General Disclaimer

One or more of the Following Statements may affect this Document

e This document has been reproduced from the best copy furnished by the
organizational source. It is being released in the interest of making available as
much information as possible.

e This document may contain data, which exceeds the sheet parameters. It was
furnished in this condition by the organizational source and is the best copy
available.

e This document may contain tone-on-tone or color graphs, charts and/or pictures,
which have been reproduced in black and white.

e This document is paginated as submitted by the original source.

e Portions of this document are not fully legible due to the historical nature of some
of the material. However, it is the best reproduction available from the original
submission.

Produced by the NASA Center for Aerospace Information (CASI)



Issued: 26 March 1979

NVASA-CR. | 5907

NASA Contractor Report 159079

Jort 111 of Final Report

Under Contract NASI-15288

Technical Report FWA79-003
(NASA-CR-159079) DESIGN STODY POR FUTURE N79-25364
SATELLITP MICROWAVE SCATTEROMETERS, PART 3
Final Report (Wentz (Frank J.) and

Associates) 27 p HC AO3/MF AOD1 CSCL 14n Unclas
G3/35 22127

DesieN Stupy For FUuTURE SATELLITE
MtCROWAVE SCATTEROMETERS

by Frank J. Wentz

Prepared for

NNASA

Nationa! Aeronautics and
Space Adminustration

Langley Research Center
Hampton, Virginia 23665
AC BC4 B27-3966

Prepared by

Frank J. Wentz & Associates [

HEARST BLDG , STE 1232, SAN FRANCISCO, CA 94103 TEL (415) 957 1266



ABSTRACT

We have conducted a design study of future satellite microwave scatterometers
used in sensing the sea-surface wiod vector. Sensors having 2, 3, and 4
fixed antennas on one side and operating in H, V and dual HV polarization
modes are considered, including the Scasat Scatterometer (SASS). The per-
formapcc of these sensors is simulated on a computer, and the rms sensing
errors for friction velocity U, and wind direction x are computed. Also,
the alias removal capability of the sensors is evaluated. In the noise-free
simulations, the U, and x are estimated very accurately, with the rms sensing
errors beiag on the aveiage less than 0.1%Z and 0.2°, respectively. These
small residual errors are due to numerical noise in the U,,x estimator. In
the absence of noise, perfect alias removal is achieved for all sensors
having three or four entennas and for 2-antenna sensors operating in the
dual HV polarization mode, with a few noted exceptions. As expected, the
2-antenna, sinele polarization sensors demonstrate no alias removal capa-
bility. Going to the noise-added simulations, the dual HV polarization mode
is always superior to the single polarization nmodes. Furthermore, these
simulations clearly indicate that for the ?-antenna sensors the optimum
antenna separation is S0°, which corresponds to the SASS. The SASS con-
figuration operating in the HV mode yields rms sensing errors of 4% for

U, and 8° for x. In the prcsence of noise, none of the 2-antenna sensors
performed well in resolving a'iases. Increasing the number of antennas to
three or four greatly fimproves the alias removal capability. For certain
antenna geometries operating in dual polarization, the highest probability
alias is the correct solution aLout 90% of the time. The 3-antenna config-
uration with the overall best perfurmance has a constant 60° separation
between adjacent antennas. Similarly, the best performing 4-antenna confipg-
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uration has a constant 40° separation between adj.cent antennas. The rms
sensing errors for these two configurations are about 3% for U, and 5* for
X when using dual polarization. When considering possible hardward trade-
offs, one should note cthat the improvement in performance is not that sig-
nificant when going from three antennas to four. Furthermore, there are
several other 3 and 4 antenna configurations that perform nearly as well

as the two mentioned above.
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SECTION 1. INTRODUCTION

The design of future satellite micrcwave scatterometers, used in sensing
sea-surface wind vector, can be greatly enhanced by first 2imulating on a
computer the operation of feasible sensor configurations. In view of this,
we have conducted simulations for a large number of scatterometer antenna
configurations and polarization modes. The Seasat Scatterometer (SASS)

is included in the set of feasible sensors. The results of the simulations
are expressed in terms of performance statistics. These statistics relate
to the wind-direction alias removal capability and to the rms sensing
errors for friction velocity U, and wind direction x. The statistics are
analyzed, and optimum scatterometer configurations are recommended. Also,
we assess the absolute accuracy of the SASS in measuring U, and x and its

capability to resolve wind direction aliases.




SECTION 2. ANTENNA CONFIGURATIOMS AND POLARIZATION MODES

The fundamental requirement for a feasible antenna configuration is that
the scatterometer views che same area of the sea surface from at least
two different azimuth directions. This requirement is necessary because
the backscattering is dependent on both friction velocity and wind direc-
tion. Scatterometers utilizing two azimuth looks are capable of separa-
ting the velocity and direction effects [Grantham, et al, 1975]. For the
purpose of this investigation, the azimuth viewing angle ¢ is defined as
the angle made by the subtrack direction and the prolection of the view-
ing vector onto the sea surface. The viewing vector points from the
scatterometer to the sea surface area being observed. An observation

for which ¢ = 0° (¢ = 180°) is along the subtrack in the forward (back=-
ward) direction. A sidelook making a right angle with the subtrack is
indicated by ¢ = 90° or 270°. We only consider fixed antennas having
constant azimuth angles. Hence, for a set of antennas to view the same
area of the sea surface, their azimuth angles must lie either between

0° and 180° (right-side viewing) or between 180° and 360° (left-side

viewing).

The simulations are performed for two, three, and four antennas viewing
the right side of the subtrack. The simulation results are, of course,

equally applicable to lefi-side viewing. In order to have an appreciable

swath width, we further require that the antenna azimuth angles be greater

than or equal to 30° and less than or equal to 150°. This requirement
results in the maximum separation between antennas being 120°. rhe mini-
mum separation between adjacent antennas is set at 30°. The smallest
allowed azimuth angle increment going from one configuration to another
is sct at 15°. These two restrictions reduce the number of possible an-

2




’ UL T

tenna configurations to a manageable level, while maintaining a repre-
sentative ensemble. Figure 1 shows the 23 antenna geometries satisfving
the above stated requirements and restrictions. We have also included a
24th configuration for which there are four antennas separated by 40° from
each other. This configuration is included because of its overall sym-
metry. Each configurution is labelled by two numbers. The first number
denotes the number of antennas, and the second number is used to distin-

guish the various geometries. For instance, Configuration 2/5 is the SASS.

For each antenna geometry, three polarization modes are considered.

Mode H (V) refers to the case in which each antenna views the surface
with horizontal (vertical) polarized radiation. Mode HV is a combination
of Mode H and Mode V in that each antenna views the surface with both
horizontal and vertical polarized radiation. Mode HV should not be con-
fused with cross-polarization measurements, which are not considered in

this investigation.

Due to the limited scope of this study, we only consider one earth inci-
dence angle 91. The AAFE/RADSCAT Scatterometer Program [Jones, et al, 1977)

indicated that 6, = 40° is an ideal angle for measuring U, and x. At smaller

i

Bi the dependence of the normalized radar cross section (NRCS) on U, is wealor,

and at larger 6, the signal to noise is poorer. 1In view of this, 6, was set

i

to 40° for all simulations.
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SECTION 3. SEA-SURFACE VIND STATES

in the simulations we assume that each antenna views the same sea-surface
wind state characterized by a friction velocity U, and wind direction x.
Three friction velocities, U, = 20, 50, and 100 cm/sec, are consfdered
and roughly correspond to wind speeds of 5, 10, and 20 m/sec. Twenty=-
four wind directions are considered, x = 0°, 15°, ***, 345°. The angles
refer to the wind direction, in the out-of meteorological sense, relative
to the subtrack direction. That is to say, x = 0° and ¢ = 0° corresponds
to an upwind observation. Thus a total of 3 x 24 = 72 sea-surface wind

states are treated in the simulations.



SECTION 4. DESCRIPTICM OF SIMULATIONS

Figure 2 is a flow diagram of the various processing steps that comprise
a simulation. First'y, one of the 24 antenna configurationc shown in
Figure 1 is selected along with one of the 3 polarization modes. Next,
the friction velocity U, and the wind direction y are set. In order to
consider all possible combinations of the 3 U.'s and the 24 yx's, a nested
do-loop structure is employed. The outer loop is for U, and the inner

loop is for y.

A set of ser-surface NRCS is then computed for the specified antenna con-

figuration/polarization rode, U,, and x. A model function described by

*
Wentz [1978a] is used to compute the NRTS. The model represents a fit to
the AAFE/RADSCAT NRCS measurements of the North Sea [Jones and Schroeder,
1978]. The accuracy of the fir is 0.7 dB. This set of computed NRCS cor-
responds to noise-free scatterometer measurements under clear sky condi-

tions. (We do not consider the effect of atmospheric attenuation in this

investigation.)

Two types of simulations are performed: noise-tree and noise-added. For
the noise-free case, the set of NRCS is directly passed to the program
WINVEC. This program estimates U, and x given a group of NRCS measurements,
and is identical to the Geophysical Algorithm being used at JPL to process
Seasat SASS data [Wentz, 1978b!. In the noise-added simulations, a ran-
dom noise component is added to each NRCS before being processed by WINVEC.
The generation of this noise is described in the next section. The noise

is indicative of that experienced by SASS.

WINVEC does a 5° incremented search for wind direction. This type of

search produces a slight quantization error dependent on how close the

6
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Figure 2. Flow Diagram of Simulation Program
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wind direction is to a multiple of 5°. That is to say, the program's per-
formance is somewhat better when x is near a multiple of 5°. In order to
obtain a rore realistic simulation, x is perturbed from its incremental
values of 0%, 15%, +++, 345>%. This perturbation is accomplished by gener-
ating a random variable having a uniform distribution on the interval -7.5°
to 7.5°. This random variable is then added to the incremental value of x.
Thus the perturbed x will lie within a ¢£7.5% bin centered on the incremental

value.

Because of the well-known aliasing problem, WINVEC always finds two or
more pairs of possible U, and x for each simulated measurement set. In
order to compute performance statistics, the simulation program selects
the pair for which the absolute difference between the estimated x and the
actual x is a minimum. For this pair, the differences AU, = ﬁ* - U, and
Ay = i - x are calculated, where ﬁ. and x denote the estimates. Further-
more, WINVEC computes a relative probability for each U,, x pair. Five
counters are employed to evaluate the usefulness of this relative proba-
bility. When the selected pair corresponds to the pair having the high=st
(second highest, **+, fifth highest or less) probability, the N, ("2'

NS) counter is incremented by one.

Various ensembles of simulated measurement sets are generated by the U, and
x loops and by the noise loop described in the next paragraph. From these
ensembles performance statistics are computed. These statistics consist of
the mean friction velocity and wind direction errors, <AU. > and <Ay>, and
the ims friction velocity and wind direction errors, <.5U‘,,2=-’s and <Ax2>%.
Also, the percentage of time P1 (Pz. cee PS) that the highest (second
highest, +-+, fifth highest or less) probability alias corresponded to the
correct solution is computed. The expressions for calculating these sta-

8
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tistics are as follows:

1
<aU> = (1/1) | (av,), (1)
i=1
1
<by> = (1/1) ] (ax), (2)
i=1
1
<aU2> = (1/1) ] (aU2), (3)
i=1
1
<ax?> = (1/1) ] (8x?) (4)
i=1
5
P, =N /] N (5)
3 3/1.11

where T is the number of measurement sets in the given ensemble.

When noise is alded, an additional inner-most loop, shown in Figure 2, is
required to enr. . _catistically significant results for a given U, and y.
The loop is performed 25 times. In each loop, y is perturbed a different
amount within the #7.5° bin, and new noise components are added to the com-
puted NRCS. After completion of the inner-most noise loop, the performance
statistics are computed for the ensemble of 25 individual sets of measure-
ments. These statistics are indicative of the performance of the considered
antenna configuration/polarization mode when viewing a wind state corres-

ponding to the specified U, and yx.

At the completion of the x loop, the results of the 24 wind directions are
averaged together, therehy determining the performance statistics for the
specified U,, independent of x. Finally, when the outer U, loop is finished,
overall performance statistics are computed for the selected antenna confipg-
uration/polarization mode, independent of U, and x. The analyses presented
in the following sections are based on these overall statistics.

9
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SECTION 5. SIMULATED NOISE

In the noise-added simulations, a random noice component is added to each
NRCS in the set before being processed by WINVEC. The noise, expressed in
terms of decibels, is assumed to be normally distributed, having a zero
mean and a standard deviation Aoo. The noise fignres for the SASS are used
to specify Aoo in the simulation. The SASS expressions for Aoo are

[Sehroeder, 1978]:

X

g 2 2 2 2
Aao 10 log e | A. + A' + Ab + Kb ] (6)

where loge = 0,4342+++ and the three A's denote percent errors due *o at-
titude, system, and absolute calibration, respectively. For e1 = 40°, their
values are 3%, 2%, and 12%, respectively. The remaining tevm Kp is due to

the receiver communication noise and is given by [E. M. Bracalente, private

communication, 1978]:

-

v = 2
xp (1+ 2N + AN )/lsc'rs (7)
A= (1+ 'ral“rn)('rsf'rs) (8)

where N is the noise to signal power ratio and Bc is the SASS doppler band-
width. For ei = 40°, we use a value of 13726 Fz for Bc’ whictk corresponds
to SASS Cell 5 [Grantham, et al, 1975]. The times Ts' Tn. and Tg are the
signsl integration period, the noise integration period, and the range gate
period. Their values are 0.29.8, 0.4818, and 0.5175 sec, respectively.

For a given observation geometry, the signal power is proportional to the
NRCS. Hence, the signal to noise ratio, i.e., 1/N, can be expressed in

terms of Oy the NRCS in decibels.

10
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1/N=C 10 (9)

The proportionality constant C is found to be approximately 47 using the

values appearing in Tables I and Il in Schroecor [19/8],

In summary, the sea-surface NRCS, denoted by ao. is caiculated by the model
function. This NRCS is then substituted into (9) which calculates the sig-
nal to noise ratio. Eqs. (6) through (8) then find the NRCS standard devi-
ation Aoo. given the signal to noise ratio., A Gaussian random number gener-
ator is called and outputs a random variable having zero mean and unit
standard deviation. The random variable is multiplied by Aoo. and the

result is added to 0,0 thereby obtaining a simulated noisy NRCS.

11
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SECTION 6. RESULTS FOR NOISE-FREE SIMULATIONS

In the noise-free simulations, the estimates of U, and y for the correctly
selected alias should, in theory, exactly equal the specified values. That
is to say, AU, and Ay should always be zero. Furthermore, perfect alias
removal capability should be achieved by all sensors having 3 or 4 antennas
and by 2 antenna sensors operating in the HV polar zation mode. By perfect
alias removal capability, we mean that the alias with the highest probability
is always the correct solution, i.e., P1 = 100%; P2. P3, Pﬁ. and P5 =0,
These assertions concerning AU*, Ax, and alias removal are based on the
following fact. 1In the absence of noise, the problem of recovering U, and
x reduces to solving a set of transcendental equations. The equations
correspond to the NRCS model function set equal to the various simulated
measurements. For 2 antennas and single polarization, multiple point solu-

tions exist. For all other configurations, a single point solution exists.

Although no noise is added to the NRCS, there is some noisc inherent in

the program WINVEC. This noise is, in a large part, due to the 5° incre-
mental search for wind direction discussed in Section 4. Also, some error
results from limited precision arithmetic. This numerical noise prohibits
the exact recovery of U, and y and resolving of aliases. However, the
numerical noise is much less than the instrumental noise described in
Section 5, and r2ar-perfect results are indeeud obtained from the simulations.

2,%

x
The noise-free rms errors <AL and <Ay?»" are on the average less than

0.1% and 0.2°, respectively. Furthermore, WINVEC clearly demonstrated its
capability in the absence of noise to remove aliases., For all sensors

operating in the HV polarizaticn mode, the highest probability alias always
corresponds to the correct solution, i.e., P, = 100%. All of the 3 and 4~

1

antenna sensors also have Pl = 100%, with a few exceptions. These excep-

12
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tions are for V polarization observations of a U, = 50 cem/sec wind state.

For these cases, Pl is about 90%, Pz is about 10%, and PJ. P‘. and P5 are 0%,
The explanation for the exceptions is that the upwind and downwind NRCS

for vertical polarization and U, = 50 cm/sec are nearly equal. If there
were perfect upwind/downwind symmetry, then two unresolvable aliases would
always exist, regardless of antenna configuration and polarization mode.
Finally, as expected, the 2-antenna, single polarization sensors demonstrate

no alias removal capability.

13



SECTION 7. RESULTS FOR NOISE-ADDED ..IMULATIONS

Tables 1, 2, and 3 give the performance statistics for a sensor operating
in the H, V, and HV polarization modes, respectively. Each table is verti-
cally grouped according to the number of antennas. The statistics are for
the noise-added case and consist of the rms sensing errors for friction

¥ 5

velocity and wind direction, <AU*2> and <Ax?>*, Also included in the

tables are the percentage of time Pl (Pz. UL Ps) that the highest (second
highest, +++, fifth highest or less) probability alias is the correct solu-
tion. The mean sensing errors, <AU,> and <Ax>, which are not in the tables,

are generally about 0.1% and 0.1°, respectively. These small values indi-

cate that the estimation is essentially unbiased.

In analyzing the two-antenna sensors, we se¢e that the optimum separation
between antennas is 90°, which corresponds to the SASS configuration. This
is clearly shown in Figures 3 and 4, where the U, and x rms errors are
plotted versus the antenna separation angle. Each figure contains three
curves corresponding to the three polarization modes. In all cases, the
sensing error reaches a minimum near 90°. The H polarization mode has the
largest error because of the poor signal to noise that occurs for this
polarization. On the other hand, the HV mode has the smallest error be-
cause in this mode four measurements are taken as compared to two measure=-
ments for the single polarization modes. Thus, the minimum rms sensing
errors for two antennas occur for an antenna separation of 90° and an HV

polarization mode. These minimum errors are about 4% for U, and 8° for x.

The single polarization, two-antenna sensors have poor alias removal capa-

bilities as is indicated by P, being about 35% to 40%. The dual polariza-

1
tion, two-antenna sensors perform better in alias removal, having a Pl of

about 55%. Hence, for the HV mode, the highest probability alias is the

14
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Antenna
Configuration
(see Figure 1)

2/1
2/2
2/3
2/4
2/5
2/6
2/7

3/1
3/2
3/3
3/4
3/5
3/6
3/7
3/8
3/9

4/1
4/2
4/3
4/4
4/5
4/6
4/7
4/8

(SASS)

Table 1.

<AU*2>%
(%)

10.4
9.0
8.1
8.1
7.8
8.3
8.5

8.1
7.1
6.4
6.4
6.7
6.2
6.0
6.4
6.2

6.0
5.5
5.5
5.5
5.8
5.3
5.5

o3

Performance Statistics for H Pol Mode

¥

<Ax2>

(degrees)

20.5
19.1
17.4
16.5
15.4
14.9
15.5

18.5
17.3
15.9
14.7
14.0
15.5
14.6
13.6
12.6

15.3
12.8
12.7
14.1
13.3
12.7
13.0
13.0

1
(z)

39.1
38.0
40.9
40.8
38.1
37.6
39.2

53.1
57.4
61.7
63.1
63.8
63.6
67.1
66.3
67.3

65.0
68.6
70.8
68.8
70.7
72.0
71.9
72.1

(%)

29.4
7R 6
26.7
25.0
25.6
28.0
7.2

33.7
34.1
31.1
31.7
30.3
31l.4
28.6
29.8
29.3

31.3
29.0
26.9
28.9
26.7
26.4
26.1
26.2

P
)

17.8
19.6
19.0
21.1
23.5
22.0
22.6

10.4
7.1
6.2
4.6
5.3
4.6
4.0
3.8
3.4

3.4
2.4
23
2.3
2.5
1.6
1.8
1.7

P4

(%)

12.6
12.8
13.3
13.1
12.8
12.4
11.0

2.8
1.3

N ——

()

1.2
1.1
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Antenna
Configuration
(see Figure 1)

2/1
2/2
2/3
2/4
2/5
2/6
2/7

3/1
3/2
3/3
3/4
3/5
3/6
3/7
3/8
3/9

4/1
4/2
4/3
4/4
4/5
4/6
4/7
4/8

(SASS)

Table 2.

<AU*2>
(Z)

9.9
7.8
6.2
5.8
5.3
5.8
6.4

7.1
5.8
4.6
4.6
4.8
4.6
4.4
4.4
4.4

b.b
3.9
3.9
3.9
3.9
3.7
3.7
3.7

5

Performance Statistics for V Pol Mode

5

(degrees)

<Ax2>

15.5
12.2
10.0
9.1
9.0
9.5
10.0

11.5
9.8
9.0
8.7
8.8
8.5
7.8
7.7
7.6

7.9
6.6
6.6
Tel
6.8
6.8
6.7
6.4

(%)

37.2
34.7
35.3
35.8
34.2
34.7
36.2

51.1
56.6
57.9
60.1
59.3
62.9
64.2
64.0
64.3

63.2
66.2
66.9
64.9
66.9
65.7
66.6
68.9

P2 P3

() (%)
32.1 16.1
30.9 17.4
29.3 20.4
26.8 21.2
26.2 23.0
2.7 21.1
27.3 21.8
39.4 6.6
38.1 3.4
39.1 2.3
38.4 1.2
37.8 2.2
36.2 .6
35.3 .2
35.6 «3
35.7 .1
36.2 -5
33.7 .1
33.1 .1
34.7 .4
33.0 .1
34.2 ol
33.4 0.
31.1 .1

s

(z)

14.7
16.9
14.9
16.1
16.6
16.6
14.7

2.9
1.9

3
o7
.3
-3
.1



n*gﬁﬁt"”‘

41

Antenna
Configuration
(see Figure 1)

2/1
2/2
2/3
2/4
2/5
2/6
2/7

3/1
3/2
3/3
3/4
3/5
3/6
3/7
3/8
3/9

4/1
4/2
4/3
4/4
4/5
4/6
4/7
4/8

(SASS)

Table 3.

<AU*2>%
(%)

9.2
6.7
5.1
4.4
4.1
4.4
5.5

5.1
4.4
3.7
3.5
3.7
3.9
3.5
3.5
3.2

3.5
3.2
3.0
3.0
2.8
3.0
3.0
3.0

Performance Statistics for HV Pol Mode

¢

<Ax2>
(degrees)

14.8
11.4
9.4
8.2
7.9
8.0
9.6

9.3
8.2
7.0
6.8
6.5
7.2
6.3
6.0
5.8

6.3
5.4
5.3
5.5
5.1
5.4
5.2
5.0

|

)

56.8
55.9
55.9
53.6
51 4
53.1
58.3

75.8
80.0
82.7
82.9
84.6
84.4
85.9
87.7
85.9

86.6
88.6
90.1
89.3
91.1
89.3
90.3
90.3

)

(z)

25.8
25.5
24.7
26.6
29.2
28.2
25.4

20.4
18.8
16.8
16.6
14.6
15.2
13.9
12.2
13.°

13.2
11.4
9.9
10.6
8.9
10.7
9.7
9.7

Py

(%)

12.6
13.7
13.5
12.6
12.8
12.7
11.4

3.1
1.1
A
4
.8

s

(%)

4.4
4.9
5.9
7.2
€.6
6.1
4.8

R,
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correct solution about half of the time. We also note that Pl is ralative~-

iy insensitive to antenna separation.

The alias removal capability is corsiderably better for three and four
tennas, with P1 reaching a maximum value of about 90X for dual polariza-
tion. Also, the v, and x rms sernsing errors are less for three and four
antennas. The reduction in sensing errors is due to the larger number of
measurements. For instance, a four antenna configuration represents twice
as many measurements as a two anterna configuration. Hence, the rms errors
should pe reduced approximately by a factor cf V2. The performance tables
show that this is the case. With respect to sensing errors and alias re-
moval capability, the antenna configurations with the overall best per-
formance are 3/9 for 2 antennas and 4/8 for 4 antennas. These configura-
tions, as shown in Figure 1, have the maximum allowable separation of 120°
between the first and last antennas and have constant spacing between
adjacent antennas. We also note that the improvement in performance

is not that marked when going from three antennas to four. Furthermore,
there are several other three and four antenna configurations that perform

nearly as well as configurations 3/9 and 4/8.
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SECTION 8, CONCLUSIONS

We have conducted performance simulations for a large number of feasible
scatterometer configurations and polarization modes. In particular, sensors
having 2, 3, and 4 fixed antennas on one side and operating in H, V, and
dual HV polarization modes are considered, including the Seasat Scattero=-
meter (SASS). Both noise-free and noise-add simulations are performed.

The generated noise is indicative of that experienced by SASS.

In the noise~free simulations, WINVEC, the current SASS Geophysical Pro-
cessor, computes very accurate estimates of friction velocity U, and wind
direction y and is able to remove aliases. 1In the absence of noise, the
rms sensing errors for U, and y are on the average less than 0.1% and 0.2,
respectively. These small residual errors are indi~ativ: of the numerical
noise inherent in WINVEC. Furthermore, perfect alias removal is achieved
for all sensors having three or four antennas and for 2-antenna sensors op-
erating in the dual HV polarization mode, with a few noted exceptions. By
perfect alias removal, we mean that the aiias with the highest probability
is always the correct solution. Also, as expected, the 2-antenna, single

polarization sensors demons‘rate no alias removal capability.

The noise-added simulations provide a realistic assessment of the relative
performance of the considered sensors. For all sensor geometries, the dual
HV polarization mode is superior to the single polarization modes. The
reason for this superiority is twofold. Firstly, twice as many measurements
are taken in the dual polarization mode, as compared to the single polar-
ization mode. Secondly, a dual polarization measurement represents two
independent and unique pieces of information because the NRCS for H and V
polarization have quite different microwave signatures. This uniqueness in
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polarization is particularly helpful in removing aliases.

For 2-antenna sensors, the rms sensing errors reach a mirimum when the
antenna separation angle is nvar 90°, Hence, the SASS configuration rep-
resents the optimum geometry for 2-antenna sensors. These miniuum rms
errors for the dual HV polarization mode are 4% for U, and 8° for x.

With respect to alias removal, the single polarization, 2-antenna sensors
perform poorly, with the highest probability alias being the correct so-
lution only about 35% to 40% of the time., Going to dual HV polarization

increases this percentage to about 55%.

The alias removal capability is conziderably better for three and four
antennas, with the highest probability alias being correct about 907 of
the time for certain antenna geometries operating in the dual polarization
mode. The 3-antenna configuration with the overall best performance has
a constant 60° separation between adjacent antennas. Simi..rly, the best
performing 4-antenna configuration has a constant 40° separation between
adjacent antennas. The rms sensing errors for these two coafigurations
are about 3% for U, and 5° for x when using dual polarization. When con-
sidering possible hardward tradeoffs, one should note that the improvement
in performance is not that significant when going from three antennas to
four. Furthermore, there are severa®’ other 3 and 4 antenna configurations

that perform nearly as well as the two mentioned above.
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