Tradcofls in the Desipn of & Spaccbhborne Scaiming, Pencil
Beam Scatterometer: Application to ScaWinds

Michacl W. Spencer, Chialin Wu
Jet Propulsion Laboratory
California Institute of Technology

David G. Long,
Flectrical and Computer Eugincering, Dept.
Brigham Young, University

Sept 18, 1945

Abstract

SeaWinds is a spacehoe windscatt@romegerto he How 1y (11t heseconddapanese Advanced
Farth Observation Satellite (ADEOS 11) in 1999, Anhmpor tantinternational clement or
NASA’s EargObserving, System (1508), SeaWinds is anadvanced follow- on to the NASA
Scatter orneter (N SCATY on the finst ADEOS platform. Unlike previous operational space:
bornescatterometer syst(Cills, ScaWinds cimploysa scanning, “pencil- bean™ antenmarathe
than a “lan-beam” antenna, making, the instroment more compact and vicelding, g1 catar
oceancoverage. The goals of this paperare twofold. Fiisty the overall SecaWinds functional
desipn and hackse ot tenmeasurement approach are described, and the relative advantages
of the pencil-beam technique are outlined. Scecond, the unigue aspects of mmeasurement
accuracy optimization and signal processing for the ScaWinds insty winent ave discussed.
Applying thercsults (If o sepmate companion Paper [1]], atechimique to significantly im-
prove measyrement accwracy by modulating the transmit pulse 1S described. Trade ofls to

optimize the transmit modulation bandwidth are presented.

1. Introduction

The ScaWinds scatterometer will be launched aboard the sccond Japancese Advanced Farth
Obsarving, Satellite (ADEOS 1) in caly 19990 SeaWinds, as part of the NASA Favth
Observing, System (FOS), will acquite all- weather measurements of ocean wind speed and

dircction. SeaWinds observations will continue the Ku-Band scatterometer data base heguan




by NSCA'T" [14] into the next century. Because knowledge of near-sur face winds overt H(:
ocean IS eritical for the investipz ition of maniy ocCanogr aphic and meteorological phenomena
[3], ScaWinds observations forim a key clement of the FOS climatological research mission.
In addition to its scientific applications, ScaWinds IS expect ed 10 provide an iimpor tant
data sour ce for oper ational meteomologists. Accur ate, thnely obser vat jons of ocean winds
will enhiamce the ability of forecasters to identify coastal and marine haza ds.

Aswith an scatterometers, ScaWinds will obtain ari estimate of the wind by measuring,
the occan smiface 1adar backscatter cross section (0°)  at multiple azimuth arig »les. The
geophysical model function, which 1Cilates wind speed and direction to ba ckscatter cross
scet lon, 1S then numerically inver ted 1o infer the nearsur face wind. ‘This techinigue has been
succe ssfully employed on previous scatt erometer prog ram s, such as SEASAT and MRS 1,
anud is planmed for Sea Winids® ditec t predecessor , NSCAT [1, 5, 4], Unlike these carlia
scalt er omceters which employed a fixed “fan-bean” antenma, however, Seca Wi nds will utilize
a scanmning, “pencil-beamn™ design,

Infan-beam systemn g, stick-like antennas ame used 1o moadeast long, havr ow rada foot -
p 1ints on the ocean surface. Along t1ack o 1esolutionis defined by the 11:1101% dimension of
the footprint, and cross track resolution s obtained by cithier Doppler or1ange discrimina:
tion. Typically, a 500 600 ki swat I of inCaswements can 1)(: obtained on citherside of the
spacecraft, but in the 1egion o 200 kin from the satellite nadin track, wind vectors cannot
be micasmred due to the inappnopriately low incidence angles. The existence of this “nadi
gap,” significantly limitsoceancoverapre. Fan-beaw systans are also di flicult to accornno
date (U 1 spaceeraft due to lon g antennas with then associated fields of view. Complicated
antenna deployments are typically required.

Pencil- heamn scatter ometer systems were first described by Moore and others 1137, with
sevar al va riations proposed by Long, [7, 9]. Incont rast tofan: bear n scatt erometar s, pencil-
heam systemis utilize a paraholic dish antenma whichi is mechanically spun to scan the occan
sill face.  This cornpact design 1S more 1Cadily accommnodated on spacearafi without de-
plovments. Because the antenna b cam IS conically scanned at a constant incidence angle,
awider, contignous swath is possible. This preatly increases oce an coverage ralative to
fan-heam systems. The constant, relatively high incidence angles of the pencil-beam mea-

swraments also contribute to greater wind geenracy [3)0 A associat ed advantage is that the
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model function relating 0 to wind velocity need e known only wca the discrete incidence

angles at which the measurements are made, 1ather than the broad range of incidence angle
requited by fan-beam systems, For hese reasons, o pencil-beam architecture was chosen
for ScaWinds.

I addition to the antenna concept, another ilmportant facet of the scatterometer design
is the signal processing, approach used to mmecasure the backscatiered signal and to estimate
0. Recause the determination of occan surface wind is a very sensitive function of the o
measurement accuracy, a key consideration in the processor design is he minimization of
the 0@ er1or variance. Friors n the estimate of 0¥ are due to the random eficets of - ad-
signal fading, and thermal noise, as well as calibration uncer ainty. In genaral, 0@ acanacy is
improved by imcrcasing, the eflective number of independent samples and the signal-to noise
1atio (SNR) associated with the measmement [2, 8], Because 0 is a function of wind speed

bhackscatter cross section is low for low winds and high for high winds - the SNR can
vary considerably as difierent wind conditions are observed

The issues and  ade ofls encountered in selecting, an optimal signal processing approach
are pencrally different for fan-beam systems and pencil- beam systems. With fan-bearn sys

tems, oV cell resolution is determined by either Jopplar or range disarimination cchniques

increasing, overall processor complexity. Another challenge for fan- ean systems is that the
antenna beam is very broad in one dimension, and the transmit energy is spread over a wide
region. This may result in low SNR for the backscattered signal, particularly at low wind
speeds. On the other hand, an advantage enjoyed by fan-beamn systans is that, Hecause he
noad beam illuminates he entire swath simultancously, clatively long, integration times,
and thus more independent samples, are possible.

0

Pencil-beam systemns, by contrast, can use relatively siimple processors becanse o re

olution is completely defined by the antenma beam dimensions. Because energy is focused
on a small region, SNR is genarally higher {for pencil-beam systems. Pencil-beam systems,
however, have considerably less integration thime available as he antenna footprint is quickly

scanned from one location to another. A key challenge for the SeaWinds signal processing,

design is how to optimize performance by improving, the ceffective number of independent

s, 1L is demonstrated that appropriate use of transmit pulse modulation can accom-

plish this goal.




Themainbody of this paper is divided into two distinet parts. InSection 11 t he over all

ScaWinds system design and o9 measurement app roach are described. Iniclnded are b ief
deseriptions of the instrument parameters, anten na scan approacth, timing, and back scat-
tered enar py detection. Scction 111 provides a 11101 detailedlook at t he unigque aspects of
the Swill’ili(ls signalprocessing, design, and discusses the trade-ofls perforimed in ord erto
achieve optimum o ! measurement performance, In particular it is shown how pseudoran
dom phase modulation of the transmit pulse is ¢ mployed to minimize o ¢ estimation ¢ on.

A companion pa per [1 1], which provides a theoretical basis for this technique, is referred to

extensively.

11. ScaWinds Systcmn 1 )esign

In preparation for a 1999 la unch, the ScaWinds system 1S in anadvanced stage of devel-
opment.  The Stall’illds instrument is being, designed to meet the science requirements
for wind retrieval 3], and to be consistent with the ADIEOS-11 o1 bit and acconnnodation
constraints, In this section the funclional aspects of the ScaWinds insti ument design are
presen ited. Included are iief descr iptions of the selected 1adar parameters, antenna scan
appr oachy, timming, echo detection, and 0@ caleulation. In addition to providing a reference
for the overall SeaWinds measur ement technique, this desar iption provides important back-
eround material against which the detailed signal processing tradeofls in Section 111 arc
discussed. Additional information on the planued hairdware implementation and ground

dat @ system can be found in Wu et a. [1 §].

Auntenna Characteristics and Measurement. Geometry

In order to determine the near sutface wind, a scatterometer must obtainmeasurements of
o at multiple azimuth angles for the same point on the occan surface [1 6). As illustrated in
Figures 1 and 2, ScaWinds accomplishes this using, two conically scanned pencil beams. An
approximately one meter diameter parabolic dish ant enna with two oflsct feeds 1S used to
creale both the “inner” and the “outer” beams. The inner beam maintains an “ofl-nadin”
angle of 40 dep rees, and inter cepts the ocean at a constant 46 deg, rees incidence angle,

The outer beam has an off-nadiv angle of 46 degr ces withanincidenceangle of H4 degr ecs.




The antenna is mechanically spun about the nadir axis to generate a conical scan. The
scan azimuth angle is measured counter-clockwise with 0 degrees defined as the antenma
pointing, in the direction of the spacecraft motion. As the spacecraft moves in its orbit,
the beatns trace overlapping helical patterns on the Farth's surface. Fach point within the
inmer 700 km of the swath is viewed from four different azimuth angles - twice by the
outer beam lookiug, forward then aft, and twice by the inmer beam in the same fashion. In
the outside edge of the swath, between cross track distances of 700 and 900 km, cach point
on the ocean is viewed twice by the outer beam only. The availability of four, rather than
two, measurcments 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 cach beaw [14]. The inner beamn is horizontally polarized
with respect to the ocean surface (the transmitted Fvector is parallel to the surface). The
outer beamn is vertically polarized.

Note that, unlike fau-beam systems, the azimuth angle “mix” of the o measurements
going, into the wind retrieval is not constant, but varies from nadir out to the edge of
the swath. Near nadir the forward and aft measurcments are approximately 180 degrees
apart, while at the extreme cedpe of the swath the aziinuth angle between the measuremoents
appraaches O degrees. Thus the wind retrieval parformance of ScaWinds is observed to
viry as a function of the distance from the nadir track, in general being, optimum when
the azimuth diflerences of the measurements are near 90 degrees [18]. But because the of
measurcinents are obtained at a favorable high incidence angle over a continuous 1800 km
swath, there is no distinet “nadir gap” where wind can not be retrieved. Such a wide swath
will cover 90% of the occan surface within 24 hours, an improvement over the NSCA'T
coverage of 7% in 24 hours,

The SeaWinds antenna rotation rate and measurement timing, were chosen to obtain
optimal sampling, of the surface 0¥ and to meet host spacecraft dynamics requirements. The
antenna rotation rate of 18 rpm combined with the nominal transmitter pulse repetition
frequency (PRT) of 92.5 Hz for cach beamn, produces a 1egular pattern of measurcments on
the surface. Figure 3 shows this pattern for two consceutive rotations of the outer beam.
The group of measurements displayed in Figure 3 corresponds roughly to the rectangular

region drawn in Figure 2. Fach transmit pulse event will obtain one measurement of og,




depicted in Fig ure 3 as an ellipse whose dimensions are defined by the 3 dB contours of the
antenna pattern projected onthe sur face. ‘J)(C “dong, scan™ spacing of the mcasurciientsis
afunction of the scan rate and PRY, and is 15 kin for the inner beam and 19 kin for the outer
bheam . The “along, track” displacement of the measurements is determined by the satellite
g v ound speed of 6.6 kin/sec, and is 22 kin for both beams. The footprint dimensions and
spacing ar ¢ consistent with the 1 equin er nents to coregister the four azimut hal measur ements,
and to achieve near 50 kin. wind m casurcment resolution [3, 6]. Key parameters for ea ch

anitenina bea m and their associated footpr ints are sunnnan ized in Table 1,

Radar Flectronics Functional Design

Figure 4 depicts the basic design of the ScaWinds radar electronics and shows the transmit,
receive, and detector functions. Upon commiand from the timing, controller, the transmitter |
which consists of a modul ated signal generator diiving, a traveling wavetube (TWT) ampli-
fier, issues a 1.5 ms duration, 110 Watt Ku- Band pulse. For | casons explained in Section
111, thetransmit pulse is MSK modulated to a bandwidth of approximately 40 kHz. The
pulse 1S routed to either the inner 01 the outer beam and through a coaxial rotary joint
to the spinning section of the antenna assembly. The echo return is likewise dir ected to
the receiver where it is amplified, downconver ted, and detected. A summary list of t he key
1 ada1 parameters is shown in Table 2,

Diue tothe motion of the satellite relative to the Iart b a Doppler shift of between 115007
ktz is impar ted to the echo return signal, depending, 011 the antenna scan posit ion. When
the antenna is pointing forward or behind relative to t he spacecraft motion (see Figure 1),
the Doppler ghift is at a maximun or minimum. When the antenna is scanned perpendicular
to the spacear aft ground-tr ack, the shift is nearzer o, Inthe ScaWinds design, the 1)oppler
shift is pre-compensated by tuning the transinit canier frequency 1o 13.402 Glz - fy, where
fa is the expected frequency shift to be impar ted to the return signal. Yhe compensation
fi ecquency IS computed by the Sca Winds on-board processor using, the measured antenua
position, orbit location, spacca aft velocity, and Far th rotation. 1’re-compensating the
transmit pulse for 1 )dopplershift pn oduces an echo signal that always occu rs at t he sarne
cent e fi equency, simplifying the RY down conver sion and detect or elect 1 onics. Note th at

he Dyoppler fi equency could have theen equivalently compensated by a variable 1 1 fiequency
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in the receiver, rather than a variable transmit frequency.

An important feature of any scatterometer system is the accurate calibration of the
transiit power and receiver gain [15]. In the SeaWinds instiument design, these parameters
are measured simultancously by periodically injecting the transmit pulse, attenuated by a
known amount, into the receiver. To avoid corruption by spurious leakage power during a

“loop-back” calibration event, a high loss receive protect switceli is enabled.

Fcho Energy Detection and o ¥stimation

The received signal at the detector consists 0f  the return echo plus thermal noise. The
thermal noise component IS a comnbination of the instrument systein noise and the Farth
scene brightness temperatur e, In order to estimate 09, ameasur ¢ ment or the echo energy
only is required. In scatterometer systems this is generally achieved by subtracting, a sepa-
1 ate measurement of the thernmal noise floor  the “noise-onily” measurement - - from the
“signal-) noise” measurement |2, 1 6).

A desceription of specific echo detection strategies for pencil-beam scatterometers is given
inthe companion paper [1 1]. Yot SeaWinds, an approach where the signal- noisc and “noise-

El

only” energies are measured simultancously was sclected. (Note that with the simultancous
detection approach, the “noisc-only” measurcment actualy contains the echo energy as well.
‘111! term “noise-only,” which IS commonly used in scatterometr y, IS nonctheless 1 ctained

here). A's shown in Figure b, t he signal-l noise and noisce-only energies, Cg,, and ¢ are

"nw
obtained by integrating the output of two sepas ate filter oper ations, Fipure 6 shiows arep»
1 esentation of the echo spectrum, ther mal noise spectrum, and the magnitude respronse of
the filters. The signal- noise filter has a bandwidth 13, = 80kHzand is centered 011 the
ccho return which has a 3 dB bandwidth of approximately 40 klz. The noisc-only filter
has a much wider pass-band, I3, = 1 MHz, which overlaps the nar rower signal-) noise mea-
surcment band. The specific choice of filter bandwidths IS based on measurement accuracy
consider ations, which is the subject of Scction IH.

I details of the transmit pulse and echo detection timing, are shown in Figure i7. T'he
1 cctangular transmit pulses occur ever y 5.4 s and alternate between the inner and outes

heam. Note that this produces a PRI of approximately 92.5 Hz on each beamn individually

and 185 Hz overall. 1 hue to the finite dimensions of the ant enna footprint, the echo return




“pulses” are not replicas of the transmit pulse but a1 ¢ dispersed in time and frequency. Thie
dispersion in time spreads the echo by approximately ().5 s, and is depicted in Figure 7
I sy showing the echoes as trapezoids. The round trip flight times for the inner and outer
pulses are 7.3 and 8.3 ms respectively, and thus cach echo retur 11s after the succeeding
transmit pulse. The range gate interval during, which both the signal+ noise and noise-only
1 ncasul ements ar e accumnulated IS centered on the expected time of t he echo return,  1n
order to m ecasure the entire ena gy of the echo, the range pate has a length 7; = 73, = 2 ms.

The values Cg, and C),, for cach return pulse are telemetered to the ground where the
ccho energy and, ultimately, 0°) are estimated. For the ScaWinds detection scheme, an
expression for the echo energy estimnate is obt ained in a straightforward manner. Assmining,

a processor gain of unity, the expected values of Cg, and (), are written as

L‘:[(}S“] B p],;]//‘s - ]31.’1;71() (1)
E1CL) = Fs BT 2

where Fig is the expected energy in the echo return, ng is the one-sided thermal noise power
spectral density, and py; is the fraction of the echo energy passed by the signal-t noise filter.
In the ideal case where the entire echo spectrum is captured by the filter, pp: = 1. This
is true of the noise-only filter. For the signal- noise filter, however, a small portion of the
total energy from the sidelobes of the echo spectrum will be lost. The parameter py; is
casily calculated by integrating the echo spectrum and filter response. (See Fq. (15) and
associated discussion).

Solving Fq. (1) and (2) for I, we obtain the following expression for the estimated echo

\

energy, P, given Cg, and C)

]//‘: - /‘S“ _ ];’Il v ])’7

T oo . 3
/’l»‘(];n - “7) “O/’I'}(];u - -“7') ( )

The well known scatterometer radar equation [Sce. 7, [16])] is then applied to estimate o9

I
og=: -, (4)
X
where
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ere, Fy is the total transimnit pulse energy, A is the transmit carrier frequency, Gy is the
anten na pattern peak gain, A, is the eflective illuminated footprint area, and K is the
nominal slant rauge. Vor this paper, which specifically addresses t he ScaWinds case, A. 1S

defined as:

poe B[ GG
g

» A, (1, wq)drdwy (6)
where Gy is the antenma pattern at the time of transmit, G, is the anteuna pattern at
the time of echo return, r is therange to cach surface element, At is the area of cach
surface element, and the integration is performed over range and Doppler on the surface.
The transmit and receive antenna positions are specified separately in Fq. (6) because the
antenna rotates approximately 0.8 degrees  a significant fraction of the beamwidth -

during, the pulse round trip flight. A precise formulation of the radar equation must take

this offset into account [1 2].

11 1. Transmit Modulation and Processor Parameter Tradcofls

In this section we turn from a gener al overview of the SecaWinds instruinent system to amore
detailed discussion of a key design issue: the minimization of oy measurcinent error. Here,
general expressions fOr measurement variance derived in [11] are applied to the specific
ScaWinds case in order to sclect the optimumn transmit modulation and processor filter
parameters,

An examination of q. (4) reveals that the error in determining o ¢ has two main com-
ponents: the error associate] with the estimate of Fg, and the error inthe knowledge of
the value of X. The process of measuring all the 1 adar parameters which contribute to X
is referned to as scatterometer calibration. Calibration er1 ors are largely systematic in that
they arc either biases or can be reduced by careful char acterization of the on-orbit varia-
tions in the instrument radiometric parameters. ‘1echniques for scat teromneter calibrat ion
ar¢ beyond the scope of this paper but ar e discussed in detail elsewhere [10, 1 5], T'he error
associ ated with the estimate of Fg, however, IS random and places a fundamental constraint
on the theoretical wind performance of the scatterometer. 1t is this error that we seck to
minimize here.

A 1metric, widely used in scatterometry, for evaluating the Fg estitnation error is the



“I,” paramcter:
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I, is the normalized standard deviation of ]/: ducto radar fading and thermal noise effects.
A genceral objective of scatterometer design is the minimization of KX, [14]. In performing,
design tradeoff’s, it is usefulto have a “rule of thumb” maxinnun value of X, to be achieved.
Unfortunately, K, is a function of the signal to noise ratio which depends on the wind.
Iurther, relating, X, directly to the wind mcasurement performance can be diflicult due to
the non-linearity in the wind retrieval process. As a result, we adopt the goal for ScaWinds
that I, should be less than the geophysical modeling crror  the percentage variation in oY
for a given wind velocity [1 O]. Such a criterion will insure that wind performance is limited
not by the precision of the instrument, but only by our ability to relate the measured oo’s
to wind speed and direction via the model function.  The magnitude of the geophysical
modeling error at Ku-band is not well known, but a value of 17% has been commonly used
in other scattcrometer performance analyses. For SeaWinds a design 802l is thus to have
K, <0.17.

i N the companion paper {11], the K, expression for a pencil-beam scatterometer is

derived, and has the generalized form:
. 1
KB = (A4 S+ S°C)? (8)

Where A, B, and C are rather complex functions of the transinit modulation, range and
Doppler characteristics of the illmninated footprint, and the echo and noise filter band-
widths. S is the noise-to-signal ratio (I/SN}{) within the signal- noise filter band, and is

defined as
];, 7'1 no

7
‘8

S - (9)

where 17, I3, 1;, and ng are all as defined in the previous section. 1t is demonstrated in
[11] that the “A” termin kg, (8), which is related to the effective number of independent
samples, can be significantly decreased by appropriate modulation of the transmit pulse,
thus decreasing K. A trade-ofi”cxists, howcver, because as the transmit pulse bandwidth
increases, the bandwidth of the echo return necessarily increases and I3, must subsequently

widen Lo accommodate the larger echo bandwidth. A larger I, produces a larger S via Fq.
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(9) which in turn tends to increase K,,. The objective here is to identify the modulation and
filtering strategy which balances these effects and optimizes K, for SeaWinds. Our approach
will be to first define the modulation scheme and the transmit pulse bandwidth, calculate
the resulting echo return bandwidth and the 13, required to accommodate it, and finally
to evaluate Yiq. (8) for the expected range of S in order to select the optimal modulation

bandwidth and filter parameters.

Modulation Format and Transmit Pulse! Spectrum

A's discussed in [11], modulation schemes which produce a “thumb-tack” shaped radar
ambiguity function are good candidates for improving X, 1 ue to its broad main lobe and
low side lobe properties, as well as case of iinplementation in hardware, a pscudorandoin
MS]{ (ininimum phase shift keying) modulation format was selected for use with ScaWinds.
Although all analysis in this paper is preseuted for the MSK case, similar techniques could
be applied for other suitable modulation schemes (I *SK, FSK, ete.).

When the transmit pulse length is much greater than the MSK modulation bit period,

the one-sided energy spectral density, S,,.sk(w), of the transmitted signal can be shown to

be [4]:

Smsk (w) =1 67(2 ki, %‘Yj(?g(wj-b&;:v ; 1%3(1)%:)7’{)2 (10)

where 1, is the total encergy in the transmit pulse, 73 is the modulation bit period, w, is
the angular frequency of the transimnit carrier (22 x 13.402 GHz), and wyq is the doppler
pre-compensation applied to the transmit pulse (27 X fg). Note that the transmitted signal
spectrum is centered at we - wg. From Fq. (10) it can be shown that the 3 dB3 bandwidth
of the trausmit pulse, I3k, is approximately given by

0.6

Bmsk = ‘:’,b .

(11)

Io’cho Return Spectrum

The spectrum of the echo retur n is different from that of the t ransmit pulse. The spectrum
of the echo is aresult of the interaction of the transinit signal with the ocean surf rface over
the illuminated footprint. A well known technique for computing, the echo return is to

assume that the ocean surf rface is a collecti on of point scatterers (Sex. 7, [1())). ‘1 he echio

1




return is a summation of replicas of the transmit pulse scattered from each point on the

surface, suitably weighted by the antenna pattern at each scattering element, and frequency
shifted by the ] doppler associated with cach scatterer. The echo energy spectium is likewise
a summation of replicas of the transmit encrgy spectrum weighted by the antenna pattern
and shifted by the Doppler frequency. ‘]’ bus, the! expected mlc-sided echo returnspectrumat

the receiver input, 7/ (w), can be written as a frequency domain convolution of the transmit
b b ] v

spectrum and the footprint 1 ))oppler spectrum, 1 (w):

F'(w): Spusk () + D{(w) (12)

The Doppler spectrum represents the degree to which the transmit signal is spread in
frequency due to the Doppler shift encountered over the illuminated arca. Assuming a
constant o over the illumninated footprint, the 1 doppler spectrum, D(w), is defined as

00)\2 fl, (r,w)Gr(r,w)

D(w) = “(47{)& r(r,w)

A, (ryw)dr (13)
where the integration is performed over the iso- range lines within the footprint (see tile
treatment in [1 1]), Note that the 1)oppler spectrum is centered at wy, and consequently
' (w)is centeredat WC.  The downconverted, bascband ccho spectrum incident on the

detector, E(w), is nominally centered a O Hz and is given by
Ew) = E'(wAw,) (14)

T'he shape and bandwidth of the 1 oppler spect rumn, and thus the shape and bandwidth
of the echo spectrum, depends 011 theselected antent 1a beamn and azi muth angle.  Yor
ScaWinds, the 3 dB bandwidth of the Doppler spectrum, Bagp, varies from about 9 kHe,
for the outer beam scanned in the forward or aft direction (0 or 180 degrees azimuth), to
15 klz, for the inner beam scanned to the side (90 o1 270 degrees azimuth).

Figure 8 is a graphical example o { how the echo spectrum is calculated. Here, the trans-
mit spectrum was computed from Faq. (10) assumning, F3,,6 = 40 klz. The Doppler spectrum
shown was produced by numerically cvaluating Fq. (13) for the inner beamn scanned to 90
degrees azimmuth, and then removing the Dopppler center frequency. The resulting baseband
ccho spectrum was computed from kg, (12). All spectra were normalized to a peak value
of unity. Note that for the case shown, andindeed in all cases where By > Baep, the

transmit spectrum is the dominant factor in determining the bandwidth of the eclio return.
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Signal- -Noise and Noise-Only Filter Bandwidths

The signal4 noise filter bandwidth, B3, must be sufliciently wide to accommodate the echo
return spectrum, yet as narrow as possible to minimize the amount of thermal noise passed.
In the ScaWinds design process, two metrics are employed t0o assess t he performance of the
signal4 noise filter: the fraction of the echo energy passed b-y the filter, and the Doppler
compensation error. The fraction of the echo energy passed, py;, is

_ T, (w) |2 12(w)dw

pr [ Fi(w)dw ()

where |H, (w) |2 is the magnitude response of the signald noise filt er, which is cent ered at 0
Hz. The Doppler compensation error is causcd by inexact pre-comnpensation of the transmit
carrier for ccho Doppler shift. Nomninally, the Doppler shift iinparted to the return signal
is perfectly pre-compensated and the echo spectrum is centered in the signal- noise filter,
In reality, antenna position uncertainty and spacecraft attitude uncertainty lead to errors

in Doppler tracking. The resultant error in detecting the echo energy, Ay, is given by

Al = \]UL W I e = / i @R wen o (]-6)

where wer, 1S the error associated with an inexact nulliug of the Doppler center frequency,
leading, to an o flset in the baseband echo spectrum. The filter bandwidth must be sufliciently
wide! to accommodate this “jitter” in the echo center frequency, without, producing excessive
error.

In examining the performance o f the signal+ noise filter, we shall define “filter overhead”
as I3, — B,,«, Or the additional bandwidth of the filter over the 3 dB3 bandwidth of the
transmit pulse. In Figures 9a and 9b, pp; and Ay, are calculated for five different values
of 13, as a function of filter overhicad. In evaluating liq. (15) and kq. (16), F(w) is
computed with the D(w) that results from the inner beam scanned to 90 degrees azimuth,
maximizing the frequency dispersion due to Doppler. Note that inthe case of I3, = ()
kHz, the transmnit signal is the ummnodulated carrier and the echo spectrum is the sane
as the Doppler spectrum. The filter magnitude response is a bth order Butterworth, an
example of which for 13, = 80 kHz is shown in Figure 8. In computing, Ay, the Doppler

compensation error was fixed at 10 kHz (we,, = 27 X 101 rad/see), the auticipated maximum

value for the SeaWinds (l(‘,Sigll.




From Figures 9a and 9b, w can deterinine a relationship between the transmitted I3y,
and the required B,. To insure that a sufficient fraction of the echo energy is passed, wc
require that the filter be wide enough to pass 90% of the echo energy. Yo minimize frequency
jitter induced errors in the measurement of echo return energy, we require Ay; to be < 0.15
dB. Applying these criteria to Figures 9a and 9b, we see that the-y are satisfied for a filter
overhead of between 30 kHz and 50 kHz, depending on which By, IS examined; the 1oppler
induced error being the primary factor for low values of B, and the percentage energy
requirement being more important for large values of Py, cx. In our trade-ofl analyses to find
the optimuim modulation bandwidth, we will find it useful to have a gencralized relationship

between By,e and I3,.. Such a relationship may be given by:
B, = By 40kH 2. (17)

Thus, we will size: the bandwidth of the signal+-noise filter to be 40 kHz larger thanthe 3
dB bandwidth of the transmit pulse spectrum.

Therole of the noise-only filter IS to provide a separate measurement S0 that the therinal
noise component can be subtracted from the signal+ noise. AS shown in the companion paper
[11 ], the contribution to K, due to the noise-only measurement is miuimized for I3, >> B,
For the range of 13,4 and B, considered in the ScaWinds trade-ofl analyses - 13,60 = ()
to 160 kllz, I3, = 4(1 to 200 kHz - a noisc-only filter bandwidth of I3, > 1 Mz will incet
this condition. In general, however. the precise selection of the noisc-only filter parameters

is a less critical one than the selection of the signal noise filter parameters.

Selection of B, for K, Optimization

Having specified the gate times 75 and 73, the modulation format, the required 13, given
DByusk, and the required B,; we can now evaluate Fq. (8) and address our primary goal of
choosing, the B,,q which optimizes K. The parameters A, I, and ' are computed numer-
ically as a function of antenna scau angle from the appropriate equations in the companion
paper [11]. The correlation and cross-correlation integrals involved in the calculation of A
and B are performed using the ScaWinds geometry and antenna patterns. The modulation
function, a(t), is generated using a maximal length, pseudo-randomn secquence which pro-

duces a I3, consistent with Iig. (11). Because K, is calculated for a single pulse, Ny= 1.
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As an exampl ¢, Figure 10 shows A | I}, and C as a function of azimuth for B, = 40 kHz,
I3, = 80 klz, and I, =- 1 MHz. Note how, consistent with the observations in [11], the
“A” term varies significantly with azimuth.

Noise-to-signal ratio, S, is an equally important consideration in the trade-o f analysis.
To insure that I, is optimized over the full range of possible ocean wind conditions, S is
calculated from Eq. (9) for threc representative echo return energies corresponding to low
wind (3 in/s), moderate wind (8 m/s), and high wind (20 mn/s)speed. These echo return
strengths are shown in Table 3, and were computed using the nominal SeaWinds instrument
parameters and the average 0? as taken fromthe “SASS-2" model function [1'7]. The values
of Fgare given indBJoules a theinput to the SeaWinds receiver. The thermal noise power
spectral density, 70, IS assumed to be -200 dBW /Hz.

In Figures ha, 11b, and 11¢, K, vs. azimuth angle for a range of By, is plotted for
cach beam at the three representative wind speeds. Because the effects of modulation are
nearly symmetric with azimuth quadrant, only the azimuth range between O and 90 degrecs
is shiown. Note that transmit modulation significantly reduces K, for most of the swath,
but o flers little imnproveme nt for scan angles pointed forward or aft of the spacecraft - near
0 and 180 degrees. The curves also exhibit an iinportant trend as a function of wind speed.
At the high wind speeds where S is small, the “A” term in Eq. (8) dominates and a larger
DB, leads to lower K,. Thus, in a high SNR enviromment, mneasurcment accuracy can
be improved by modulating the signal and consequently increasing, the effective number of
independent samples. At lower wind speeds, however, K, can actually increase for larger
I35k This is particularly evident for the inner beam case in Figure 11a. Here, the b enefit
derived from modulating the signal is overcome by the deleterious effect of increasing 13,
and passing more thermal noise to the detector.

An evaluation o f the curves in Figure 11 led to the selection Of 13,4 = 40 kHz and 13,
=- 80 kHz for SeaWinds. Relative to the umnodulated case, I3, = 40 kHz significantly
improves K, perfortnance over most of the swath and for most wind conditions. lLower
values of 13,4 produced inferior performance at high and moderate wind speeds, in peneral
failing the meet the performance goal of kK, < ().17. Higher values of 13,4 were judged
to produce undesirably large K, at low specds. Due to the greater scientific importance of

high wind measurements, a degree of performance degradation at low wind sp ¢ eds, such as




that experienced with B4 = 40 kHz for the iuner beamn at 3 m/s, was deemned acceptable.
Note that for the values of S achievable with the ScaWinds design parameters, the goal of
K, < ().17 is not possible at the very lowest wind speeds for any modulation bandwidth.
Despite being, ¢ (p limited” rather than “model function limited” in the less critical low wind
s} reed regime, SeaWinds performauce simulations indicate that the desired measurement

accuracies will still be met [1 8],

Simultancous vs. Non-Simultancous Detection

A's discussed in [1 1], the determination of #5 can be made with either of {w different
detection schemes, (1) signald noise energy and noise-only energy are measured at the same
time and in the same band (termed “simultancous” detection), or (2) echo and noise energy
arc measured at diflerent times or in different bands ( “non-simultancous” detection). In
the case of non-simultancous detection, the echo and noise measurements are independent,
in the overlapping case they are not.

The minimum kK, is achieved for non-simultar icous detection. For ScaWinds, however,
there are distinct advantages t0 using simultancous detection.  Because the antenna is
scanning, the scene brightness temperature, which contributes to the noise floor we are
attempting to subtract out, may change quickly (sec Figure 3). This will be particularly
true near occan/land or occan/ice boundaries. Thus, a simultancous measurement of the
noise energy Will climinate potential biases duce to spatial mislocation with respect to the
ccho measurement. An additional reason to desire simultancous detection is to simplify the
hardware; the timing and II° frequencies are the same for the two measurements.

To assess the: degree of degradation in I, suffered by using a simultancous detection
scheme, IS, for the simultanco us and non-simultancous cases were compa red for the selected
ScaWinds modulation and filter parameters. It was found that the percentage I, increase
due to using the simultancous scheme was less than 3%  an acceptable amount. This is
clue tothe fact that, as pointed outin [1 1], K, for the simultancous case approaches that

of the non-simultancous case when 13,, >> B,. This is true for ScaWinds as 13,, > 1 MHz

and I3, = 80 klz.

16




1V. Summary

The functional design and relative advantages of the ScaWinds scatteromneter hiave been
described. Because SeaWinds employs a compact dish antenna rather than multiple fan-
beam antennas, the instrument is more easily accommodated on spacecraft than previously
flown scatterometers. The ScaWinds swath is 1800 km wide and will allow global ocean
surface: winds to be measured more frequently.

1t was demonstrated how ScaWinds o¥ measurement variance is minimized by employ-
ing MSK modulation of the transmit pulse. ¥For the ScaWinds systemn there is a trade-oft
between performance at higher wind speeds, which is enhanced by modulatiou, and perfor-
mance at lower wind speeds, which may be degraded by modulation. The selected modu-
lation and filter parameters - I3y, = 40 kHz, I3, = 80 kllz, 13, > 1 MHz - insure that
measurenients at moderate and high wind speeds are significantly improved, whereas only
slight degradation occurs at low wind speeds. At high wind speeds, which are of intense sci-
entific interest, 0° mcasureient accuracy is improved by 40% over the no-modulation case .
This improved 0¥ measurement accuracy will bring about a corresponding improvement in
wind retrieval accuracy.

Due to the inherent advantages o f the pencil-be amn approach, future scatterometer sys-
tems which follow ScaWinds are likely to usc a similar architecture. Although we have
concentrated on the specific SeaWinds design, it is hoped that the design issues and trade-

ofls discussed will be of general utility for other spaceborne scatterometers.
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Tables

Parameter Inner Beam | Outer Beam
Polarization H V
Flevation Angle 40° 46"
Surface Incidence Angle 47° §he
Slaut Rauge 1100 kin 1245 km

3 dB Beam Dimensions (az X cl) 1.8°x 1.6° | 1.7°x 14"
3 dB Footprint Dimensions (az x el) | 34 x44 km | 37 X 52 km.
Peak Gain 38.5 dBi 39 dBbi
Rotation Rate 18 rpm

Along Track Spacing, 22 km 221011
Along Scan Spacing, 15 kin 19 km

Table 1: SeaWinds Antenna and Meass  emnent Geometry Parameters

Parameter ) Value =

Transmit Frequency 13.402 GHz

Transmit Power 110 Watts

Transinit PRI 185 Hz (92,311 z cach beam)
Transmit Pulse Length 1.5 ms

Transmit Modulation MSK, 7} = 1busec

Receive Gate Length 2() 111s

Receive Gate 1 delay 7.3 s (inner beam), 8.3 ms (outer beamn)
System Noise Temperature 740°Y

Table 2: SecaWinds Radar Electronics Parameters

o Inner Beam ]| Outer Beam
] \Yl}l(l&})&(d 00 (dB) | B, (dBJoules) || o° (dB) | I (dBJoules)
3mfs || 32 | as4 | 2r | are
8 m/s -23 =175 -20 -172
~20m/s -14 -167 -14 -167

Table 3: ScaWinds Expected Fcho Fnergies
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Figure! Captions

Figure 1: SeaWinds measurcinent geometry.

Figure 2: ScaWinds scan pattern showing helixes traced by inmer beam (light shade) and
outer beam {dark shade) as spacecraft orbits. Expaunsion of region within box shown in
Figure 3.

Figure 3: Expansion of boxed regionin Figure 2 illustrating, spacing of o¥ measurements.
Measurement footprints are defined by 3 dB contour of the antenna pattern.

Figure 4: Diagram of SecaWinds electronics functions.

Figure b: Diagram of SeaWinds filtering and detector functions.

Figure 6: Frequency domain representation of ScaWinds echo detection. Shown are the
ccho spectrum, white thermal noise spectrum, and the signal4 noise and “noise-only” filter
TESPONSES.

Figure ‘7 ScaWinds transmit and detection timing,

Pigure 8: Fxample transmit spectrum (13,6 = 40 kHz), Doppler spectrum (inner beam,
scan azimuth 90 degrees), and the resultant echo energy spectrum. Also shown is an example
signald noise filter magnitude response where 13, = 80 kHz.

Figure 9: (a) Percentage ccho energy passed by signal+ noise filter (py;) vs. filter overhead
(B - Byusk). (b) Doppler compensation error (Ap) vs. filker overhead.

Figure 10: Fxample of values of I, paramcters A, B, and ¢ vs. antenna azimuth angle.
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For this case By, == 40 klz, B, = 80 kHz, B, -- 1 MHz.

Figure 11: K, vs. azimuth for different values of I (a) 3 m/s wind. (b) 8 m/s wind,
(¢) 20 /s wind.
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