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Abstract—The Seasat-A satellite scatterometer (SASS) was designed to
measure ocean surface wind speed and direction in twenty-four (24)
independent cells over a 1000-km swath. It operated in the intexrrupted CW
mode at a frequency of 14.6 GHz with four (4) fan beam antennas and used
Doppler filtering in the receiver for resolving the cells on the surface. The
instrument began operating in space on July 6, 1978, and gathered
normalized radar cross section (0°) data for approximately 2290 h. The
purpose of this paper is to describe the in-orbit evalnation of the SASS
hardware and its compatibility with the spacecraft. It has been determined
that the scatterometer operated flawlessly throughout the mission, met all
design requirements, and established a good data base for geophysical
processing.

I. INTRODUCTION

HE OBJECTIVE of the in-flight evaluation of the Seasat-

A scatterometer was to assure that the sensor hardware
and related sensor data record (SDR) software were satisfac-
tory for producing measurements of normalized radar cross
section or scattering coefficient (¢*)and ocean surface wind
vector. This was done primarily by using samples of data from
the first 30 days of scatterometer operation. The credibility
of the engineering unit software used to produce SDR’s was
first established and then the instrument performance was
evaluated.

Radar scattering from the ocean surface has been a topic
of interest to many investigators for several years [1]-[3],
resulting in the proposition of using a microwave scattero-
meter technique for remotely sensing sea surface wind speed
[4]. The empirical basis for the scatterometer measurement of
ocean surface wind vector on Seasat-Awas established by Jones
et al. [5], and the scatterometer design requirements were
described by Grantham er al. [6]. Consequently, the back-
ground material presented here is limited to the bare essentials
of the characteristics and operation of the instrument. The
SASS began operating on July 6, 1978, and an outline of the
most significant scatterometer events over the mission is pre-
sented in Fig. 1. The bulk of this paper will deal with the func-
tional validation and performance evaluation of the SASS. The
methods used in the functional validation will be described
and the results summarized. This will include a data quality
discussion. The sources of error in a ¢° measurement will be
defined and those that are solely instrument related and require
in-orbit evaluation will be identified. The performance evalua-
tion discussion will address these error sources and will pri-
marily consist of establishing the SASS receiver resolution
capability and the best estimate of instrument stability. In
addition, an RFI/EMI check will be presented. The engineering
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unit level software validation is thoroughly discussed in [7]
and will not be included here.

A companion paper [8] in this same issue gives a further
description of the instrument’s operation and signal processing
details and describes the algorithms used to compute ¢°. Sam-
ple results of data processed to ¢° are also given. It is intended
that these two articles together will provide an understanding
of the instrument operation, the data processing methods and
the algorithms used for the computation of ¢°, and the overall
performance of the instrument.

II. INSTRUMENT DESCRIPTION

The use of microwave scatterometers for the remote sensing
of ocean surface wind speed and direction with the measure-
ment of ¢° over the ocean has been demonstrated in aircraft
programs and in the Skylab S-193 experiment [9]. The fol-
lowing equation shows the functional relationship between ¢°
and the quantity sensed by the scatterometer Pgp:

Pgp(47)°R®
o _ R
o’ = o\ )
PrN?LoLGy® | —
Gy
where

Pr received backscattered power
Pr transmitted power
R slant range
X free-space wavelength
L Doppler cell footprint length in broad-beam plane

L system and atmospheric losses

) 3-dB beamwidth in narrow-beam plane

Gy peak antenna gain

G/G, relative antenna gain at Doppler cell incidence angle.

Fig. 2 shows the scatterometer swath and nominal incidence
angle distribution across the swath. The four fan beam anten-
nas illuminated regions on the surface that were further sub-
divided by Doppler filtering into 12 cells each for wind vector
measurements and three cells each for surface roughness
measurements. The use of independent measurements from
two antennas with orthogonal azimuthal viewing angles for
each cell was required to infer both wind speed and wind
direction [10] .

The scatterometer included the electronics package in Fig.
3 plus four antenna assemblies, each consisting of a horizon-
tally and vertically polarized antenna pair as shown in Fig. 4.
The electronics package coupled to the antennas through eight
separate waveguide sections. The block diagram of the scatter-
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TABLE I
SASS MODE DESCRIPTION
MODE ANTENKA SEQUENCE
TABLE II
1 v, 1V, 3V, 2V NOMINAL INSTRUMENT CHARACTERISTICS
2 k¥, 1H, 3, 2§ Operating Frequency 14.59927 GHz
3 kv, bd, 3V, 3 Receiver Hoise Figure 5.7 dB
L 1v, 1H, 2v, 2% Receiver Dynamic Range >45 aB
5 kv, bv, 3V, 3v Transnit Pulse Width 4.8 msec
6 iv, 1V, 2v, 2v Transmitter Duty Factor 17%
T LE, LM, 3, RF Output Power 100 watts peak
8 1H, 1, 2H, 28 DC Input Power 136 wvatts
9 CONZINUOUS CALIBRATE Welght 102 kg
10 STARDBY Envelope Dimensions (Electronics) 109 x b8 x 30 cm

ometer in Fig. 5 shows the major components and subsystems.
The SSS/LO was a frequency synthesizer that provided the
transmitter excitation at 14.6 GHz and local oscillator signals
to the receiver. The transmitted signal was interrupted CW at
17-percent duty factor with 100-W peak power output from
the TWT. The antenna switching matrix (ASM) selected the
antenna for each set of backscatter measurements by switching
in a periodic fashion according to the selected instrument
operating mode (Table I). In all operating modes, 15 back-
scatter measurements were made every 1.89 s with an antenna
switching cycle completed every 7.56 s. This timing was de-
signed to provide measurements which were located on a 50-
km spacing in the along-track direction. The noise source
provided a periodic receiver gain calibration every 250 s. A
tunnel diode amplifier (TDA) was used for the first stage of
amplification and set the receiver noise figure at less than 5.7
dB over the full receiver temperature range. Using range gating
and Doppler filtering techniques in the signal processor,

measurements were made of return signal power from the
ocean surface plus background noise power (S + N) and noise
power only (& ONLY) for all 15 cells [8]. This produced 30
science data values every 1.89 s that, when corresponding pairs
of S+ Nand N ONLY were processed, resulted in 15 measure-
ments of Pr which were proportional to ¢°. The digital con-
troller used the spacecraft clock to generate the timing func-
tions and commands required by the various subsystems, and
it assembled the scatterometer data stream and interfaced it
with the block formatted satellite data system. Table II is an
overview of the instrument characteristics.

The SASS data stream consisted of 336 bits of housekeep-
ing data (both bilevel and 10 bit words), 30 ten bit science
words, and 184 sync and spare bits for a total of 820 bits.
The 24 electronics package and 40 antenna assembly tempera-
ture monitors were subcommutated so that eight frames of
data were required for a complete set of temperature measure-
ments. The data stream was formatted serially and updated
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TABLE III
o
ERROR SOURCES IN THE MEASUREMENT OF ¢
ERROR SCURCE BIAS, #dB RANDOM, ¥
¢A 0.99 -
2 2,1/2
o 0.2 (o] + K, )
P’i‘ C.5 0.03
L-5 0.1 -
(e/c, ) 0.2 {two way) -
c-a2 0.6 (two way) -
3
Re - %
(e/5,) L
S SRROR . 2 .2 2,1/2
RM3 ERBO 0.8k (o] + LA )
"A = narrow dimension anienna beamwidth
PR = received backscetiered power
PT = transmizted powver
Ls = waveguide and ccupling loss
(G/Gu)2 = relative antenna pattern gain in each Doppler cell
G 2 = peex antenna gain

= error due to instrurent effects such as quantization noise ané instrument
gain uncerteinty, 2 percent

K = normalized standard deviation on the meesurement of PR due to

cormunication noise

= error due to spacecraft attitude and antemna pointing uncertainty,
Q7 to 10.9 percent

R = slant range to Doppler cell

L = footprint length on Earth's surface, propertional to Doppler tandwith

every 1.89 s. A complete list of all parameters in the scattero-
meter data stream along with the identification number for
each and its location in a given frame is given in [7].

The spacecraft thermal design included heaters on the back
of the scatterometer baseplate and radiation louvers attached
to the edges of the baseplate, both aimed at maintaining the
temperature between 0°C and 35°C. The antennas were
thermally isolated from the spacecraft.

III. INSTRUMENT ACCURACY

A variety of sources contributed to the potential error in
the measurement of scattering coefficient. These are defined
and listed in Table III as either bias errors or random errors.
Each is discussed separately and the in-orbit evaluation required
to address each is established in this section.

The quantities ¢4, Gy, and G/G, were determined by an-
tenna gain characteristic measurements prior to installation of
the antennas on the spacecraft, and errors in the measurements
were considered to be fixed bias errors. Errors in both Py and
L, were also fixed biases. The value of Ly was measured in
prelaunch component testing, and the +0.5-dB bias error on
Pr was derived from the accuracy limits on the prelaunch cali-
bration of the TWT output power telemetry monitor. This
monitor produced a voltage which was proportional to the
integral of the peak transmit power and was updated in each
data frame. Therefore, a value for Py averaged over a 1.89-s
period was provided for each measurement of ¢°. The random
error on the measurement of Pz (0.03 percent) was considered
negligible. The bias error in Pp is due to uncertainty in the
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knowledge of the output power level of the calibration noise
source used to determine and update receiver gain every 250 s.
Random errors in P included those due to quantization noise
and uncertainty in the measurement of receiver gain from the
periodic calibrations (o;) and communication noise (K,). The
value of o; was approximately 2 percent and K, was a func-
tion of the signal to noise ratio S/V at the receiver.

Any uncertainty in the spacecraft attitude or in the antenna
squint angle (i.e., narrow-beam dimension pointing) translated
to errors in the footprint location parameters R, and L and in
the value of G/Ggy. Errors in these quantities directly impact
the accuracy of a ¢° measurement according to (1). The atti-
tude of the spacecraft and the squint angle varied slowly
throughout each orbit. The attitude was continuously moni-
tored, and a squint angle correction was routinely made based
on antenna temperature, which was also continuously moni-
tored. There were no applicable fixed bias error estimates for
attitude and pointing effects; therefore, the total error ¢4 was
considered random. The magnitude of ¢4 was different for
each Doppler cell and each antenna beam, plus it was depend-
ent on spacecraft latitude and longitude. Table III lists the
maximum and minimum values that bound ¢4 for the mis-
sion. These were derived from an error in squint angle after
temperature compensation of less than 0.1° (Section IV) plus
the results of an attitude uncertainty analysis that is fully dis-
cussed in [8].

As seen in Table III, the total rms bias error in the measure-
ment of ¢° was less than +0.84 dB. Since this quantity was
considered fixed, in-situ wind vector measurements used in
satellite datafsurface observation comparisons were used to
correct a table which related ¢° to wind speed, thereby remov-
ing bias effects on the wind vector measurement. One objec-
tive of the instrument performance evaluation was to confirm
that these biases were indeed fixed. This was done using ¢°
data taken over the Amazon rain forrest to check both long-
term (<53 days) and short-term (<150 s) instrument stability
(Section IV).

Since the SASS had 4 dual polarized antennas, there were 8
different antenna dependent biases, each within the +0.6-dB
value for G 2. It was desirable to determine the relative bias be-
tween antennas since both a forward and aft measurement were
required for the determination of wind speed and direction.
These relative biases were determined using the Amazon rain
forest data and are discussed in [8].

Corrections could not be made for random errors. There-
fore, they were the most critical to the measurement accuracy
with the error terms K, and o4 dominating. A more detailed
discussion of the K, term as well as ¢ 4 is given in the compan-
ion paper [8]. Under low S/N conditions, the value of K,
approached 3 dB, in the worst case, and dominated all other
error sources. For high S/N conditions, K, asymptotically
approached its minimum value equal to 1/\/—87, where B is
the Doppler cell bandwidth and T is the measurement integra-
tion time. The minimum value of K}, varied from 1 percent to
less than 3 percent over all 15 measurement cells and was of
the same order as the other random errors. The total rms ran-
dom error due to all sources under high S/ conditions was
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less than 11 percent (0.47 dB). Another objective of the in-
strument performance evaluation was to check the receiver
resolution in orbit by determining the value of the instrument
related contributions to the total random error. This was done
by comparing the ratio of the standard deviation to the mean
value of the output voltage in each Doppler channel, with con-
stant input power, to the value of 1/o/BT (Section IV).

IV. HARDWARE EVALUATION
A. General

The hardware evaluation was primarily based on data from
the first 30 days of sensor operation. An engineering or func-
tional evaluation was made using 88 percent of the scatterom-
eter data gathered during this 30-day period. In addition, the
receiver resolution and instrument stability were determined in
order to define the ¢° measurement accuracy in terms of both
instrument related random errors and the stability of the total
bias error. An RFI/EMI study was also conducted.

B. Data Quality

Once SASS SDR’s became available it was apparent that the
bit error rate was high because of data handling at the ground
receiving stations. An error analysis was performed using a
limit test on three static SASS 10 bit words whose bit patterns
and decimal equivalent values were fixed. Out of a data set of
1.45 X 108 samples, 273 errors were detected. To judge data
quality for the scatterometer, this must be translated to the
probability of an error in ¢°. Parameters that couple to the ¢°
computation must be factored into the error rate estimate
with proper weighting [7]. For example, a single error in the
value of transmit power translates to 15 ¢° errors, one in each
measurement cell. After factoring in all parameters used in a
0° computation with each properly weighted, the probability
of error is one in 16. As a result, tests designed to correct for
bit errors were included in the ¢° algorithm. For example, the
limit test P+ = 96-101 W is performed on each value of
transmit power; and, if the test is failed, the value from a
latest available data table is substituted. These corrections
reduced the probability of a ¢° error to approximately 5 X
10-4.

C. Functional Validation

Records at least 4 min long in each of the 10 operating
modes were inspected for correct instrument status indication
and for the cross correlation of related engineering parameters,
such as TWT cathode voltage and transmit power. Data sum-
maries that included all SASS data were also reviewed to
verify execution of all commands and to monitor the mean
value and standard deviation of all analog housekeeping param-
eters. The estimated mean value of each analog engineering
parameter taken over this entire period is given in the “Key
Parameter Matrix’ in [7]. Al electrical parameters were stable
throughout the first 30-day period except for expected temp-
erature effects, none of which affected system level perform-
ance. Both the transmit power and the receiver noise figure
agreed with prelaunch test values and were stable. The instru-
ment met all goals and specifications and duplicated its pre-
launch behavior.

When the SASS was turned on, its baseplate temperature
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TABLE IV
AMAZON DATA COMPARISON FOR LONG-TERM INSTRUMENT
STABILITY
ANT.# Early Morning Afteranoon

1y .10, @B .09, 4B

1H .07 .57

av .33 .13

2H .16 -35

3v .36 -30

3H .18 ONLY 1 PASS

Ly k1 .03

4y .02 ONLY 1 PASS

was approximately 3°C, and, as all of the sensors began oper-
ating, the temperature increased to 22°C and stablized. After
18 days of operation, a satellite thermostat failure caused the
median baseplate temperature to drop to 0°C, which was a
minimum for the mission. The lowest temperature reached on
any subsystem was —10.7°C on the ASM.

The antenna temperatures were generally lower than ex-
pected but never exceeded the —90°C qualification test level.
Due to spacecraft shadowing, the inboard antennas (3 and 4)
were cooler than the outboard antennas (1 and 2) by as much
as 25°C to 30°C. Since the antennas were thermally isolated
from the satellite, the temperature varied over the length by
as much as 15°C and the temperature at a given point varied
by as much as 11°C over a complete orbit.

Corrections to the antenna squint angle due to thermal
effects were made in the instrument data processing prior to
computing the footprint location parameters in order to min-
imize the 04 random error term. Both the bulk temperature
and the front-to-back temperature difference affected the
narrow-beam squint angle. Corrections of 0.1° or less in squint
angle were required throughout the mission to correct for both
temperature effects, with the front-to-back differential
dominating.

D. Receiver Resolution

The scatterometer science data at the SDR level consisted
of a set of output voltages proportional to received power.
Each frame of data included 15 measurements with signal and
noise present (S + N) and 15 measurements with noise only
present (V ONLY). It can be shown that for a fixed receiver
input power, and for negligible quantization noise, the ratio of
the standard deviation on the estimate of received power to
the true value is approximately equal to the ratio of the stand-
ard deviation on the output voltage to the mean value of the
voltage and is given by

oy 1

m VBT

where B and T are the bandwidth and integration time, respec-
tively [11]. As the record length or the number of data points
averaged increases, this relationship approaches an equality. As
discussed in Section III, for sufficiently high S/N the scat-
terometer communication noise term K, approached a mini-
mum value equal to 1/A/BT. Consequently, (2) was used to
evaluate the receiver performance in terms of its ability to

@
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Fig. 6. Typical land/water radiometric antenna temperature profiles.

resolve changes in P, under high S/N conditions by estimating
the noise added by instrument effects to the minimum value
for K. Data was taken with the instrument in the STANDBY
mode to approximate constant input conditions for averaging
both § + NV and N ONLY voltages over 20 data points each
(approximately 38 s). It was found that in all 15 Doppler
channels the normalized standard deviation on the output
voltage agreed with the computed value of 1/o/BTto within
0.55 percentage points. In all cases, the measured value was
less than 3 percent, which indicated that the receiver was quite
stable with a resolution under high S/N conditions of better
than 0.1 dB.

These measurements reflected the BT product contribution
plus the quantization noise contribution, and confirmed that
no other instabilities existed. The precision with which the
receiver detector characteristics were defined prior to launch
and the precision on the calibration noise voltage measurement
were the limiting factors in the gain uncertainty contribution
to g7. These effects were a function of received power and
therefore random, but they could not be measured in flight.
The prelaunch estimate of both quantization noise and gain
uncertainties was 2 percent (Table III).

All contributions to the receiver resolution or the random
error on Pr under high §/V have been considered and their
magnitudes determined from flight data when possible. The
rms value for the total random error on Pg is less than 3.6
percent (0.15 dB) for high S/N.

E. Instrument Stability

Skylab data taken over the Brazilian rain forest demonstrated
a spatial uniformity in ¢° at 13.9 GHz [12]. In addition, the
rain forest is believed to be isotropic and polarization insensi-
tive with respect to o° since the foliage is extremely heavy and
randomly oriented. With this in mind, SASS data for 11 orbits
from revs 163-952 over the Amazon jungle was used to study
both short-term and long-term instrument stability, including
the stability of the fixed bias error terms. The Seasat ¢° data
supports the Skylab conclusion that the rain forest is homo-
geneous [8]. Significant differences in ¢° properties were
observed in data taken on early morning passes compared to
late moming and afternoon passes; therefore, they must be
considered separately in this analysis.

The method used to analyze the Amazon data involved
averaging all ¢° values on a given pass over the rain forest for
each measurement cell and each antenna and polarization. The
instrument was operating under relatively high S/N condi-
tions; therefore, the standard deviation on each set of o°
values normalized to the mean value should approach the mini-
mum K, or instrument noise, when all other error contributors
are negligible. For measurement cells near 43° incidence angle,
antenna pointing uncertainty effects were minimal and the
normalized standard deviation on 20 point averages was <7
percent, which is reasonably close to the computed value of
K, for high S/N. This indicates that the instrument was stable
over time periods in the 150-s neighborhood.

The mean values of ¢° over as many as three orbits were
also compared in order to get a worst case indication of long-
term stability. Averages were computed for Doppler cells near
43° incidence, and compared for all eight antenna paths
(Table IV). The differences in the average value of 0° between
different passes were due to both instrument effects and varia-
bility in target characteristics, but the available data given in
Table IV indicate that the long-term (<53 days) instrument
stability is better than a few tenths of a dB. The variability in
the instrument bias errors is within the probable variability of
the target.

F. RFIJEMI Effects

In order to determine the RFI/EMI effects on the scatter-
ometer, conventional radiometric antenna temperature (74)
measurements were made with and without the other Seasat
sensors operating. The scatterometer was capable of measuring
radiometric temperature to a resolution of approximately
12 to 30 K. The value of T4 was computed from each scatter-
ometer noise measurement by the following:

Ty=Tp—(L—1)Tpgy —LTx (3)
where
Tg measured effective input noise temperature

Tasm ASM temperature

Tr receiver noise temperature (TDA noise figure =
5.5dB)
L ASM path loss ratio.
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T, was routinely computed for the N ONLY measurement in
each channel. Since the signal was broad-band noise, there was
no spatial discrimination by filtering, and the target was defined
by the entire antenna footprint. Therefore, T4 in each receiver
channel varied as the bandwidth and integration time only and
was a function of the surface radiation properties over a wide
range of incidence angles. The values for 7, reported here
were averaged over all 15 cells. The objective was to determine
the RFI effects of the other sensors on the average noise level
into the scatterometer, and the approach was to establish
baseline values for 7, with only the SASS on the then draw
comparisons with all sensors on.

On rev 141 as the satellite crossed over the northern end of
South America, the instrument was operating in STANDBY
using antennas 3 V and 4 V. No other sensors were on. Averag-
ing over 20 values, all taken over water with only the receiver
on, T4 for the 3 V path was 184 K and for the 4 V path was
174 K. The difference was due to 0.1 dB of ASM path loss
difference. These values were typical of all antennas and estab-
lished a baseline where the entire footprint was viewing water
and neither the SASS transmitter nor any of the other sensors
was operating.

The instrument began transmitting in mode 4 as it ap-
proached land. Fig. 6 shows T4 profiles for antennas 1 V and
2 V with transitions from water to land. The forward looking
antenna (1 V) was thefirst to level off at approximately 270 K
with a land filled footprint followed by the aft looking antenna
(2 V). After approximately 5 min, the forward footprint was
again over water and T4 was returning to the neighborhood of
170 to 180 K. This established baseline data over land and
water with the SASS transmitter on, and indicated that the
transmitter itself caused neither EMI nor RF coupling effects.

Fig. 7 shows a typical set of RFI data where all sensors
were on, including the synthetic aperture radar (SAR), for 10
min. In this case all antennas were viewing only water and the
data spread was due primarily to ASM path loss differences.
All values were in the 170 to 180 K region, indicating no ap-
parent RFI or EMI effects with all sensors operating. Data in
other operating modes using the horizontally polarized anten-
nas were typically less than 270 K over land and less than 180
K over water, again demonstrating no measurable effects from
other sensors.

V.SUMMARY

It has been determined that the SASS hardware and soft-
ware performed well during the Seasat mission and that SASS
sensor data records are acceptable for geophysical processing.

The SASS hardware performed flawlessly for 2290 h,
meeting all of its design goals and specifications, A satellite
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heater circuit failure caused the electronics package to operate
close to its design limit (0°C) for most of the mission, and the
antenna temperatures were lower than expected. However,
instrument performance is not believed to have been affected.
All engineering housekeeping parameters were stable at their
prelaunch values. The transmitter was stable and operated at
full output power, and the receiver noise figure agreed with
prelaunch values. Receiver resolution tests determined that no
measurable contributors to the instrument related random
error existed, other than quantization noise and receiver gain
uncertainty. The total random error under high S/N condi-
tions, including attitude uncertainty, was estimated to be less
than 0.47 dB, and under worst case S/ conditions approached
3 dB. Data taken over the Amazon rain forest indicated that
the fixed bias errors, which were removable, were stable to a
few tenths of a dB or less.
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