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1.0 INTRODUCTION

1.1 OBJECTIVE

This-report summarizes the results of an investigation
aimed at determining the dynamic.range and linearity of the
5-193 scatterometer receiver from data acquired during Skylab
missions 2 and 3. w¢ 74 -

1.2 DETAILED TASK DESCRIPTION AND APPROACH

The objectives of this task were accomplished by basi-
cally following the outline presented by the Sensor Performance
Evaluation Implementation Plan (SPE-00413) (ref. 1). The
data site (Gulf of Mexico) was selected for this investiga-
tion because it was one of the few sites where adequately
detailed ground truth was available for backscatter (c®) or
radar cross-section calculations. This site alsc provided a

=]

range of o values that covered the expected dynamic range

of the instrument. For many sites, neither a large variation

in o¢° values nor the needed ground truth was available.

From the ground truth of the data site selected, a
target model amenable to calculating o¢° was selected.
The calculated o¢° +wvalues were used in the rf link equatiomn
for the input power at the S-193 antenna (PR) (ref. 2). The
output of the S5$-193 scatterometer receiver was recorded as
raw data (counts from the A/D converter) in the data product
S062-1. This output versus the theoretical input power (PR)
was then graphically displayed, and the linearity and dynamic

range determined.



Dynamic range was defined to be the range of input values
that correspond to the A/D converter going from saturation to
a point where noise level measurements were made. The degree of
linearity of the $-193 scatterometer was defined two ways:
(1) preflight versus measured data (input power/output voltage)
and (2) theoretical backscatter (0°) versus measured backscatter.

1.3 A DISCUSSION ON THE SCATTEROMETER DATA
USED IN THIS INVESTIGATION

Two criteria were used in the selection of scatterometer
data. First, the time slices of scatterometer data that were
used showed a wide range of o¢° values. All the scatterometer
data was reviewed with respect to mode and maximum and mini-
mum backscatter (¢°) values. These results are shown in
tables A-I and A-II in the appendix. Second, for a given
time slice of scatterometer data, an accompanying and complete
set of ground truth was needed in order to calculate o° . )
The dynamic range was anticipated to range from approximately -

-30 dB to +25 dB for o¢° , based on preflight data (ref. 3).

0f the 41 time slices reviewed in the SL-2 scatterometer
° +values greater than +15 dB and 17 had
¢° values less than -25 dB. Only two time slices had o¢°
values greater than +15 dB and less than -25 dB. These two

data, seven had o

occurred over the Gulf of Mexico in passes five and eight.

There are four basic modes of operation of the 5-193
scatterometer (ref. 4 and 5). They are: (1) in-track non-
contiguous (ITNC), (2) in~track contiguous (ITC), (3) cross-
track non-contiguous (CTNC) and (4) cross-track contiguous
(CTC). The two previously noted time slices over the Gulf
of Mexico occurred during ITNC operation of the scatferometer.



Two points of the SL-2 data reviewed showed saturation
that occurred during two different CTC time slices. In
showing saturation the maximum A/D converter output of
1023 counts was recorded. The reason for referencing the
four different modes of operation (and the corresponding

range of o¢° values) is that for each individual mode of

operation, different amplifier gainé, filter and integrator
characteristics within the S$-193 scatterometer were used.

As a result, each mode represents a somewhat slightly
different subsystem. Ideally, all four modes of scatterometer
operation should be reviewed for linearity and dynamic range.
Adequate ground truth does not exist for all time slices in

which a wider range of ¢ values occur and therefore makes
this impossible.

The $-193 scatterometer is discussed in section 1
(ref. 4 and 5). The remainder of this report is-divided into
five sections. Section 2 discusses the analytical approach
to calculation of the S-193 power (PR) Teceiveéd at the scat-
terometer antenna. Section 3 discusses the radar cross-
section. Additionally, the scatterometer physical limitations
are discussed with emphasis on the minimum and maximum values
of o¢° that can be measured. Section 4 elaborates on the
ground truth available for the SPE-005 task and analyzes error

or sensitivity in calculating ¢° . Section 5 discusses pre-

°  wvalues

£light system input/output data, and calculated o
versus a measured output for both SL-2 and SL-3 data. Conclu-

sions are developed in section 6.



2.0 THE RF LINK EQUATION AND BACKSCATTER CALCULATION
TECHNIQUES AS APPLIED TO SPE-005

2.1 INTRODUCTION

This section presents-analyfical methods used in deter-
mining the power input (PR) to the S5-193 scatterometer
antenna during the SL-2 and SL-3 missions. The power input
is given by the rf link equation developed from the well-known
radar equation (ref. 6).

2.2 THE RF LINK EQUATION

The power (PR) collected by the radar receiving antenna

is given in the following functional relation from the radar
equation

1 1 R%0
= PGy —L1 (o) x S
R T g Ly 41TR2L2 A

P

The various parameters of the above equation are defined
as follows:

Pr = power radiated by the transmitting antenna in watts

73]
I

T gain of the transmitting antenna in the direction
of the radar target

R = range between the radar and the radar target

Ll’LZ = the path losses for transmission and reception,
respectively, through the intervening medium



GR = gain of the receiving antenna in the direction of
the radar target

Ao ™ transmitted radar signal wavelength

o = radar cross-section or the effective area of the

radar target reradiating energy back to the radar

In equation (1), o vrepresents the radar cross-section
of the target. In this sense, the radar target is assumed
to be infinitely small, whereas in fact, the radar target
for the S$-193 is modeled as a circular footprint on-the earth
with a diameter of 6 nautical miles. This is for the case
in which the radar is pointed at nadir, 6 = 0 (see fig. 1).
For angles of incidence other than 6 = 0 , the footprint is
approximately elliptical.

Kaufman has defined a normalized radar cross-section
(c°) for each incremental area in the circular 6 nautical
mile $-193 target (ref. 2). Hence, an incremental area
AA within the radar target contributes Ag to the radar target
cross-section. A normalized radar cross-section for each
incremental area of the S-193 radar target is defined as
(ref. 2)

o _ lim Ao _ g;(l
= M-0 KR T 3R (2)

Also, the contribution APp to received power collected
at the S-193 antenna as returned from the incremental area
AA in the $-193 radar target is )

2
PG G A
R=TTR0 AG (3)

AP
3 4
(4m)“p LiL,




SPACECRAFT '

e NADIR POINT AT
EARTH'S SURFACE

EARTH'S SURFACE WITH AREA (A}

6 = THE ANGLE OF THE ANTENNA BORESIGHT
DIRECTION WITH RESPECT TO NADIR

R = THE RADAR RANGE BETWEEN THE SPACECRAFT
AND THE CENTER OF THE RADAR TARGET
ALONG ANTENNA BORESIGHT

p = THE DISTANCE FROM THE SPACECRAFT TO
AN {INCREMENTAL) AREA WITHIN
THE RADAR TARGET

Figure 1. — Geometry associated with §-193 radar target.



The total power (Pp) collected at the S-193 antenna is then

A

_ P

2
o [ GTGRdU
(am)> oML

(4m)”>

A 172
2 N 0
G.Gnho°
J R ()
p L L2
A 1

with the integral being taken over the area A of the &-193

radar target. .

In evaluating the above integral for the S5-193 system,

two approximations can be made:

(1) o©° can be considered constant over A . In effect,

6° can be taken as an average value taken over the

surface of the radar target.

(2) With small relative error in the results, p can

be considered as having a constant value p = R

over the radar target.

From equation (1), GT
angle ¢ (fig. 1) and vary
Thus, integration over this
Pp s the power returned to

and Gp are functions of the
across the radar target area A
area 1s necessary in computing
the S-193 antenna.



In addition, the transmitting and receiving antenna gains
are defined as

67 () = Gy E0 (D)
6 (W) = Gyfg (1)
G, = G (0)
G, = Gg(0)
G2 - 6,6, (5)

where Gg is the two-way antenna gain along the antenna
boresight. If fT(w) and fR(w) are the one-way normalized
antenna patterns associated with transmitting and receiving,
equation (4j can be written in the form

2 2
PRlO G

Pp = —3—7 9° T ff (W) £R (vIdA - (8)
R ™ gm 3R8 L L, T R

Equation (6) can be considered as the basic rf 1ink
equation because it predicts the return power from an S-193
radar target in terms of transmitted power, range,‘wavelength,
atmospheric losses, antenna pattern and the normalized radar
cross-section of the radar target. This is a key equation in
the sensor performance evaluation of the S-193 scatterometer
system.



The basic rf link equation has been further simplified.
Let

_ 2
ERLN AENOIENOE (7

The integral has been evaluated to give
I, =1 R2 sec o (8)
B C
where Ic has been evaluated to give (ref. 7)

Transmitting Receiving I

polarization polarization ¢

v v 6.778 x 10}

H H 7.146 x 104

V' v 6.745 x 104

H H 6.745 x 10
Thus, equation (6) can be rewritten in the form

PoA 20°I sec o
_ T"o C -
PR = ) ()

(4w) "R

It is this form of the rf link equation that is used
in calculating PR » the power received at the S-193 scat-
terometer antenna.

2.3 THE 5-193 SCATTEROMETER RECEIVER

The S-193 scatterometer receiver is shown in figure 2.
Basically, there are three sections to this receiver: the rf,
i.£., and scat processor sections. The rf and i.f. sections
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are discussed elsewhere (ref, 3, 4). The scat processor is
discussed here to reemphasize that the signal path thfough
the processor is variable and that certain elements in the
processor 1limit this scatterometer performance.

A 50-MHz signal is fed into the gain selection diode
switch block. The amplifier that follows provides a choice
of 20, 30, 40 or 50 dB of gain through series resistive
attenuation. The gain selection is determined by the strength
of the returned signal. Then the signal is sent to one of
five crystal filter banks. The filter bank selected is
determined by the pitch angle of the spacecraft (0°, 15.6°,
29.4°, 40.1°, 48°). Within each filter bank are three filters,
designated high center frequency (HCF), middle center fre-
quency {MCEF), and low center frequency (LCF). Following is
a set of three five-way power combiners which individually
receive a signal from the LCF, MCF or HCF filters. After
amplification and detection, the signal (pulse train) is
integrated according to source, (LCF, MCF or HCF filter)}.
Additionally, depending upon which one of the five sets of
three filters (according to pitch angle) the signal came from,
the integration time is varied. The integration time varies
depending on the mode of scat operation, i.e., ITNC, ITC,

CTNC and CTC. After integration, the signal is passed to amn
A/D converter where the output is represented by counts in
the S5-193 scatterometer raw data (S062-1, A063). Thus, it
can be seen that any radar return follows only one path -
through rf and i.f. sections but can follow any one of a '
variety of paths through the processor. This multiplicity °
of paths in the scatterometer processor is dependent upon

the strength of the radar return (PR) and pitch angle of the

spacecraft. Thus, to completely discuss dynamic range and

11



linearity of the S5-193 scatterometer receiver, all possible
signal paths should be studied because each path represents

a different instrument. However, this is not practical as will
be explained shortly. Figure 3 shows a representative input/
output curve for the $5-193 scatterometer receiver.

After examining the SL-2 and SL-3 scatterometer data, it
was observed that in many time slices, the data points would
usually be clustered along one or two lines of the set of -
four. In fact, for SL-2 and SL-3 data, 40 percent of the
data time slices operated about the High- or 2nd High-gain
curves. Typically, the High- and 2nd High-gain curves were
where most of the data points clustered when plotting V*
versus PR

A few time slices exist where the S$-193 scatterometer
backscatter data showed a sufficient range of values such
that all four gain curves were utilized. A correéponding
set of ground truth could be established whereby Po could
be calculated. (If Py cannot be calculated, then the input
to the scatterometer receiver cannot be ascertained by inde-
pendent means and limitations exist in ascertaining the
scatterometer receiver performance.) Methods of calculating
radar backscatter ¢° (radar cross-section) are discussed

in section 3.

Where P, represents the power into the receiver
antenna, V* represents the voltage into the integrator. A
set of gain curves (High, 2nd High, Med Low, Low) for each
of the HCF, MCF and LCF filters should be generated using
measured data to completely characterize the scatterometer.

However, the limitations of obtaining three sets of curves

12
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Figure 3. — A representative input/output curve for the $-193 Scatterometer receiver.



(one each for the LCF, MCF, HCF filters) are two-fold. First,
the data is usually clustered about one local area on the
graph .(i.e., not spread out so as to totally give the dynamic
range) for any one time slice. Second, looking at all the
time slices offers no solution s;nce o®° and hence PR
cannot be evaluated because of lack of sufficient ground
truth.

2.4 5-193 ANALOG-TO-DIGITAL CONVERTER CHARACTERISTICS
AND INFLUENCE ON 5-193 DATA OUTPUT

The analog-to-digital (A/D) converter in the scatterom-
eter can influence the production data processing calculated

Q

value of o for low scatterometer -backscatter signal

levels.

At low signal levels the A/D converter granularity can
misrepresent the true value of the measured signal to noise
measurements relative to the noise measurements. From
figure 4, it can be seen that for a change of 4.80 x 107°
volts into the A/D converter, the output should change by

one count,

The scatterometer signal into the converter includes
signal and noise. Consider a scatterometer signal-plus-noise

of VS volts. Let the voltage (VS) satisfy the following

relationship:

V, < Vo < V

3 ' (10)

14
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Figure 4. — A/D converter characteristics.




For this range of values of VS » the output is X + 1
or X + 2 counts. Consider the case where the signal-plus-

noise voltage V and the noise voltage V., have the

S+N N

following values:

Vy <V, <V

1 N 2 and V

< v <V

S+N (11)

2 3

The corresponding outputs would be X + 1 counts for
noise and X + 2 counts for signal-plus-noise. If equa-
tion (11) were rewritten as:

Vl i_NN 5_v2 and Vz < VS+N <

V. (12)
then the difference in output counts could vary from "0" to
"2". For a difference in signal-plus-noise output and neise
output of n counts, the maximum output approaches (n + 1)
counts and the minimum output approaches (n - 1)}.

Hence the actual output of the A/D converter can be
increased or decreased by one count because of the granularity
of the A/D converter. For a large signal-plus-noise-to-noise
ratio where n 1is large, this effect is of little concern.
For the case where the signal-plus-noise-to-noise is small,
then the overstatement or understatement of the output by
one count gains importance. For insight into the relative
effect of understating or overstating the output by one count,
with respect to n counts difference between signal-plus-

noise and noise, see table I.
Depending upon whether the output is overstated or under-

stated, the following equations are used to express the rela-
tive discrepancy. This discrepancy is expressed in decibels.

16



TABLE I. — ERROR IN A/D CONVERTER OUTPUT

AC=n nillivelts 10 log (57p) 10 tog (Egl)

dB (a) dB (b)

1 4.888 ® 3.01
2 9.775 5.01 1.76
3 14.663 1.76 1.25
4 19.550 1.25 .97
5 24.438 .97 .79
6 29.326 .79 .67
7 34.213 .67 .58
8 39.101 .58 .51
9 43.988 .51 .46
10 48.876 .46 .41
11 53.763 .41 .38
12 58.651 .38 .35
13 63.530 .35 .32
14 68.426 .32 .30
15 73.314 .30 .28
16 78.201 .28 .26
17 83.089 .26 .25
18 87.977 .25 .23

3pelative understatement.

Relative overstatement.

17




relative understatement

10 log (n ? 1)

10 log (n - 1) (13)

relative overstatement

where n = difference in output counts for signal-plus-noise
(VS + N) and noise (VN).

For the case of understating the output, the relative
effect is greater than that of overstating the output. Note
that as n increases, the relative effect of misstating the

output by one count decreases rapidly.

The accuracy of determination of o¢° is affected
directly for low signal level. Table I shows the difference
in counts (AC) or (millivolts)} for maximum and minimum errors
in dB.

It should be noted that the output counts from the
converter for noise and those for signal-plus-noise do not
represent proportionate voltage in the earlier stages of the
receiver. Relative backscatter noise voltages (V%) and
signal voltages [V;) are given in the S-193 data product
S062-15. These voltages are scaled from the actual measured
output counts to account for differences in amplifier gain,
integrator integration times, and integrator time constants
used for scatterometer signal-plus-noise and noise measure-
ments., The relationship between counts and relative back-
scatter voltages is given in equation (14) and figure 5.

The effect of Vé and V& upon the calculations of ¢° is
shown in equation (14). Equation (14) represents the method
used to calculate o¢° for thée S-193 data.

18



IC sec o

3 L4 p
A T

where
v KpKp |UT)g = (TC)e = Fg = Gg
;v [ OO, T
. N _ S N N (14)
VA
w
Kgs Kp» Kp = constants related to internal calibrate, receive,
and transmit path losses in the scatterometer
rf section
FC’ FS, FN = calibration, signal, and noise filter coqstants

The subscripts S, N, and C in equation (15) refer to scat-
terometer signal-plus-noise, noise, and internal calibration
measurements respectively.

_ 5
V., = _Em_ x Counts
N 1023
V. = > x Counts
C 1023

Vg = Vg - q X (IT)S/[TC)S - (IT)g x drift

Vy = Vy - @ x (IT)y/ (T0)y - (IT)y x drift

19
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Vg VN’ Vv

IT, TC

drift

= Vo - q x (IT)C/(TC]C - (IT)C x drift
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[
(]

signal-plus-noise, noise, and internal calibra-

tiom voltages input to the A/D converter.

corrected signal-plus-noise, noise and internal
calibration voltages at the integrator output.
The correction is for integrator drift.

signal-plus-noise, noise, internal calibration

_voltages into the scatterometer processor mul-

Il

il

tiple gain amplifier

integrator integration time and time constant

values
integrator drift
integrator drift correction

amplifier gain
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To relate the effect of understating or overstating the
output of the A/D converter to these voltages, table II
and subsequent analysis are used. These data for EREP
pass eight, time slice six, utilize data products S062-1,
S062-15, and S062-16. This is an ITNC mode of operatiom.
The purpose of this analysis is to show that even though
more than one or two counts difference between signal-plus-
noise and noise measurements may exist, the effect of inte-
gration times, time constants and gains on voltages that are
subsequently converted to counts may be misleading. That
is, because of the difference between small signal-plus-noise
to noise measurements, A/D converter granularity-induced
errors may result in an erroneous value of calculated o°
which, in net effect, limits the lower extent of the effective
dynamic range that the scatterometer data user can confidently
utilize.

Note understating the A/D converter output for each of
the data points in table II. The difference in output counts
(n) from the A/D converter for scatterometer signal-plus-noise
and scatterometer noise as presented in the raw data is n
counts, whereas for this case it should have been (n - 1)
counts. A similar set of parameters is computed for table IV.
The variation 15 assumed to be in scatterometer signal-plus-
noise while the scatterometer noise and calibration output
values remain constant.

Thus from table IV, the change in scatterometer signal-

[}

plus-noise counts by a minus one count for o values less

kel

than - 31 dB changes the values of ¢ drastically. Since

the values of o¢° Dbelow -31 dB are subject to the limitations

o

of the A/D converter, these o¢° values should be used with
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TABLE II. — SCATTEROMETER DATA AND VOLTAGES AS CALCULATED
FROM MEASURED A/D CONVERTER OUTPUT
Data M§g§226d Me§§:€ed ¢° (dB) Vé' (volts) VﬁJ (volts) V; (volts V& (volts)
pt counts counts PDP {calculated) | (calculated) | (calculated) | (calculated)
" output output
1 34 41" ~36.47 . 0409 .0374 .17348 .1422696
2 34 42 -35.24 .0421 .0374 .17857 1422696
3 34 46 -32.26 L0467 .0374 .19808 . 1422696
4 34 49 -31.14 .0502 . 0374 .21292 .1422696
5 34 64 -27.21 .0674 .0374 .28587 .1422696
6 34 94 -24.11 .1020 .0374 .43263 .1422696




ve
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TABLE I11I. — UNDERSTATED SCATTEROMETER DATA AND VOLTAGES AS CALCULATED

FROM ANALOG OUTPUT DATA

Measured | Modified Modified Modified Modified Modified -
Data | noise scat v v Voo v Modified
pt counts counts S N S N ¢® (dB)
output output (calculated) | (calculated) | (calculated) [{calculated)
1 34 40 .1688098 .1422696 .039821 .0374 a
2 34 41 173708 .1422696 .040900 .0374 -47.45
3 34 45 .193258 .1422696 045564 L0374 ~33.22
4 34 48 .207921 .1422696 .049021 L0374 -31.72
5 34 63 .281235 .1422696 .0663062 .0374 -27.40
6 34 93 LA54545 .1422696 .107167 .0374 -24.19

-aBy decfeasing the value of scat counts by one, the value of PR/PT became negative

so that the value of o°

in dB cannot be expressed.
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TABLE 1IV.

— COMPARISON OF ¢°

UNDERSTATES A/D CONVERTER OUTPUT

AND SCAT COUNTS THAT

Modified

Data Me:igzed scat counts Migigzed Measured Modified AG®
t counts output due counts o o° dB

P to quantizing dB dB

output eTTOT output

1 41 40 34 ~36.47 a a
2 42 41 34 -35.24 -47.45 -12.21
3 46 45 34 ~-32.26 -33,22 ~0.96
4 49 48 34 -31.14 ~31.72 -0.58
5 64 63 34 -27.21 -27.40 -0.19
6 04 03 34 -24.11 -24.19 -0.08

became negative so that the value of o

aBy decreasing the value of scat counts by one, the value of PR/PT
in dB cannot be expressed.

<




caution. Again although the measured difference in noise
counts to signal-plus-noilse counts for data points number
one through four was seven to 14 counts, a variation in the
scatterometer signal-plus-noise by one count caused result-
ing variations in o¢° of one to twelve dB in the negative
direction.

The error caused by an increase of one in the count
difference between the signal-plus-noise .and noise outputs
from the A/D converter is next considered. This corresponds
to overstating the output as given in table I and discussed
earlier. The results are given in table V.

The output counts and scatterometer data from tables III
and V are shown in table VII. This allows for a quick com-
parison of values of the two possible A/D converter outputs
generated by the quantizing of the A/D converter signal.

In conclusion, there must be at least 14 counts difference
in the output of the A/D converter for signal-plus-noise and
noise to ensure data quality. Thus o¢° valué&s below about
-31 dB should be used with caution.
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TABLE V. — SCATTEROMETER DATA AND VOLTAGES CALCULATED FROM
ANALOG OUTPUT DATA THAT OVERSTATES OQUTPUT
Data | Noise Mogiﬁied Modified v Modified vy~ | Modified
pt counts Counts Vg Vg N o°
1 34 42 178596 1422696 | .0421072 .0374 -24.0
2 34 43 .183483 .1422696 | .0432594 | .0374 -32.36
3 34 47 + 203034 | 1422696 0472252 | .0374 ~-31.48
4 34 50 217696 1422696 .0513257 .0374 -30.63
5 34 65 .291010 1422696 0686106 .0374 -27.03
6 34 95 437638 | .1422696 .1031811 | .0374 -24.03
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TABLE VI. — COMPARISON OF ¢° AND SCAT COUNTS CAUSED BY
QUANTIZING MINIMUM ERROR
Modified ’
pt counts to quantizing counts dB aB dB
outputs minimum error output
1 41 42 34 -36.47 -24.00 +12.47
2 42 43 34 -35.24 ~-32.36 +2.92
3 46 47 34 -32.26 -31.48 +0.78
4 49 50 34 -31.14 -30.63 +0.51
5 64 65 34 -27.21 -27.03 +0.18
6 94 95 34 -24.11 ~24.03 +0.08
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TABLE VII. — A COMPARISON OF SCATTEROMETER DATA CAUSED BY
INCREMENTAL CHANGES IN A/D CONVERTER

Modified scat counts Modified scat counts

Scat output ¢° and ¢° for understate- and 0° for overstate-

Data counts (SC) ment of A/D converter ment of A/D converter

pt output (Sc—l) output (Sc+1)

Counts ¢° (dB) Counts ¢° (dB) Counts ¢° (dB)
1 41 -36.47 40 a 42 -24.00
2 472 -35.24 41 -47.45 43 -32.36
3 46 ~32.26 45 -33.22 47 -31.48
4 49 -31.26 48 -31.72 50 -30.63
5 64 -27.21 63 -27.40 65 -27.03
6 94 24,11 93 -24.19 95 24,03

aBy decreasing the value of scat counts by one, the value of PR/PT becomes

negdtive., Thus the value of ¢° 1in decibels cannot be expressed.
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3.0 CALCULATION OF RADAR CROSS5-SECTION

The radar cross-section o (or backscatter) of a target
is defined as a quantitative measure of the ratio of power
density in the vector signal, scattered in the direction of
the receiver, to the power demnsity of the radar wave incident
upon the target (ref. 6). The normalized radar cross section
is defined as (ref. 2}

o . 4TrRZ Average Power Scattered Back to Radar

© Power Incident at the Surface

(16)

According to Kaufman, "No satisfactory general theory
for predicting radar backscatter from terrestrial surfaces
exists. Such surfaces, even one as simple as the sea, cannot
be described accurately in mathematical terms. Also, most
schemes for the theoretical evaluation of o° rTequire approx-
imations that constrain the result to a limited subset of
terrestrial surfaces. Nonetheless, for simple surfaces, theory
can provide reasonable estimates or bounds for the radar cross
section” (ref. 2).

The mathematical models available for calculating ¢°
are of three types. They are: (1) semi-empirical-models,
(2) geometrical models, and (3) statistical models, all of
which are discussed in depth elsewhere (ref. 2 and 8). For
the SPE-005 task, only the results derived from statistical
models will be used and are given later without derivation

=}

(ref.- 2). Only normalized cross section o is considered

here. These statistical models have the following constraints:

1. The distance from the radar tc the radar target is
assumed great enough so that the electromagnetic
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wave incident upon the radar target or rough
surface can be considered a plane wave. Corres-
pondingly, the reflected wave from the target to
the radar receiver can also be considered a plane
wave at the receiver.

2. The radar return from subsurface features is not
predicted.

3. The radar target is considerably larger than the
transmitted radar signal wavelength.

4. The radar target has isotropic statistical properties
which are time-invariant.

5. The dielectric constant at the surface is assumed
constant over the radar target.

For any rough surface, the measured and calculated value

of the normalized radar cross-section (c°) is dependent upon
several factors:

1. The wavelength of the transmitted radar signal.

2. The surface profile of the scattering target.

-

3. The complex dielectric constant €. = €, - ja;'

4. The angle at which the incident wave strikes the
rough surface.

5. Polarization of the incident wave.

For a smooth surface without any roughness, an incident
wave would be reflected according to Snell's Law. The ampli-
tude of the reflected wave would be equal to the incident

wave times the proper polarization dependent Fresnel reflec-
tion coefficient.
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The Fresnel reflection coefficients are given as (ref. 2
and 9)

_ 22 1/2
€..Cosq (er sin o)

R, = (17)
H ercosa+(ar~sin2ajl/2

cosa—(er—sinza)l/z

Ry, = (18)
v cosa+(er-sin2a)177

where o 1is the angle of incidence, i.e., the angle between
the incident wave and the normal to the surface at the point
of incidence. €. is the relative electric permitivity of
the surface. The H and V subscripts indicate horizontal
and vertical polarization of the incident wave.

For a rough surface, statistical models, which describe
the surface, customarily treat the surface height variations
about a mean planar surface as a random variable. Associated
with the random variable or surface height are a set of
statistical parameters, i.e., surface height distribution
function, correlation function, etc. An rms surface height
(6) is associated with the distribution function and a cor-
relation length (f) i1s associated with the correlation func-
tion. For a Gaussian distribution function, a mean square
slope can be defined as follows (ref. 2).

s? = 202/9° : (19)

All the statistical models used in this report are based
upon a Gaussian surface height distribution. 1In the case of
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a smooth surface, the power component of the scattered wave
is called the "coherent" component because a constant, easily
predictable, scattered field amplitude and phase pattern
exist at a given point for a given surface position.. This

is specular reflection. As the surface roughness increases,
the scattéied wave is reflected not in a manner described

by equation 17 and 18, but instead, in a much more complex
manner. This scattering is termed both specular and non-
specular, and the scattered power component in the non-specular
direction is termed "incoherent." For the incoherent scat-
tered wave, the phase is a random variable. As the roughness
increases, the incoherent component dominates over the
coherent compoment. For o (the rms surface height) greater
than a wavelength, the coherent component is unrecognizable.

Essentially, all natural surfaces have what is called
composite roughness (ref. 2). Generally, this is a '"very
rough' surface profile termed large scale roughness along
with a "slightly rough' surface profile termed small scale
roughness. For large scale roughness o>>x and for small
scale roughness o<<A. Both types of roughness scatter only
incoherently since the coherent component of the scattered
wave 1s suppressed by the large scale roughness. For example,
mountains and valleys would represent large scale roughness
whereas foliage on these mountains and valleys would represent
the small scale roughness. Similarly, for the ocean, gravity
waves would represent large scale roughness, and capillary
waves imposed on the gravity waves would represent small
scale roughness.

When the incident wave 1is near the normal to the mean
planar surface so that the angle of incidence (a) is.,almost
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zero, the radar backscatter is primarily due to large scale
roughness (ref. 2). For angles of incidence greater than
30°, small scale roughness is the dominant influence on

radar backscattering (ref. 2 and 9).

The statistical models used in calculating the normalized
radar cross-section for purposes of evaluating the S5-193
scatterometer receiver performance are given here (ref. 2).

Three requirements listed by Kaufman are:

(1) #<<A, i.e., the correlation length of the surface
roughness is much less than the dimension of the

illuminated area.

(2} The surface slopes S, are less than .3 in magnitude.

(3) fe ]l > 1.4

A composite model is used so that individual equations
for large scale roughness and small scale roughness are
combined to give a resultant ¢° . From the equation (18)
for large scale roughness, there exists the following:

(1) UiS (large scale rms height)>>2

(2) Spgs g

(3) QLS; correlation length

large scale rms slope

and for small scale roughness:

(1) ogg <l

(2) Sge<<l

35
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The equations, which calculate the component of
backscatter due to large scale roughness, express o¢° in
terms of the mean square slope and not rms height (GLS) or

correlation length (QLS).

The backscatter component, éalculated by the equations
related to small scale roughness, expresses cgs in terms
of the rms height (GSS} and correlation length (QSS) and not
the mean square slope (SSS }.- Therefore, even though there
is a mean square slope, rms height, and correlation length
associated both with large and small scale roughness, the
use of subscripts will be dropped. However, S2 refers to
the mean square slope for large scale roughness, and ¢ and
& refers to rms height and correlation length for small scale
roughness in the following equations. The normalized radar
backscatter that is derived from the two different roughness
models will be appropriately subscripted.

For large scale roughness, UES is expressed as (ref. 2
and 9).

G° . = Sec4a lR(O)IZ exp (~tan2a) (20)
LS 542 252
where
1- /€
{R(0)} = jfj?:fgg
T
and is dominant for small o . Note that the effect of

polarization is not included here. R({o) comes from the
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Fresnel reflection coefficients for small o and g€, 1s

the complex permitivity for the particular radar target in
question. For small angles of incidence, Kaufman differen-
tiates between horizontal and vertical polarization in his

expressions for large scale normalized radar backscatter
(ref. 2). ‘

For horizontal transmit and receive polarization and
large scale roughness, the backscatter is given by

2 2
o = -—-——1 2 R, - tan” «
SHAHLS 252 Rh sec o * (Rh 1) Kl tan o exp (-ES_T)
where
e. Cos a - (e, - sin? o)l/2

R, = L

h e, cos a + (g, - sin? ) 1/2

Cos o

K, =11~ tan o (21)

L [ Gr~sin2a)l/2]

For vertical transmit and receive polarization and
large scale roughness, the backscatter is given by

o 1

SYVLS 7
2s

2\ I2 " 2
an
Rf sec” o + (Rv+1) KZ tan o exp (}—5;7—9)
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where

cos o - (ar - sin2 a)l/z
Ry = 2 172
cos o + (er - sin® g .
_ Er(l - er) sin o (22)

K, = > S \I72
(Er - sin a) o cos o + (Er - sin u) n

For small scale roughness, the normalized radar back-
scatter 1s given by

o 22,2 z 4 22 .2
Ofpgs = 4K7072%ayp]° (cos™a) exp (-k“27 sin®a) (23)
where
. _ €, - 1
hh 17272
- cos a + (g - sin“a)
[+ 2.2.2 2 4 22 .2
yvss © 4k"c72 ]uvvl (cos o) exp (-k"2" sin®a)
where

.2
) (sr-l)[(er-l) sin® o + er]
Lyv ‘ 5 1/2'7
€, COS o + (sr - sin a)

and the condition (2mo/A<1) is applicable. Kaufman has

(24)

accounted for polarization dependence here.
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The composite normalized radar cross-section is given as
o“ToraL = 9ss * 9Is (25)

and
GOTO‘TAL(dB) = 10 log; (0 porar) (26)

Note that G%OTAL depends upon the particular polari-
. [=] o
zation of Ogg and O1g -
Kaufman has an expression for the case where the cross-
polarized normalized radar backscatter is desired. It is
(ref. 2}

2

A | |2 (-tanza)
o = g = R, + R exp | ———— (27)
VH HV 8ﬂ2025in2a H Vv 252
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4,0 GROUND TRUTH AND A SENSITIVITY ANALYSIS
IN DETERMINING ¢° AND Pp

4,1 INTRODUCTION

Basically, the ground truth used in evaluating the
85-193 scatterometer for SL2/SL3 is available from four

sources. They are:

(1) Radiosonde data

{(2) National Oceanographic and Atmospheric Administra-
tion data

(3) JSC aircraft flight data

(4) Various independent studies of related ground scenes.

There are basic limitations in obtaining the necessary

ground truth for calculating ¢°

and they are:

(1) Wind speeds and temperature data recorded at times
and/or locations other than that actually covered
by an S5-193 pass.

This is the case for wind velocity measurements over the

ocean. This presents problems in estimating 82, 02, and 22

(2) Geologic surface information not thoroughly mapped,
as an example, the Great Salt Lake Desert.

The four basic parameters to be determined from ground
truth are 82, o, % and e . ‘
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4,2 GROUND TRUTH FOR THE GULF OF MEXICO

The first quantity to be determined here was e, , the
complex relative permativity for the ocean water at the
surface.

The value of €. is needed in calculating RH’ RV’

R(0O), Kl’ KZ’ Onn and oy as given in the preceding section.

Data has been taken for gvaluating the relative permitivity
(er] of sea water. Since the incident radar beam 1is reflecped
in a manner almost entirely dependent upon the properties of
the sea surface (or ground surface), the equations predicting
o° are based upon surface properties. For example, certain
properties, such as sea temperature, vary with depth. The
value of €. at the surface is dependent upon temperature,
salinity, conductivity and frequency. As for frequency
dependence, it can be seen from figures 6 and 7 that the _
real part of o varies rapidly with frequency, and the
imaginary. part of €. is relatively constant for frequency
variations between 10 GHz and 30 GHz. The complex permitivity
was calculated from existing ground truth and established
data that provide parameters mnecessary for computing e.,
From Paris, the real (s;) and imaginary (e;‘) parts for
the complex permitivity of the sea surface are determined
from the following equations (ref. 10).

Ep T By 7 JE;

m
il

_sw + (ss - g )/(1 + wz'rz)

T
£ = w(le, - e)/(1 - wZTZ) + o./we (28)
T S oo i’" Yo .
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where radian frequency of the incident energy

o; = ionic conductivity
T = relaxation time
€ = a constant
-9
_ 10
EO '36—1'];‘——— Farads

eg =-static relative permitivity

The values of Ec» T, O; are determinable if the
temperature of the water as the surface is known (ref. 10).
From Pierson (ref. 11) and National Oceanographic and Atmos-
pheric Administration (NOAA) data the temperature of the
water at the surface in the Gulf of Mexico was about 27° C
for Pass 8 (SL-2) and a value for salinity of 35 percent
was used in obtaining equation (29) (ref. 10 and 11).

e. = 47.63 - j36.39 (29)

An interesting and important fact is that rain, over
a given ‘area of salt water, will reduce salinity at the
surface for up to two hours after the rainfall. Correspond-
ingly, the value of €n will change (ref. 11). NOAA reports
no rainfall just prior to SL-2 Pass 8 over the Gulf of Mexico.
Hence, for purposes of calculating o¢° , which requires a
knowledge of €. over the radar site, it has been assumed
that the salinity and water surface temperature have remained
essentially constant for this data-take. Therefore, the
value of ¢ is assumed constant for the SL-2 Pass 8 over

T
the Gulf of Mexico.
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4.3 DETERMINATION OF SURFACE PROFILE

The surface profile of the radar target determines the
large scale and small scale roughness. For the SL-2 data
site to be analyzed, the Gulf of Mexico was selected. The
primary factor in determining the ocean's surface profile
is the surface wind. From Phillips, (ref. 12) large-scale
roughness is ascertained. J. Wu (ref. 13) has done detailed
work relating wind velocity and ocean surface profile. From
his work, the small scale roughness parameters were estimated.
When determining the small scale roughness parameters, the

following criteria were obsexrved (ref. 2 and 9).

zﬂcss/h<<1
2
g
2 _ 58
Sgg = 2;2— (30)
SS

assuming a Gaussian surface distribution.

The wind velocity history along the SL-2 FOV path prior
to 5-193 scatterometer measurements i1s not precisely known.
According to NOAA weather data, wind velocities in the Gulf
averaged approximately 11 knots during data acquisition for
Pass 8, time slice 6. The following scatterometer backscatter
calculation analysis gives some degree of sensitivity of

¢° to ground truth accuracy.

Only large scale roughness at low incidence angles will
be considered. For this case

4 2
g° = seczu IR(OHZ exp (ﬂtanza - (31)
28 28 :
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Let there be an error in the mean square slope because
of erroneously estimating the wind velocity. Then the mean
square slope will take on the incorrect value of 82 =
S2 * ASZ A new o¢° will be calculated (6°”) due to this
. . 2
incremental change in S

Q
o - g

R

Table VIII will indicate the error in o¢° due to ground

(33)

(73]

192
]

truth (wind speed) that is slightly in error.

A similar analysis could be done for small scale rough-

Q

ness and its effect on o This type of analysis is

applicable to land targets as well.
4,4 ATMOSPHERIC LOSSES

The rf 1ink equation (9) which relates transmitted and
reflected power from a target to received power does not
include effects from atmospheric loss along the transmit and
receive path. For the particular data sites selected to
calculate o¢° , and the corresponding value of Pp , there
was little attenuation in the atmosphere. It was approxi-

mately 0.2 dB (ref. 2 and 6).
4.5 SL2/SL3 GROUND TRUTH
Figures 8 and 9 show the field-of-view (FOV) path for

the 5-193 scatterometer for both SL2 (ITNC Mode) and SL3
(ITC Mode) and accompanying wind speeds. These wind speeds
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TABLE VIII. — SENSITIVITY OF

0® TO MEAN SQUARE

SURFACE SLOPE/WIND VELOCITY ERROR

Correct Calculated ¢° Correct Estimated
O from erroneous Ao® Correct ASZ wind wind
(4B) wind velocity {dB) g? velocity | velocity

(dB) (knots) (knots)
16.02 16.02 0 0.032 0 10 10
16.02 15.09 -0.9 0.032 0.002 10 9
16.02 17.103 1.08 0.032 -0.002 10 11
16.02 13.52 -2.5 0.032 +0.006 10 13
16.02 19.66 3.64 0.032 -0.006 10 7

Note that the change in large scale roughness (ASZ) is a result of
using an incorrect windspeed to calculate

gives a different o°

value.

This erroneous new S

yA




were used to determine the sea surface profile and calculate
a theoretical radar backscatter.
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5.0 SKYLAB S-193 SCATTEROMETER

INPUT/OQUTPUT CHARACTERISTICS

5.1 INTRODUCTION

For both SL2 and SL3, the following sections give the
input/output (I/0) characteristics for the S-193 scatterom-
eter. The input is in terms of the power received (PR] at
the S-193 parabolic antenna. The quantity Pp is determined
from calculating o¢° from the ground scene and utilizing
the rf link equation (9). The output, in terms of millivolts
(mv) into the integrator, is a measurement taken directly by
the S-193 scatterometer. This quantity was selected to
compare postflight data with preflight data that used voltage
into the integrator as the output. Actually, the output of
the 5-193 system was in terms of counts from the A/D con-
verter. In fact, the output of the whole system, as presented
to the user, appears on paper products and tapes. From the
I/0 curves given in sections 5.2 and 5.3, the linearity and
dynamic range of the $-193 scatterometer system itself will
be evaluated. No attempt will be made here to assess the
data handling beyond the output of the A/D converter. Also,
in sections 5.2 and 5.3, system linearity will be studied by
plotting the theoretical normalized radar cross-section versus
$-193 calculated (measured) normalized radar cross-section.

The linearity and dynamic range of a system may be
defined in several ways. For linearity, the output is
linearly proportional to the input. Linearity can be
expressed in terms of the maximum, output of the instrument.
This type of linearity is independent of the input and is
based on a percentage of "maximum linear range' oﬁtpdt.
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Thus, 2 percent linearity means that the output will be
within two parallel lines spaced %2 percent of the maximum
. output from the idealized output (ref. 14). In terms of the
5-193 scatterometer linearity, the curves relating thedretical
input (PR) to measured output (V*) and o¢° theoretical VS
0° calculated will be used to assess linearity. Maximum
output of the S$-193 scatterometer system occurs at saturation,
i.e., when the A/D converter output is 1023 counts for 5 volts

" into the A/D converter.

Dynamic range has a variety of definitions. The optimum
output dynamic range is from a high value at saturation (A/D
converter output is 1023 counts) to a low value where the
noise measurement output of the A/D converter output is
reached. Considering the A/D converter characteristiés dis-
cussed in section 2.3, a "safety'" factor of several counts
should be added to the noise measurement counts out of the
A/D converter. From the preflight curves, the 1 dB compres-
sion point below saturation for voltage into the integrator
occurs at an input power (PR) of -68 dBm. For saturation
of the A/D converter the input power as read from the graph _
is -70 dBm. Therefore, the A/D converter is a determining
factor in establishing the dynamic range of the $-193
scatterometer.

5.2 I/0 CURVES FOR ITNC SL2 DATA

For the SL2Z evaluation, ITNC scatterometer data taken
over Gulf of Mexico was selected. The ground truth is given
in section 4.3. For ground truth represented by an average
wind speed of 11 knots and water temperature of 27°C, the
theoretical I/0 curve as shown in figures 10 and 11 is gener-
ated. Figure 11 shows the predicted o¢° wvalue versus the
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S-193 measured o° values. For each set of data modeled’ ¢°
values for VV, HH, HV, and VH polarization were predicted.
Backscatter data for VV and HH polarization using equations
(20), (21), (22), and (24) showed very little variation

in composite o¢° values when modeled. Therefore, only VV
polarization backscatter was used in modeling. The cross
polarized o¢° model data was unusable in assessing S-193
scatterometer performance. Thus only GGV values are pre-
dicted. Since there are five look angles or scan modes for
the ITNC operating mode, when utilizing an "average'' sea
state, only five o° values can be predicted theoretically.
This is because there is only one set of large scale and
small scale roughness parameters (e.g., 82, hz, 22) for an
average sea state. The variable is the angle of incidence

(). For computing a theoretical ¢°

, four of the six
parameters are used. In modeling the sea state, by varying
the wind speed, which is analogous to a random sea surface

profile, a large set of roughness parameters are generated.

In figure 10 the center of the crosses represents
[} o
0% caleculated VEISUs 0 . . ured values for an average sea
state for one scan angle. The horizontal bars represent the

variation in o for variation in wind speed of

s}

calculated
up to 11 = 6 knots. The modeled values of ¢° presented
here are consistent with the typical o¢° values presented

in the literature. The vertical bars represent the variation
O 3 -

measured &5 given by the S-193 scatterometer data.

To correlate these five predicted values to each of the five

in o

scan modes, the measured o¢° values in a particular scan

mode are averaged to give five average o° values.
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y*(My) INTEGRATOR INPUT

LEGEND
¢ REPRESENTS THEQRETICAL INPUT POWER (PR)
FOR A MEASURED OUTPUT {V¥*) FOR A
GIVEN COMMAMD ANGLE (1,2,3,4,5)
PREFLIGHT $-193 1/0 CURVES BASED ON
AMPLIFIER GAIN
A\ SATURATION LEVEL
A NOISE LIMIT
1,000 |—
X
100 p— (3
MED HI GAIN
HI GAIN
e
A MED LO GAIN
LO GAIN
» PREFLIGHT DYNAMIC RANGE
| I | | i i
=130 -120 -110 =90 -80 =70 -60
Py (THEORETICAL) IN dBm AND MEASURED PREFLIGHT INPUT ( dBm)
Figure 10. — $-193 I/0 characteristics. Voltage into integrator

{V¥) versus input power to antemna (Pp); EREP Pass B time slice 6
operating mode ITIVC.
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o° (THEORETICAL) dB

Figure 11, — S-193 theorectical backscatter vs measured backscatter
EREP Pass 8, time slice 6, operating mode ITNC.
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From figure 10, the dynamic range is approximately 49 dB.
Saturation to high gain level noise outputs measurements are
used as a criteria. If the '"safety factor" for the A/D
converter is considered for low signal-plus-noise to noise
levels, the dynamic range is decreased about 1 to 2 dB. The
preflight measured dynamic range was 50 dB for the S$-193
scatterometer when using the MCF filter. This 50 dB range
included mean noise and signal.

5.3 I/0 CURVES OF SL3 ITC

Skylab 3 S5-193 scatterometer performance was evaluated
using ITC data taken over the Gulf of Mexico. The ground
truth is given in section 4.3. For an average wind speed
of 12.33 knots and water temperature of 30°C, the I/0 curves
shown in figures 12 and 13 are generated. These curves are
for EREP pass 20 time slice 4, when the $5-193 scatterometer
was operating in the ITC mode. As for linearity of the ITC
data, four of the five data points (MCF filter) were reason-
ably close to the idealized linearity curve. The one data
point exception was for the scatterometer operation with the
LCF filter. The gain curves were from preflight data for
the MCF filter.

The dynamic range of the SL3 ITC data varies from
Pp = 69.5 dBm at A/D converter saturation to -123 dBm. Thus
the optimum dynamic range here is on the order of 53.5 dB.

Figures 12 and 13 show ¢° versus ¢

[a]
measured calculated

values and V* versus PR curves respectively. The output

V# is the voltage into the integrator.
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* (MV) INTEGRATOR INPUT

LEGEND .
X REPRESENTS THEORETICAL INPUT POER (Pp)
FOR A MEASURED OUTPUT (V¥*) FOR A
GIVEN COMMAND ANGLE (1.2,3,4,5)
PREFLIGHT $-193 CURVES BASED ON
AMPLIFIER GAIN
A\ SATURATION
A NOISE LIMIT
1,000 }— @
() X
® X
L0 GAIN
100 —
MED LO GAIN
MED HI GAIN
d X
® £5% LINEARITY LIMITS
HI GAIN
A
o PREFLIGHT DYNAMIC RANGE
10 I I ] I | |
-130 -120 -110 100 -90 ~80 -70 -60
‘P, (THEORETICAL, dBm) AND MEASURED PREFLIGHT INPUT (dBm)
Figure 12. — S§-193 I/0 characteristics voltage into integrator (V*),

input power to antenna (PR), EREP Pass 20, time slice 4, operating
mode - ITC.
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-15
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o° (THEQRETICAL) dB

Figure 13, - 5-193 theoretical backscatter vs measured backscatter,
EREP Pass 20 time slice 4, operating mode ITC,
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6.0 CONCLUSIONS

From the results of section 5, the performance of the
S-193 scatterometer in both SLZ and SL3 did not vary appre-
ciably from that recorded in preflight tests. Nor was there
much indicated variation between SL2 and SL3 operation of the
5-193 when evaluating the ITNC and ITC data presented in sec-
tion five. Upon examining figures 10 through 13, it seems
that the operation of the scatterometer is linear. This
linearity depends not only upon the measured value of ¢°
but also upon the predicted value of received power (Pp).

A numerical evaluation of linearity is limited due to con-
straints in radar cross section modeling and ground truth.

The dynamic range of the instrument is on the order of
50 dB. However, it should be noted that the lower cut-off
value of the dynamic range will vary slightly from pass to
pass and time slice to time slice. This is due to variation
in the noilse for high gain amplification measurement from
time slice to time slice. In high gain operation, within any
one-time slice, the noise level measured varies only a few
counts. The measured noise is a function of emission from

the radar target and other sources as well as system noise.
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APPENDIX

The following two sets of tables show the maximum/
minimum ¢° value for SL2/SL3 scatterometer data.



TABLE A-I. — SL-2 DATA
P e ssite/ ode | pora | M,

1/2 ITNG Vv -13.71 ~28.16 14 .45
2/2 ITC N -2.43 -13.76 11.33
2/3 ITC HH " 8.55 -9.6 18.15
3/1 CTC N2 -4.72 -15.77 11.05
3/2 ITC \ats 5.57 -12.92 18.49
4/1 ITC vV 18.73 -13.14 3%.87
5/1 CTC vV 16.04 -7.48 23.52
5/2 ITC vV 7.08 -16.67 23.75
5/3 CTC Nt -7.38 -11.46 4.08
5/4 ITNC | Sequence 16.81 -42.97 59.78
5A/1 CTNC | Sequence 14.13 -33.95 48.08
6/2 CTC vV -5.31 -11.32 6.01
6/3 ITC N 19.6 -11.82 31.42
6/4 ITC HH 8.5 -22.15 30.65
7/1 ITC vV 5.70 -15.59 21.29
7/2 | ITC HH 5.69 ~23.13 28.82
7/3 CTC | Sequence | -4.66 ~-33.22 24.66
8/1 CTC vV -7.89 -12.67 4.78
8/2 ITC Al 1.89 ~13.66 15.55
8/3 ITC VH

8/4 ITC HH 5.11 -14.78 19.97
8/5 ITC HV -3.5 -18.78/ 15.28/

. -42.1 38.6

8/6 ITNC | Sequence 16.47 -45.67 62.14
8/7 ITNC | Sequence | 14.54 -46.21 60.75
8/8 CTC HH/VV -4.83 -11.77 6.94
8/9 CTC HH _7.23 -7.98 2.75
9/1 ITNC | Sequence 14,91 -35.8 - 50.71




TABLE A-I,

— SL-2 DATA — Concluded.

sngp ase 80/ [ gy | pos x| wmen [ s
10/1 ITNC Sequence | -20.1 ~-63.57 43,47
10/2 ITNC HH 4.07 -73.92/ 1 77.99/

-60.3, -30.66 34.73
10/3 ITNC HH 11.45 -36.29 47.74
10/4 ITNC HH -39.27 -43,26 3.99
10/9 CTC VvV 20.66 -13.21 33.87
10/10 CTC HH 20.45 -6.46 26.91
10/12 CTC HH ~0.73 -9.21 2.48
10/13 CTC VvV -6.1 -9.76 3.66
10/14 CTC Vv -5.83 -47.14 41.31
11/3 ITC VH -3.85 -42.60 | 38.75

Gulf
11/4 CTC VV/HH <2
1C1/1 Rad
only
1.C1/2 No
S062-C

LC1/3 1 data point nonzero at -40.87 )
LC1/4 CTC \AY -33.67 -48.06 14.39
LC1/5S ITC Vv -38.14 -51.46 13.32
LC1/6 ITNC Sequence | -37.83 -52.47 | 14.64
LC1/8 CTNC Sequence | -33.14 -51.72 18.58




TABLE A-II. — SL-3 DATA

EP RO/ | wese | more | Mems® |Mmst | e
12/1 CTC R/S HH 14.11 | 6.74 | 7.37
12/2 CTC R/S vV 16.1 | -9.41 |25.51
12/3 CTC R/S vV -7.22 |-26.53 {19.31
12/4 CTC R/S HH -6.59 |-12.57 | 5.97
12/5 CTC R/S HH 16.43 | -6.38 |22.81
12/6 CTC R/S vV 14.39 | -8.79 {23.18
12/7 CTC R/S vV 13.70 | 7.14 | 6.56
12/8 No data
12/9 CTC Scat HH -5,16 | -9.05 | 3.89
13/1 CTNC R/S | Sequence 13.26 |-35.66 |48.92
13/2 ITNC R/S Sequence 13.39 [-33.11 l46.5
13/3 CTC R/S vV -1.90 | -9.52 | 7.62
13/4 CTC R/S HH ~2.41 | -9.40 | 6.99
13/5 CTC R/S HH 17.34 {-11.96 |29.30
13/6 CTC R/S vV 20.91 | -6.48 [27.39
13/7 CTC Scat HH -5.55 | -6.07 | 0.52
13/8 "CTC R/S VvV -6.51 [-10.86 | 4.34
14/1 ITNC R/S Sequence 14.47 |-41.90 {56.37
14/2 ITNC R/S | Sequence -8.12 |-27.21 |19.09
15/1 ITNC R/S HH 14.71 |-13.88 |28.59
15/2 ITNC R/S vV 8.86 |-44.17 |53.03
15/3 CTC R/S vV -6.99 {-12.35 | 5.36
15/4 CTC Scat vV 16.79 | -7.28 |24.07
15/5 CTC R/S vV 14.56 | -5.41 |19.97
15/6 CTC R/S HH 6.17 | -7.12 |13.24
15/7 CTC Scat HH ~4.70 |-12.94 | 8.29
15/8 CTC R/S vV -7.58 [-11.15 | 3.57
15/9 CTC R/S HH -7.51 [-10.09 | 2.58
15/10 CTC R/S HH -4.57 |-48.14 |43.57




TABLE A-II. — SL-3 DATA - Continued

R e S1i00/ Mode Polz M%ng M%SB? %gB)
16/1 CINC 4R2/5 |Sequence 14.38 | -43.89 |58.27
16/2 ITNC R/S Sequence 17.79 | -44.54 162.33
16/3 CTC R/S Vv -2.17 | -19.54 |17.37
16/4 CTC R/S Vv -8.81 | -11.72 | 2.91
16/5 ITNC R/S A% 14.13 | ~24.82 |38.95
16/6 CTNC L R/S vV 14.59 | -32.70 {47.29
16/7 CTNC L R/S vV 2.10 | -26.92 }29.02
16/8 CTC Scat vV .24.99 | -11.86 [36.85
16/9 CTC R/S Vv -4.32 | -25.64 120.82
17/1 CTC R/S vV 15.36 | -9.45 [24.81
17/2 CTC R/S HH 19.60 | -7.57 j27.17
17/3 ITNC R/S Sequence 14.73 | -34.14 |48.37
17/4 ITNC R/S Sequence -6.16 | -14.62 8.46
18/1 ITC R/S HH 5.98 | -50.53 [56.51
18/2 I No data
18/3 CTC Scat VvV ~3.96 | -45.24 |41.28
18/4 No data
18/5 CTC Scat HH -4.49 | -10.28 | 5.79
19/1 CTC R/S HH -3.60 | -23.06 |19.46
20/1 ITC R/S HH 13.80 | -16.09 [29.89
20/2 CTC R/S \a% 0.71 | -10.78 |11.49
20/3 ITC R/S \a% 7.38 | -41.96 [49.34
20/4 ITC R/S Vv 15.89 | -50.47 |66.36
20/5 CTC Scat HH -5.27 | -10.84 | 5.57
LC Data
21/1 CTC R/S HH 20.90 | -13.19 |34.09
21/2 CTC R/S HH 19.60 { -34..36 |53.96
21/3 CTC R/S vV 17.69 | -4.80 [22.49




TABLE A-II. — SL-3 DATA — Concluded
o . ° o
R rine sana! Mode Polz Ma(lz*i]s()j MI(EBSI %33)
22/1 CTC R/S HH 19.80 |-10.55 {30.35
22/ 2 CTC R/S HH 17.74 -6.00 {23.74
22/3 CTC R/S HH 18.58 -5.27 123.85
23/1 CTNC L R/S | Sequence 14.16 {-53.48 {67.64
24/1 CTC R/S vV -9.27 1-24.37 {15.16
26/1 CTNC R/S Sequence 18.20 |-49.37 |67.57
27/1 CTC R/S Vv 6.43 1-18.03 |24.46
27/2 CTC R/S HH 18.21 |~17.32 {35.53
28/1 CTC R/S A'AY -5.36 {-34.68 |29.32
28/2 ITC R/S LAY 7.73 |-14.24 |121.97
28/3 ITC R/S HH 13.12 |-10.70 |23.82
29/1 ITNC R/S Sequence 18.76 |-63.17 |81.93
30/1 ITC R/S Vv 13.62 {-15.52 [29.14
31/1 {LCTC R/S \'AY 20.85 -7.05 |27.90
31/2 CTC R/S HH 21,37 {-14.41 (35,78
31/3 CTC R/S A'A 21,31 {-10.,42 |31.55
31/4 CTC R/S \'AY -5.71 | -14.16 8.45
31/5 CTC R/S A'A'l ~8.58 -8.63 {17.21
31/6 No data
32/1 ITC R/S Vv 1.62 |-10.79 |12.41
LC3 Data
34/1 to 35/7 No data
38/8 CTC Scat VvV 14.45 -6.55 | 21.00
39/1 ITC R/S A'AY 18.13 [ -12.19 |30.32
39/2 ITC R/S HH 12.84 -10.23 {23.07
40/1 CTC R/S LAY -5.66 | -15.36 8.70
40/2 ITC R/S VH 12.86 | -53.14 | 66.00
43/1 CTC R/S A'A" ~32.74 | -44.16 |11.41
43/2 ITC R/S VvV -14.12 | -35.48 | 21.36
43/73 CTC Scat Vv -30.58 | -46.16 |15.58
43/4 ‘No data
43/5 ITC R/S A'A" -16.53 | -35.74 | 19.21
43/6 No data

A-6




