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Tradeoffs in the Design of a Spaceborne Scanning
Pencil Beam Scatterometer: Application to SeaWinds

Michael W. Spencer, Chialin Wu, and David G. Long

Abstract—SeaWinds is a spaceborne wind scatterometer to such as SEASAT and ERS-1, and is planned for SeaWinds’
be flown on the second Japanese Advanced Earth Observingdirect predecessor, NSCAT [1], [5], [14]. Unlike these earlier

Satellite (ADEOS-II) in 1999. An important international ele- scatterometers which emplo : “o ”

) . : . yed a fixed “fan-beam” antenna,
ment of NASA’s earth observing system (EOS), SeaWinds is an however, SeaWinds will utilize a scanning “pencil-beam”
advanced follow-on to the NASA scatterometer (NSCAT) on the '

first ADEOS platform. Unlike previous operational spaceborne design. o
scatterometer systems, SeaWinds employs a scanning “pencil- In fan-beam systems, sticklike antennas are used to broad-

beam” antenna rather than a “fan-beam” antenna, making the cast long, narrow radar footprints on the ocean surface. Along
instrument more compact and yleldlng greater ocean coverage. track ¢° resolution is defined by the narrow dimension of
The goals of this paper are twofold. First, the overall SeaWinds o o hhrint, and cross track resolution is obtained by either

functional design and backscatter measurement approach are de- T .
scribed, and the relative advantages of the pencil-beam technique POPPIer or range discrimination. Typically, a 500-600 km

are outlined. Second, the unique aspects of measurement accuracyswath of measurements can be obtained on either side of
optimization and signal processing for the SeaWinds instrument the spacecraft, but in the regiah200 km from the satellite
fllri]disiusﬁed-AhWing t_?_e fetS|u|FS of a separate compettnion paper nadir track, wind vectors cannot be measured due to the
, a tecnnique to significan Improve measurement accuracy ; : P 5 H
by modulatin% the trgnsmit pﬁlsepis described. Trade-offs toy ‘Ilnapproprla”tely Ic_)v_v |nC|de_ncg angles. The existence of this
optimize the transmit modulation bandwidth are presented. nadir gap Slgnlfl(.:a.ntly limits ocean coverage. Fan-beam
. ) systems are also difficult to accommodate on spacecraft due to
Index Terms—Radar, scatterometry, SeaWinds, wind measure- |onqg antennas with their associated fields of view. Complicated
ment. antenna deployments are typically required.
Pencil-beam scatterometer systems were first described by
|. INTRODUCTION Moore and others [13], with several variations proposed by

HE SeaWinds scatterometer will be launched aboap®n9 [7]. [9]. In contrast to fan-beam scatterometers, pencil-

the second Japanese Advanced Earth Observing sapgam systems utilize a parabolic dish antenna which is me-

lite (ADEOS-II) in early 1999. SeaWinds, as part of thgha_nicallly spun to scan the ocean surface. This compact

NASA earth observing system (EOS), will acquire all-weath&esign is more readily accommodated on _space_craft without

measurements of ocean wind speed and direction. SeawiAggloyments. Because the antenna beam is conically scanned
observations will continue the Ku-Band scatterometer da®h @ constant incidence angle, a wider contiguous swath is

base begun by NSCAT [14] into the next century. Becaud@ssible. This greatly increases ocean coverage .relatlve to fan-
knowledge of near-surface winds over the ocean is critical ff2m systems. The constant relatively high incidence angles
the investigation of many oceanographic and meteorologi the pencil-beam measurements also contribute to greater
phenomena [3], SeaWinds observations form a key elemd¥fd accuracy [3]. An as_souated _advantage is that the model

of the EOS climatological research mission. In addition finction relatingo® to wind velocity need be known only

its scientific applications, Seawinds is expected to provide Bgar the discrete incidence angles at which the measurements
important data source for operational meteorologists. Accur&é® made, rather than the broad range of incidence angles
and timely observations of ocean winds will enhance tHgduired by fan-beam systems. For these reasons, a pencil-
ability of forecasters to identify coastal and marine hazardsbeam architecture was chosen for SeaWinds.

As with all scatterometers, SeaWinds will obtain an es- In addition to the antenna concept, another important facet
timate of the wind by measuring the ocean surface rad@the scatterometer design is the signal processing approach
backscatter cross sectiofw®) at multiple azimuth angles. used to measure the backscattered signal and to estirflate
The geophysical model function, which relates wind spediecause the determination of ocean surface wind is a very
and direction to backscatter cross section, is then numerics#gnsitive function of thes® measurement accuracy, a key
inverted to infer the near surface wind. This technique has begansideration in the processor design is the minimization of
successfully employed on previous scatterometer prograriig ¢© error variance. Errors in the estimate &f are due to

the random effects of radar signal fading and thermal noise,
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Fig. 1. SeaWinds measurement geometry.

for high winds—the SNR can vary considerably as different II. SEAWINDS SYSTEM DESIGN

wind cc_)ndltlons are observed. _ ) In preparation for a 1999 launch, the SeaWinds system is in

_ The issues and trade-offs encountered in selecting an 9pr5qvanced stage of development. The SeaWinds instrument
timal signal processing approach are generally different far oing designed to meet the science requirements for wind
fan-beam systems and pencil-beam systems. With fan-begipieya| [3], and to be consistent with the ADEOS-II orbit
systemsg" cell resolution is determined by either Doppler oLy accommodation constraints. In this sectionfthetional
range di_scrimination techniques, increasing overall process@hects of the SeaWinds instrument design are presented.
complexity. Another challenge for fan-beam systems is thpfeiyded are brief descriptions of the selected radar param-
the antenna beam is very broad in one dimension, and §}@ s antenna scan approach, timing, echo detectiongand
transmit energy is spread over a wide region. This may,ciation. In addition to providing a reference for the overall
result in _Iow SNR for the backscattered signal, particularl¥aa\winds measurement technique, this description provides
at low wind speeds. On the other hand, an advantage §finortant background material against which the detailed
joyed by fan-beam systems is that, because the broad begm,a| processing tradeoffs in Section Il are discussed. Ad-
illuminates the entire swath simultaneously, relatively longjtional information on the planned hardware implementation

integration times, and thus more independent samples, gfg ground data system can be found in @al. [18].
possible.

Pencil-beam systems, by contrast, can use relatively simple .
processors because” resolution is completely defined byA' Antenna Characteristics and Measurement Geometry
the antenna beam dimensions. Because energy is focuselth order to determine the near surface wind, a scatterom-
on a small region, SNR is generally higher for pencil-beagter must obtain measurements @t at multiple azimuth
systems. Pencil-beam systems, however, have considerabigles for the same point on the ocean surface [16]. As
less integration time available as the antenna footprint ilkistrated in Figs. 1 and 2, SeaWinds accomplishes this using
quickly scanned from one location to another. A key chatwo conically scanned pencil beams. An approximately 1
lenge for the SeaWinds signal processing design is how o diameter parabolic dish antenna with two offset feeds
optimize performance by improving the effective number d§ used to create both the “inner” and the “outer” beams.
independent samples. It is demonstrated that appropriate ke inner beam maintains an “off-nadir” angle of°4@nd
of transmit pulse modulation can accomplish this goal. intercepts the ocean at a constanf 46cidence angle. The

The main body of this paper is divided into two distincbuter beam has an off-nadir angle of°4&ith an incidence
parts. In Section Il the overall SeaWinds system design aadgle of 54. The antenna is mechanically spun about the nadir
% measurement approach are described. Included are beefs to generate a conical scan. The scan azimuth angle is
descriptions of the instrument parameters, antenna scan mgasured counter-clockwise witlt @efined as the antenna
proach, timing, and backscattered energy detection. Sectfinting in the direction of the spacecraft motion. As the
Il provides a more detailed look at the unique aspects of tepacecraft moves in its orbit, the beams trace overlapping
SeaWinds signal processing design, and discusses the trdddical patterns on the Earth’s surface. Each point within the
offs performed in order to achieve optimw measurement inner 700 km of the swath is viewed from four different
performance. In particular, it is shown how modulation of thazimuth angles—twice by the outer beam looking forward then
transmit pulse is employed to minimiz¢ estimation error. A aft, and twice by the inner beam in the same fashion. In the
companion paper [11], which provides a theoretical basis foutside edge of the swath, between cross track distances of
this technique, is referred to extensively. 700 and 900 km, each point on the ocean is viewed twice
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TABLE |

SEAWINDS ANTENNA AND MEASUREMENT GEOMETRY PARAMETERS
Parameter Inner Beam | Outer Beam
Polarization H A%
Elevation Angle 40° 46°
Surface Incidence Angle 47° 55°
Slant Range 1100 km 1245 km
3 dB Beam Dimensions (az x el) 1.8° x 1.6° | 1.7° x 1.4°
3 dB Footprint Dimensions (az x el) | 34 x 44 km | 37 x 52 km.
Peak Gain 38.5 dBi 39 dBi
Rotation Rate 18 rpm
Along Track Spacing 22 km 22 km
Along Scan Spacing 15 km 19 km

by the outer beam only. The availability of four, rather than
two, measurements over most of the total swath will enhance
the ability of SeaWinds to unambiguously determine wind
direction. Wind direction performance is further improved by , _ , , ,
using different polarizations for each beam [14]. The inn g. 2. SeaWinds scan pattern showing helixes traced by inner beam (light
A . . . ! Shade) and outer beam (dark shade) as spacecraft orbits. Expansion of region

beam is horizontally polarized with respect to the oceafihin box shown in Fig. 3.
surface (the transmitted E-vector is parallel to the surface).
The outer beam is vertically polarized.

Note that, unlike fan-beam systems, the azimuth angle |
“mix” of the ¢° measurements going into the wind retrieval

A
is not constant, but varies from nadir out to the edge ngacecraﬂ
the swath. Near nadir the forward and aft measurements atRtion
approximately 180 degrees apart, while at the extreme eddpgection Along-Track
of the swath the azimuth angle between the measurements ]DiSp'acemem
approaches 0 Thus, the wind retrieval performance of Sea-
Winds is observed to vary as a function of the distance

Along-Scan Spacing

from the nadir track, in general being optimum when the
azimuth differences of the measurements are near[28].
But because the® measurements are obtained at a favorable
high incidence angle over a continuous 1800 km swath, thererig. 3. Expansion of boxed region in Fig. 2 illustrating spacing odf
no distinct “nadir gap” where wind can not be retrieved. Sudheasurements. Measurement footprints are defined by 3 dB contour of the
a wide swath will cover 90% of the ocean surface within 23"enna patem.
h, an improvement over the NSCAT coverage of 77% in 24 h.

The SeaWinds antenna rotation rate and measurement t@n-Radar Electronics Functional Design

mog were chosen 1o obtain optimal Sa”_‘p"”g Of_ the surface Fig. 4 depicts the basic design of the SeaWinds radar
oY and to meet host spacecraft dynamics requirements. T

. . . . é]gctronics and shows the transmit, receive, and detector
antenna rotation rate of 18 rpm combined with the nomin . s
transmitter pulse repetition frequency (PRF) of 92.5 Hz f F”Ct'of‘s- Upof‘ commgnd from the timing (?ontroller, the
each beam, produces a regular pattern of measurements 3 smitter, Wh'_Ch consists of a modulate_d_ S|g_nal generator
the surface. Fig. 3 shows this pattern for two consecuti\%'vIng a rraveling wavetube (TWT) amplifier, issues a .1'5
rotations of the outer beam. The group of measuremefts durz?mon, 110 Watt Ku—_Band pul_se. For reasons explained
displayed in Fig. 3 corresponds roughly to the rectangullt Section I, the transmit pulse is MSK modulated to a
region drawn in Fig. 2. Each transmit pulse event will obtaif@ndwidth of approximately 40 kHz. The pulse is routed to
one measurement o, depicted in Fig. 3 as an ellipse whosd_—E'Fher the inner or the ogter beam and through a coaxial rotary
dimensions are defined by the 3 dB contours of the antenR¥t {0 the spinning section of the antenna assembly. The echo
pattern projected on the surface. The “along scan” spacifﬁjum is likewise directed to the receiver where it is amplified,
of the measurements is a function of the scan rate and PRpwWnconverted, and detected. A summary list of the key radar
and is 15 km for the inner beam and 19 km for the outdarameters is shown in Table II.
beam. The “along track” displacement of the measurements iPue to the motion of the satellite relative to the Earth,
determined by the satellite ground speed of 6.6 km/s, anddsDoppler shift of betweent500 kHz is imparted to the
22 km for both beams. The footprint dimensions and spaciggho return signal, depending on the antenna scan position.
are consistent with the requirements to coregister the fodhen the antenna is pointing forward or behind relative to
azimuthal measurements, and to achieve near 50 km wilh@ spacecraft motion (see Fig. 1), the Doppler shift is at a
measurement resolution [3], [6]. Key parameters for eachaximum or minimum. When the antenna is scanned perpen-
antenna beam and their associated footprints are summaridiulilar to the spacecraft ground-track, the shift is near zero.
in Table 1. In the SeaWinds design, the Doppler shift is pre-compensated

Scan Direction



118 IEEE TRANSACTIONS ON GEOSCIENCE AND REMOTE SENSING, VOL. 35, NO. 1, JANUARY 1997

Antenna Position »| Doppler Compensation Doppler Frequency (fg) Modulation
i Calculation
'y
— 13.402 GHz - fg .
Select C — Transmitter|
Antenna Switch ibrati
Calibration
l Loop
Attenuator
Recieve Amplification, Power Detection
Protect Baseband Mixing Processing
Switch

Fig. 4. Diagram of SeaWinds electronics functions.
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Fig. 5. Diagram of SeaWinds filtering and detector functions.

by tuning the transmit carrier frequency to 13.402 GHZ,, TABLE I

where f, is the expected frequency shift to be imparted to SEAWINDS RADAR ELECTRONICS PARAMETERS

the return signal. The compensation frequency is computg@arameter Value

by the SeaWinds on-board processor using the measuredransmit Frequency 13.402 GHz

antenna position, orbit location, spacecraft velocity, and Earth!rsmit Power 110 Watts

X K . [ Iransmit PRF 185 Hz (92.3 Hz each beam)

rotation. Pre-compensating the transmit pulse for Doppler shiftransmit Pulse Length L5 ms

produces an echo signal that always occurs at the same cent@fansmit Modulation MSK, 7}, = 15psec

frequency, simplifying the RF down conversion and detectof Beceive gaie LDefll?ath e 2.0 I;lz N

electronics. Note that the Doppler frequency could have beergc,wVC e Loy -3 ms (inner beam), 83 ms {outer beam)
ystem Noise Temperature 740°K

equivalently compensated by a variable IF frequency in th
receiver, rather than a variable transmit frequency.

An important feature of any scatterometer system is the . o . . .
accurate calibration of the transmit power and receiver g inA description of spec.mc gcho c_ietect|on strate_g|e5 for pencil-
[15]. In the SeaWinds instrument design, these parameters Fem scat_terometer_s is given in the companion paper [11].
measured simultaneously by periodically injecting the trans ipr SeaWinds, a simple approach where the signalse

pulse, attenuated by a known amount, into the receiver. ‘?‘Bd ‘noise-only” energies are measured simultaneously was

avoid corruption by spurious leakage power during a ‘.|006_ele‘<‘:teq. (Note”that with the simultaneous de_tect|on approach,
noise-only” measurement actually contains the echo en-

back” calibration event, a high loss receive protect switch fae . ,o
enabled. ergy as well. The term “noise-only,” which is commonly used

in scatterometry, is nonetheless retained here). As shown in

Fig. 5, the signal-noise and noise-only energi€s,,, andC’, ,
C. Echo Energy Detection ang’ Estimation are obtained by integrating the output of two separate filter

The received signal at the detector consists of the retupRerations. Fig. 6 shows a representation of the echo spectrum,

echo plus thermal noise. The thermal noise component ighgrmal noise spectrum, and the magnitude response of the
combination of the instrument system noise and the Eafiliers. The signai-noise filter has a bandwidt, = 80 kHz
scene brightness temperature. In order to estimete a and is centered on the echo return which has a 3 dB bandwidth
measurement of the echo energy only is required. In scaf-approximately 40 kHz. The noise-only filter has a much
terometer systems this is generally achieved by subtractingvialer pass-bandB,, = 1 MHz, which overlaps the narrower
separate measurement of the thermal noise floor—the “noiségnal-noise measurement band. The specific choice of filter
only” measurement—from the “signahoise” measurement bandwidths is based on measurement accuracy considerations,
[2], [16]. which is the subject of Section IIl.
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Fig. 6. Frequency domain representation of SeaWinds echo detection. Shown are the echo spectrum, white thermal noise spectrum, afhddise signal
and “noise-only” filter responses.
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Fig. 7. SeaWinds transmit and detection timing.

Details of the transmit pulse and echo detection timing Solving (1) and (2) forE,, we obtain the following ex-
are shown in Fig. 7. The rectangular transmit pulses ocqutession for the estimated echo ene@\y, given C,,, and
every 5.4 ms and alternate between the inner and outer bea,:

Note that this produces a PRF of approximately 92.5 Hz on

each beam individually and 185 Hz overall. Due to the finite 7 _ By o B, 3)
dimensions of the antenna footprint, the echo return “pulses” T T op(B,—B,) ™ pp(B,-B,)

are not replicas of the transmit pulse but are dispersed in time ) )

and frequency. The dispersion in time spreads the echo Bye Well known scatterometer radar equation [16] is then
approximately 0.5 ms, and is depicted in Fig. 7 by showir@Pplied to estimater®

the echoes as trapezoids. The round trip flight times for the -~

inner and outer pulses are 7.3 and 8.3 ms, respectively, and 5o = Es (4)
thus each echo returns after thecceedingransmit pulse. The X

range gate interval during which both the sighabise and here

noise-only measurements are accumulated is centered on'the

expected time of the echo return. In order to measure the entire ENG3A.
energy of the echo, the range gate has a lefijth- 7, = 2 X= 5t ®)
ms. (47)2R

The valuesC;, and C;,, for each return pulse are telemey o £ s the total transmit pulse energy,is the transmit
tered to the ground where the echo energy and, ultimately oy frequency(, is the antenna pattern peak gai, is
oY are estimated. For the SeaWinds detection scheme N ; : ok ;

' tR8 effective illuminated footprint area, a@lis the nominal

expression for the echo energy estimate is obtained iNgAnt range. For this paper, which specifically addresses the
straightforward manner. Assuming a processor gain of unit{ea\winds cased.. is defined as

the expected values @f;,, andC},, are written as
-4
g[csn] = pEEs + B, Tng (1) A, R Gt(7’ wd)GTO ) wd) ‘41‘(7,7 wd) dr dwgy (6)

S[C;LO] = ES + BnETLO (2) B G% T,Wq 7’4

where F; is the expected energy in the echo retutp,is the where G, is the antenna pattern at the time of transmit,
one-sided thermal noise power spectral density, @nds the G, is the antenna pattern at the time of echo returns
fraction of the echo energy passed by the sigmalise filter. the range to each surface elemeHt, is the area of each

In the ideal case where the entire echo spectrum is captuseniface element, and the integration is performed over range
by the filter, pr = 1. This is true of the noise-only filter. and Doppler on the surface. The transmit and receive antenna
For the signatnoise filter, however, a small portion of thepositions are specified separately in (6) because the antenna
total energy from the sidelobes of the echo spectrum will ietates approximately 0.8 degrees—a significant fraction of
lost. The parametesy is easily calculated by integrating thethe beamwidth—during the pulse round trip flight. A precise
echo spectrum and filter response. [See (15) and associdtedhulation of the radar equation must take this offset into
discussion.]. account [12].
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IIl. TRANSMIT MODULATION AND filter band, and is defined as
PROCESSORPARAMETER TRADEOFFS
o B:Ting 9
In this section we turn from a general overview of the T E, ©)

SeaWinds instrument system to a more detailed discussion of a i ) )

key design issue: the minimization of measurement error, Where £, B, T, andn are all as defined in the previous
Here, general expressions for measurement variance derig€gtion- It is demonstrated in [11] that thei™ term in (8),

in [11] are applied to the specific Seawinds case in order YgCh IS related to the effective number of independent sam-
select the optimum transmit modulation and processor filtB}eS; can be significantly decreased by appropriate modulation
parameters. of the transmit pulse, thudecreasingK,,. A trade-off exists,

An examination of (4) reveals that the error in determining®Wever, because as the transmit pulse bandwidth increases,
#° has two main components: the error associated with t bandwidth of the echo return necessarily increases and

estimate of£,, and the error in the knowledge of the value of’r must subsequently widen to accommodate the larger echo

X. The process of measuring all the radar parameters whfgndwidth. A largerB,. produces a largef' via (9) which in
contribute to X is referred to as scatterometealibration, LU tends toincreasef,. The objective here is to identify
Calibration errors are largelsystematicn that they are either the modulation and filtering strategy which balances these
biases or can be reduced by careful characterization of {FiEeCts and optimize, for Seawinds. Our approach will be
on-orbit variations in the instrument radiometric parameter? first define the modulation scheme and the transmit pulse

Techniques for scatterometer calibration are beyond the scha@dwidth, calculate the resulting echo return bandwidth and

of this paper but are discussed in detail elsewhere [10], [1&]€ 8- required to accommodate it, and finally to evaluate
) for the expected range ¢f in order to select the optimal

The error associated with the estimate Bf, however, is ( _ i g
randomand places a fundamental constraint on the theoreti@pdulation bandwidth and filter parameters.
wind performance of the scatterometer. It is this error that we

seek to minimize here. A. Modulation Format and Transmit Pulse Spectrum
A metric, widely used in scatterometry, for evaluating the As discussed in [11], for simple power detection modu-
E; estimation error is the K,” parameter lation schemes which produce a “thumb-tack” shaped radar

ambiguity function are good candidates for improviag,.

Due to its broad main lobe and low side lobe properties, as
. ) well as ease of implementation in hardware, a pseudorandom
Es minimum phase shift keying (MSK) modulation format was
selected for use with SeaWinds. Although all analysis in this
paper is presented for the MSK case, similar techniques could
be applied for other suitable modulation schemes.
° - L2 Y of When the transmit pulse length is much greater than the
scatterometer design is the minimization &f, [14]. IN MK modulation bit period, the one-sided energy spectral

performing design trade-offs, it is useful to have a "rule Qfensity, 5, (w), of the transmitted signal can be shown to
thumb” maximum value of, to be achieved. Unfortunately, ;o [4]

K, is a function of the signal-to-noise ratio which depends
on the wind. Further, relating<, directly to the wind mea-
surement performance can be difficult due to the nonlinearity
in the wind retrieval process. As a result, we adopt the goal ] ) ] )
for Seawinds thatk, should be less than the geophysical'nere £ is the total energy in the transmit puls, is the
modeling error—the percentage variation dfl for a given Modulation bit periodw. is the angular frequency of the
wind velocity [10]. Such a criterion will insure that windtransmit carrie2r x 13.402 GHz), andwg is the doppler pre-
performance is limited not by the precision of the instrumerffompensation applied to the transmit pu(er x fq). Note
but only by our ability to relate the measured’s to wind that the trqnsmltted signal spectrum is centered;@t— Wy
speed and direction via the model function. The magnituféom (10) it can be shown that the 3 dB bandwidth of the
of the geophysical modeling error at Ku-band is not weff@nsmit pulse B..., is approximately given by
known, but a value of 17% has been commonly used in other 0.6
scatterometer performance analyses. For SeaWinds a design Bunsk = T, (11)
goal is thus to havey, <0.17.

In the companion paper [11], tH€, expression for a pencil- B, Echo Return Spectrum
beam scatterometer is derived, and has the generalized form

—~ var[E\S]
KB = | —F%—

K, is the normalized standard deviation Eg\ due to radar
fading and thermal noise effects. A general objective

cos Tp(w — we +wy)
ATHw — we +wg)? — 72

Smsk(w) = 167T2Eth (10)

The spectrum of the echo return is different from that of
—~ the transmit pulse. The spectrum of the echo is a result of
Ky[E.] = (A+ 5B+ 5°C)'/? (8) the interaction of the transmit signal with the ocean surface
over the illuminated footprint. A well known technique for
where A, B, and C' are rather complex functions of thecomputing the echo return is to assume that the ocean surface
transmit modulation, range and Doppler characteristics of tieea collection of point scatterers [16]. The echo return is a
illuminated footprint, and the echo and noise filter bandwidthsummation of replicas of the transmit pulse scattered from
S is the noise-to-signal ratio (1/SNR) within the signabise each point on the surface, suitably weighted by the antenna
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Fig. 8. Example transmit spectru@®B,,.sx = 40 kHz), Doppler spectrum (inner beam, scan azimutR)9@nd the resultant echo energy spectrum. Also
shown is an example sigrphoise filter magnitude response whes = 80 kHz.

pattern at each scattering element, and frequency shifted byrig. 8 is a graphical example of how the echo spectrum is
the Doppler associated with each scatterer. The echo enetgiculated. Here, the transmit spectrum was computed from
spectrum is likewise a summation of replicas of the transn{it0) assumingB,,sx = 40 kHz. The Doppler spectrum shown
energy spectrum weighted by the antenna pattern and shifteas produced by numerically evaluating (13) for the inner
by the Doppler frequency. Thus, the expected one-sided edieam scanned to 9@&zimuth, and then removing the Dopppler
return spectrum at the receiver inpét,(w), can be written as center frequency. The resulting baseband echo spectrum was
a frequency domain convolution of the transmit spectrum aedmputed from (12). All spectra were normalized to a peak

the footprint Doppler spectrun)(w) value of unity. Note that for the case shown, and indeed in
, all cases whereB,,x > Bqop, the transmit spectrum is the
E'(w) = Smex(w) * D(w). (12)  dominant factor in determining the bandwidth of the echo
return.

The Doppler spectrum represents the degree to which the
transmit signal is spread in frequency due to the Doppler shift , i ) )
encountered over the illuminated area. Assuming a consfantC- Signat-Noise and Noise-Only Filter Bandwidths

over the illuminated footprint, the Doppler spectru(w), The signal-noise filter bandwidth3,., must be sufficiently
is defined as wide to accommodate the echo return spectrum, yet as narrow
502 Go(r, )G (7, w) as possible to minimize the amount of thermal noise passed.
D(w) = (an) / 7’)(7) w’)4 L Ap(ryw) dr (13) In the SeaWinds design process, two metrics are employed to

assess the performance of the sigradise filter: the fraction
where the integration is performed over the iso-range lin€§ the echo energy passed by the filter, and the Doppler
within the footprint (see the treatment in [11]). Note that theompensation error. The fraction of the echo energy passed,
Doppler spectrum is centeredwaat, and consequently’ (w)is  PE, 1S
centered atv.. The downconverted, baseband echo spectrum
incident on the detecto(w), is nominally centered at 0 Hz / |H,.(W)|?E(w) dw
and is given by PE =

(15)
E(w)=FE(w+w.). (14) / E(w) dw

The shape and bandwidth of the Doppler spectrum, and thukere| H,.(w)|? is the magnitude response of the signabise
the shape and bandwidth of the echo spectrum, depends onfilker, which is centered at 0 Hz. The Doppler compensation
selected antenna beam and azimuth angle. For SeaWinds,ethier is caused by inexact pre-compensation of the transmit
3 dB bandwidth of the Doppler spectruiB,,,,, varies from carrier for echo Doppler shift. Nominally, the Doppler shift
about 9 kHz, for the outer beam scanned in the forward or @ftparted to the return signal is perfectly pre-compensated and
direction (0 or 18C0° azimuth), to 15 kHz, for the inner beamthe echo spectrum is centered in the sigiraise filter. In
scanned to the side (90 or Z&ximuth). reality, antenna position uncertainty and spacecraft attitude
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Fig. 9. (a) Percentage echo energy passed by sigrase filter (p.;) versus filter overheadB, — B, ). (b) Doppler compensation errqA ;)
versus filter overhead.

uncertainty lead to errors in Doppler tracking. The resultatt accommodate this “jitter” in the echo center frequency,
error in detecting the echo energig, is given by without producing excessive error.
In examining the performance of the sigialoise filter, we
Ap = / |H,,(w)|2E(w) dw — / |H,,(w)|2E(w — Werr) dw shall d_efine “filter _overhead” aB, — Bk, or the additional _
bandwidth of the filter over the 3 dB bandwidth of the transmit
(16) pulse. In Fig. 9(a) and (bpe and Ag are calculated for five
different values ofB,,. as a function of filter overhead. In
wherew., is the error associated with an inexact nulling of thevaluating (15) and (16 (w) is computed with théD(w) that
Doppler center frequency, leading to an offset in the basebamgults from the inner beam scanned to 90 degrees azimuth,
echo spectrum. The filter bandwidth must be sufficiently widmaximizing the frequency dispersion due to Doppler. Note
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Fig. 10. Example of values ofi, parametersd4, B, and C' versus antenna azimuth angle for MSK modulation. For this ddggx = 40 kHz,
B, = 80 kHz, B,, = 1 MHz.

that in the case of3,,, = 0 kHz, the transmit signal is the noise-only filter bandwidth ofB,, > 1 MHz will meet this
unmodulated carrier and the echo spectrum is the same asdbedition. In general, however, the precise selection of the
Doppler spectrum. The filter magnitude response is a 5th ordmise-only filter parameters is a less critical one than the
Butterworth, an example of which fd8,. = 80 kHz is shown selection of the signalnoise filter parameters.

in Fig. 8. In computingA g, the Doppler compensation error

was fixed at 10 kHZw,,, = 27 x 10* rad/s), the anticipated

maximum value for the SeaWinds design. D. Selection ofB,,,s for K, Optimization

From Fig. 9(a) and (b) we can determine a relationship yy\ing specified the gate timés and 7}, the modulation
between th.e.transmnt_eﬂmsk and the requwedS,,.. To insure format, the requireds,. given B,,.., and the requireds,.; we
that a sufficient fraction of the echo energy is passed, W& now evaluate (8) and address our primary goal of choosing
require that the filter be wide enough to pass 90% of thge p . which optimizesk,. The parameters\, B, and C

. . . | ms pr )

echo energy. To minimize frequency jitter induced errors ifye computed numerically as a function of antenna scan angle
the measurement of echo return energy, we regifeto be  fm the appropriate equations in the companion paper [11].
<0.15 dB. Applying these criteria to Fig. 9(a) and (b), Werpe correlation and cross-correlation integrals involved in the
see that they are satisfied for a filter overhead of between 39 ,iation of A and B are performed using the SeaWinds
kHz and 50 kHz, depending on whidh,, is examined; the 46ometry and antenna patterns. The modulation funciig,
Doppler induced error being the primary factor for low valueg generated using a maximal length, pseudo-random sequence

of B and the percentage energy requirement being mQffich produces aB,,.. consistent with (11). Becausk,
important for large values aB,x. In our trade-off analyzes is calculated for a single pulsey, = 1. As an example,

to find the optimum modulation bandwidth, we will find itFig. 10 showsA. B. and C as a function of azimuth for

useful to have a generalized relationship betwégny and p . = 40 kHz, B, = 80 kHz, and B, = 1 MHz. Note

B,.. Such a relationship may be given by how, consistent with the observations in [11], thd"“term
B, = By + 40 kHz. (17) varies significantly with azimuth for the selected modulation
and detection scheme.

Thus, we will size the bandwidth of the sigraloise filter Noise-to-signal ratioS, is an equally important considera-
to be 40 kHz larger than the 3 dB bandwidth of the transntibn in the trade-off analysis. To insure thht, is optimized
pulse spectrum. over the full range of possible ocean wind conditiorss,

The role of the noise-only filter is to provide a separatis calculated from (9) for three representative echo return
measurement so that the thermal noise component canemergies corresponding to low wind (3 m/s), moderate wind
subtracted from the signahoise. As shown in the com- (8 m/s), and high wind (20 m/s) speed. These echo return
panion paper [11], the contribution th,, due to the noise- strengths are shown in Table I, and were computed using the
only measurement is minimized faB, > B,. For the nominal Seawinds instrument parameters and the average
range of B,s, and B,. considered in the SeaWinds trade-offis taken from the “SASS-2” model function [17]. The values of
analyzes—8,,qx = 0 to 160 kHz,B,, = 40 to 200 kHz—a E, are given in dBJoules at the input to the SeaWinds receiver.
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Fig. 11. K, versus azimuth for different values @&y,;. (&) 3 m/s wind. (b) 8 m/s wind, (c) 20 m/s wind.

TABLE 1l the unmodulated casé,, ., = 40 kHz significantly improves
SEAWINDS EXPECTED ECHO ENERGIES K, performance over most of the swath and for most wind
Inner Beam Outer Beam conditions. Lower values 0B, produced inferior perfor-
Wind Speed [| o° (dB) | E. (dBJoules) || ¢ (dB) [ E, (dBJoules) mance at high and moderate wind speeds, in general failing
3m/s -32 -184 -27 -179 the meet the performance goal &f, <0.17. Higher values
8 m/s -23 -175 -20 -172 of Bp,q were judged to produce undesirably larg at low
20 m/s -14 -167 -14 -167 S . .
speeds. Due to the greater scientific importance of high wind

measurements, a degree of performance degradation at low
wind speeds, such as that experienced wiith,;, = 40 kHz
for the inner beam at 3 m/s, was deemed acceptable. Note
be —200 dBW/Hz. L . ) .
; _ ; hat for the values of' achievable with the SeaWinds design
In Fig. 11(a)—(c)K,, versus azimuth angle for a range of arameters, the goal dt, < 0.17 is not possible at the very

B¢ Iis plotted for each beam at the three representati i . i .
wind speeds. Because the effects of modulation are ne}Pgé'/YeSt wind speeds for any modulation bandwidth. Despite

symmetric with azimuth quadrant, only the azimuth ran ;}gs sff:pritlilglt?o?/v \:ﬁmje; tgsg remi?gglSﬂézg(\:/t\;icl)wrlis“mgr?grrr:gnce
between 0-90 is shown. Note that selected transmit mod- P 9 ’ P

ulation significantly reducess, for most of the swath, but simulations indicate that the desired measurement accuracies

offers little improvement for scan angles pointed forwar\cqlIII still be met [18].

or aft of the spacecraft—near 0 and $80’he curves also ) ) _

exhibit an important trend as a function of wind spee(f- Simultaneous versus Nonsimultaneous Detection

At the high wind speeds wher§ is small, the A" term As discussed in [11], the determination Bf can be made

in (8) dominates and a largeB,, leads to lowerK,. with either of two different detection schemes, 1) signadise

Thus, in a high SNR environment, measurement accurasyergy and noise-only energy are measured at the same time

can be improved by modulating the signal and consequendlgd in the same band (termed “simultaneous” detection), or 2)

increasing the effective number of independent samples. é&tho and noise energy are measured at different times or in

lower wind speeds, howevel(, can actually increase for different bands (“nonsimultaneous” detection). In the case of

larger B,,.k. This is particularly evident for the inner beamnonsimultaneous detection, the echo and noise measurements

case in Fig. 11(a). Here, the benefit derived from modulatirsge independent; in the overlapping case they are not.

the signal is overcome by the deleterious effect of increasingThe minimum X, is achieved for nonsimultaneous detec-

B, and passing more thermal noise to the detector. tion. For SeaWinds, however, there are distinct advantages to
An evaluation of the curves in Fig. 11 led to the selection afsing simultaneous detection. Because the antenna is scan-

B = 40 kHz and B, = 80 kHz for SeaWinds. Relative to ning, the scene brightness temperature, which contributes

The thermal noise power spectral density, is assumed to
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Fig. 11. (Continued.) K, versus azimuth for different values @,.<. (b) 8 m/s wind, (c) 20 m/s wind.

to the noise floor we are attempting to subtract out, mageasurement. An additional reason to desire simultaneous
change quickly (see Fig. 3). This will be particularly trualetection is to simplify the hardware; the timing and IF
near ocean/land or ocean/ice boundaries. Thus, a simultanefoeguencies are the same for the two measurements.
measurement of the noise energy will eliminate potential To assess the degree of degradatiokjnsuffered by using
biases due to spatial mislocation with respect to the echosimultaneous detection schen¥€, for the simultaneous
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and nonsimultaneous cases were compared for the selecteflD. G. Long, C-Y Chi, and F. K. Li, “The design of an onboard digital

SeaWinds modulation and filter parameters. It was found that doppler processor for a spacebomne scatterometEE Trans. Geosci.

. . . Remote Sensingol. 26, pp. 869-878, Nov. 1988.
the percemagd{]) increase due to using the Slml"ltaneouS‘[Q] D. G. Long, M. H. Freilich, D. F. Leotta, and D. E. Noon, “A scanning

scheme was less than 3%—an acceptable amount. This iS scatterometer for the Eos polar platfornPtoc. Int. Geosci. Remote

due to the fact that, as pointed out in [11f, for the Sensing SympWashington, D.C., May 20-24, 1990, pp. 2447-2450.

imult hes that of th imult ([:10% D. G. Long and G. B. Skouson, “Calibration of spaceborne scatterom-
simuftaneous case approaches that ot the NoONSIMUIan ous CaS€qters ysing tropical rainforestsiEEE Trans. Geosci. Remote Sensing
when B,, > B,.. This is true for SeaWinds aB, > 1 MHz vol. 34, pp. 413-424, Mar. 1996.

and B, = 80 kHz. [11] D. G. Long and M. W. Spencer, “Radar backscatter measurement
accuracy for a spaceborne pencil-beam wind scatterometer with transmit
modulation,”|IEEE Trans. Geosci. Remote Sensitigs issue, pp. XXX.
IV. SUMMARY [12] R. K. Moore, “Effect of pointing errors and range on performance of
dual-pencil-beam scatterometertfEE Trans. Geosci. Remote Sensing
The functional design and relative advantages of the Sea- vol. GRS23, pp 901-905, Nov. 1985.

Winds scatterometer have been described. Because SeaWihdsR: K: Moore, R. G. Kennett, and F. K. Li, “Performance of a scanning
. . pencil-beam spaceborne scatterometer for ocean wind measurements,

employs a compact _d|5h anten_na rather than multiple fan- in proc. Int. Geosci. Remote Sensing SyrElinburgh, Scotland, Aug.
beam antennas, the instrument is more easily accommodated 1988, pp. 563-564.
on spacecraft than previously flown scatterometers. The S&41 F- Naderi, M. H. Freilich, and D. G. Long, “Spaceborne radar mea-

. . . . surement of wind velocity over the ocean—An overview of the NSCAT
Winds SWf'ith is 1800 km wide and will allow global ocean  scatterometer system,” Rroc. IEEE pp. 850-866, vol. 79, June 1991.
surface winds to be measured more frequently. [15] M. W. Spencer, W. Tsai, S. Yueh, and G. Neumann, “NASA scatterom-

It was demonstrated how SeaWind$ measurement vari- eter calibration philosophy and approacMicrowave Instrumentation

. L . . . for Remote Sensing of the Earthames C. Shiue, Ed., iRroc. SPIE
ance is minimized by employing modulation of the transmit 1935 pp. 63-73, Orlando, FL, Apr. 13-14, 1993.

pulse. For the SeaWinds system there is a trade-off betwe&$] F. T. Ulaby, R. K. Moore, and A. K. FungMicrowave Remote

i i i i Sensing—Active and PassiveReading, MA: Addison-Wesley, 1981.
performgnce at higher wind speeds, Whl(.:h IS enhanced.ﬁl);] F. J. Wentz, S. Peteherych, and L. A. Thomas, “A model function for
modulation, and performancg at lower wind speeds, _Wh| ocean radar cross sections at 14.6 GHi, Geophysical Resvol. 89,
may be degraded by modulation. The selected modulation and pp. 3689-3704, 1984. '
filter parameters-By,, = 40 kHz, B, = 80 kHz, B, > 1 [18] C. Wu, J. Graf, M. Freilich, D. G. Long, M. Spencer, W. Tsai, D.

. - . Lisman, and C. Winn, “The SeaWinds scatterometer instrument,” in
MHz—insure that measurements at moderate and high wind pyoc Int. Geosci. Remote Sensing Syniasadena, CA, Aug. 8-12,

speeds are significantly improved, whereas only slight degra- 1994, pp. 1511-1515.
dation occurs at low wind speeds. At high wind speeds, which
are of intense scientific interest” measurement accuracy is
improved by 40% over the no-modulation case. This improved
% measurement accuracy will bring about a correspondiN@Chae' W. Spencer for a photograph and biography, see this issue, p. 114.
improvement in wind retrieval accuracy.

Due to the inherent advantages of the pencil-beam approach,
future scatFerpmeter S.yStemS which follow SeaWinds are Ilke(!i ialin Wu was born in 1947. He received the B.S. degree in physics from
to use a similar architecture. Although we have concentrat@d national Taiwan University in 1969, and the M.S. and Ph.D. degrees in
on the specific SeaWinds design, it is hoped that the desigectrical engineering from Purdue University in 1972, and 1975, respectively.

issues and trade-offs discussed will be of general utility for While at Purdue University he did research in imaging sonar and remote

sensing. In the remote sensing area, he was involved in the early NASA ERTS

other Spacebome scatterometers. satellite multispectral pattern recognition and image processing development
with the Laboratory for Application of Remote Sensing. In 1974, he joined
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