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~ CIZIGN DATA FOR RADARS BASEN ON 13.9 GHZ
" SKYLAB 0® MEASUREMENTS

‘by |
R. K. Moore

The University of Kansas Center for Research, Inc.
Remote Sensing Laboratory
Lawrence, Kansas 66045 .

ABSTRACT

o Measurements made at 13.9 GHz with the radar scotfefoinefer on'Skylob have
been combined to produce median curves of fhe variation of scattering coefficiént with
‘.ongle of incidence out to 45°, Because of the large number of observations, and the
large area averaged for each measured data point, these curves may be used as a new

" design base for radars. Comparison with models for scattering shows that the best fit to

the ‘opbservations is : .

T =1.29 e & o<@<i2®
- _ (%48) .
=0.29 & 12°2.8< 45

A reasonably good fit at larger angles is obtained using the theoretical expression
~ based on an exponential height correlation function and also using Lombert's law. For -
angles under 10°, a different fit based on the exponential correlation function, and a

fit based on geometric optics expressions are both reasonably valid.,




INTRQDUCTION

The 13.9. GHz'scatfero-meter on Skylcb mcde thousands of measurements of
scattering coefficient ot angles of incidence between vertical and about 45°. The
measurements made during the summer of 1973 over ihe United States have been com‘*'ned -
to produce a curve of the median scattering coefficient for these angles, as well os a
range from the values exceeded 109% of the time to those exceeded 90% of the time.

These results provide new data that can be useful in the design of radars, particulariy -
as they relate to design of STC circuits. Use of the decile values must be done with
caution, however, for they only apply fo those cases for which the resolution cell is
large enough to average out the much wider fluctuations expected for smaller areas.

The observations have been compared with several of the theoretical and empiri-=

cal models used in the past to describe ground backscatter: Lambert's Law, geometric
optics, Kirchhoff approximation with exponential form of the autocorrelation of surface
-heights, and exponentfal angular variation, None of these fits the data over all ranges
of angles, but a dual _expdnehticl seems to gfve the best results and geometrical optics
‘the worst. This is particularly interesting since lunar returns have been shown to follow
a law based on the use of the exponential correlation coefficient in 1he Kirchhoff

~approximation of physical optics.

THE SKYLAB RADAR SCATTEROMETER EX‘PERIMENT

Skylab was a manned spacecraft launched in May of 1973 and occupied by three
_different crews, one in May and June, one in August and September, and one from
November into FeBrucry of 1974, The spacecraft contained a set of earth resources.
experiments, including o microwave radiometer-scatterometer (Experiment S=193).
Characteristics of the RADSCAT instrument have been described in various NASA pub-
lications and in some journals, so only the briefest summary will be included. |

The Skylab RADSCAT instrument operated at a frequency of 13.9 GHz (wave lengfh
2,16 em). 1t used o parabolic antenna with approximately a two degree beam af i
half-power point. This beamwidth was éfr’ectively 1.54 degrees for the scatterometer

where the two—way holf-power puint is used. The antenna could be mechenically scanned



in four different modes-
' Y. In-Track Non"Conhguous (Ower!apping measurements at angles of
0, 15, 29, 40 and 48 degrees between the antenna.pointing direction
and the vertical ot the spacecraft, with 100 kilometers between ceriers
~ of each set of measurements) ' . ]
2. Cross-Track Non=-Contiguous (Measurements at the same angles of
" incidence, but perpendicular to the track so they are spoced approxi=
mately 100 kilometers rather then cverlcpping)
3. In=Track Contiguous (Points at the same angles as for 1 and 2 for
scatterometer and intermediate angles for rcdlometer, w:fh the points
spaced approximately 25 kilometers)

"4, Cross-Track Conhgucus (12 points over a 22 degreé angular range

about the center point; center point may be vertical or tilted chead
- or to the side by 15, 30 or 40 degrees)
The radiometer had a precision (17) vhich varied with mode, but was in the
neighborhood of 1°K. The scatterometer had a precision which varied with mode, but was .-

usually between 5 and 7 percent (about 0.25 dB). In the non-contiguous modes, the

radiometer received both horizontal and ve'rticqlpolcrizdi ion, and the scatterometer
- transmitted horizontal, receiving both horizontal and vertical. In the contiguous modes,
when both radiometer and scatterometer were used, the transmission for the sc‘cf.ferom.eter-
was with the same polarization.as the selected radiometer and scatterometer receiver
polarization. It was also possible to operate in a radiometer-only or a scoh‘ercméfer*only |
mode, in which case both vertical and horizontal polarizations were used.

~ Inthis -pcper we summarize scattering coefficients measured over land during the .
two summer occupancies of Skylab; data from the winter occupancy will be reported later,
and oceanic results have already been‘,repvort'ecl..2 The measurements reported here were
made over the United States on numerous passes of the spacecraft. Most of these involved
the CTC mode at 0%, 15°, or 29° pointing angles, but many data points were also ob-
tained using the ITC mode. The area covered is shown in Figure 1. Although it is
weighted somewhat towerd the western part of the U:S., the long ITC pass parallel to
the east coast heips to balance this.

One of the passes was over tne salt flats near Great Salt Lcke, and the near=

verti cc! values were > very -1*5'1 for this pass while the off-vertice! volues ure lower,



The some can be soid. ‘or those pcsscs pcrfly over v.cter. Accordmgly, the resultmg

‘discarded for ihe resul.s repor.ed here. Thus, tbme results are representohve of lcn:

_that does nct zeoatain large areas of mirror=flat (at centimeter vertical scale) terraiii.

EXPERIMENTAL DATA

Histograms were prepbred of the responses at the various angles. These have
already been reported orally.” An example of the kind of variation that occurs in an
~ angular range having large numbers of samvples is shown in FigU}e 2, where the histogram
for the 32-33° incident angle range is shown. The felofive[y small spread in the measured
values is probably largely due to the size of the resolution cells (éllipses about 12 x 14km);
each value is thus an average over o quite large area. If smaller resolution cells had
been used, one would expect that the range of variation would be much larger. Thus,
_the spread in the data reported here can only be considered representative for radar
systems illuminating large orecs in edch resolvable element. On the other hand, the
average or median values reported here should be represenfcmve of similar values regcrd'
less of cell size, _ v

~ Observed scattering coefficient values seem to split naturally into two regions:
below 10 or 12°, and above that angle. Consequently, the range of small angles is
presented here in mor: detail. This is also possible because more measurements were -
made at each angle in this region than were possible at angles far away from the central
angles of the scan. _ | o L

Figure 3 itlustrates the variation of mean sco.Hering-coeFficient with onglé. in this
near-verfical region, along with the upper and lower decile boundaries. The farger °
variation in return at 1.5° is interesting, for this occurs even after excluding the mode
in the distri'bufion associated wifh‘speculcr returns from water and salt flat.

Figure 4 shows the varigtion over the entire rcngc of angles. Experimental points
selected for preparing this figure include only those where there were at least several
hundred hundred data points. In the 16-18° range 879 observations are included; in the .
18-22° range there are 790, For 31 "359 there are 2175 points, ond for 43-47° 291.

Thus, the median volues (and means) fbr these angles are well established. Decile values,
however,-contain small enough numbers of ponnfs that they may be s’rrongly influenced

“(except at 31-35%) by site selechon.



_ COMPARISON WITH SCATTER!NG’MODELS o

The cc c vresented cbove can be used for the 2ecign of reders as indicative of
overage returns to-be expected over fhese angles. Mouels of various kmds have been
used in the past for this purpose, so one of the ‘objects of this paper is to compare the
values with these models to determine which model or models are most representchve
of the mean valucs acfuolly observed., '

Past observations have established that radar return can be dw»ded into three
general regions: near-vertical, mid-range, and near-grazing. 4 No data are avail-
able here for the near -grazing range, but both of the other regions can be readily
observed in F:gure 4. One of the earliest models used for the mid and near ~grazing
ranges was the Lambert~Law model proposed durmg ‘World War II by Clcpp.s We fmd
here that this model does not do too badly in the mid range, although the average .
variation is in fact somewhat. grecfer than Lambert's Law would forecast even for this
region. ' o ‘ '

Four models have been selected for componson here'

A ' _ Lambert's Law _

B o » ~ Geometric optics (also obtoi.ned using Gaussian |
correlation function in the Kirchhoff-approximation
physncol-ophcs theory)

C . Physical optics using an exponential form of the

| . correlation function
D _ - Exponential variation with angle, an empirical relation.

The variation with onéle for Model A is given by:
o° = ol cos™®@ - )

Mode! B has been considered by some as the only proper use of physical opfics,6 although

- this has been shown not to be frue.7 In it, a correlation function of surface heights is

given by XA , : o
N A
f(x) = e o | (?)
ono the resulting form for the scattering v'ccefflic’i‘enf is
: . Z
. o -(@,)
e Y (3)



clthauoh some formulohons show this as 2

5 =o° e &“e/t“m D ()

| AG“—TUMQ_
This model was first proposed by Dc:vues.8

' Mode! C hos been widely used by radar ostronomers beccuse it seems to fit lunar -
~and planetary data reasonably well.” Hoyrelo showed that this also corresponds with
the correlaticn function observed at ascale derivable from contour mcps.‘ The corre=

" lation function is - ' : A A
f(-,():e_ | B (4)‘

and the resulhng expressnon for the scattering coefﬂcuenf is

= 0" <cosq‘é+ﬁ\5m2‘9) Yz (S)

Model D has no good theorehcal basis, clfhough it too has been used in radar
- astronomy with some success. Surprisingly, it ;eems fo give the best fit to these

observations. This empirical model is

—

c°=0"e )

‘None of the models con be made to fit the observations over the entire range of
angles represented here. Model B, geometrical optics, bears little relation to obser=
vations over a wide range of angles, so it is not even shown for the full range. The
" other three models have been fitted to the data for the larger incident angles in Figure -
Model A, Lambert! s Law, fits the observations to within 1 dB over the 17-45°

_ unge. Smce the only porometer avonloble for fitting with this model is the scole factor.

on amplitude, it was crbltrcrnly flt at 45°, The result is
o°= 0.l6 c.osz@ : . I (7)

Model C was fit by selecting a volue for A forcing a mcfch at 9.,5° ond at 45

The resulting eauation is

_.3/'2

oc® = 0.27 (cosq'e F%,Oésfén2@>' (8)



| This fit is within 1 dB ove'é' the rence from 7.5° te 450; buf seems to be trending down=
>wcrd at 45° more rcpv"ly than the cata. - . . L
Model D, the e\oo'\en.ncl, is quite crmtrcry, yet fitting it at 17° and 43 results
_in a perfect maich ot 330! The resulting equation with scale’ facfor mcluded is
r°= 0.2 e. 9./34-6 . (9)
This fit is wffhin 1 dB to 9°, ‘If it had been flf at 9 as was Model C, it would have
been within 1 20 in to about 5°, - but the perfect fit ot 33%nd 17° would have been
lost, and the variation beyond 45° would {mve been greater than the trend of the data
seems to indicate, Thus, the exponential fits best with the data, but Model C does
quite well over almost the same range of angles; if it had been fit at 17° instead of
* 99, it would have been better at 33°, but would have'devicted further at 9° than Model
In the near- verhcal range, Model A, Lcmbert's Low, is not cpphccble, but all
of the oiher models fit reasonobly well, as shown in anure 6. Here again, however,
the empmccl Model D gives the best fit.. Equchons descrlblng the consfcnfs for the

'-..(6*/75)

- varlous models in this region are

o= 165 e S ('.wj_)-
| | » <3 o
.07 4034'@ +60 s«'n"@) 2 | .- (H_)
- _8/sg° S
(.29 & _ - (12)

Comparing the fits in the two retions, we see that the best fit to the observed

- median (mean in the smaller ongles) sco’rtermc\:ﬁ coefhcncnf is.given by
g-¢ = 1.29 & é? SRR P < P A
= 0.29 & A 12°¢6<45°
Thus, we beheve that this model can be used effechvely in the desngn of radars operotlng
over the range from 1 .5% to 45° incidence ~angle.. V _
Since minimum sccﬂ‘ermg coefficients are important in design. of chcrs, it is
tempting to include the 1% level ‘data in this paper. They have been excluded, however,

[ 0462 0

'L‘n'\, 1se the number of S""ﬂp"’S is hot high cnounh to p\oce much confidence in these
value :




'CONCLUSIONS

“The Skylch 13,9 GHz beckszatier measurements repérfed here provide vseful
design values for the mean value of scattering coefficient to be expected in radar |
design.. Thus, they may be useful in establishing required ontcnn;: patterns and STC
_ functions for radars operating out to 45° incidence, and results can probably be safely
extrapolated at least another IQO. - The surprisingly small range between upper and
lower deciles is likely to be fepresenfcfi\)e of systems having large illuminated areas
within each resolution cell (e.g., a spacecraft synthetic-aperture imager before
compréssidn), but cannot be used to determine the ranges to be expected for smaller |

resolution cells.

ACKNOWLEDGEMENT

. This research was supported by the Principal Iansfigatof Management OFffcé,
NASA Johnson Space Center under Contract NAS 9-13642, |



].

10.

 REFERENCES

S-193 Microvra- ‘@ r?c':f*""""‘f‘r/Qcc“ero"m‘er Altimeter Flicht Hardwarc Conf:ou—"— :
fion Suociiicciion, Rev. €, k,cn.uol cleur»c Com pony, Spec. No: SV5 /848,

. Aprer/, 1vr2.

Moore, R. K., et. al., "Preliminary Analysis of Skylab Radscat Results over the .
Ocean,” Proceedmgs, URSI Specialist Meeting on Microwave Scattering and -
Emission from ine Earth, Umversnty of Berne, Berne, Switzerland, - Sept., 1974,

‘Moore, R. K., et. al., "Statistics of Ku Band Microwave Response of the Umted

Stotes thh a Satellite-Borne Radiometer and Scatterometer," presented at 1974
Annucl Meefmg, USNC U?Sl Boulder, Colorcdo, chober, 1974. '

Beckmcnn, P. and A Spnzznchmo, The Scof’rerma of Elecfromcgne’nc Waves from . |
Rough. Surfcces, The MacMillan Company, New York, 1963.

Clcpp, R. E., "ATheoretical and Experimental Study of Rcdcr Ground Refurn,"v A

“MIT Radiation chororory Report 6024, Apnl ]946

Barrick, D. E. "Uncccepfcble helght correlchon coeffxmenfs and the quasi~specu=
lar component in- rough surface sccftermg,"_ Radio Science, vol. 5, pp. 647 - 654 :

(1970).

Fung, A. K., "On the Integral for Backscettering from @ Randomly RougH Surfcc&,
Proceedmos of the IEEE, vol. 59, pp. 1280 - ]281 (1971). :

Davies, H., "The Reflection of Electromagnetic ches from a Rough Surface, .
Procecdings of the IEEE, vol. 101, pp. 209 2]4 (1954).

- c.f., Beckmann, P. and W. K. Klemperer, "Interpretation of the Angular Dependence -

of Bcckscoﬂ'ermg from the Moon and Venus," J. Res., NBS; D. Radio Science,
vol. 69D, pp. 1669 - 1677 (1965).

Hayre, H. S. and R, K. Moore, "Theorehccl Sccﬂermg Coeff:cxents for Near-
Vertical Incidence from Contour Mops," J. Res. NBS, vol, 65D, pp. 427 - 432,
(1961). o




i . . .o L '

v. _._ wh.:m_..._ A..

uoabuvaumpul o o eSTIRJaUaD UBS Y bLi-loy 0 abuy yag [
sagbyesbeaanoy - - « o§11849)Ua0 UBdS WM Y1108 0 lbuy yRd [T ]
sbasanog joonion 1 L R g albuy tioy ‘O oy U [ ]
'300W SNON9IINOD NOVHL-NI - 0aibuy oy ‘ez aduvune ]
o Qoprm, _. . 09ibuy joy "sTasuV A [ ]
. | 0'210uy 1oy “0 aibuy waud ]

300W SNONDILIOD HIVEL-SSC¥D

f

QS jo Bes.am
1eo5pey ¢61-S GVIANS UM
epeue) pue sajelS pajlun Jo abesanod




Differential Scattering Coefficient ¢®- -
Measured at Various Sites-inthe - 70
“United States with SKYLAB §-193 -~~~ =~~~
13.9 GHz Scalterometer During . =
~ Summer of 1973. . p

Freguency. of Occurrence
—
T
=

1 0 0 lnj:.:u‘:v_ 1 i1l .CL..?.._.#.-,;.. ; ﬁ» AL :v—lr
; -6

5 14 13 120 -l . -0 -9 -8 -]
- . 0° in dB R

:@ THE UNIVERSITY OF KANSAS
REMOTE SENSING LABORATORY

” . ‘Figure 2

Y




10

o° in dB
<D

Differential Scatfer'i.ng' Coefficient
0°. Measured at Various Sites -
in the United States with

N v\,‘_‘ © SKYLAB $-193 Scatterometer .
"~ During Summer 1973,
\\ - (Vertical Polarization)
NI ' f.‘!'._ |
T T~
TR 90% Level
~\\° . ' ) \v |
S , |
*B-s~-g-——&~s.a.v : ~
’ ~

10"% Leveil

1 | R B 1 L1 \

2 3 4 5 61 8 9 10 1

“Angle of lnCidence_’in Degrees

: ﬂ!rfal THE UNIVERSITY OF KANSAS

LS REMOTE SENSING LABORATORY 55 -

AFigure 3

Mean



6° Measured at Various Sites
in the United States with-
- SKY'48B'S-193 Scatterometer . -
~ During Summer 1973. |
- (Vertical Polarization)

0°indB

~10 o
-] ~ Mean
~~~"~--.._
| a 10% Level
-15 e S — . s
o . 10 20 30 - 40 o0
Angle of Incidence in-Degrees .. - -
IR ET: ur:"'s::s;r-‘.' OF KANSAS

F-\\ “v [ = 2 o )
\:,‘

Figure 4 i

l0r - Differcntiol Scattering Coefficient - -

S nerOTE SENSING LASORATORY 53 - -



Differential Scaftering Coe‘ﬁ‘icvient(:° indB

-0 EXDJFIP“GHLC! Data . g

------ 0° = 0,27 lc2s4 5 -+4 085 sin’o )3/2

0 16 cos?e
—— 0°=0.29 exp® 9/34 6%)

10 20 30 40 50
~ Incidence Angle in Degrees

 COMPARISONOF SKYLAB MEDIAN 13.9 GHz
RADAR RESPONSE WITH VARIOUS MODELS

Figure 5 - h



e "'-_'V-_-—‘—fbData A o
B 0%+ 1.07 (cos#e + 60 sin2 o) ¥/2 -
= L0575

Differential Scattering Coefficient ¢®in d8

..8 B T 3. ’ 1 P 1 . |\ 1\9
0 3 5 e
Incidence Angle in Degrees

COMPARISON OF SKYLAB MEDIAN 13,9 GHz RADAR
RESPONSE HEAR VERTICAL WITH VARIOUS MODELS

Figure 6 -









