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$+193 RADIOMETERY/SCATTEROMLETLR/ALTIMETER
" 1.0 -INTRODUCTION

Certain all-weather, night and.day, synoptic high
resoiution ocean observations can best Be provided ﬁy
spaceborne microwave systems. Microwave sensors are
attracgive for the p;obing of geological phenomena since
penetration through foliage is possible iﬂ addition to
some sufface penetration. The -Skylab $4193 Radiometer/
Scatterometér/Altimetgr experiment was man's first attempt
to gather déta'using earth-ériented, spaceborne; active
microwave .systems, " For the first time nearly simultaneous
radiometric brightness temperature and radar backscatter

data were acquired over land and ocean scenes using a

spaceborne microwave Sensor.

The $-193 receiver was designed to measure powers from

1072 watts to 10710

watts, while surviving in an environ-
ment with peak transmitted powers of 2,000 watts. This
represents an advancement in the microwave remote sensing

technology.

The full potential of S-193 program has not been

realized since the.analysis of the data i5 continuing. The



experience gained from this program and limited.analysis of

the data have been used to make noteworthy contribufions to the
planning of ‘the GEOS-C and SEASAffA prpgramsa'.Thg definition
of sensor specifications, mission requirements,:daté handling,
and ground tyuth coordination for .these two NASA programs

was directly influenced by the performance of the S$-193

SENsoT.

Reéently,-NASA organized an Active Microwavg Workshop
to outline -applications and systems for future éerospace
programs. The progress in the 8—193‘data.ana1ysié and'the:
resuits of the éircfaft microwave remote‘sensing programs
were reviewed'by the wsrkshop participants. As a result
of this, the oceans.pénel recommended design and development
of higher precision scatterometer, altimeter, and radiometer .

for future remote -sénsing progranms.

During the last portién of the Skylab-3 mission, the
antenna gimbal malfunctioneda !The recommended fix from
detailed analysis was to disable the pitch 'gimbal electricalily
and-pin the antenna in the pitch axis. A procedure was
developed, and-:an astronaut completed the fix in space,

The completion of this task has demonstrated that complex

electronic systems can be repaired in space, thus extending

1-2



their operating life. Techniques for the repair of -
"electronic systems in space can be efficiently émployed
in the Space Shuttle Program where the electronic systeﬁs

are .expected to operate over extended periods.

§5-193 system éathered data in intrack and crosstrack ..
ﬁodes over lénd and ocean surfaces. In éddition,'data was
) alao‘gathe%ed looking at deép space, for sensor performance
ev&luafion, and revision to the‘preflight calibrations,
While Skylab-2 was in progress, the fiést Pacific hurricane
of the season named Ava was forming.” One ébjective of 5-193
program was to observe hurricanes and regiohs of high ocean
surface wind velocity. With the pafticipation of mission
control personnél and the Skylab astronauts, a pass was
scheduled over Aﬁa for June 6, 1974. The ékylab-z probléms
precluded operating the S-193 sensor in the desired Z-local
vertical configuration. HOWever,3ﬁhe flexibility of tﬁe
sensor modes and data gathered in crosstrack contighgus
mode were utilized. A comprehensive remote sensing study
of hurricane Ava was accomplished by the joint efforts of
_NASA and the Natiomal Oceanic and Atmospheric Administraticn

(NOAA). " These measurements were unusually broad in scope

encompassing aircraft, satellite, and Skylab observations

1]
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. . .
with a number of microwave sensors. This-wgs a first in .

the remote sensing study.of a potential hurricane.

'5 unique feature of tﬁe Skylab S-193 program was the
evaluation of-the sensor .inflight performance. This aspecct
of the program was highlighted‘by the deployment and operation
of ground-based microwave receivers. The antenna pattern
and scan pérformance, sqattgroﬁeter transmitted-power,
pulse rgfe, and duration were measured_by an arra& of ground-
based receivers. The primary purpose of this study by tho
University of Kansas was to measure chﬁngeg in an;enﬁa-
-performance which might have rcsuited from the launch .and
the gpaée'environments. For the evaluation of the altimeter
transmitter and receiver performance the NASA Wallops Space
Center receiver station was employed. The altimeter pulse T
shape, duration, spééing, and amplitude were recorded. In
addition, data was gathered over targets with known physical,
electrical, and'scattéring characteristics;\éuch as smooth
water)surfacés, deep space, Great Salt Lake besert, and
White Sands; N. M. The results of the S$S-193 sensor performance
evaluation have been used in revising the data processing to
reflect the actual inflight performance of %he sensor., More

important, a methodology has been developed for the inflight

evaluation of future spaceborne microwave sensors.
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The progress made in the development of microwave
technology toward m;}e sophisticated future spaceborne
earth-oriented microwave sensors, the investigations. of
earth phenomena, and the procédurés for future missions
resulting from the 5$-193 program shauld be taken with
cautidn; This progress should only represent a significant
step toward the ultimate goal of using operationally fhe
spaceborne. microwave sensors for sensing earth resources
phenomena. Future microwave programs demand development
of high precision side-looking imaging radaré, iﬁ‘addition
to scatterometers, éltimepers, and radiometers, Multiple

frequency, multiple polarizatidon, and better antenna design

features are envisaged for future sensors. :
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2.0 SUMMARY OF S-193 OPERATIONAL MODES

2.1 RADIOMETER/SCATTEROMETER

The radiometer and scatterometer can operate in various
scanning and polarization modes jointly and separately[l]. A
summary of these modes is given in table 1 and briefly

explained in the following sections.

.2.1.1 Intrack Noncontiguous (ITNC) Mode

This mode ig used for a joint‘radioﬁéter and scatterometer
operation. In this mode, only the pitch angle is varied. A
resolution cell on the ground {figuré 1) is seen by the |
radiometer and scatterometer at approximately the following
pitch anglés: 0 degrees, 15.6 degrees, 29.4 degrees, 40.1

degrees, and 48 degrees.

In the sequence mode (polarization switch position 5)

during each dwell at a given pitch angle, all the following

measurements are taken:

® Scatterometer data with VvV, HH, VH, and HV polariza-
tions
e Radiometer and noise data with V and H polarizatioms

hl

e Radiometer reference voltages R, and Ré
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TABLE: 1. — NOMINAL RADIOMETER/SCATTEROMETER MODES

~

Operation g Scanning mode choice Polarization choice . Pitch angles
Radiometer/scatterometer 1. Intrack ) . i. Scatterdmeter VV, HH, VH, 0, lsf6, 29.4, '
Noncontiguous mode (ITNC) and HV _40.1, and 48 degrees

Radiometer V and H

?. One polarization combina-
tion (VV or HH or HV or
VH) for scatterometer,
and V or H for radiometer

Radiometer/scatterometer 1. Cross track Same as for ITNC Same as for ITNC
, . Contiguous (CINC) left/
right '

2. CTNC, left
3. CTNC, right

Radiometer/scatterometer 1, Intrack - » 1. One polarizdtion combina<  Same as for ITNC
' ' "Contiguous (ITC) mode tion for scatterometér
(vv or-HH or VH or HV)
for scatterometer and
V or H for rédioﬁeter

v

Radiometer/scatterometer 1, Cross tragk‘éontiguous 1. VV or HH for scatterom #11° to ~11°
) (CTC) left/right eter and V or H for

radiometer
Scatterometer only - 1y CTC 1. V and H radiometer data +11° to =11°
Scatterometer only 1. CTC 1, ‘Scatterometer data for +11° to -11°

WV and HH
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Figure 1 . — Intrack noncontiguous scan mode (ITNC).



There is a choice of other polarization settings: VV
(switch position 1), VH (switch position 2), HV (switch

position'S), and HH (switch position 4) for this mode.

The complete scan cycle time in this mode is 15.25
seconds. The roll angle is always zero.

In reviewing the S-19§ radiometer/scatterometer Skylab-
acquired data, it was‘determined that some ‘scan angle posi- '
tions in this mode.were'different from the nominal prelaunch
values. The angles, 0 degrees, 15.6 degrees, and 29.4 deg}ees,
are not markedly differeﬁt. However, the 40.1-degree and |
48-degree angles. show noteworthy change.. In particular, the
last angié (the ndominal value before launch was 48 degmeesj
remains, for most part, within 46 to‘47 degrees. The

40.1-degree angle is for most data within 1.5 degrees of

the design specification.

-

During Skylab-3, the. antenna gimbals malfunctioned.
The ITNC mode has not been in operation after this happened. -

No data has been gathered in this mode during the Skylab-4

mission.
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2.1.2 . Crosstrack Noncontiguous (CTNC) Mode

In this mode, the roll angle is varied identically to
the  intrack noncont?guous mode, and the pitch angle remains
zero. The motion of the field of view (FOV) is shown in b
figure 2, where it can be seen that individual cells arc
viewed from bnly onc: antenna position. Because of the motion
of the antenna in the pitch direction, the cells lie on a
curved arc. There are three forms of this mode, left
.scan, right scan, and left/right scan as shown in the figﬁre.
The outermost cell is viewed at approximateiy 52 degrees
(corresponding to 48-degree gimbal angle) and the innermost

cell at approximately 0 degrees at all times,

The total scan time for a complete cycle is 15.25
seconds. Only combined radiometer/scatterometer data can
be gafhered in the CTNC mode. In the sequence‘mode
(polarization switch setting 5), data for all polarization
combinations is gathered automatically for radiometer and

scatterometer systems.
The polarization setting can be changed to gather data

for VV (switch position 1), VH (switch position 2), HV

(switch position 3), and HH (switch position 4) individually.
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Figure 2 . — Uross-track, noncontiguous mode.

2-6



The S-193 data for the CTINC mode shows that the antenna
scan angles are approximately the same for 0O-degree, 15.6-
degree, and 29.4-degree angles. The 40.1-degree pitch angle
recaches only 37.5 degrees for the Skylab-acquired data. The
right scan extends. up to approximately 43 degrees instead
of thc nominal prelaunch valuc of 48 degrees, and the lcflt
scan extends up. to 46 degrees instead of 48 degrees. Sone
oscillation in the antenna pitch angle is also noticeable
at each dwell angle. Skylab-4 mission antenna scan motion

was also variable.

2.1.3 Intrack Contiguous (ITC) Mode

The pattern is similar to the intrack noncontiguous
mode (figure 3), except that the antenna is scanned much
fastér and there is no dwell at any antenna pitch angle.
The entire inflight path is eventually scanned at all

incidence angles with this process.

The scan cycle time is chosen so that at the vehicle
velocity the resolution cell at incidence angle 48 degrees
overlaps the previous cell by approximately 25 percent, the
40,1-degree cell overlaps its predecessor by less than

20 percent, etc., down to the 0-degree incidence angle
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Figure 3 . — Intrack contiguous mode,
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casc where gapping rather than overlap occurs. ' The complete

cycle for one 'scan takes about 4.0 seconds.

The radiometer data is taken during slew periods between
two pitch angles corresponding to scatterometer data angles.
In this mode during a given pass, only one transmitted
polarization can be chosen., Data cqrresponding‘to the ver-
tical or ‘horizontal polarization is received in addition to
data similar to the received polarization for the radiometer.
As the vehicle progresses on successive scéns, the entire
path is viewed at 48 degrees and less, exéept for gapping at

lowest angles.

In the ITC mode, the starting anglg was about 43 degrees
(it should have been 48 degrees) during thé Skylab-2 and 3
missions. Since the Doppler filters are centered around
48 degrees, the scatterometer data recorded for 43 degrees
is highly attenuated. Corrections for the Doppler filter
attcnuﬁfion have been implemented into the NASA/Computations
and Analysis Divisién 5-193 ﬁrocessing program. Other-angles
arc also slightly off. The difference increases with
increasing pitchrangle; However, no correction to the scat-
terometer data is needed at the angles other than the highest

_angle (43 degrees).

2-9



During the Skylab-3 mission, a malFfunction occurred in

the antenna.gimbals. "The pitch gimbal has been disabled as

a fix. Consequently, no data has been gathered in the ITC

mode after the malfunction.

1

2.1.4 Crosstrack Contiguous (CTC) Mode

- . N . %
This mode contains three submodes:

¢ Radiometer/scatterometer

(RAD/SCAT)

e Radiometer {RAD)

e Scatterometer (SCAT)

2-10

In this submode, the
astronaut can select one
inphase polarization pair,
vertical transmit/vertical
receive (VV), or horizontal .
transmit/horizontal

receive (HH).

In this submode, data
corresponding to vertical
and horizontal polariza-

tion will be gathered.

In.this submode, :data for. .,
VV and HH polarization
&ombinations will be

gathered.



This mode provides a side-to-side lincar scan covering,
+11.375 degrees and a2 turnaround to repeat. As can ée séeﬁ
in figure 4, this is a maﬁpiné mode. To compensaté for the
satellite forwaxrd velocity which could cause skewing of the
pattern perpendicular to the flightﬁath, the pitch gimbal
is scanned backwards slightly as the roll angle osciliates
between its 1imits. Measurements are made for every 1.396
degrees of beam center moiion, ranging’f}om -ii.375 degrees
to ;11.375 degrees in. roll. "The total time of one cycle
is 4.24 seconds. The pitch offset angles for this mode can

be chosen as incidence angles of 0 degrees, 15.6 degrees,

.29.4vdegrées, or\40.i degrees.

A study of Skylab-écquired data in the CTC mode revealed
that the scan extends only up to a total of about 20.6 degrees
instead of .Z2.75 degrees. The repeatability of the timing

sequence also differs from that indicated by this figure.:

Because of antenna malfunction during the Skylab-3 mission,
the pitch gimbal was -fixed. Consequently, the scans onlﬁﬂe
. - . . f
ground are not parallel for the- Skylab-4 (SL-4} mission.

Thé roll angles are also different in SL-4 data.

' REPRODUCIBILITY OF THE
2-11 ORICINAL PAGE 18 POOR
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2.2 ALTIMETER

The.'altimeter may also be operated in several modes
(table 2). Within each mode the altimeter is automatically
sequenced‘through sever&i submodes to providg‘internal
_calibrations and engineering infpémation for‘use'in the
design of future short-pulse radar systems operating at
Carth séteilite a}titudés. The pulse repetition frequency
is 250 pulsés per second in all modes. Briefly, the purpose

and operation‘of each mode 1is as follows[lj.

2.2.1 Mode I - Pulse Shape

The purpose of this mode is to measure. the return pulse
shape with the antenna pointing at nadir and oﬁf nadir.
Individual return pulses are square-law sampled and recorded
for differenf sets of system parameters. In this mode the
‘pulse width is 100 ns. Sample-énd-hold gate spacing is
25 ns, and IF filter bandwidth is 10 MHz and 100 MHz. The "
antenna is_Pointed'at nadir and at a pitch angle of 0.43 degree§

off nadir. The total running time of the data acquisition

submodes (bAS's) is 179 s.
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TABLE 2. ~ NOMINAL S-193 ALTIMETER MODES

Mode Antenna pointing anglés Pulse width holgaggi: 2ggcing acqgg:?iigit:ime
I. Pulse shape . Nadir "100 ns 25 ns 179 s
0.43° off nadir
II. Backscatter 0.4°, 1.3°, 2.65°, 7.56°, and "100 ns 25 ns 174 s
Cross Section 15.6 .
IIT. Time correlation | Nadir 10 ns 25 ns 147.7 s
100 ns 10 ns
IV. Frequency ) T
Correlation Deleted g
V. Pulse Nadir - '100 ns 25 ns 174.7 s U]~
10 ns 10 ns’ ’ -
130 ns
Vl. Nadir off nadir to 100 ns NA 200 s
Alignment . nadir '
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2.2.2 Mode 11 - Cross Section

The purpose. of this mode is to measure the radar‘
backscatter coefficient (qo) with the antenna pointing at
nadir and off nadir. The off-nadir antenna angles are 0.4,
1.3, 2.65, 7.56, and 15.6 degrees, Puls; width-is 100 hs,
and IF filter bandwidth is 10 Miz. Sample—énd-hold gate
spacing‘is 25 ns. The AGC voltage is the primary rccorded
function in this mo@q because o 1s determined from this
voltage measurement. A tWo-point:calibratioﬂ of the AGC
loop is included in this mode to provide a correction to
the calculated e The total running time for the DAS's is

174 s,

2.2.3 Mode III - Time Correlation

-The purpogo of thi§‘modo is to measure the range—gafed
corrélation b;tweeﬁ pairs of pulses with variable time ‘
sﬁacing. The pulses are transmitted at a rate of 250 pulse
pairs per second. Individual return . pairs are square-law ’
sampled and recorded -for different sets of system péraﬁeters.
The antenna is pointed to#ard nadir throughout this mode.
Pulse width is 10 and 100 ns, and IF filter bandwidth "is

100 MHz and 10 MH;. Sample-and-hold gate spacing is 25 and

10 ns, The total running time for the DAS's is 147.7 s.
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2.2.4 Mode IV - Frequency Corrclation

This mode was deleted during the development of the

altimeter.

2.2.5 Mode V - Pulse Compression

The purpose of this mode is to make measurements for
use in comparing the'ocegn return signal characteristics
for a 100-ns and a 10-ns uﬁcoded pulse with the return
signal characteristics for a coded 130-ns transmitted pulse
compressed to 10 ns within the recelver. Sample-and-hold
‘gate spacing is 25 ns for the 100-ns pulse and 10 ns for the
10-ns and 130-ns pulses. The total running time for this
mode 1is 174.7 s. ’

2.2.6 Mode VI - Nadir Align"

The purpogg of this mode is to accomplish nadir align-
ment of the S5-193 antenna. Alignment with the subsatellite
point 1is automatically sought in this mode. It is implemented
bf using the AGC control voltage from the altimeter. The
antenna is automatically mGVed in pitch and roll to the
position where AGC control voltage is a maximum. This

antenna position is then redesignated as the nadir position.

of 'THR

wit O

7-16 %@%?E?R&E 1> 200
- NUALS



The transmitted pulse width is 100 ns, and [F Lilter band-
width is 10 MHz. There are no sample-and-hold gates in this
mode. The running time for nadir alignment is t&pically

200 s.
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3.0 BXPUERIMENT OBJECTIVHS AND RESULTS

. The analysis of $-193 data is presently continuing. The
data 13 being processed usiﬁg more accurate calibrations
determined from the analysis of S—le acquired data. Limited
analysis of the Skylab $-193 data has'demonstrated partial
fulfilment:of the experiment objectives. A br;ef summary. of
the pot¢ntial experiment objectives. and corresponding ¥esu1ts
will be presented. The expefimental'results are given

i

following -each objective.
3.1  DATA AND RESULTS FOR FUTURE SENSOR DESIGN

One fun&amental rationale for the degign of the §-193
was to gather data to be used for the deéign of future
satellite radar (altimeter, scatterometer, and side-looking
radar) and radiometer syséems. Toward this, Several scanning,
polarization, and pulse modes were incorporated in the S-193.
~design. Specific results from_the data analfsig are given ih_

the following section.
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3.1.1 Recommendation for Future Radiometer/Altimeter

/Scatterometer Design

Recommendations for future radiometer/altimeter
scatterometer design based on S$-193 data analysis.'to date are
as follows: .

Angles of incidence
Radioﬁeter " 0 to 50 degrees
- Scatterometer 0 to 50 degreés

Dynamic range

Radiometer 0 to 350 degrees Kelvin (K)
Scatterometer 50 décibeis (dB)
Altimeter ‘45 dB ‘
Precision
Radiometer t]l degrees K minimum

+0.4 degrees K desired~

Scatterometer 0.5 dB minimum
. ) +0.2 dB desired

Altimeter . $10 centimeters
Accuracy
Radiometer +1.0 degrées minimum

0.5 degrees desired :
(Actual performance at low
performance at low temperatures
is acceptable.)
\
* Scatterometer +0.2 dB desired
0.5 dB minimum

Altimeter #10 centimeters



Signal-to-noise ($/N) ratio :
Scatéerometcr 25 dB minimum
' Alt{meters 25 dB minimum
Polarization isolation
Radiomefer 20 dB minimum

Scatterometer 25 dB minimum (HH and VV pnl&)
) : 40, dB desired (VH and HV)

Antenna footprint resolution ) .

Radiometer/ Over water 4 miles or less
scatterometer Over land 3 miles or less

Altimeter 2 miles or less

" Antenna scan performance

Over water = C(TNC
’ ITNC
and a conlcal scan

Over land CTC
(pitch offsets
0 degrees, 15 degrees, 30 degrees})

ITC
Polarization
Radiometer . V. and H

Scatterometer Vv, HH, VH, and HV
3.1.2 Data Handiing and Processing

Experience.with $-193 indicates that it is of primary

importance to begin consideration of data handling .at the time

of the specification and inStrument design.



Close cooperation between design engineers, scientists,
.and computer progrémmers throughout the design, development,
construction, and testing of the instrument will ;inimiéé
problems encountered after scientific.data coXlection begins.
‘The data processing élgorifhms should be developed before
system testing begins and used in épnjunction with raw system
tést data to finalize the algorifhm and evaluate the systems
;performance. '

The nature of microwave sensors, particularly passive
SCNSors; iﬁ such that multipass (generally two-pass) data
processing 1s necessary to ;btain best Tesults; since ﬁoiée
sources are required to calibrate radiomete¥s, the calibra-
tion and baseliné data is by its very nature noisy. To provide
the test ‘calibration, the noisy calibration data ghould‘be
integrated for 5 to 25 times the length'of the measurement
time. To provide single calibratién times this long would
be wasteful of observation time; therefore, a numbér of -
short calibrations centered about the observation time should
be averaged togé?her in some manner. This could be done
eifher by a "look éhead" capability in the data pfoceésing
system which requi;es keeping large volumes of data in core

storage or, more efficiently, by using a two-pass data

processing system. After -early efforts to maintain
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single-pass processing of $-193 radiometer .data produced
marginal to unsatisfactory results, a quasi, two-pass

system has évolved[z].
3.1.3 Antenna Gimbals and Pointing

Two antenna gimbal failures were recorded — one in
ﬁitch during 'SL-3 and one in roll éﬁping SL-4. These
failures imply that a more reliable antenna scanning mechanism
should be dgsigned for an operational sensor. At the begin-
ning_of‘thé Skylab“missiﬁn the astronauts installed a device
on S-193 designed by General Electric to restore as much of
$-193"'s scanning capability as possibre.‘ Operation of the
roll gimbal -was restqrqd, but the opération of the pitch gimbal

was disablea. This ‘allowed normal operation of the crosstrack

modes to_be restored and permitted nearly normal operation. .

The achuracy of .a number of experiments including the
Antenna Pattern Experiment by the University of Kansas was
limited by the pointing accuracy of S—193[3]. At least two

factors were involved.

A

e The attitude of Skylab was not known to have sufficient
accufacy to pinpoint the center of the antenna field-of-view

on the ground.
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e The angular readouts of ybll and pitch were not

adequate for determining fieldrof-view to the required accuracy.

In future microwave programs, more attention should be

given to the determination of ‘accurate pointing for radiometer

and scatterometer systems.
-, )

3.1.4 ‘Radiometer Integration Times

The four different integration times used by the radio-
meter had differen£ effective gains. " This made aferaging.the
caiibratioﬁs and baselines taken at the different angles
in noncontiguous modes difficult. The fact tﬁat the daFa
processing had no "look ahead" capability combined with the
instrument's data taking before the'accpmpanﬁing calibration
and baseline daté make data processing in the nontontiguoué‘
modes difficult. Some error is undoubtedly intiodugea by
the attempt_to,norméliie and éverage the calibrations and
baselines taken at different‘aptenna'anglés and through'
'difféfent integratorg. However, ‘this erroT aﬁpears fp be
significgptiy.less £haﬁ:the noise that would be introduced
by using only the'single appropriéte calibration.

Consequently, a singlé;radiometer integration time is-

recommended for future systems. Otherwise each integration

‘time must be thoroughly characterized.
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3.1.5 Radiometer/Scatterometer Math Models

During 5-193 sensor performance evaluation efforts a
method of modeling the S-193 radiometer and scatterometer
electronics hardware was developed by Lockheed Electronics
Company personnel for NASA/Johnson Space Ccnter[4]. This model
has been programmed on a time-showing computer system and
was usecd to improve the S$-193 radiometer data reduction
equations. This modeling technique can be easily applied to
existing noncoherent microwave systéms for improved accuracy
'in data reduction and to proposed systems for optimizing

specification, design, and predicting sensor performance.
3.1.6 Polarization Isolation

To meet the constraints of a shroud envelope, the focal
length to diameter ratio of the S-193 antenna was reduced.
This factor, plus limitations in the antenna feed and
microwave switching netwdrk, resulfgd in low isolafion
between the vertical and horizontal antenna polarization
ports. Based on present estimates of cross coupling from
the University of Kansas, the ratio of power received in
desired polarization to power received in the undesired
polarization for the radiometer was only approximately

10 to 13 dB.

BYcs ;
ORICING T, ey
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An,attoﬁpt to make a [irst prdor correction for this
mixing of encrgy from two polarizations is perlormed in
pfoductioﬂ data procéssing. Exact correction is more
difficult.

A .
For the scatterometer the condition is morc complex.

Small errors are génerated in the vertical transmit vertical
reéeiven(VV) and horizontal transmit horizontal receive (HH)
modes. .However, in the cross polarized modes, verficél
transmit horizontal receive (VH) and horizontal transmit

vertical recéive'(HVQ, the situation is extremely difficult.

Crossed polariéed rctufn signals are generally 10 to 15
dB below the level of like polarizég retﬁ;n‘signals: Since
the antenna provided oniy about 20 dB of isolation on
transmiésion or receptlon betweeﬂ polarizations, extraneous-
iike polarlzed return 51gnals only 5 to 10 4B below the
power of the desired cross polarized 51gnals are 1ntroduced
into the déta. An undesired signal (5 dB'lowe; in power)
addéd fo a desired signal of the same frequency can cause
errors as large as-+1.9 to -S.S’decibels depending upon the
phase Telationships between the two.’ The stochastig}nature.
of the return signals may contribute to incfeasing this error.
Consequently, a 1arge uncertalnty must be assigned to the

Cross polarlzed scatterometer data.
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- 3.1.7 Antenna VFeed Design

Photographic evidence indicated that the antenna cap
was present during SL-4 rendezvous but absent during SL-4
undocking. Data analysis indicates that the cap was abscnt

during all SL-4 data taken.

It should be noted that the quartz on which the cap
was mounted had two built-in necks which would have weakened
it structurally. It may have been cracked by stresses induced

during the launch or gimbal failure during SL-3.

Therefore, it appears that a strong mechanical design

in the feed structure is indicated for future sensors.
3.1.8 Results from Comparison of S-193 and S-194

Passive microwave systems on one frequency can be
successfully operated in the vicinity of active microwave
systems provided careful attention is paid to the design

and placement of each.

A radlatlon cooled reference load for radiometers can
be used in space instead of a hot load to 1mprove instrument

calibration.
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5.1.9 Ground Reflectivity Modeis

Data for a catalog of backscatter and radiometric
brighteness temperatures was acquired by $-193. Construction
oﬁ a catalog is now.in progress at the University of Kansas.
From thils catalog, ground reflectivity modcls to‘be uscd
for the design of future egrfﬂrorigﬁted, side-looking radar

systems can be developed.

3.1.10 Altimeter Design Results

From the pulse-to-pulse correlation experiments the
feasibility of determining the direction of the nadir offset
angle was established. The 250 pulses per second were

found to _give essentially uncorrelated retuirn pulses.

The altimeter pulse compression-modg employed a
13—bit-Barker code technigue‘to compress a codéd 130-ns
transmit ﬁﬁlse to 10-ns within the receiver. .This mode
did not function properly on Skylab-2 and 3 missions. In
spite of problems, the Skylab-4 data gnalysis shows an 8 to 9-dB
increasé in the gignal—to—noise ratio due to the pulse

compressionis].‘

Y u.l.ﬁlJ.JlTY OF T—E;E
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Sufficient 'data has been gathered to provide pulsce
width, power, and bandwidth parameters for future design.

,Déta analysis 1s continuing at this time. "

The nadir align mode performed. as was expected from
the design. It provided alignment to £0.5 degrees. With
the help of this mode more accurate range setting was

'possible.
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3.2 COMBINED RADIOMETER AND SCATTEROMETER OPERATION

- This operatioﬁ will explore the advantage offered by
measuring nearly simultaneously the radiometric brightness
temperature and radar backscatter over Earth's surface in
providing added remote sensing cap@bility as opposed to using
only one type of systém. In addition, utilizing radiometer
to correct scatterometer-acquired backscatter data for

atmospheric effects will be studied.

One example of the complementary role of the active
and passive measurements is afforded by examining the response
of S-193 scatterometer and radiometer to hurricane ‘Ava shown
in figures 5 and 6!6:71. This data is for the highest pitch
angle averaging 46.6 &egrees in the Cross Track Noncontiguous
Radiometer/Scatterometer mode. The approximaté areas for
the scatterometer data are shown in figure 7. The hurricane
Ava composite photograph was prepared by NOAA. During this
pass, Skylab was in solar inertigl mode. The scatterometer
backscattering'cross section drop after GMT 18:58:17
(figure 5) is due to khe attenuation by the system {O-degree
Doppler filter. The dashed line, marked 1 dﬁ bandwidth point,

corresponds to a Doppler filter attenuation of 1 dB,
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Figure 6 shows that the radiometric antenna temperaturces
do not increase significantly for surface windspeeds up to
about 30 knots. For this range of windspeeds the back-
scattering cross section (horizontal-transmit, horizontal-
receive) increases significantly (figure 5). For 30 to 50
knots the scatterometer backscattering cross section shows
markedly decreased dependence; on the other hand, the
radiometric antenna temperature rises significantly.
Summarizing, the scatterometer-measured backscatter depends
strongly on ocean windspeeds up to 30 knots. For higher
windspeeds the radiometric antenna temperatures show
markedly increased sensitivity to the winds compared to
the scatterometer. The increase in the radiometric antenna
temperature for higher windspeeds is due to foam. Thus, a
larger range of ocean surface winds can be monitored by a
combination of radiometer and scatterometer as compared
with a single system. In addition, scatterometers can be
used to detect surface wind direction while the radiometers

do not appear to show this dependence.

A crosstrack contiguous radiometer/scatterometer mode
was exercised during EREP pass 5 over Great Salt Lake Desert
(figure 8). The scatterometer data for the two scans in

figure 8 is shown in figure 9. The dashed curve in figure 9
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is for an area about 50 miles earlier and is given for
‘com?arisén purposes, The dashed area (figure 8) shows

the -extent of the illﬁminated’area for a typicgl scgtﬁeroﬁeter
measurement in this mode, " The radiometer data taken ’

between scatterometer is shown in figure 10.

Comparison of dashed and solid- curves in_fighre 9 shows
the specular.scattering for the two scans. The scatterometer
data can be used to predict the root mean square slope for
this area[g]. However, since the area is smooth, thé presence
of a variation in moisture is difficult to deduce frdm~the
scatterometer data. Interpretation of the radiometer data
makes. it possiblé to conclude that léw_radiometric antenna
¢emperét£res'(of about 200 degrees) afe‘causéd b& moisture
in salt areas. The same phenomena was observed by aircraft
and S$-194 radiometers. Here again, the complementary role
of radiometer and scatterometer is helpful in the interpreta-

tion of a physical phenomena.
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3.5 APPLICATIONS OF MICROWAVE SENSORS TO REMOTELY
. 'SENSING EARTH RESOURCES PHENOMENA |

3.3.1 Radiometer/Scatterometer

-

- 3.3.1.1 Measurement of ocean .surface wind/wgve fieids._-
Oné potential objective of S-193 radiometer/scatterometer
, systems. was to determine féasibiliﬁy—df measuring global
patterns of ocean surface wave con@itions and surface wind

fields,

Analysis of S5-193 radiometer]scatterometer‘data to date

shows a strong dependence of the backscatter and radiometric

brightness temperature on the ocean surface windspeed (9,10,

11,12,13]

P

Hurricane Ava pfovided“a wide range of surface’
winds., The preliminary wind field-derived'fram aircréft and.
feported_surface measurements is shown in'figure 11[9’14].
For the 46.6-degrees roll angle, the scatterometer back-
scatfer measurements were taken ovef areas r&ﬁging in
surface wiﬁdspeed from 10 to appréxiﬁately 48 inots (figure .
5).. The backscatter for ﬁH pola;izafion GqOHH) increases

as the eye of the hurricane is- approached, To study the
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3

relationship between.OOHH and the windspced a function of”

the ﬁorm
?OHH = klwr\ _ cees (1)

was used. This relationship has been obsetved for various
NASA aircraft 13.3 GHz scatterometer'missioné.‘ A 1e§st
mean square compufer fit yields é value of 1.89 for the
conétan; k,. The resﬁonse of the raaiometer to the
hurficane is shown in figure 6. The radiometric antenna
temperatures rise élowly up to ab6u£ 30 knots surface win@
‘and then xapidlf up ,to 48‘knotsn
The dependence of the vertically polarized backscattering
cross section (GOVV) on wind state for the June 5 and June 11
passes over Gulf of Mexico is shown in figure 12 [9] These
data have been corrected for' the wind direction effects.
The data suggests a simple prediction based on a computer
fit. A functional deﬁendéncﬁ of the type given inlequation

(1) is suggested.

The aﬂalysis is continuing and the results to date

indicate that a radiometer/scatterometer'can be used to
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measure windspeeds up to 48 knots. Knowledge of waves and
winds will permit locating more efficient ship routing,
developing better wéather forecasting models, plaaning
better ship design to withstand wave impacts, designing
better off-shore platforms, and most impbrtant, forecasting

for coastal zones.

3.3.1.2 Measurement of soil moisture, type, and
texture. Earlier studies using airborne and ground-based
active and passive microwave sensors have demonstrated.
considerabiq promise in detectiﬁg s0il moisture. Limited
‘study of §-193 has confirmed the correlation between the
response of active and passive microwave -sensors and the
soil moisture [15]. The results of this study for EREP pass

on June 5, 1973, over Texas (GMT 18:00:37, CTC, R/S, pitch

offset 29.4 degrees) will be briefly summarized here.

Figure 13 shows a composite precipitation map of the
area (prepared from data for 5 days of rainfall/precipitation
history before and including the time of pass). The rainfall

history was computed using the following approximation to

the soil moisturel1°] .

5

_ (6-1)
R, = ;g% K R, . e ()
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In equation (2), K 1is a constant and Ri is the rainfall
for the ith day. The data was obtained from 78 climatology
stations within the reporting area. The data was interpolated
to construct the map for entire pass. Rainfall up to 1.81
inches per day was reported. Figure 14 shows the S-193
radiometric temperature as a function of soil moisture for
this pass. The dashed line is the regression line without

the data point in the lower left. The correlation coefficient
of -0.86 corresponds to the dashed line. For the entire set

a correlation coefficient of -0.75 was obtained. When the
effects of clouds and the ground's physical temperature

are incorporated, emissivities can be computed using the
following equation for the measured radiometric antenna

temperature (Ta):

Ry v L(ETg + Tsc) + 'I‘u 5@ w0
In equation (3), L 1is the atmospheric transmittance,

E is the scene emissivity, Tg is the ground temperature,
TSc is the upward scattered radiation, and Tu is the
upward emission by the atmosphere. Figure 15 shows the
emissivities calculated from the radiometric temperature

interpolated data. The emissivity as a function of the

soil moisture content determined from the radiometer data
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(Univ. of Kansas)

3-29



(R RE: o i o

is given in figure 16. The correlation coefficient

associated with a linear fit is -0.88, an improvement over

the value computed directly from the radiometer data.

The scatterometer backscatter coefficient for the

area under study is shown in figure 17.

The S-193 backscatter coefficient as a function of
s0il moisture is given in figure 18. For this data a

correlation coefficient of 0.67 was obtained[lsl.

3.3.1.3 Identification of target types and surface

parameters. S-193 scatterometer and radiometer data has

been used to prepare false color photographs. Lakes,

rivers, and areas of high rainfall rate have been identified
independently of sunlight and cloud cover. The prediction

of the root mean square slope was accomplished over the

Great Salt Lake Desert area by using an appropriate

scattering model and a computer fit to the data. Emissivities
and power reflection constants were computed from radiometer

and scatterometer data, respectively. From this the

dielectric constants were also predicted[s]. Work 1s continuing

on identifying crop types and conditions using S-193 data.
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Figure 16. — Emissivity as a function of soil moisture
content determined from Skylab S193 data
(2.1-cm wavelength) (Univ. of Kansas).
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3.3.2 Altimeter

3.3.2.1 S8hape of the geodetic profilénand féasibility

of mégsuring sea bottom topography. The information obtained
.from the S-193 altimeter experiment has considerably exceeded
all e;pectations and‘has pro%ided unique geodétic data.

One of several exampieé of geodetic profiles obtained is
p?ese;ted in figure 19[16]. This example shows a comparison
of the aitimeter-ggoidal data and the Maréﬁ-Vincent.déta
developed from a 1 degree x 1 degree reference grid. 1In

the 5-193 aitimeter, the range in métefs is the diffexence
between the altimeter-measured geoid :and the. reference -
ellipsoid as determined by the orbital data. It is denofed
.45 M"altimeter residﬁé}s;" Both absolute and relative
compa;isons are shpwn. With the exception of the C-band

" radar tracking data (reported to have 5-meter root mean -
'square uncertainty), the absolute dispiacements‘between
$-193 and March-Vincent data may not. be meaﬂingful since
these are largely indicationé‘éf the long }erm-errofg in thé
orbital solutions.. In figure 15 data from the pass over the
-micinity of Wallops Island, Virginia, is given. The orbital
datg’ﬁas obtained by a combination of the unified S-band

tracking system and the NASA Wallops Space Center FPQ-6'
radar. Figure 20 shows the location of the pass 9 ground

track 0] . ' g
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Figure-19. — Comparison of altimeter altitude residuals
(from S-band and C-band determined orbit)
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of Wallops Island, Virginia (NASA/WI).
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data shown in figures 11 through 14 (NASA/WI).
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Skylab EREP passes‘4 and 6 were flown over a kﬁown
:geodétic anomaly -~ the Puerto Rican Trench (figure 21).
Thesé passes have essentiallf fhé same ground track. The
trench gravitational anomaly is manifested in @ mean sea
lével depression of afqut i0 meterg ih the first 20;sec0nds
of data, The large increase ih residuals given in-figure 22
near 40 seconds from thé'left side ’of fhe recoxrd is. due to
islané land.séatter. The S5-193 data shoﬁs adeduate;overall
agreeﬁent with the Puerto Rican Trench region data given

¥

by Vincent and the ever closer relative agreement with
: 67 ’
data from Von Arx[l ].
Geodetic surface variations with an accuracy of 5 meters
to 20 meters on a global scale have béep measured -using

.84193 altimeter data[lﬁj.

Figure 23 sﬂowé_the altimeter residuals in the beginning
in the uicinit} of Qﬁafleéton, Sbuth‘Carolina, for EREP
pass 4. The ground track fof figure 23 is given in figure 20.
Figure 23 also.showé-a recsrd of the obeanﬂbottom profile.
It is inériguing to‘néte the correlétion between the
altimeter data and the bottom featﬁres. It should be noted

that at the "Change of Pointing Angle," there was a programmed
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altimeter submodé change_alteying the antenna pointing angle.
by about 0.5 degrees. The altimeter record discontinuity

at this point.is the result of an attitude and not an
altitude chanée. A few other exampleé of this correlation

fop S-193 altimeter data have been‘noted£1§]1

3.3.2.2 Pointing angle determination. The $-193 nadir
aligh mode gave pointing-accpracf to within iO.S.degrees[lﬁ]
A better estimate for determining‘antenﬁaﬁpointing angie
was:deVeIOPed using the experimentally obtained pulse-
shapes. Theése pulse shapés were compared with ‘these
calculations using éltimeter antenna beamwidth, 100-ns
pulse widtha averaging time, andﬁaltitude. Using this
procedure, anteﬂﬁa pointiﬁg angle can_be-résolved to'within
+0,05 degrees. For"bff;nadin angleg it can be reéolved in
the range of 0.25 to 0.8 dégrees. Figure 24 shows the
results of 'this comﬁérison. The 0.05 degrees accurécy
figure has been empifically determined to be the~accurécy

obtainabie[ls],
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3.4 DATA ACQUISITION AND MISSION REQUIREMENTS
FOR FUTURE SPACECRAFT MICROWAVE SENSORS

The experience gained from the $-193 program has resulted ‘
in sefeial procedures for mission planning. Regions of-
particular interest to the study of certain phenomena must
be idéntified before the data acquisition pass. Computer
programs have been deferped showing Fimes and conditions for
pﬁssible data acqﬁésition based on sensor and mission
constéafnfsl These computer-generétéd sequenceé of mission
events takeé into acﬁoﬁﬁt the mandatory and desirable
conditions, éuqh as cloud cover, sunlight, and other
paraﬁeteré.: These programs will be useful for future

spacecraft microwave sensors.
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4.0 CONCLUSION

The National Aeronautics and Space Administration has
advanced the concept of ﬁarth observations using airbofﬁe’
and spaceborne remote sensors for nearly -a decade. Con-
siderable atténtionvhas been given to the opticél and
infrared scanner systems. . Microwave sensors have also been’

used, although to a far lesser extent.

The night, day, and nearly all weather capabilities of
microwave sensors have received new emphasis recently, since
NASA is interested in obtaining remote sensor data with‘thé

highesf efficiency.

LS

5-193 should be considered as a first step toward '
expanding mitrowave_technology for rémote sensing of Barth
phenomena. Scatterometers and radiometers can pIOV1de
capabllity for measurlng ocean surface winds up to 45 knots.
Sea state 1nformat10n can also be gathered from vertlcal
backscatter and antenna-temperature. Futq:e systgms call
for considerable improvément-on precision, resolution, and

$ignal-to-noise performance.’

Recently, considerable progress has been in the manu-
facture of microwave semiconductor components and microwave-

integrated circuits. This should mean improvement in the

o1



reliabiiity of microwave sensors, The rapid development of
minicomputers and mlcrocomputers makes onboard proce551ng
attractive for low and medlum data acqulsltlon rate systems
Future sensor development must include fe351b111ty studies

for onboard data processing.

. One area which needs improvement is how the radiometer
and scatterometer data sﬂould be displayed for oceanographers
or otoer users, False color photos, computer contour maps,
or other types of displayes should be explored to convey
information to the users not familiar with the intricacies

of microwave sensors.

Altimeters 1nd1cate an 1ncrea51ng1y accurate detection
of dynamlc ocean features, such as waves, tides, and cur-
rents; mapping of ge01d, and p051t10n1ng and density deter-
mination of underwaterltopograohy. The S$-193 altimeter has
provided valuable data for the design and development of
future sefeilite altimeter. The GEOSC altimeter serves as

one example.

The decade aheed calls for side-looging imaging radars
for ocean and land remote sensing. Toward ach;eving an
optimum desigﬂ for‘such an imaging radar, the S5-193 acquired
data will prove extremely valuable. The microwave system

will have to perform for extended periods in space. Serious



consideration should therefore be given to making future
sensors repairable in space. This would allow highly useful

S$ensors to be scheduled as part of the Space Shuttle program.
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