RADSCAT antenna was pointed perpendicular to the

aircraft pitch and longitudinal axis, and the aircraft was flown @

circles.

Surf ace wind vector measurements were made at these sites before

and after radar scatterometer meesmrements. Theaircr’aft was flown

at low altitude (100–150 m) in the nominal upwind and downwind

directions for periods of about 5min, zmd wind-speed and direction

measurements were made using the aircraft inertial navigation

system. Wind vector measurements for Skylab underflight missions

(flights designated M238/F20and M238/F270n Fig.6) were sup-

plied by NOAA aircraft using an AWARS navigation system. Meas-

urements for all other missions on Fig. 6 were obtained by the NASA
C-130 aircraft, using a Litton LTN-51 navigation system. Wind

vector accuracy forthe NOAA system is +1 m/s & 10° and for the

NASA system the accuracyis M.5 m/s + 10°.
Wind direction measurements made by the aircraft were assumed

to be the same as ak the standard 19.5-m altitude, but wind-speed
measurements were extrapolated tothis altitude using a wind profile
method described by Cardone [16].

The dependence of vertical polarization u“ on wind azimuth is
shown for three wind speeds in Fig. 6. These data demonstrate the

potential for remote sensing of wind speed and direction and are the

basis for a proposed wind vector sensor to be flown on the SeaSat-A

satellite.

The first satellite measurements of ocean scattering coefficient

were obtained during the NASA-JSC manned space flight Skylab

program. The Skylab earth resources package contaiued a me-

chanically scanned pencil-beam 13.9-GHz scatterometer (similar to

AAFE RADSCAT) known as S-193 RADSCAT. Data from this

instrument were taken during the Skylab II, III, and IV missions

(June 1973-February 1974). Aircraft underflights to obtain “ground
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truth” measurements were also flown for many of the Skylab mis-

sions. These Skylab data are under analysis by many researchers

[17}[19]. Preliiinaryreaults [17]of ocean scattering coefficient

versus wind speed areshownin Fig. 7 for a50” incidence angle. The

wind-speed data were derived from metoerological analysis (see

[17]). These data, as well as results at other incidence angles and

both polarizations, support the aircraft-measured backscattering

power-law response to wind speed.

FUTURE SATELLITE SCATTEROMETER

MEASUREMENTS

Future applications of microwave scatterometry will provide

measurement of ocean surf age wind speed and direction for the

NASA SeaSat-A oceanographic satellite (1978 launch). Specifica-

tions for the scatterometer have been developed baaed on require-

mentsof the SeaSat User Working Group (UWG) :viz., wind-speed
measurement range of 3–50m/s with an accuracy of &2m/sor ~10

percent whichever is greater; wind direction 0–360° ~ 20°: 1000-km
swath; 50-km resolution cell; cross-track and along~track spacing

between resolution cells of 100 km.
From a number of scatterometer design options ranging from

pencil beam to fan beam, the fan-beam approach was chosen. As

discussed by Grantham et al. [20], four antennas will be used to

produce astar-like illumination ontheearth’s surface (Fig. 8), and,

as the satellite orbits the earth, thk star pattern will cut a swath

761 kmwideoneach side of thesatellite subtract. The illuminated

footprints will be subdivided into small resolution cells using Doppler

filtering to obtain a 50-km-resol@ion cell Size.

The primary swath is 500 km wide on each side of the subtrack and

is bounded on the inside by an incidence angle of 25°. Smaller angles

are excluded because the radar return becomes insensitive to surface

winds at angles below about 20°. The outer boundary of the primary

swath is at a 55” incidence angle, the outer limit of present compre-

hensive scatterometer data. Recent scatterometer data taken from

the JSC G130 aircraft show the scattering coefficient to be sensitive

to wind vector out to at least 60° incidence. An additional high-wind-

speed zone between 55° and 65° incidence angle is therefore included,

and return signals should be large enough to mezsure if the winds

exceed 10 m/s.

Although the scattering coefficient is a function of wind dkection

w well as wind speed (Fig. 6), it has been determined E20] that two

measurements are adequate to determine wind vector at each resolu-

tion cell. An optimum implementation is a forward- and aft-looking

beam (Fig. 8), providing two measurements separated in azimuth by
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90° at each resolution cell. The mean of these two mess mements is a

strong function of wind speed but nearly independent cf wind direc-

tion. Thk is demonstrated in Fig. 9, where thk mean has been

plotted for the data nf Fig. 6. After determining wincl speed using

this mean u“ value, wind direction can be determined by curve

fitting the two co measurements to a previously determined experi-

mental curve for that wind speed and incidence angle. This wind

direction information can be used if necessary to iterwte to an im-

proved wind-speed accuracy.

From the surface wind data obtained using the scatterometer, syn-

optic wind fields can be computed and used in Iong-rmge weather

and sea state forecasting.
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Microwave Irradiation Design Using Dielectric Lenses

HENRY S. HO, MEMBER, IEEE, GARY J. HAGAN, AND
MARK R. FOSTER

Absfracf-Theoretical calculations and electric-field meahsre-

ments were made to investigate the focusing effects of plane-wave-

irradiated dielectric spheres (lenses). Spheres of different diameters

and dielectric properties and plane wave sources of ditlerent fre-

quencies were used in the calculations. The results indicate the

feasibility of using dielectric lenses for selective partial-body ir-

radiation in biological experiments.

INTRODUCTION

The use of concentrated microwave beams for communication

between dktant stations has been widely investigated, resulting in

dramatic advance8 in modern antenna and radar design8. However,

in the area of biological researches and medical applications of

microwaves, it may be desirable to focus microwave energy in a very

Manuscript received April 18, 1975; revised August 15, 1975.
The authors are with the Division of Biological Effects, Bureau of

Radiological Health, Food and Drug Administration, Public Health
Service, U. S. Department of Health, Education, and Welfare, Rock-
vine, Md. 20852.

small region in the proximity of the focusing lens. One application of

thk technique involves the selective heating of rabbit eyes with a

dielectric lens for microwave cataractogenesis experiments [1 ].

In the current investigation, theoretical calculations and electric-

field measurements are made to determine the focueed effects of

electric field8 behind a plane-wave-irradiated dielectric sphere (lens)

[2], [3]. Parameters for this investigation include sizes and di-

electric properties of the sphere and the frequency of the incident

plane wave.

CALCULATIONS OF ELECTROMAGNETIC FIELDS
BEHIND A PLANE-WAVE-IRRADIATED

DIELECTRIC SPHERE

The formulation for the scattered electromagnetic fields from a

plane-wave-irrdlated dielectric sphere has been reported by Stratton

[4]. The totaf field at a location is therefore the summation of the

incident plane-wave field and the scattered field at that location.

Based on this formulation, a computer program is written to cal-

culate the electrip field patterns behind a plane-wave-irradiated

dielectric sphere. The direction of the electric field behind the

&lelectric sphere is also determined. Fig. 1 showe a plan&wave-

irradlated dielectric sphere with a set of rectangular coordinates. An

X–Y plane is shown ,behlnd the dielectric sphere. The electric fields

squared on X-Y, X–Z, and Y–Z planes are calculated and pre8ented

in “three-d1men8ional” plots. The electric fields squared on all the

planes are normalized to the incident plane-wave electric field

squared. The magnitude of the peak of the normalized electric-field-

squared pattern on each X–Y plane is defined as the focusing factor

on the plane. The focusing factor of each X–Y plane depends on the

distance of the plane behind the dielectric sphere., Eight different

8phere sizes, three different dielectric materials, and two source fre-

quencies are used for the calculation. The sphere diameters range

from 5.1 cm through 40.6 cm. The dielectric materials are poly-

ethylene (d = 2.26, ten ~ = 3.6 X 10–4), polyfoam (e’ = 1.98,

tan 6 = 7.0 X 10-4), and Emer80n and Cumings, Inc. Stycast 35 DA

(c’ = 5.0, tan 8 = 10 X 10-4). The source frequencies are 2450 MHz

and 10 GHz.

RESULTS OF THEORETICAL CALCULATIONS

Fig. 2 (a) shows the normalized electric-field-squared pattern in a

40-cm X 40-cm X–Y plane at the location of maximum focusing

behind a 20.3-cm-diam polyfoam sphere which is irradiated by a
2450-MHz plane wave. The plane is located directly behind the
sphere at d = O cm because the focal point is inside the sphere. The
patterns of the normalized electric field squared on 40-cm X 20-cm
X–Z and Y-Z planes for the same 20.3-cm-diam polyfoam sphere
and 2450-MHz incident plane wave are shown in Fig. 2 (b), (c).
These patterns show a gradual decrease of the peak of the focused
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Fig. 1. An X-Y plane behind a dielectric sphere irradiation by an
electromagnetic plane wave. Characters with arrows in figure appear
as boldface italic in text.


