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I. Introduction

For years man had desired the capability to remotely monitor
‘various phenomenon in his environment. For example, the measure-
ment of ocean wave and wind conditions are of vital interest to
many marine industries and gdvernment agencies. Furthermore, the
knowledge of ocean-surface témperature on a global, all-weather,
and déy—night basis is also of impo}tance to the fishery and marine
transpoft industries, as well as the oceanographers and marine
meterorologists, and weather forcasters. Im recent years, the
microwave radiometer has proven itself to be a feasible remote
sensing device. To monitor the environment on an all-weather basis,
microwave sensing has the immediate advantage of being affected
less by fog and rain than infrared. In addition, microwave radio-
meters have been designed [1] that can measure the incident
radiation to an accu%acy of i_D.]oK and remain calibrated,
unattended, for a year or more. In fact, small, lightweight, auto-
mated radiometer systems have recently been flown by NASA on the
Nimbu;_sate]]ite program [2]. Thére is presently a greét deal of
research and development being conducted in the area of miérowave
remote sensing from satellites. A

In order to make precise‘measurements of the radiometric
brightness temperature of a target (and thereby infer certain physi-
cal parameters) one must be able to mathematically model the inter-
action between the electromagnetic radiation properties of the

antenna and the incident radiation from the enviromment, This



interaction caﬁ be described by Fredholm integral .equations of the
first kind which are extremely unstable. This instability has been
studied in censiderable detail by investigators in many fie]ds:
Twomey [3] and Phillips [4] have devised matrix filtering techniques
to stabilize the solution., Although these matrix methods are not
without merit, Bracewell and Roberts [5] have demonstrated the value
of a successive substitution solution. Assuming that the intensity
of the emitted radiation of the environment can be represented in
scalar form, they have shown that the antenna is only capable of
responding to those frequency components of the function representing
the environment below a cut-off determined by the antenna aperture,
The high frequency components of the emission function are invisible
to the antenna. The Tow frequency components are accepted but their
relative magnitude is altered accord1ng to the system (antenna) fre-
quency characteristics. Inversion through the method of successive
restorations leads to the principal So]u@ién [5], in which frequency
components accepted by the antenna have been restored to their
original values, bhut the rejected components are not represented in
the solution. The work done by Bracewell and Roberts was, however,
more applicable to astronomical observations than to general micro-
wave radiometric measurements. They assumed that the antenna was
very efficient and that the sidelobes and backlobes could be
negiected, which is not always the case. They also used a scalar
representation of the interaction between the antenna rad{ation

characteristics and the emission by the target.



The interaction between the emitted radiation from a water
surface and the vadiation characteristics of an antenna is a
vector relationship. As the sidelobe and backlobe levels of the
system (antenna) weighting function become more intense, and the
majo} Tobe beémwidth more wide, the vector model interaction
becomes more important. Classen and Fung [6] have vectorially
modeled the ;ﬁewing of the ocean using matrix techniques, Their
representation, however, assumes that the observed environment is
circularly symmetric and infinite in extent. It should also be
pointed out that computer time using the matrix modeling would be
quite extensive as cémpéred to some other types of numerical
techniques..

To study the radiometric signature of a controiled water sur-
face, a wave tank system hés been constructed at NASA Langley
Research Center, Hampton, Virginia, For the wave tank geometry,
the environment is of finité extent and is no longer circularly
symmetric, The response of the radiometer for this system was first
modeled by Fisher [7], using a two-dimensional scalar approximation.
This approximation works well for high efficiency antennas. The
direct inversion used by Fisher [7] was., however, sensitive to errors.
Holmes [8], by applying the iteration techniques of Bracewell and
Roberts [5] to this pfob1em, vas able to restore, with acceptable
accuracy, the brightness temperature (scalar emission function) of
the water from measurements that contained error. Both Holmes [8]

and Fisher [7] used the Fast Fourier Transform technigues, with an



algorithm reported by Fisher [9], to perform their computations.

The first threé-dimensfona] modeling of the NASA wave tank
was done by Beck [10]. He was able to formulate and calculate the
antenna response of the system given the emission characteristics
of the surroundings. Beck's formulation requires numerical inte-
grat%on for direct computation of the antenna temperature and is not
convenient for inversion processes‘ nor can it be modified con-
veniently for efficient and economic restoration computations,

The classical design consideration of a radiometer antenna is
the compromise between resolution and system design constraints
(size, frequency, etc.). Only after the inversion process has been
studied is the true resolution of the antenna known and can the
design for the particu]af application be made, The study of this
inversion for-the wave tank geometry is the subject of this
dissertation. A three-dimensional inversion scheme is described
which takes into account the interaction between the radiation
characteristics of the antenna and emitted radiation from the wave
tank (vector representation), and computations are performed using
the efficient and economical .Fast Fourier Transform algorithm, The
inherent instabitities of the inversion are overcome by the

adoption of the filtering properties of the restoration method.



II. Theory

A. Brightness Temperature

A1T matter above absolute zero temperature emits electro-
magnetic radiation due to the therma] motion of its atoms/mole -
cules. The brightness temperature of a given substance is a
standard measure of the intensity of this radiation, By definition,
the brightness temperature of a perfect black body radiator is equal
to its molecular temperature. For the perfect black body radiator,
none of the electromagnetic radiation generated from within the body
is reflected back at the interface between the radiating surface
and the surrounding transmission media. For all passive physical
objects, however, the transmission coefficients for the radiating
surface aré less than unity, Consequently, the brightness
tempe%ature wijl be Tess than the molecular temperature., The trans-
mission coefficient is often calfed the emissivity, and the

brightness and molecular temperatures are related by
Tb = eT, (1)

where Tb is the Brightness temperature, Ty the molecular temperature,
and ¢ the emissivity or transmission coefficient.

For a flat semi-infinite radiating surface the emissivity can
be found from the complex dielectric properties of the radiator,
The emissivity s-also a function of both the incidence angle at
which the interface is viewed and the polarization of the emitted

wave. Stogryn [11] and Holmes [8] have shown how the emissivity is



related to the complex permittivity of the radiator. For fhe
perpendicular (horizontal) polarization the E-field is perpendi-

cular to the plane of incidence and the emissivity is given as [8]

n 4p cose“
Eh(a ) = ] £ 2 (2)
(coss +p) +q
where
1, .-t €
v = — tan~ (— —i—)
2 e - sin ©
6 = incidence angle
p =T cosy
g =VF siny
2 n 2 u2
r =\/(el -sing ) +e¢ (3)
| .
£ =,Re[er]
e"= Im[erl

€. Ecomplex dielectric constant of
the radiator

For the parallel (vertical) polarization the E-field is paraliel to
the plane of incidence and the emissivity islexpressed as

" 4pe cose" +4qe cosd
e, (8) = k! (4)

(e' cos8" + p)* + (" cose" + q)°



Through {2) and (4), the radiation is being described as two
orthogona1;'1inear]y polarized waves. The radiation from the sur-
face 6f the water can be described in this manner if the dielectric
properties of the water are known. Stogryn [11] hes concluded that
the dielectric‘constant €. for sea water maf be adequately repre-
sented bv the following equétion of the Debye form

Eg~ €w jo . (5)'

€. = g+ + o
I-jemf 2w €q f

where € and e_ are,respectively, the static and high frequency

dielectric constants of the solvent, Tt the relaxation time, s; the
permittivity of free space (= 8.854:(10“12 farads/m), o the ionic
copductivity of the dissolved salt in mhos/m, and f the electro-
magnetic frequency.

In order to evaluate (5), the variations of Eys T» and o as
functions of salinity, freguency, and temperature need to be known.
By using resonant cavity techniques, Stogryn {11] reported, through
numerous measurements, empirical equations to evaluate the variables.

The high frequency dielectric constant e_ is considered to be

a constant (=0.48). The Tow frequency dielectric constant €, and the

relaxation time T are expressed as
&o(TsN) = €, (T,0) a(N) (6)

2me(T,N) = 200(T,0) b(T.N) 7)

[+]
where T is the water temperature in € and N is the normality of



the solution. The series expansions used to evaluate (6) and (7)

for 0<T<40Cand 0 <N<3 are

. 2 2 .

a(N) = 1.0 - 0.2551 N + 5.151 x 10" N (8}
. 3
- 6.889 x 107 N3

. .3
b(N,T) = 1.463 x 10" N T + 1.0 - 0.04896 N (9)
- 0.02967 N° + 5.644 x 10~ N
e,(T.0) = 87.74 - 0.40008 T (10)
2 [+ 3
+9.308 x 100 T +1.410x 10" T
_1o 12
2nt(T,0) = 1.1109 x 10 - 3.824 x 107 T (11)
RO _16 3
+6.938 x 100 T - 5.006x 10" T

Given the salinity in parts per thousand, the nomality can be found

as

.2 _5 9 2
N=5{1.707 x 107 + 1,205 x 10° S + 4,068 x 10 S ) (12)

The series is valid for 0 < S < 260, The expression reported for

the conductivity o of sea water is

o(T,$) = o(25,5) ™% (13)

where A = 26 - T and

2 4 6

z=2.033x 10 +1.266 x 10" A+ 2.464 x 10” A (14}
5 7 8 2

-S (1.848 x 107 - 2,551 x 10 A + 2.551 x 107 4 )



_3
0{25,8) = S(D.1§2521 - 1,46192 x 107 § (15)

+2.08324 x 107 S - 1.28205 x 10 s°)

in the raﬁge 655 <40,

Using (6} - (15) we can obtain eI and sn from (5). With ¢
and e: eh(e") and ev(e") are found by the use of (2), (3), and (4).
As seen by (1), the‘horizontal and vertical Brightness tempera-

tures of the polarized radiation emitted by the water are

Toun(8) = ,(6")T (16a)

1n

Touy (8 ) = e (6")T

m (16b)

Equations (16a) and (16b) yield the intensities of two linearly
polarized, orthogonal waves that are needed to éescribe the radi-
ation emitted from the water. '

Brightness temperatures of the earth and sky were also part of
this investigation. These brightness temperatures have been found
(experimentally) to be nearly randomly polarized and therefore
related to molecular temperature by (1). For the sky, Peake [12]

expressed the brightness temperature as

~T05eces

Tps(0g) = Tcoll - ] (17)

where

Tepe = 1212 T, - 50 . (18)
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T, = -Ioge(l—B/Teff) (19)

The angle 6 is the angle measured from zenith. For the lack of a
more accurate brightness temperature model, the earth emissions are
ysual?y assumed to be constant and unpolarized. If a more accurate
polarized brightness temperature model were known, it could be
utiiized in the analysis and computations. .

In addition to its own generated radiation, the water surface
" reflects the incident sky radiation and directs it toward the
receiving antenna. To account for this reflection, (16a) and (16b)

can -be modified as
Town(®) = €8T+ (1-¢,)7, (0.=6") (20a).
Thwe(8) = €,(8 )Ty + (1-,)T, (6 =6") (20b)

In Figure 1, we have plotted wah and T as functions of inci-

bwv
dence angle for T = 284K, S = 0 %00, and = 10.69 GHz. The
shape of the plots are basically the same for any temperature,
salinity, and frequency. The peak in the wav curve occurs when
the water is viewed at the Brewster angle (eV = 1). At this angle,

wav is equal to the molecular temperature of the water.

B. Antenna Temperature

The antenna temperature measured by a radiometer is the
brightness temperature of the observed environment weighted by the

power pattern of the antenna. We shall define T (6.} as the
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Fig. 1. MWater brightness temperétures.
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unpolarized brfghtness temperature of the environment, Ta the
measured antenna temperature, and G(8,0) the anterna power pattern
which has been normalized so that the integral.of G(e,P) over the
entire soiid angle is equal to unity. The variables are related by
the fo]]owjng relationship

27 T

T, = T,(8,0) G(6,p) sine do dp (21)

o 0
If G{#,P) were a delta function G(G—GD,ﬁ-@O),-Ta would then equal
Tb(eo,ﬂo). Practical antennas, however, do not have such convenient
radiation cﬁaractenistics, and Ta is generally not equal to the

Tb at boresight.

If a significant fraction of the emitted radiation from the
observed environment (brightness temperature) is polarized, such as
that emitted by the water surface, (21) is no Tonger a valid expression
to be used to ca]cﬁTate the antenna temperature. To explain the
coupting between the radiation properties of the antenna and emitted
polarized radiation from the environment as well as the concept of
partial and total antenna temperatures, let us assume that the radio-
meter system is over the ocean in clear atmospheric surroundings.

Since the observed environment is the water and sky, the total antenna
temperature T, is equal to the contributions from the water Toy and
sky Tos Assuming that the radiation from the sky is unpolarized, Tas'

is expressed as



T, = J J T, (6,8) G(6,9) sino do dp (22)

over .
skv

Since the radiation emitted from the water is polarized, to
find its antenna temperature contribution,the weight of the gain
function G(8,0) needs to be found at each integration point in
directions pevpendicular and parallel to the plane of incidence. To
do thié, we form the unit vectors ﬁ(e,@) and G(e,ﬂ) within the water
integration 1imits. The vector H(e,m) is perpendicular to the plane

of 1nc1dence formed at the 1ntegrat1on p01nt on the water surface,

and v[e ) is orthégonal ta h(6,@) and r(6,8), where r(e §) is

the radial unit vector. For a given antenna, the normalized
electric field intensities in the é(e,w) and ﬁ(e,ﬂ) directions,
Ee(e,m) and Eg(e,ﬂ), can also be found. In turn, the power
intensities, at each integration point, for the horizontal and

vertical polarizations, 6" and 6¥, are then formulated as

~ S ~ -~ 2

[h.- BEg +h - 0 Ey] (23)

6"( ,p)

~

[v-658+§-m£g]2 (28)

6'(6,0)

The antenna temperature contribution from the water can then be

expressed as

13
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Taw = [ [ wah(e=ﬁ) Gh(eaﬂ) sing de d@

over
water

& J [ fbwv(e,@) 6'(6,0) sine do dp (25)

over
water

The total temperature measured by the radiometer is

Ta = Tas + Taw (26)

Equétions (22) and (25} define the relationships between the
power pattern of the antenna, the brightness temperature functions of
the observed environment, and the measured antenna temperature for

both unpolarized and polarized emissions.

C. Wave Tank Geometry and Theory

In order to obtain the microwave emission signature of a
water surface in a controlled environment, .a wave tank system has
been constructed at NASA Langley Research Center, Hampton, Virginia.
The model, as illustrated in Figure 2, consists of a fourteen foot
square tank with the antenna and radiometer placed at the end of a
boom over the tank. The anteﬁna and radiometer can move along a
circular arc above the tank and can be scanned, at each position,
through a complete 360 in a plane which bisects the wave tank. The

angle B8 is the scanning angle and o describes the position of the

boom.



Radiometer antenna

Antenna boresight

Water

Earth

Fig. 2. Radiometer and Finite Wave Tank Configuration at

NASA Langley Research Center, Hampton, Virginia.-
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For the wave tank measurements, the total antenna
temperature is composed of three partial antenna temperatures;
namely that of the water, earth, and sky. The partial antenna

temperatures are of the same form as (22) and (25) and are given by

Taw = J [ wah(esﬂ) Gh(e,g) sing do 4@

over
water

+ J-J Tﬁwv(e’ﬂ) GY(B,Q) sing do dp (27)

over
water

Te = J J Tpa(8.0) G(6,8) sino do dp (28)

over
earth

T = J [ Tbsfe,ﬁ)‘ﬁ(e,ﬁ) sin® do dp (29)
over
sky

where 6" and 6" are defined by (23) and (24), respectively. The

total antenna temperature T_ is then equal to Taw + Tae + 7

a as’

1. Z-Axis Normal to Radiometer Antenna Aperture

Patterns from directional antennas used in radiometry,
such as horns, are nearly circular symmetric about the boresight. It

would therefore be convenient to express the gain functions in a



coordinate system which uses the z-axis as the boresight. The )
p%ob]em was .originally formulated in this manner by Beck [10]. The
coordinate systeﬁs used are illustrated in Figures 3 and 4. The
origin of the x,y,z coqrdinate system is the phase center of the
antenna and the origin of the x: y: z* coordinate system is the
center of the wave tank. Although the radiometer antenna may be of
any type, let us assume one with an aperture E-field polarized in
the § direction (aperture E-field parallel to the x-z or xl— zt
plane of Figure 3). This type of antenna has a strongiy polarized
pattern. As the antenna is scanned paraliel to the x-z plane, as
shown in Figure 3, the antenna will principally see the vertically
polarized emissions from the water, When scanned parallel to the
y-z plane, as shown in Figure 4, the horizontal polarization will
predominate. In the systém imptementation, if the boom is allowed
to. move only along one plane, the system polarization can be changed
by simply rotating-the antenna aperture 90o about the z-axis. The
system at NASA has, however, the capacity to move along either plane.
To describe both rotations, shown in Figures 3 and 4, with one set
of functions, a fictitious constant ﬂb is introduced which is set
equal to zero when the rotation {s as shown in Figure 3 (vertical
polarization scan) and equal to w/2 for the scanning displayed in
Figure 4 (horizontal polarization scan). .

The two variable brightness temperature profiles in (27},

wah(e,m) and T, (8,0), can be expressed as a function of a single

byv
incidence angle variable e? To find ef one begins with the relation-

ship between the primed and unprimed rectangular unit vectors of

17
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Figures 3 and 4 which are written as

oo . ~,

x = x {cosa cosp, + s1nmo) + 2z sina cosf, (30a}
~ Al . oY . .

y =y (cosa sinf + cosp ) + z' sino sing, (30b)
A ~y . /\l . . Al

z=-x sinocosf, -y sina sing, + z  cosa (30c)

The angle 6 can be expressed as
cosd =R -z /7 |R| |2'] (31)
where
R=Roy= R(; sind cosp + ; siné sinp + z c0s0) (32}
Substituting (30a), (30b), and (30c) into (32}, one obtains

- .M ~1t ~1
R = R_(Rx X + Ry y +R,z )

R {X' [sine cosP (cosa cosf, + sing ) - sina cosf, coso]

N~
it

+

y' [siné sind {cosa sing, + cos@, ) = sina sinf, cos6]

Fay

l hd . [} h - -
z [sin® cosP sina cos@, + sing sinf sina Slnﬁo

+

+ c0s6 cosa]} (33)



Since the magnitude of the unit vector Z' is unity and R-2z'is

known from (33), cosé" in (31) can now be expressed as

1
c0s8® = sind cosP sing cosm0 + sin® sinP sino sin@0

+ cos8 cosa (34)

This a]lows the evaluation ‘of the incidence angle 6" as a function
of 8, @, o, and polarization (g,).

In order to evaluate G'(8,8) and &' (6,p) for the z-axis
jeometry, H(e,ﬂ,a,ﬂo) and G(e,ﬂ,a,ﬂo) must be found. The vectors

! and ﬁ are defined by the vector relationships

hor=0 (35)
h-z=h-2 =0 (36)
v=hxr (37)
and can be written as
h = Hxx' - Hyy' +H,z (38a)
Eal ~Nq ~y ~
vo=Vx ok Vyy tVz (38b)

Equation (36) implies that H, = 0 and (35) can then be expanded to

yield

Hy Ry + H, R =0 (39)

Since h is a unit vector,

21



H™+H =1 (40)

H = -R R, +R (41a)
H, = R // R, +R (41b)

Expanding (37) yields

~ ~p Ay ~y
y = Hy RZx - HX Rzy + [HX Ry - Hy Rx] z (42}
Therefore,
Vx = Hsz (43a)
Vy = —HXRZ (43b)
VZ = Hny - Hny (43¢)

The vectors v and h have now been broken into their
primed rectanguiar coordinate components. The unit vectors @ and
8 can also be ‘expressed this way to allow the dot products to be

taken. One must begin with the vectors in the unprimed coordinates

~ ~ ~
X cosB cosP + v cosd sinf - z sing (44a)

D>
it

X sind + y cosp (44b)

=2
Hi

22



Using (30a), and (30b}), and (30c), we can write (44a) and (44b) as

§=Tx' +'Ty§l ; Tz (45a)

p=pyx + Py + P2 (45b)
where
Tg = cos8 cosP (cosc cosg, + sinmof'+ sina sing cosp, (46a)
Ty = cosf sind (cosa sing, + cosQG) * sina sind sinf (46b)
T, = sina cosh (cosp cosp, + sinp sinﬂo) - 5in8 coso {46¢)
P, = sing (cosa cosﬁ0 + sinﬁo) (46d)
Py = cos@ {coso sinﬂo + cosmo) ' (46e)
P = —sin& sind, cosf + sino cosp, sinf —(467)

The dot products in (23) and (24) can now be evaluated using

(45a)-(46T) as

6 - h=T, H + T, H, (47a)
0+ h= P B EP R (47b)
6 v = Ty Ve v Ty Vy *T, Y (47c)
P V=PV + Py, P, Y, (474)

23
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To evaluate the variables Taw, Tae, and TaS using (27),
(28), ana (29), respectively, the only parameters still not known
are the Timits of integration and the angle esfe,w,u) (the angle
measured from zenith) needed to evaluate Tbs (es).

Since the z-axis always passes through the center of the
wave tank,.then for any value of @, as 8 is varied from 0 to w, we
will always be integrating first over the water, the earth, and ther
the sky. What is needed then are the values of 6 as a function of
B at which fhe water-earth boundary and the horizon (earth-sky
boundary) occur. We will define ewe(w,a,mo) as the water-earth
boundary and ees(w,a,ﬂo) as the horizon. Due to the symmetry of the
problem, the integration 1imits of P can be made 0 to m for the
vertical polarization case aﬁd /2 to 3w/2 for the horizontal polari
zation.

Wé will first outline the procedure in determining C

Referring to Figure 3, we can write that

é . §0
COSGWE = I—:—"-::_-———-— (48)
1Gl ]Rol
where -
- ~ . /\‘ . . ~y
Ry = RO(-x sina cosﬂ0 -y sina s1nﬂ0 + 2z cosa) (49a)
IR) =R, (49b)

The vector G ig found by defining the position of each end of the
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vector referenced to the primed coordinate system. The coordinates
of the point A are x = R, sino cos@,, y' = R, sina sing, and

z' = ~R0 cosa. The goordinates of the points along the edge of the
tank are shown in Figure 5, which is a view of the wave tank looking

straight down, and are given by

x =W, oy =W tanp T-0'2-7 (50a)

x =W coth y' = JELANP AN (50b)
4 4

X = W, y =W tanﬁ‘ LLEN g > 3 (50c)
4 4

% = -W cptﬂ', y' = W %1\',,> ﬂl > st (50d}

For all cases z1 = 0. This gives four difference expressions for
6. To eliminate the redundancy of showing the derivations for all
four cases, we will show the details of finding Bie for case 1 ‘
when %—> g > - g-and then 1ist 8, for the other values of .

For case 1 (%—> p' > - g), the vector G can be expressed
as

G=(W-R, sinq cos@, ) x' + (W tanp' - Ro sino sinf,) v

+ R, cosa 2! (51)

By defining wn as the ratio of W/Ro, we can write the dot product

in (48) as



Fig. 5.
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y = -MW X = -Hcotf

Overhead View of Wave Tank with Coordinates for the
Z-axis Geometry.
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g - ﬁ; = [(-sina cosﬂo) (wn - sina cosﬂo)

2
+ (- sina sinwo) (wn tan@l - sina sinﬂo) + ¢OS a]R; (52)
Equation (52) can be simplified into the form
- .—.._ . . 1 2
G- R,= [1 - W, sina (cos{?)0 + sing tanp )]R0 (53)
The magnitude of the vector G is given by

~ - . 2 t » a 2
|G| = Ro[(wn - sina cos@) + fwn tanp - sina s1nﬂ0)
1
+ cos a]’ (58)

which can be reduced to

- 2 . 2 2 1 !
|6] = R[M -2W sinecosh, +1+W tan® -2W tand
L
sina sing J1* (55)

Substituting (49b), (53), and (55) into {48) and solving for Oe OF

case 1 yields

1 . . 1 2 .
B = COS {11 - W, sina (cosﬁo + s1n@0 tand )]/[wn - an sina cos!b0
)3
2 2t t . . 7.
+1+M tan @ -2 W tanp sino s1n¢0] } (56)
3 L :
For case 2, al> g > % ewe 18 founc! by
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Lt R 1 . 2 N .
64 = COS {[n - Nn sina {cotP cosﬁo + s1nﬂ03]/[wn - an sina s1n¢0
2 2 - -
+ T+ cot p' -2 W cotml sina cosﬂo]z} {57)
When %ﬂ- > w' > %E-, we have case 3 and for this
-1 - . . 1 2 H
. Oue f cos {il + wn sino (cos{d0 + smﬂo tanp )]/[wn + Zwﬁ251nu cos!ﬂ0
1
T+ tan'p' + 2 W tanp' sina sinp 1% (58)
7 ! 5t . .
For E—-> p > 7 ewe is given by
—1 - . - 2 » .
B0 = COS {1+ W sino (cotp cosP, + s1n¢o)]/[wn + an sina sin@,
2 2 o 7
+ 1T+ cot P+ 2 W, cotp sino cosﬁoj } (59)

Given o and @l one can now find ewe' However, the integration will
be performed in the unprimed coordinate system, so a relationship
between § and ﬂ' is needed. This can be found from the relation-
ship, reférring to Figures 3 and 4, R = ﬁo + R'. The vector R has
already been expressed in the primed coordinate system by (33), ﬁo

by (49a), and R' is given by
R' = R' (Q' cosp' “+ 9' sinwl) {60)

since 8 = g-on the water surace. Using (33), (49a), and (60), the

three vector components .of the equation R' =R - ﬁo yield


http:components.of

RI cosﬂI = R[sin6 cosP (cosw cosﬁo + sinﬁo)
- 3ino cosé cosﬂo] + R, sina cosf, - (61)
1 . t . . . -
R*sin = R[sing sinp (cosc sind, + cosp )

- sina cos® sinﬂoj + R0 sino sin@o (62)

0 =R [sind sina (sing sind, + cosp cosﬁo)

+ c0s8 cosa] - R0 coso. (63)
Substituting (63} into (61) and (62), one can write

Ry . 1 . . 2 . . L2
(ﬁJ sind = sin6 sinP cos a s1nﬁ0 + s5ind sind cos[b0 cosa + sin o s1nﬂ0
. L 2,2 . .
sing cosp cosﬁ0 + sin o sin ﬁo sind sin@ (64}

(%) cosFJl

2 . ’
siné cosfl cos o cosw0 + 5in6 cosP cosa sinﬂo + sin® cosp

2 2 ’
sin o cos@o + sind sind sin o sinﬁo cos@0 (65)

. . . T . _ a2 _ 2
Since ﬂo is ejther 0 or 5 s1nﬂ0 = sin 90, cos{a0 = ¢oS go’ and

sinwo cos@0'= 0, (64) and (65) can be reduced considerably to

1
(%J sihﬂ! = sinf sinod (cos@o coso + sin@c) (66)

(%J cosp' = cosf sine (sinf, coso + cosf,) (67)



Dividing (66) by (67), we get the desired relationship between
P and ml to be

-tanﬂl _ sing (cosﬂ0 cosq + sinﬁo) (68)

cosP (sinﬁo cosa + cos@0

With the above relationship between @i, @, go’ and o, (56), (57),
(58}, and (59) can be used‘to evaluate 0,0 (9, a, 90).

Finding an expression for ees is considerably eaéier.
As the observation point moves farther away from the wave tank, the
vectors R and R' become nearly equal. In the 1imit, as the obser-
vation point approaches infinity, R=R'. With this approximation

for the horizon, equating the z' components of R and R' yield

- 1 - a -
cos8 = sing cos@0 cosP sing + sing

sinB, sinf siné + cosa cose (69)

Solving (69) for 8., which occurs when Q' = g3 results in

Cosa

1
Bos = tan [—sina-cos@ cosf, - sina sinf sin@ol

es

(70)

The angle es, measured from zenith, can also be found

from (69), since

B

=m0 | | (71)
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Using (71) and (69) yields

1
8, = cos [-sina cosﬂ0 cosf sind

- sino sinfl, sind sin® - cosa cosé (72)

. . 1 ]
Now, given Ty (8.), Tyoo Ty n(67), T, (67), Eg(6.8),

Tae’ and Tas

bwv

Eg(e,@) and the tank dimensfons, we can now find T, .

as function of o for both polarizations. The scan angle B would be
equal to zero in these calculations., To calculate the Ta's as a
function of B {(for a given a) requires a transformation of variables.
Referring to Figures 6a and 6b, the vertical scanning involves
coordinate system rotation about the y-axis and for the horizontal
scanning an x-axis rotation. It can be seen that the antenna gain
.functions will be known in the STRERS coordinate system or as
functions of e] and 91. To integrate in the unprimed coordinate
system, 84 and Ql need to be expressed as functions of & and 9.
Appendix I contains a derivation of these transformations. For the

vertical scanning, pictured in Figure 6a,

_ -1 sin@ sind
Ql = tan l:cosB cosf sind + sinB cose] (73)
!
By = cos [-sinB cosP sin6 + cosB cos6] (74}

For the horizontal polarization, illustrated in Figure 6b,

-1 cosB sin@ sing + sink cosé
tan™ [ B ¢ B

@1 3 cosf sind

] (75)



Boresight

Fig. 6a. Coordinate System Transformation Describing

Vertical Scanning (8 variations) for the Z-axis
Geometry.
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Fig. 6b. Coordinate System Transformation Describing
Horizontal Scanning (B variations) for the Z-axis
Geometry.
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1
8y = co;" [-sing sin@ sind + cosB cos6] (76)

By using 6Y(61,0;), €"(6,,9,), and 6(6,,8;) in (27),
(28), and (29), Tow® Tae» and T,s €an be found as functions of o
and 8 for both polarizations. However, using this geometry, {27),
(28), and (29) wust be evaluated by numerical integration for each
value of a and B. One would alsc have to solve the transcendental
equations relating 61 and ﬂ] to 6 and @ at each integration point.
This would require considerable computer time and can be avoided
if the scanning of the antenna is described by a rotation about
the z-axis instead of a rotation about the x- or y- axis as given

by (73)-(76).

2. X-Axis Normal to Radiometer Antenna Aperture-

An a]térnate coordinate system that avoids the trans-
cendental equations describing the scanning is illustrated in
Figure 7. In this case the x-axis is used as the boresight of the
antenna for both horizontal and vertical scans. These scans are now
mathematically described by rotations about the z-axis, and the
transformations of coordinates during the scan {(as shown in Appendix
1) Teave the § variable unaffected and change by a constant value,
The elimination of the transcendental equations is not the only
advantage of rotating about the z-axis, It will be shown that by

utilizing this geometry, the integration with respect to @ and the


http:value.of

Boresight

D>

v
integratio
point

Yl \H A
VAN

Fig. 7. X-axis Geometry and Vector Alignment on the
Wave Tank Surface,
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functional variation with respect to g8 of (27), (28), and (29) can
be estab1i§hed in a correlation form and evaluated conveniently and
efficiently by Fourier transform techniques. It was for this
reason that this system was adopted.

Since the antenna system is now restricted to rota-
tions about the z-axis, it is not going to be scanned in two ortho-
gonal planes te establish the two different polarizations. Instead,
the scanning will be restricted in one plane but the antenna orien-
tation (aperture field) will be changed to accomplish this. To
receive primarily the vertical polarization, the aperture field is
assumed to be oriented in the §' direction, If the horizontal
polarization is desired, ;he F.8 and Em fields are those calculated
with thé aperture field in the ;’ direction. We shall use the sub-
script p to denote a function that depends upon polarization. The
subscript p will represent h for horizontal or v for vertical polari-
zation.

To evaluate (27), (28), and (29) with the new geometry,
we again need to find the dot products that represent the degree of
alignment between the 8' and ¢' vectors of the antenna's coordinate
system and the horizontal and vertical unit vectors. The incidence
angle eu and the various 1imits of integration also need to be
known. The dot products and incidence angle will be found utili-
zing the geometry as represented in Figure 8.

The planes defired by constant values of @ form on the

water surface strajght lines N which are parallel to the z-axis.
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Along each one of these‘1ines, @ is defined as the angle between
the projection of the radial 1ine into the x-y plane and the
x-axis. The radial line is R and its projection into the x-y plane
is M, Therefors, # is the angle Eetween H and M. The angle
between the z-axis and R is 6. Since the 1ine N and the z-axis are
parallel, the lines R,M,N, and the z-axis all 1ie in the same plane.
The z-axis and M intersect a£ right angles, so the angle between M
and R is g-~ 8, defined positive in the airection shown,

The horizontal vector ﬂ always lies in the plane that th
surface of the water defines. Therefore, if one can find ¢ as a
function of 6 and @ then h can be found from . The piane the water
surface defines is parallel to the y-z plane and H is given by

Fay

h=ysinp - 2 COSy (77)
Line segment Tength L is found from
L = H tanp (78)

and M py
M=vH +L° = Hsec @ (79)
To find N we use the relation

N T.g) =
W= tan(z' 6) = cote (80}



Substituting (79) into (80) we can find N to be
N=Hsec @ cot 8 (81)

Using (78) and (81), we find that

=1 1
b=tan” (@) = tan 55 (82)

The vector ﬁ is now known from (77) and we can get Q from the
relationship

v=rxh (83)
The unit vectors 5, 6, and r are expressed in (44a), (44b} and (32),
respectively. Using (32) and (77} in (83) yields "

~

v =x (- cosp sinf siné - siny coss)

+ y cosy cos@ sin® + z siny cosP sind (84)

Knowing the vectors h, G, &, and @, the various dot products needed

to evaluate (23) and (24) can be expressed as

6 - h= sinf cosé sing + sind cosy ' (85a)
B h=cos siny (85b)
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6 - v = cosP cosé {- cosp sinf sind - siny cosé)
) 2
+ sinf cos® cosyp cosP sind - siny cosP sin o (85¢)
P - v =sing (cosv sinf sing + siny coso)
2 -
+ cosw cos @ siné .(85d)

Expanding and simplifying (85c) and (85d), we find that

~

6 -v=-0-h-= -sinp cosp (86a)

=
- >
1l

6 < h = sing cose sinf + cosy sing (86b)

de now have the needed dot products in the unprimed coordinate system.

The incidence angle 8" is found by the relationship

tan (- 6") = H/P (87)

and P from

P/ e - HJ/cotzeI] + sec ) (88)

Substituting (88) into (87) yields

8 =-tan'“[v/cot?e(1 + sec™p) ' (89)
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Now that the incidence angle is known, let us next
find the relationship between the primed coordinate system of the
antenna and the unprimed coordinate system representing the water.
Referring to Figure 7, the primed coordinate system is rotated
about the z-axis through the angle o + 8. From Append{x I, we know

the transformation to be

e =9 (90)
P=0 +o+8 (91)

We can now express (27), (28), and (29) as functions of o and B.

[ [ . A
Tawp(a,B) = J J [h(e,p) - ® Eep(e,ﬂ - (a0 +B))

over
water

+ h(e.p) - @ Eg (05 - (o + BTy, 0" (8,9)] sine do d

+J J [G(esﬁ) * g Eep(e:g - (05 + B)) +G (G;G) °

over
water

B Ego(0,8 - (o + 8D T, [0"(6,8)] sino do ap  (92)

TaeploB) = J [ The(0:9) 6,{0.8 - (o + g)) sine do dp - (93)
over
earth

Taspl@s8) =‘J l Ts(8:9) (8.8 - (a +8)) sino do dp (94)
over

sky
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where Gp has been normalized so that its value over the entire
soiid angle is unity.

In order to evaluate (92), (93), and (94), we need to
find the 1imits of integration. The edges of the tank which are
paratlel to the z-axis, as illustrated in Figure 9, 1ie in con-
stant @ plane. The 'values of # which define these edges are indi-

cated in Figure 10 as QT and wz. The boom length is p and
H = p cosa (95)

The distances € and D are knovn as

[ ]
]

w2 - p sina {96a)

2
n

/2 + p sino (96b)
The relationship between ﬁ], @2, C, and'D are

tan-l(D/H) (97a)

Py

tan"l(C/H) (97b)

B,

Substituting (95), (96a), and (96b) into (97a) and (97b), we find

the limits of invegration for @ between the water and earth to be

P, tan"l[(W/Z + p sina)/p cosa] (98a)

]

f, tan'l[(W/Z - p sina)/p cosa] (98b)
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Fig. 9. MWave Tank Configuration to Determine the 8 Limits of
Integration for the X-axis Geometry.
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Fig, 10. Wave Tank Scanning Plane to Determine the @ Limits
of Integration for the X-axis Geometry.



Referring to Figure 9, for each value of @ between
-ﬂz and-ﬂ] we need to find the value of eew that defines the other
edge of the tank. First, we find B by

B =H tan (99}

We express E as

2 2
E=/H +8B (100)

By combining (95), (99), and (100), we find E as a function of p, «,

and @ as
E=p cosa sec § (101)

It can be seen from Figure 9 that

tan (5 - 0,,) = F/E = cot(e,,) " (102)
and for this square tank
F=Wu/2 (103)

The angle 6y 15 found from (101), (102), and (103) as

Oy = cothl[(W/Z)/o cosa, sec 9] (104)

For values of @ not between ~w2 and 9] we will define eew as %—.

The sky is integrated for values of § between g-and gﬂ-for all

45
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values of 8. We can now rewrite (92), (93), and (94), showing

the Timits of integration, as

fm] /2
Tawp (a,B) = J J [same as in (92)] sine do dp
2 Oew(a,p,4,0)
ﬂ] /2
+ [same as in (92)] sin® do dp (105)
P2 Oeu(a,p,4,0)
T2 Sewla,p,W,0)
Jaep(u,B) = J [same as in (93)] sine de d@ (106)
-n/2 0 )
/2 w/2
Tasp(a,B) = ’ [same as in (94)}] sine d6.dp -(107)
/2 0

where Gp has been normalized so that its value over the entire solid
angle is 2.

We need only integrate 8 from 0 to w/2 because the
geometry is symmétrica1 about the x-y plane. It should be noted
here that the geometry does not have to be symmetrical to obtain a
solution to the problem. The tank need not be square but of any
shape. We need only to know [ as a function of B to find eew as a
function of @§. If the tank is not sjmmetfica1 about the x-y plane,
then we need to integrate 6 from 0 to m. The value of Bew that

describes the back edge of the tank can be found in the same manner
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as the eew for 8 between 0 and /2.

‘ By utilizing the rotation about the z-axis to
represent the rotation of the support arm through the angle o
and the scanning angte B, we obtain a much more powerful repre-
sentation of the problem than is possible with the earlier geo-
metry which utilized the z-axis perpendicular to the aperture of the
antenna. Previously we found 010 from (56), (57), (58), and {59)
and B, Trom (70). Equations (98a), (98b) and (104) are much
simpler. The dot products for the first coordinate system (z-axis
normal to antenna aperture) are functions of 8, @, a, and polari-
zetion (ﬂo). By rotating about the z-axis, the dot products are
only functions of & and § because the transformation between 6, P
and e', ﬂ' is performed merely by the addition of a constant to @.
Figure 11a shows the vectors & and a on the surface of the water when
the z-axis is directed straight down into the water surface. The
vector 8 is equal to v and ﬁ equal to h and all of the dot products
are either 1 or G. When we rotate this coordinate system about
either the x or y axis; the a' vector no longer lies in the plane

of the water surface and the dot products become functions of 6,

ﬁ: and the amount of angular rotation. The dot products would,
therefore, need to be calculated for each rotation angle. This
is a consequence of the transformation of variables between 6, @
and e: @' shown in transcendental form in Appendix I. Figure 11b
shows how the vectors E and 5 align on the surface for the second
system (x-axis normal to antenna aperture}. If this coordinate

~l AT
system is rotated about the z-axis and the vector 8 and @ were
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plotted they would Took exactly the same all the time. Rotation
about the z-axis does not affect the alignment of the vectors on
the surface and consequently does not alter the dot products.

In addition to all the above advantages, the rotation
about the z-axis ‘has another tremendous advantage. The integration
with respect to @ is in the form of a correlation, which can be
evaluated by the use of Fourier transform techniques. The inte-
gration with respect to e.wil1 be executed by numerical integration.

In order to reduce the computation time, we make the
gain functions independent of o. This way the spectrum of the gain
need-on1y be found once and used for all values of a. To do this
we add o to @ in the integrands of (105), (106), and (107) and then
subtract o from the 1imits of integration creating 00 =0 - a.

This yié1ds

91—a npe
Tawp(dss) = J J [h(eswo"' 05) -8 Eep(G:QO" B) + h(e:g°+ 0*) *
P27 Coula,p,i,0+ o)

ﬁ Egp(e:go' 8)]2 wah[e,go+ 05)] sing do dﬂo
91-a /2
+ J J[G(es%"' “) . 6 Eep(esﬂa' B) * {’(esgo'!' 0'-)'
‘gz‘o'- eew(a’pswsg‘o"' G.)

B Epp (0.0~ 811" Ty [0"(8,0,+ )] sind do dp..  (108)
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/2 eew(a,p,w,ﬂo+ o)
Taep(u’B) = Tbe(ﬂgﬁﬁ o) Gp(esﬂo* B) sine de dp, (109)
-w/2-0. 0
3n/2-a w/2 _
Tasples8) = | Tps(0:8,+ o) 6,(6,8,- 8) sine do dp,  (110)
1/Z-a ()

The ﬁfoﬂowing functions will now be defined:

Tpwh(€' ) for - 8, - o < 8.5 9,

and eew <8< w/2
Thup (858t o) = (110a)

0 elsewhere

wav(e ) for - Py - o< B,< Py -a

and eew €0 <2

Tll)wv(e’90+ a) = (110b)

0 elsewhere
| Thellsf + a) for -m/2 - a < B,< w/2-0

. andOseseew
Tbe(e,ﬂa+ a) = (11Cc)

0 elsewhere



u%bs(e,ﬂo+ o) for 7/2 - a < P,< 31/2 - o
and all o
Ths(8s0.+ a) = (110d)
0 ' elsewhere

Using the primed functions we can rewrite (108) - (110) as
- 27 /2
f

Taup(@8) = | | {TR(0.00+ @) - 6 By (6,0, 8) + h(0,0,+ o) -

-0, 0

B Ego(0:80- 8)1 Ty (6.0+ @) + [V(e,0,+ o) -

~ ~ ”~ 2
e_Eep(e,mo- B) +v(0,0.% a) - P Eg (6,0,-~8)]

Toyy(8s8.% @) } s*ng de dp, (111)
2w’ /e
Taep(®:8) = [ T, o(8:80+ o) 6,(8:8,- 8) sino do dp, (112)
0 .
2 w/2
Tasplas8) = T;S(e,wo+ o) 6,(6,0,- 8) sino do df, (113)
0 0

Expanding (111) and dropping the arguments for convenience, yields
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? 2
; T 7/

Tapl@8) = | | [H -8 &
0 0

2 ; ~ 2 2,
op Thwh (h - 8) Eﬂp Towh

+ 2(h -_B) (h - B) Eep Eﬂp Towh

2 1 S

~ ~ 2 ~A 2 2
+ {v-9) Eep Towy ¥ (V- D) Eﬂp Towy

s20.8) (V.PE Tp,] Sin6 do dog (114)

op Eﬁp
Equations {(112), (113), and (114) are all of the form

2t w/2
T (o.8) = T (8.0,t o) G(6.8,- B) sino de dg, (115)
0 0
By performing the integration with respect to 6 as a summation, (115)

can be written as

LW

Wysing, J T (65,8,+ o) G(65,0,- B) P, (116)
0

=

T (a8) = &
i=1

The variab1é 8 is sampied-N times while 0y = 0 and eN =z /2. The
function W, is the weighting factor for the particular numerical
integration technidue used.

For any constant value of o, {116} can be evaluated as

*
" N
To(ag, - B) = I Wysine, F™ {T,(F); &(F);} - (117)

i=1



where

Tb(f)i = the perioﬁic Fourier éransfcrm of Tb(ei’g°+ uo)

%

(),

It

the complex conjugate of the transform of G(ei,ﬁo)

_1 - _1 - - -
Since F [A] + F [B] is equivalent to F~ [A + B}, computation

time can be reduced by evaluating (117) as

--—-—.---——-—-*

N
T (e, - 8) = F“IEE] T (). 6(F), Wi sino.} (118)

The antenna temperature contributions can now be found as

*

wi s1nei]

-1 N 1 - ~2o2
Tawp{®o>= 8) = F° {2 [Tyypf® - 0y Egps
*

) N k ~ ~ ~ ~ .
2 D@ - )3 (8- )y EgpiBgpy Uy sind,]

%*

N A2 2 .
+iE][wah§G . h)i Empi W s1n81]

wi s1n61]

A ~ 2 2
%e ar Egpi

*

N t ~ A ~ ~

N:AAZZ *
5 [wav40 . V)i Eﬂpi W, s1nei]} (119)
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—_— %
Taep(®os=8) = F~ Ez}Tbe‘ Gy My sinoyl (120)
— T T %
asp(% B) = F Ez] TbSI pi Y3 sing,} . (121)

Given a, equations (119), (120), and {121} can be used to find

T T .., and T___, respectively, for all values of 8. The

awp’ "aep asp -
transforms of the gain functions for each polarization, Eepi’

E, .s and E » need be computed only once, since the gain
“Ppi 6p ﬁ'm —

functions are never needed in the time domain. The function Gpi is
Tk TTTT %
equal to Eepi + Eﬂpi

The problem has ncw been formulated in two coordinate

and need not be computed separately.

system configurations. The first used the z-axis as the antenna
boresight to conform with the circularity of the antenna‘s power
pattern. The second required the x-axis as the boresight. This
allows the use of Fourier transforms to perform the Tntegration and
reduce the computation time when the Ta's for all values of g are
computed. The necessity of knowing the Ta!s for all values of B

will become apparent in the inversion process.

D. The Gain Functions

In order to use either the z-axis or x-axis analysis, one
must know the radiation characteristics of the antenna. Figure 12a
shows the antenna geometry when the z-axis is taken to be perpen-

dicular to the antenna aperture and Figure 12b shows the geometry

with the x-axis perpendicular to the aperture. For either

RbPRODUCIBHJIi"Y oF THE-
ORIGINAL' PAGE 1S POGR.
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Z-axis Antenna Geometry,
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geometry, the three-dimensional power pattern can be obtained by

6(6.0) = 66 (6.8), 8' = Olcos P (6,0)

+ 66 (6,0), 8' = Jsin'p (0,9) (122)
_ Where
o = cos'l{cosﬂ sing} {123a)
[} ) 1
# = tan {-sing taneo} (123b)

Equations (122) anc (12a) - (123b) can be used to construc
the three;dimensional gain patterns from principal plane measure-

ments whenevar they can not be determined analytically.

E. Cross-polarization

Most practical anternas possess what is usually referred
to as a cross-polarization pattern. For example, referring to
Figure 12a, if there is no cross-polarization pattern, then in the
E-plane (¢I=0) there would only be an Eq component and in the

H-plane (9I= g—) onty an E_ component. Any radiated component

, p
which is orthogonal to the principal polarization is usually
referred to as cross-polarization. Having no cross-polarization in
the principal planes does noi. insure no cross-polarization in any

other plane, as is demonstrated for a reflector system by
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Silver [13]. In this investigation, the cross-polarized
pattern will be assumed to have the same shape as the principal
pattern. With this assumption, the antenna temperatures with
cross-polarization (T;V and T;h) can be related to the antenna

temperatures with no cross-polarization (Tav and Tah) by

—
n

ay = T/ (1 + CROSS) + Tah « CROSS/(1 + CROSS) (124a)

1

Tah = Tap/{1 + CROSS) + T_ - CROSS/(1 + CROSS) (124b)

where CROSS refers to the fraction of power in the cross-polarized
pattern. For example, if there is a -20 db cross-polarized
pattern, then CROSS is 0.01. Equations (124a) and (124b) are exact

if the shape of the crosé-polarized pattern is the same as the

principal pattern.
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ITI. Inversion

A. Two-dimensional Approximation

So far, we have only concerned ourselves with the direct
problem, that of finding the antenna temperature Ta(u,B) from the
brightness temperature Tb(e,ﬁ). Let us now approach the inverse
problem of finding Tb(e,ﬂ) from Ta(a,B). This inversion problem
for the wave tank geometry was first approached by Fisher [7].
Referring to Figure 7, Fisher used a two-dimensional approximation
to represent the wave tank system. Assuming that the antenna maxi-
mum (boresight) is directed only along the o = %-p]ane, the water is
scanned along the line Lp. The two-dimensional approximation assu-
mes that most of the energy of the antenna is within the major lobe
and only integration along the 8 = %—p]ane is necessary, With this
approximation (111}, (112), and (113) can be ‘reduced considerably.
The dot products can be expressed as '

~

D v(Eat o) =

i

|
—

g - h(—"g-,;a;r ) (125a)

~

chGpet @) = 8 - V(@ a)

L]
Law]

(125b)

=0

Renormalizing the gain functions so that

2T ‘
() -
DJ Gp(za@)dﬂ:- 1 (126)



-we can write

{(11M,(112), and (113) as

P2w
T (8) = | B (Gpe 8) To (50, + o) df
awp *F7 T | Fgp'e¥s bwh'22%e t @) d¥e
0
el
.
+ | K )T, (5,0 + o) dp
) gp 239 B bwv 2’ o o o
G
FZw
. T a o
T ep(ass) _OJ Gp(zsmo B) Tbe(z ,Qo"l" 0:) dﬂ,
2T
(
Tasp(GQS) = G ( sg B) TbS Z:Q + fi) dﬂ
0

(127}

(128)

(129)

The 1imits of integration can be made O to 2w since the primed

brightness temperature functions are equal to zero in their res-

pective regions to avoid overlapping. Assuming no cross-polari-
zatioz in the principal planes, E;p is zero for the horizontal scan
and Eep is zgro for the vertical scan. We can then write (127),
(128) and (129) as

2T
_ (
Toup(@8) = | 6, (A:8) waptz +a) dg (130)
0 )
rZW .
Taep(®B) = | 6,(0:8) Ty (T, + o) o, (131)

0

61



62

2T

Tasp(a,B) = J G (f:8) Tbs 2’9 + o) d@, (132)
0

which are of the same form as reported by Fisher [7] and Holmes [8].
With this two-dimensional approximation we can find the total
antenna temperature by summing Tawp’ Taep’ and Tasp’ or Tap can be
found from one integral, To calculate Ta directly we use the con-
tinuous pr(g,m,+ a) which is

Tyt @) = T (Epr o) + 7y Zpr o) + Ty (Tp+ o) (133)

bwp 2

We can therefore find Tap(a,s) as
(2w
Yoo -]
TaplesB) = 1 G,(8:8) Ty (Aya) dp, (134)

Equations (130), (131), (132), and (134) are all now in correlation

form and can be evaluated, using Fourier transforms, as

1 —% ¥
Tawp (o= B) = F7 {8, = Ty 3 (135)
1 %
Toep(®o B) = F7 {6, - Ty} (136)
1 ek ——
Tasp(d2- 8) = F7 G, CThed (137)
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!
Tap(dgsm B) = F7 {6, - T} (138)

Using {138) as an example, pr can be found from Ta by a simple

P
division in the frequency domain followed by an inverse transform,

or

———

Tholf, + ag) = F"l{Tap/Gp } (139)

Although (139) is a valid expression for the pr
expressed in {134), the inversion technique is extremely sensitive to

error in Ta Small errors in Ta can cause Jarge oscillations in the

p° p
inverted function for pr[8]. The instability of the equation can be
explained in both the spatial and frequency domains, In the frequency

domain, we note that, for the type of functions used for Gp, the

high frequency components of its spectrum are small compared to the

low frequency components. Due to the division by Gp

small errors in the high frequency components of T;;‘ can cause

large errors in the corresponding components of TE;] These errors

, relatively

cause high frequency oscillations in the spatial domain solution of

pr in {139). This instability can also be explained by observing

(134). If a high frequency sinusoid is added to pr, the function
Tap will be nearly unaffected [3,4]. Therefore, (134) does not

uniquely define T, . for a T__ known with a moderate accuracy.
bp a

P
The inversion of the Fredholm integral equation, of
which {134) is one type, has been encountered and studied in the

fields of aerosol detection, astronomical measurement



interpretation, and spectral analysis where cause and effect
situations are of interest. Twomey [3] and PhilTips [4] investi-
gated the Fredholm equation of the first kind and were abie to
stabilize its inversion by employing matrix filtering techniques,
Bracewell and Roberts [5] have reported an iterative restoration
process which is particularly adaptable to our needs. The process
inéroduced by Bracewell and Roberts and applied to a two-dimensional
modelling of the wave tank geometry by Holmes stabilizes the
inversion by avoiding the d1rpct division by G in {139). MWriting

T/G of (139) as 1/[1 - (1 G )], and then performing a series

expansion {5] results in

—%
Top(® + ag) = F 4T, [T+ (1 - &)
* * .
— 2 /3
c-a) e -8 Ll (140)
—_%

The infinite series expansion of I/Gp converges provided that
%

|1-Gp| < 1. For most antennas used in radiometry, their gain

patterns are symmetrical, smooth varying functions which insure that
—

Gp is a1ways real and positive in the dominant frequencies., The
—

maximum values of these Gp‘s will be the average value of the

spatial domain functions. Since Gp is normalized by (126), the

average value is 1 / 2m. The necessary conditions to insure the
convergence of the series are therefore met. As the series converges,
(140) becomes equal to (139) and the presence of error in Tawp will
again cause oscitlations. Fortunately, these unwanted oscillations
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mainly arise from the higher order terms in the series expansion
—_ %

of 1/Gp.- By properly truncating the series we can obtain the
smooth principle solution of the inversion. This inversion process
can also be performed in the space domain. The first term of the
series expansion assumes that Tap is the first approximation of
pr and each additibn term represents a new approximation of pr.
This restoring process can be interpreted as letting the values of

T,., be equal, respectively, to

bp
Thpo = Tap (141a)
Topt = Thpo * (Tap = &p* Thpo! . (141b)
pr2 - pr1 ¥ (Tap - Gp * pr1) (141¢)
prr‘l = Toptn-1) ¥ Uap = & * Thp(n-1)] (141d)

where * implies correlation. The altered inversion procedure
reduces to an iterative method, as indicated by (141a) - (141d), and
will be referred to as restoration [5]. The second term in {141a)-
(141d) is a correction factor which is added to the values of the
previous restored brightness temperature to obtain the newly
created function.

Holmes [8] has tested the restoration process with the
two~dimensional simulation of the wave tank problem. He has calcu-

lated Tap(ao,B) from the semi-empirical brightness temperature
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models, added errers to represent measuring inaccuracies, and
——

restored the data using a truncated series to represent I/Gp in

(140). Errors that caused large oscillation by direct inversion

(139) did not create a stability problem in the restoration method.

B. Three-dimensional Inversion

Let us now investigate the problem of inverting the
data using the three-dimensional model, As seen in (114), Tawh is

and the same is true of T. . The

dependent on both wah and wav awyv

equations are coupled and inversion is more complicated than in the -

two-dimensional case. At this point, we should review the goals of
our inversion and what we will be given to obtain the necessary
information. The desired results will be to obtain wah(e") and

bwv(e "), where 8" is the incidence angle, given Tah(ao,ﬁ) and

T (aO,B) To accomplish this, we will first need to make esti-

(ao,s) and T

mates of Tb (e @) and Tbs(e,ﬂ) to calcu]atg T asp

aep

The est1mated Taep and Tasp will then be subtracted from the total

antenna temperature to find T wh(aO,B) and T (a ,8). In turn,the

awv

T wﬁ(ao’ﬁ) and Tawv(ao,s) functions will be inverted to restore

n n
wah(e ) and wav(e ).
At this point, we must make some assumptions about either
the environment or the antenna in order to estimate Tgs and Tée'
The sky brightness temperature (Tés) is not extremely critical.

In the calculations the brightness temperature of the

(aQ B)
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sky was assumed to be only a function of §. The functional
variation of Tés along the 9 = %-plane as a function of @ can be
approximated by either the empirical sky model or by the Tép
measured through the sky. Using these approximations of T;S(W) for
all values of ® is a good representation of the hemispherical
brightness temperature profile except for the values of 6 near 0
and m. Since these areas are only seen by the sidelobes of the
antenna, this error causes negligible error in T;sp‘
The brightness temperature of the earth is a 1ittle more
critical since it borders the water. Since, for the earth, there is
no functional relationship between the brightness tempe%ature in
the 8 = I plane and the other 8 planes, we assume that T;e is only

2

F
a function of §. T__ can be used as an approximation of Tbe except

ap
for the values of g which put the boresight near the wave tank.

Referring to Figure 10, we define a new function T;(ﬂ) as

) =T 6=8 -a+ld g +Lsp>0 (142a)
To(0) = T8 = 0 - @) Top>p +DIe ()
Ty(0) = 0 TLep>l | (142¢)
To(0) = Tap(8 = 9 - o) 2r - Py = 5> B > 3T (142d)
T;(ﬁ) = Tap(B = -0, - 'a - 1;;‘5) 2n > P> 2m - 8, ;”g_ﬁ (142e)
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Using 6_, as expressed in (104) and T;(E), we can form Tée(e,ﬂ) as
The(6:0) = T,(2) ifo<o, (143a)
Tha(6:8) = 0 ifo>e,, (143b)

Equation (120) can noy be used to find Taep(ao,s).

Referring to Figures 8 and 10, the x' -axis (antenna
boresight) intersects the plane of the water surface at incidence
angles between 0 and ﬁ] if 92 is positive or between"ﬁ2 and ﬂ] if
92 is negative, Knowing the wap's for these incidence angles is
sufficient to compute the wap’s over nearly the entire water sur-
face of the tank, since the incidence angle can be computed exactly
over the entire water surface with the use of (89). The only poiﬁts
which have incidence angles not in these ranges are thé corners of
the tank that are the farthest from the antenna. The brightness
temperature functions of the water can be interpclated for these
points. Given T;wv(g"g) and Tgwh(ggﬂ), the brightness temperature
all over the water surface can be found and, from (119), Tawh(ao,B)

and T ,8) can be calculated.

awv(“o o L X
The restoration process used by Holmes [8] will now
be applied to the three-dimensional problem. The first approxi-
» ' ! '
mation of wah(g3ﬂ°) and wav(%aﬂo), for the particular range of
incidence angles needed, will be Tawh(s) and Tawv(B)’ respectively.
These first approximations will be called wah](ﬂo) and wavl(ﬂo)’
and from them we can find Tawh1(8) and Tawv](B) through (119). The

difference between Tawh1(3) and Tawh(s) will be defined as ERh1(B).
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Similarly, the difference between T 1(B) and Tawv(B) will be

awv
called ERV](B).

A second approximation of wav and wah(TbWVZ and
wahZ’ respectively) needs to be found from wav1’ wah1’ ERhl, and
Eha. Since the brightness temperatures and antenna temperatures

are coupied, the following algorithm will be used to restore

wah and wav:

Towh2 = Tpwn1 * WFy = ERpp + WF, - ER (144a)
Thwve = Towy1 * WFg - ERpq + WF, - ER g ~ (144p)
or in general

Thuh(n + 1) ™ Toun(n) * #F1 * ERpgny + WPy < ERy () (1452)
T

bwv(n + 1) = Towv(n) * WF3 = ERy(n) + WFg » ERy(y (145b)

The terms NF1, NFZ, NF3, and NF4 are weighting functions.

To determine the weighting functions for any value of
B, we find what percentage of the power of the antenna incident on
the water surface aligns with the horizontal vectors and what per-
centage aligns with the vertical vectors. If x% of the antenna's
power picks up T, . while measuring Tawh(Bo)’ then x% of the error
in the approximation of wah et that particular incidence angle can
be corrected by ERh1(Bo)' The functions WFy, WF,, WF,, and WF, are
defined to be the percentage 21lignment of Gp» Gps 6, and G, in the



h, v, h, and v directions, respectively, for each value of B.

For example, the weighting function wF.I would be found as
re

~ ~ ~ 2
/] [h -8 Epy #h - B Eﬂh] sing de dP,
o¥er :
WFi(B) - warer (146)

¢

6, sine do dg,

JJ
over
water
A1l the functions in (145a and b) have now been defined and the
restorafion can be performed.
The three-dimensional restoration acknowledges the
influence of the fo11owipg:
1. the vector misalignment off the principal axes of the antenna,
2. any cross-polarization in the antenna pattern, 3. the entire
three dimensional environment, and 4. the true two variable.power

pattern of the antenna. The previously mentioned stability charac-

teristics of the restoration procedure are also retained.
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IV, Computations and Results

A. Finite Wave Tank
The modeling of the fnteraction between the wave tank

environment and the radiometer antenna has now been described {n
séVera1 different ways. In order.to establish thglvalidity of the
~ various methods, computations were made with each of thg methods
while viewiﬁg 1deptica1 environments with the same antenna. The
results of these computations will estab]ish the aécuracy of the
three-dimensional vector formulations and also the shortcomings of
the two-dimensional scalar method.

Given the brightness temperature characteristics of the wave
tank epvironﬁent, the antenna temperature for the horizontal scan
Tah and the vertical scan #av can now be p}edicted with four
different computer.prograﬁs developed during the course of this
investigation. The first of these is a computer program based on
the three-dimensional analysis when the z-axis is normal to the
radiometer antenna aperture, similar to the one developed by
Beck [9], of the wave tank system. The integration with respect
to the éphericq1 coordinate§ 6 and @ is numerically performed with
the trapezof&a] rule. This program is designed to make direct
calculations of Tah(a,s=0) and Tav(a,B=0) givén the brightness
temperature pro%iies of the water, wah(e,ﬁ)‘and wav(e,ﬂ), of the
earth Tbe(e‘g)’ and of the sky Tbs(e,ﬂ). Since B=0 (no scanning)

for all cases with this program, the antenna is always assumed to be

viewing the center of the tank at the incidence angle a. Secondly,

71



72

another three-dimensional computer program has been developed
that takes the x-axis perpendicular to the radiometer antenna
aperture and performs the calculations again with numerical
integration. The integration with respect to § is done using a
256 point midpoint rule and with respect to 8 using a 32 point
Gaussian quadrature method. This program was written to yield
Tah and Tav for various al§ and B=0, as was the first program.
The third and most important program uses the same coordinate
system alignment as the second program (x-axis perpendicular to
the aperture) but has tﬁe capability to handle scanning in the ¢
directioﬁ. It uses a 32-point Gaussian quadrature method to
integrate with respect to 6. However, the scanning of the antenna
through the entire 360o range of the angle B and the integration
with réspect to § is handled simultaneously in the transform
domain via the correlation form and a 256 sample point fast Fourier
transform technidug. The results of this program can be compared
with those of the two previous programs for g=0. It is the use of
this program that enables the inversion (restoration) of the data.
The last program that predicts the radiometer response is the two-
dimensional approximation used by Fisher [7] and Holmes [8]. This
formulation alse uses fast Fourier transform techniques to carry
out the integration for the scanning of the radiometer.

Computed data of the same geometry using these four programs
will be used to verify the analyses and computer programming of the

equations. Several different comparisons bhetween them will he made
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_to validate the. techniques. If the results from the z-axis and
X-axis programs agree, the validity of both formulations as well

as thg accuracy of the programming and integration techniques will
be established. UWhen the results of the x-axis numerical inte-~
gration program match the output of the x-axis fast Fourier -
transform program, they insure that the transform techniques is
acéurate1y performing the necessary integration. Finally, compari-
sons of the two-dimensional approximation with the three-dimensional
data provides criteria as to when it is mandatory to use the three-
dimensional program to obtain the desired accuracy.

To test these various methods, the radiation characteristics
of two different radiometer antennas will be used. Both of the
antennas are pyramidal, corrugated horns with square apertures. The
first horn has an aperture width of 12X and a total flare angle of
_130. The half-power beamwidth of this horn is approximately 60.
This is the antenna that is being used by NASA to take measurements
in the wave tank system. In addition to the 123 aperture antenna,
the response of the systeﬁ using an 8\ corrugated horn with a half-
power beamwidth of 100 and a total flare angle of 190 will also be
examined. The flare angles of these horns were designed so there
would be a 120o phase lag in the wave at the edges of the aperture
as compared to the wave at the center. This particular phase taper
in the aperture field creates a far-field pattern with no appreciable
sidelobes or backlobes, which is desirable for radiometric measure-

ments. Shown in Figures 13-and 14 are the principal plane patterns
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of the 8\ and 12X horns, respectively. These will be used to
cafry_out the necessary computations of the finite wave tank
_ system.

Before atfempting any inversions, it will be desirab]é to
perform some direct computations, calcu]atiﬁg the antenna
temperatures given the brightness temperatures, to validate the
‘ analyses and computer programming. Upon a successful evaluation
of the formulation and programming, inversion (restoration) of

data will then be examined.

1. Direct Computations of Antenna Temperatures

Physically, the wave tank is 14 feet square and the length of
the boom that supports the antenna can be-either 13 feet or 26 feet.
In Table I, the predicted results for the 127 horn and the 13 foot
boom are shown. The variables Toun @nd Towy @re the horizontal
and vertical antenna temperature contributions from the water's
surface, and Taes is the combined antenna temperature from the
earth and sky. A1l three of the three-dimensional programs yield
nearly identical results. With this antenna and boom length combi-
nation, the two-dimensional formulation also yields fairly accurate
results.

In Table II, the predicted results for the 8X horn and the
13 foot boom are shown. It is quite evident that the data from the
two x-axis programs are almost identical and agreement with the

z-axis resylts’ is very good. With the wider 8)\ horn, agreement



TABLE I
Computed Antenna Temperatures for Finite Wave Tank System

{p = 13 feet, Antenna = 121 horn)
(f = 10.69 GHz, T_ = 284 K, S = 0 %/g0)
m,

[+] [+] [+] o Q
o=0 a=20 o=40 a=60 o=80
~£ Tawh 109,07 |104.12 89.17 | 64.47. _ 34,31
=
3 W
aggg Tawv ‘ 109.07 [114.48 133.37 | 176.71 231.84
. .
Taes 0.08 0.09 0.19 1.28 36.34
= Tawh 109.07 (104,13 89.18 ;| 64.48 34.46
o [ 11
[ %]
= Tawv 109.07 . 114,46 133.37 1 176,77 232,91
X _
Taes 0.08 0.10 0.18 1.20 35.08
:g Tawh 109.07 [104.12 89.18 | 64.48 34.46
20
032? Tawv 109,07 |114.46 133.37 | 176.77 232.91
>
Taes 0.08 0.09 q.18 1.20 35.06
Tawh 108.95 |104.00 89.051 64.46 34,24
Q- Tawv 109.23 {174.59 ]33.40, 176,74 233.14
oL
Taes 0.03 0.05 0.14 1.15 34.79




Computed Antenna Temperatures for Finite Wave Tank Systeﬁ

(f = 10.69 GHz, T_ = 284°K, S = 0 /00)

TABLE 11

(p = 13 feet, Antenna = 8X horn)

0=0 | a=20" | o=40" | a=60" | o=80°

ot T.un | 708.96 |103.98 88.90! 63.52 30.84
z’ &
aZ| T 108.96 |114.40 133.17] 173.03 | 201.28
(-4 awy
o) <
r

Toes 0.41 0.46 1.12 7.19 63.18

T 108.97 |104.01 88,96 63.58 31.14
- awh
1L,
eal T 108.97 |114.38 133.22 | 173.23 | 202.79
o > awyv
X

Toes 0.38 0.46 1.00 6.90 61.06
| Tawn | 108.96 [104.00 88.95| 63.58 31.14
=
S0 T 108.97 |114.37 133.21| 173.22 | 202.79
o) > awy
R

Toes 0.38 0.46 1.00 6.90 60.98

Towh | 108.74 1103.77 88.74] 63.54 31.16
SEl T 109.35 [114.72 133.41 1 173.30 |204.12
o . awv

T es .16 .12 .79 6.61 59,42
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between the three- and two-dimensional computations is not as
good.

The results obtained using the 12X horn and-the 26 foot boom
are shown in Table III. Again the three-dimensional modelings yiel«
results in agreement; however, the two-dimensional programming dis
not as accurate eben.though the more efficfent TZA-horn ﬁas used.
With the 26 foot boom, the angular 1imits of the wavg tank are
appreciably smaller and some of the main beam power spills over intc
the earth. Since the earth is very warm, as compared to the water,
an accurate modeling is needed at directions off the antenna bore-
sight. The two-dimensional modeling can not provide this accuracy.

To demonstrate how the greater accuracy of the three-dimenr
siqna] formulation becomes “imperative for antennas with wider main
beams, the computed responses of the wave tank system with the 8x
horn antenna and the 26 foot boom are shown in Table IV. By
examining the data it is clear that, although all of the-three-
dimensional modeliﬁgs agree well, the two-dimensional approximation
is no longer an accurate method for predicting the radiomgter
response. Having now established the accuracy and necessity of
the three-dimensional formulation, an examination of the inversion

(restoration) procedure, as applied to the wave tank system, will

be undertaken.

2. Inversion (Restoration) Techniques for Antenna Brightness

Temperature

With the 26 foot boom and the 14 foot wave tank, the



Computed Antenna Temperatures for Finite Wave Tank System

(F = 10.69 6Hz, T = 284K, S = 0 %00)

TABLE 111

(Q'= 26 feet, Antenna

= 12X horn)

o [+] [=] O []
a=0 =20 a=40 | o=60 0=80
| Tawn | 108.76 |103.76 88.58 | 64.40 | 25.09
=
T2 0T 108.76 {114.056 132.321 169.73 | 173.30
o ZE awy
~
Taes .94 1.16 2.34F 11.95 | 104.03
= Tawh | 108.76 [103.81 88.66]| 62.65 25.04
Qu_ .
o 2] T 108.77 1114.10 132.491170.37 |173.31
> awy
X
1 Toes .93 1.03 2.02| 10.85 |104.12
S| Tan 110877 [103.81 | ss.66| 62.65 | 25.00
=
2 49
m&f Towe | 108.76 [114.10 | 132.491170.37 |173.3]
-y
Toes 0.93 1.03 2.027 10.85 {104.10
Tawh | 108.82 |103.83 88.711 62.83 | 27.30
EE Toww [ 109.09 [114.38 | 132.78 | 170.84 188.43
Toes A1 .58 1.397 9.90 | 85.90

80



Computed Antenna Temperatures_for Finite Wave Tank System

(F = 10.69 GHz, T = 284°K, S = 0 °/00)

TABLE IV

(p = 26 feet, Antenna = 8 horn)

[=] o [« [+] (=]
=0 o=20 =40 o=60 =80
g Tawh 106.94 | 101.72 85.60 57.48 18.66
= .
Qu T 106.94 |111.78 | 127.53 | 154.66 | 128.18
. awv
<
o .
Taes 5.94 7.12 12.90 36.46 | 150.02
: T. . 1 106.93 |101.96 85.82 58.04 18.42
— awh
| 5.
C.'Ju_ ‘
w2 T 106.92 | 112.03 | 128.00 | 156.01 | 126.85
! awy
< )
>
Taes 5.99 6.45 12.03 34.07 151.43
K Tawh 106.93 | 101.96 85.82 58,04 18.42
PL T 106.92 | 112.03 | 128.00 | 156.01 | 126.85
= awv
<
>
Taes 5.98 6.44 12.03 34.05 | 151.36
Tawh 107.88 | 102.78 86.76 59,23 21,58
T T 108.42 | 113.44 | 129.77 | 158.99 | 147.34
o Lo awy
Taes 2.61 3.33 8.15 28.60 { 127.10
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boresight of the antenna will intersect the edges of the wave
tank when 8 = ¢ 15° for a=0°. With the 13 foot boom, the angular
limits of the wave tank are g = % 28.3o for u=0°. For all other
values of a, the angular space for viewing the wave tank is redﬁced.
Since the antenna only possesses finite resolution, the range of
incidence angles from which the brightness temperatures can be
restored will be Tess than the angular 1imits of the wave tank.
Therefore, in order to get continuous restored brightness
femperature profiles, it will be necessary to combine the data from
several values of o. The values of o that were chosen are 5: 103
20, 30, 40, 50, 55, 60, 65, 70, 75, and 80 .

In Figure 15, the results of a restoration process are shown.
For the above mentioned values of o, antenna temperature profiles
were calculated, using the 121 horn antenna and the 13 foot antenna
supporting boom, from the semi-empirical brightness temperature
models of Stogryn [11]. Each-a value only yields a limited range
of incidence angles. The resulting antenna temperature profiles
Ta’ the original brightness temperature profiles Tb’ and -the

restored -brightness temperatures T » using three iterations, are

bres
shown jn the figure for vertical and horizontal polarizations. By
combining the profiles for the different a's, nearly continuous
curves have been formed. To improve the accuracy of the resulting
curves, one could draw smooth curves through the B=0o points of the
data. These points yield fairly accurate results since they

represent the system while the boresight is viewing the center of

the wave tank, This has been done and the antenna, the restored
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for the Finite Wave Tank (Antenna = 12X horn,

p = 13 feet, three iterations).
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brightness and the empirical brightness temperatures for the 12
horn, 13 foot boom, and B=0° data are shown in Figure 16. It can
be seen from the plotted data in Figures 15 and 16 that the hori-
zontal polarization results are improved by the restoration process
for incidenée éngTes greater than 60: and‘the vertical polarization
inversion results are less accurate than the antenna temperatures
for the larger angles. However, little can be inferred about the
accuracy of the results for the incidence angles less than Gbo for
both potarizations.

In ofder to get a more detailed Took at the accuracy of the
restoration process, some of the data from Figures 15 and 16 is
Tisted in Tabie V. This table includes the total antenna tempera-
ture Ta’ the restored brightness temperature Tbres’ the difference
between Ta and the original brightness temperature Tb’ and the
difference between Tbres and Tb. As can be seen, the restored
brightness temperatures are always a better apbroximation of the
true brightness temperature than the antenna temperatures for the
horizopta] polarization. Improvement is obtained in the vertical
polarization case for all incidence angles up to and including 60?
Although the differences between the antenna temperatures and the
brightness temperatures were very small, the restoration process
was still able to improve the results.

Any instability in the solution will become evident as more
restorations are taken. To show that the computations with three

iterations are indeed convergent and are an improvement from those
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TABLE V

Restored Antenna Temperatures for Finite Wave Tank
with Three Restorations

(Antenna = 12X horn, o= 13 feet, f = 10.69 GHz, T = 284°K, $ = 0 9/00)
HORIZONTAL POLARIZATION '

Inﬁgg$2ce Ta Thres Ta = Ty Thres = Th
0 109.14 109.08 0.04 - 0.02
10°. 107.92 107.88 0.06 0.0
20 104.22 104.17 0.06 0.01
30° '98.02 97.98 0.06 0.0
40° 89.36 . 89,25 0.10 - 0.01
50 78.44 77.97 0.34 - 0.13
60 65. 69 64.56 0.98 - 0.14
70 58.15 50.42 8.20 0.48
80° 69.54 39.90 31.57 1,93
. "VERTICAL POLARIZATION
I"ﬁﬁg?QCE Ta Thres Ta = T Tores Tb
0 109.18 109.12 0.08 0.02
107 110.46 110.41 0.07 0.01
207 114.56 114.46 0.12 0.01
300 © 121.92 121.75 0.19 0.02
50" 133,55 133.17 0.36 - 0.02
50 151.25 150.12 0.68 | - .45
60 177.97 176.15 1.10 - .73
700 219.07 220.28 2.11 3.32
80° 267.99 263,05 - 1.71 13.35
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obtained with fewer restorations, the results of the inversion
process for the 12X\ horn and the 13 foot boom with one restoration
are listed in Table VI. By comparing Table V with Table VI, one
can see that, with the exception of the 80° incidence angle, more
accurate results are obtained with the three-restoration process.
"When a=80°, the sngular limits of the wave tank {see Figure 7) are
at g =+ 3.5o and g = -11.30. This is too small of an angular
sector to expect accurate results. The restoration process fis
shown to be convergent and to yield improved results.

In Figure 17, the computed antenna, the restored brightness
(three restorations}, and the empirical brightness temperatures
for the continous incidence angle data, utilizing the 8Xx horn and
the 13 foot boom, are shown. In Figure 18, the smoothed B=0° curves
for the same case are shown. As with the 12X horn and 13 foot data,
an improvement can be seen in the horizontal polarization with a
slight instability for the vertical polarization at incidence angles
greater than 600. For a more accurate analysis of the data,
Table VII has been included. From the table, one can see that the
restored data yields a more accurate approximation than the
antenna temperatures for all angles listed, except 70° for the
vertical polarization. Table VIII 1ists the one restoration
results for the 8X horn aﬁd the 13 foot boom. Again one can con-
clude that the restoration process has proven to be convergent and
utilitarian.

The restoration process hqs also been applied fo computed

antenna temperatures for the 12X horn and the 26 foot boom. For



TABLE VI

Restored Antenna Temperatures for Finite Wave Tank
with One Restoration

(Antenna = 124 horn, p = 13 feet, f = 10.69 GHz, T_ = 284 K, S =0 %/00)
HORTZONTAL POLARIZATION
Inﬁ;g?gce Ta Thres Ta = Tp Thres = Tp
0 109.14 109.08 0.04 - 0.02
10 107.92 107.87 0.06 0.01
20" 104,22 104.17 0.06 0.01
30 98.02 97.98 0.06 0.02
40° 89.36 89.30 0.10 0.04 -
50 78.44 78.27 0.34 0.17
60 65. 69 65.16 0.98 0.46
70° 58.15 51.08 8.20 1.14
80 69.54 38.90 31.57 0.93
VERTICAL POLARIZATION
Inﬁ;g$2ce T Tbres Ta - Th Tb'r-es - Ty
0 109.18 109.12 0.08 0.02
10 110.46 110.41 0.07 0.01
20° 114.56 114.46 0.12 0.01
30 121.92 121.77 0.19 0.04
a0 133.55 133,30 0.36 0.11
50 151.25 151.17 0.68 0.60
60° 177.97 179.15 1.10 2.28
70° 219.07 224.60 2.11 7.63
80 267.99 271.27 - 1.7 1.56
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Fig. 17. Continuous Incidence Angle Restoration Results

for the Finite Wave Tank (Antenna =
p = 13 feet, three iterations).
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TABLE VII

Restored Antenna Temperatures for Finite Wave Tank
with Three Restorations

(Antenna = 8x horn, p = 13 feet, f = 10.69 GHz, Tm = 284°K, S =0 %o00)
HORIZONTAL POLARIZATION.

Ing;g$2ce Ta Tores Ta-Tp Thres = Tp
0’ 109.34 109.12 0.24 |  0.03
10 . 108.14 107.87 0.27 0.01
20 Y04.47 104.12 0.31 - 0.40
307 98.41 97.80 0.44 - 0.16
50 . 89.96 82,03 0.70 - 0.23
50° 80.31 77.90 2.22 -~ 0.19
60 70.48 64.84 5.78 0.13
70 71.81 51.62 21.86 1.68
80" 92.20 38.86 54,23 0.89
VERICAL POLARIZATION
Ing;g?gce Ty Thres Ta =~ Tp Thres = T

0 109.39 109.17 0.29 0.07
107 110.68 .| 110.40 0.28 0.00
20" 114.84 114.37 0.39 - 0.08
30 122.36 121.39 0.64 - 0.34
40° 134.22 132.57 | © 1.02 - 0.62
50° 152.63 149.97 2.06 - 0.60
60 180.13 177.74 3.25 . 0.87
70° 221.39 229,98 4,43 13.02
80° 263.84 272.49 - 5.86 2.79




TABLE VIII
Restored Antenna Temperatures for Finite Wave Tank
with Cne Restoration

(Antenna = 8X horn, p = 13 feet, f = 10.69 GHz, T = 284°K, $=0 %00)
HORIZGNTAL POLARIZATION

I"ﬁﬁg?gce Ta Thres Ta = Tp Thres = T

0° 109. 34 109.12 0.24 0.02
107 108.14 107.96 0.27 " 0.10
20" 104.47 104.31 0.31 . 0.15
30° 98.41 98.19 0.44 0.23
10° | 89.9% 89.68 0.70 0.42
50° 80.3] 79.02 2.22 0.92
60° 70.48 65.87 ' 5.78 1.16
70" 71.81 51.22 21.86 1.28
80° 92.20 37.38 54.23 - 0.59

VERTICAL POLARIZATION
Inﬁ;g?gce Ta Tores Ta = Th Thres = Tp

0 109.39 109.16 . 0.29 0.06
100 | 110.68 110.51 0.28 0.11
20 114.84 114.68 0.39 0.24
30 122.36 122.19 0.64 0.46
40 134.22 134.30 1.02 1.1
50° 152.63 153.83 2.06 3.26
60° 1 180.13 182.87 3.25 6.00
70° 221,39 224.71 4.43 7.75
80° 263.84 252.18 - 5.86 - 17.52
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three restorations, the continuous incidence angle data is shown

in Figure 19 and the smoothed 8=0 data is shown in Figure 20._ The

x's in Figure 20 indicate antenna temperatufes that did not it on
the smooth curve. Improvement can be seen in the results except

at the larger incidence angles for the vertical polarization.

Table IX lists some of the data used in Figure 19 and 20. An
improvement with the restored data can be seen at all angles for

the horizontal polarization and up to 60° incidence fo# the vertical.
It should be noted that with the 26 foot boom the angular limits of

the wave tank are B = + 4.2 and g = -17.0° for 4=70" and 8 = + 2.1°
and B = —3.60 for a=80? To again demonstrate the convéfgence of the
restoration process, the one-restoration computations are Tisted in
Table X. Comparing the data in Tables IX and X again verifies the
convergence and the need for the restoration process.

The fourth and final anienna and boom combination is the 8A
horn with the 26 foot boom. For three restorations, the'continuous
incidence angle data is shown in F%gure 21 and the smoothed g8 = 0
data is shown in Figure 22. For this case, the largest difference
between the antenna and brightness temperatures is realized and

“the restoration process is needed the most. As can be seen in
the figures, the restoration process works very well and yields
an improved resu1t.for bdth polarizations at all incidence angles.
Tabulating the data shown in Figures 21 and 22, one obtains
Table XI and can see that the inversion process does recover the
original water brightness temperatures wah and wav with good

accuracy up to an incidence angle of about 60 . To again check
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TABLE IX -

Pastored Antenna Temperatures for Finite Wave Tank
with Three Restorations

(ntenna = 121 horn, p = 26 fect, = 10.69 GHz, T = 284 K, S= 0 °/00)
HORIZONTAL POLARIZATION
Inﬁ;g?gce Ta Thres Ta = Th Tpres - Tp
0 110.14 109.04 1.04 - .06
10° 108.41 107.74 .54 - .13
20° 104.84 103.88 .68 - .28
30° ' 98.90 97.56 .94 - .40
40° 90.68 88.80 1.42 - .46
50° 82,69 77.83 4.60 - .27
60 73.50 65.17 8.79 .46
70° 88.07 52.86 38.12 2.92
80° 129.16 40.39 | 91.19 2.42
YERTICAL POLARIZATICM
Inﬁ;g$gce Ta Thres Ta = Tp Thres ~ Ty

0 110.18 109.08 1.08 - .02
10 110.94 110.25 .54 - .15
20" 115.13 114.08 .68 - .37
30 122.65 121.12 .93 - .60
40 134.52 132.42 1.33 - .77
50 153.70 150.24 3.13 -~ .33
60 181.23 179.19 4.35 2.32
70° 227.85 231,94 10.89 14.98
80° 277.43 - 231.69 7.73 11.99
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TABLE X

Restored Antenna Temperatures for Finite Wave Tank.

with One Restoration

(Antenna = 121 horn, p = 26 feet, f = 10.69 GHz, T_ = 284 K, S = 0 ®/00)
- HORIZONTAL POLARIZATION
Ing;g?gce Ta Thres Ta - Ty Thres = Tp
0° 110.14 108.98 1.04 - 0.12
107 108.47 108.16 0.54 0.29
20" 104.84 104.58 0.68 0.42
30 98.90 98.64 0.94- 0.68
40° 90.68 90.30 1.42 1.0
50° 82.69 79.97 4.60 1.87
60 73.50 66.95 8.79 2.26
70° 88.07 51.88 38.12 1.94
80 129.16 34.99 91.19 - 2.98
VERTICAL POLARIZATION
Inﬁ;g$2ce Ta Thres Ta = Tp Thres Th
0 110.18 109.02 1.08 -~ 0.08
10 110.94 110.72 0.54 0.32
20° 115.13 114.97 0.68 0.52
30° 122.65 122.71 0.93 0.99
40" 134.52. 135.09 1.33 1.90
50" 153.70 155.02 3.13 4.45
60 181.23 184.29 4.35 7.42
70° 227.85 223.46 - 10.89 6.50
80° 27743 242.77 7.73 - 26,92
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{(Antenna = 81 horn, p= 26 feet, f = 10.69 GHz, T

TABLE

X1

Restored Antenna Temperatures for Finite Wave Tank

with Three Restorations

= 284 K, S = 0 °/00)

HORIZONTAL POLARIZATION

Inﬁﬁgfgée Ta Thres T Ty Thres ™ Tp
0 115.43 106.80 6.33. | - 2.30
10° 111.36 107.24 3.49 - .63
20" 108.41 103.60 4.25 .57
30° 103.90 97.67 5.94 - .29
40" 97.85 89.47 8.60 .21
50 95.52 80.30 17.43 2.21
60 92.11 67.61 27.40 2.90
70" 124.80 53.63 74.85 3.68
80 169.85 36.87 131.88 - 1.08

VERTICAL POLARIZATION.

Ing;g$2ce a Thres Ta = Tp Tores = Tp
0 115.45 106.82 6.35 - 2.28
10" 113.85 109.80 3.45 - .59
20" 118.48 113.84 4.03 - .6
30° 126.98 121.43 5.26 - .30
40° 140.03 133.84 6.84 .64
50 161.81 156.76 11.25 6.19
60° 190.08 188.16 13.20 11.29°
70 238.86 229.40 21.89 12.44
80 278.28 254,82 8.58 - 14.88
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the'cdnvergence of the restoration process, the single restoration
déta for the 8A horn and the 26 foot boom is 1isted in Table XII.
‘Comparing Tables XI and XII, the data shows that the process is
convergent with the exception of the larger incidence angles.

Now that the restoration process has been investigated with
error-free data, antenna temperatures with added errors will be
examined to determine their effect on the inversion. To include
error in the data, the antenna temperature functions will be
samb]ed every 5.60 and then interpolated between these points to
obtain the 256 needed data points (sampling every 1.40). The first
interpolation method to be used is a routine called SPLINE which
was provided by Squire [14]. The SPLINE program uses a polynomial
to_represent the function between the sample points. The poly-
nomials are formed so that the derivative of the interpolated curve
is continuous at the sample points. In addition to the SPLINE
interpolation method, 1inear interpolation was also used. The
results obtained using these two interpolation methods are listed
in Tables XIII:through XXVIII. These tables show the data obtained
with (a) 12X antenna, 13 foot boom; (b) 8x antenna, 13 foot boom;
(c) 12\ antenna, 26 foot boom; and (d) 8\ antenna and 26 foot boom.
For each antenna and boom combination and particular interpolation
method used, a graph is included of the results obtained with the
optimum number of restorations using the g=0 data. These graphs
comprise Fidures 23 through 30.

For the 12X horn and the 13 foot boom, examination of the



TABLE XII

Restored Antenna Temperatures for Finite Wave Tank

with One Restoration

(Antenna = 8X horn, p = 26 feet, f = 10.69 GHz, Tm = 284°K, $=20 0/00)
HORIZONTAL POLARIZATION
Inﬁ%i?ZCE Ta Tores - Th Thres = Tp
0 115.43 108.69 6.33 - 0.4]
10 111.36 109.81 3.49 1.94
20" 108.41 106.56 4.25 2.40
30" 103.90 100.86 5.94 2.90
40 97.85 92.55 8.60 3.29
50 95.52 81.88 17.43 3.79
60 92.11 67.88 27.40 3.17
70° 124.80 18.69 74.85 - 1.25
80 169.85 28.66 131.88 - 9,31
VERTICAL POLARIZATION

Ing;g$2ce Ta Thres h Tb Thres = Th
0° 115.45 108.71 6.35 - 0.39
10° 113.85 112.48 3.45 2.08
20" 118.48 117.35 4.03 2.91
30 126.98 125.76 5.26 4.03
40° 140.03 138.75 6.84 5.56
50 161.81 158.61 11.25 8.04
60 190.08 185.40 13.20 8.52
70" 238.86 203.71 21.89 - 13,25
80° 278.28 196.29 8.58 - 73.41
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TABLE XIII

Restored SPLINE Interpolated Antenna Temperatures

for Finite Wave Tank with One Restoration

(Antenna = 124 horn, p = 13 feet, f = 10.69 GHz, T = 284°K, S = 0 °/0o0)

HORIZONTAL POLARIZATION

Inﬁﬁg?zce Ta Thres Ta = Ty Tores ™~ Tb
0 109.18 109.14 0.08 0.04
10° 107.92 107.86 0.06 . - 0.01
20" 104.22 104.20 0.06 0.04
30 98.02 98.05 0.06 0.08
40" 89.36 89.18 0.10 - 0.08
50 78.44 78.23 0.34 0.13
60 65.69 66.19 0.98 1.48
70 58.15 48.87 8.20 - 1.08
80 69.54 38.34 31.57 0.37

VERTICAL POLARIZATION

InﬁAg?ZCE Ta Thres ) Ta = Ty Thres - Tp
0° 109.21 109.17 0.12 |- 0.08
10 110.46 110.40 0.07 0.00
20 114.56 114.48 0.12 0.04
30° 121.92 121.81 0.20 0.08
20" 133.55 123.23 0.36 0.04
50" 151.25 151.16 0.68 0.59
60 177.97 179.46 1.10 2.58
70° 219.07 224.09 2.1 7.13
80 267.99 270.61 - 1.7 0.97
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TABLE XIV

Restorgd SPLINE Interpolated Antenna Temperatures for
Finite Wave Tank with Three Restorations

(Antenna = 12X horn, p = 13 feet, f = 10.69 GHz, T_ = 284K, S = 0 °/00)
HORIZONTAL POLARIZATION

Inﬁ%ﬁ?ﬁfe Ta " Thres Ta = Tp Thres - Tb
0 109.18 109.17 0.08 0.07
10° 107.92 107.80 0.06 - 0.06
20" 104.22 104.32 0.06 0.15
30° 98.02 98.26 0.06 0.29
40 | 8936 | s8.72 0.10 - 0.54
50 78.44 77.88 0.34 - 0.21
60 65.69 68.83 0.98 4.12
70° 58.15 43,76 8.20 - 6.19
80° .69.54 37.77 . 31.57 - 0.20
. VERTICAL POLARIZATION
In§;g$gce Ty Thres Ta - Tp Tores = Tp
0° 109.21 109.21 0.12 0.11
10° 110.46 110.35 0.07 - 0.05
20° 114.56 114.57 0.12 0.13
30° 121.92 121.94 0.20 0.21
a0 133.55 132.87 0.36 - 0.32
50° 151.25 150.14 0.68 - 0.43
60° 177.97 177.44 1.10 0.56
70" 219.07 218.79 2.11 1.83
80° 267.99 280.72 - 1.7 11.02



TABLE XV

Restored Linearly Interpolated Antenna Temperatures

for Finite Wave Tank with One Restoration

(Antenna = 12) horn, p = 13 feet, f = 10.69 GHz, T_ = 284K, S = 0 %/00)
HORIZONTAL POLARIZATION

Inﬁ;g?gce Ta Thres Ta = Tp Thres = Tp
0 109.08 109.02 - 0.02 - 0.08

10 167..92 107.91 0.06 0.04
20" 104.22 104.21 0.06 0.04
30" 98.02 98.01 0.06 0.04
40" 89.36 89.23 0.10 - 0.03
50° 78.44 77.62 0.35 - 0.48
60 65.69 63.48 0.98 - 1.23
70 58.15 43.21 8.20 - 6.73
80 69.54 32.39 31.57 - 5.58

VERTICAL POLARIZATION

;nﬁﬁg?gce Ta Thres Ta = Tp Tores = Tb
0’ 109.25 109.19 0.15 0.09

10 110.46 110.36 0.07 - 0.04
20° 114.56 114.37 0.12 - 0.07
30 121.92 121.64 0.20 - 0.08
40" 133.55 133.09 0.36 - 0.0

50 151.25 150.65 0.68 0.08
so: 177.97 178.38 1.10 1.50

70 219.07 223.20 2.11 6.24
80" 267.99 272.14 - 1.7 2.44
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TABLE XVI

Restored Linearly Interpolated Antenna Temperatures for

(Antenna =

Finite Wave Tank with Three Restorations

12X horn, p = 13 feet, f = 10.69 GHz, To= 284K, S = 0 %/00)
HORIZONTAL POLARIZATION
I"ﬁag?gce _Ta Thres Ta- Ty Thres =~ Th
0° 109.08 109.02 - 0.02 - 0.08
10° 107.92 108.00 0.06 0.13
20° 104.22 104.32 0.06 0.15
307 98.02 98.14 0.06 0.18
40" 89.36 89.35 0.70 0.09
50 78.44 77.09 0.35 - 1.0
60° 65.69 61.16 0.98 ~ 3,55
70" 58.15 25.12 8,20 ~ 24.83
80 ' 69.54 19.15 31.57 - 18.82
VERTICAL POLARIZATION
an;g?gce Ta Thres Ta = Ty Thres = Ty
0 109.25 109.20 0.15 0.10
10° 110.46 110.26 0.07 - 0.14
20° 114.56 114.22 0.12 -~ 0.23
30 121.92 121.44 0.20 - 0.28
40° I 133.55 132.70 0.36 - 0.49
50 151.25 149.02 0.68 - 1.55
60 177.97 174,21 1.10 - 2.67
70° 219.07 215.87 2.11 -~ 1.09
80° 267.99 287.06 - 1.7 17.36
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TABLE XVII

Restored SPLINE Interpolated Antenna Temperatures for

Finite Wave Tank with One Restoration

(Antenna = 8A horn, p = 13 feet, f = 10.69 GHz, Tm = 284°K, s = 0%00).

HORIZONTAL POLARIZATION

I"ﬁ;g?gce Ta Thres Ta= Ty Thres = T
0° 109.38 109.17 0.28 0.07
100 108.14 107.96 0.27 0.09
20" 104.47 104.33 0.31 0.17
307 08.41 98.20 0.44 0.24
40" 89.96 89.63 0.70 0.37
50° 80.31 79.15 2.22 1.05
60 70.48 65.99 5.78 1.28
70° 71.81 50.74 21.86 0.80
80" © 92.20 37.11 54.23 - 0.86
. VERTICAL POLARIZATION
Ing;g$gce Ta Thres -1 Tores = Th
0 109,42, 109.21 0.32 0.11
10° 110.68 110.51 0.28 0.11
20° 114.84 114.70 0.39 0.25
30°  122.36 122.19 0.64 0.47
40° 134.22 134.28 1.02 1.08
50° 152.63 153.89 2.06 3.32 .
60 180.13 182.90 3.25 6.02
70° | 221.39 224.61 4.43 7.65
80 263.84 252.07 - 5.86 - 17.63
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TABLE XVIII

Restored SPLINE Interpolated Antenna Temperatures

for Finite Wave Tank with Three Restorations

(Antenna = 81 horn, p = 13'feet, f = 10.69 GHz, T = 284 K, S = 0 °/00)
HORIZONTAL POLARIZATION
lni;i?ZCE Ta Tores Ta - Ty nggg - Tp

0 - 109.38 * | 109.20 0.28 0.10
10 108.14 107.85 0.27 - 0.02
20" 104.47 104.23 0.31 0.06
30 98.41 97.83 0.44 - 0.14
40" 89. 96 88.73 0.70 - 0.53
50 80.31 78.60 2.22 0.50
60° 70.48 65.70 5,78 0.99
70° 71.81 49.96 21.86 0.02
80 92.20 38.06 54,23 °0.09

VER7ICAL POLARIZATION
Ing;gﬁgce Ta Thres Ta = Ty Thres = Tp

0 109.42 109,24 0.32 0.14
10 110.68 110.38 0.28 - 0.02
20° 114.84 114.45 0.39 0.01
30 122.36 121.40 0.64 - 0.32
40 134.22 132.40 1.02 - 0.79
50 152.63 150..30 2.06 - 0.27
60 180.13 177.95 3.25 1.08
70° 221.39 279.62 4.43 12.66
80 263.84 272.15 - 5.86 2.45
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TABLE

Restored linearly Interpolated Antenna Temperatures

(Antenna = 3x horn, o =

for Finite Wave Tank with One Restoration

13 feet f = 10.69 GHz, T, = 284K, S = 0 °/00)
HORIZONTAL POLARIZATION

Tn;;g$2ce T Thres Ta = Th Thres = Tp
0 109.30 109.06 0.20 - 0.04
10 108.14 107.93 0.27 0.06
20° 104.47 104.25 0.31 0.09
30° 98.41 98,02 0.44 0.06
40° 89.96 £9.24 0.70 - 0.01
50 80.31 77.82 2.22 - 0.28
60 70.48 63.45 5.78 - 1.26
70 71.81 46.68 21.86 - 3.26
80 92.19 33.41 54.22 - 4.56
VERTICAL POLARIZATION
Ing;g$2ce Ty Tbres Ta = Tp Tores ™~ Th
0 109.47 109.24 0.38 0.14
10° 110.68 110.43 0.28 0.03
20° 114.84 114.54 0.39 0.09
30° 122.36 121.94 0.64 0.22
a0 134.22 133.90 1.02 0.71
50 152.63 153.11 2.06 2.54
60 180.13 181.97 3.25 5.09
70 221.39 223.95 4.43 6.99
80 263.84 253.20 - 5.86 - 16.50
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TABLE XX

Restored Linearly Interpolated Antenna Temperatures for
Finite Wave Tank with Three Restorations

(Antenna = 8\ horn, o = 13 feet, f = 10.69 GHz, T_ = 284 K, S = 0 °/00)
HORIZONTAL POLARIZATION

Ing;g?gce Ta Thres Ta - Ty Tores = Tp
0 109.30 109.11 0.20 | 0.02
10° 108.14 107.93 0.27 0.06
20° 104.47 104.25 0.31 0.09
30° 98.41 97.76 0.44 - 0.20
40° 89.96 88.44 0.70 - 0.82
50 80.31 75.28 2.22 - 2.82
60° 70.48 57.69 5.78 - 7.02
70° 71.81 35.77 21.87 - 14.18
80 92.19 26.16 54.23 - 11.81
VERTICAL POLARIZATION
Inﬁ%g?ECE Ta Thres Ta- Ty Thres = Tp
0 109.47 109.30 0.38 0.20
10° 110.68 110.28 0.28 - 0.12
20° 114.84 114.14 0.39 - 0.30
30 122.36 120.95 0.64 - 0.77
40" 134.22 131.74 1,02 - 1.46
50" 152.63 148.18 2,06 - 2.38
60 180.13 174.95 3.25 - 1.93
70° 221.39 227.67 4.43 10.71
80" 263.84 277.49 - 5.86 7.79




TABLE XXI
Restored SPLINE Interpolated Antenna Temperatures for
Finite Wave Tank with One Restoration

(Antenna = 12X horn, p = 26 feet, f = 10.69 GHz, T, = 284°K, S =0 %o00)
HORIZOMTAL POLARIZATION

I“EAS?ECQ Ta Thres Ta = Tp Thres = Th
0 111.33 110.76 2.23 1.66
10" 108.41 107.86 0.54 - 0.01
20° 104.84 104.42 0.68 0.26
30" 98.90 98.88 0.94 0.92
40 90.68 91.22 1.42 1.96
50 82.69 80.11 4.60 2.01
60 73.50 65.73 8.79 1.02
70° 88.07 49.69 38.13 - 0.26
80° 129.16 34.05 91.19 -. 3.92
VERTICAL POLARIZATION
Inggg$2ce T 1 Thres Ta - Ty Thres = Tp

0° 111.36 110.79 2.26 ©1.69
10 110.94 110.43 0.54 0.03
20 115.13 114.82 0.68 0.38
30 122.65 122.88 0.93 1.16
40 134.52 135.69 1.33 2.50
50 153.70 155.12 3,14 4.56
60 181.23 183.98 4.35 7.11
700 227.85 222 .52 10.89 5.55
80 277.43 . | 242.35 £ 7.73 - 27.35




TABLE XXII

Restored SPLINE Interpolated Antenna Temperatures

for Finite Wave Tank with Three Restorations

(Antenna = 122 horn, o = 26 feet, f = 10.69 6Hz, T = 284 K, S = 0 °/00)
HORIZONTAL POLARIZATION
Ini;g?ECE 71 Thres Ta = Tp Thres - Tg__
0 111.33 111.58 2.23 2.49
10 108.41 106.20 0.54 - 1.66
200 104.84 103.22 0.68 -~ 0.94
30 98.90 98.81 0.94 0.84
40" 90.68 92.7¢ 1.42 3.46
50° 82.69 78.75 4.60 0.65
60 73.50 62.30 8.79 - 2.40
70 88.07 45.60 38.13 - 4.35
80 129.16 37.28 91.19 - 0.69
VERTICAL POLARIZATION
Inﬁ%g?ECE Ta Thres Ta = Tp Thres = Tp

0" 111.36 111.61 2.26 2.51
10 110.94 108.79 0.54 - 1.61
20° 115.13 113.44 0.68 - 1.00
30 122.65 151.98 0.93 0.26
40" 134,52 125.00 1.33 1.81
50° 153.70 150.96 3.13 0.40
60 131.23 178.88 4.35 2.00
70 227.85 228.98 10.89 12.02
80 277.43 260.02 7.73 10.32
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TABLE XKIII

Restored Linearly Interpolated Antenna Temperatures

for Finite.Wave Tank with One Restoration

(Antenna = 12x horn, o = 26 feet, f = 10.69 GHz, T = 284K, S = 0 %/00
HORIZONTAL POLARIZATION

Ing;g$2ce Ta Thres Ta = Tp Tbrés " tb
0 110.51 - 109.46 1.41 0.36
10 108. 41 107.20 0.54 - 0.07
20" 104.84 - 103.89 0.68 - 0.27
30 98.90 97.40 0.94 - 0.56
40° 90. 68 83.27 1.42 - 0.98
50° 82.69 74.52 4.60 - 3.58
60" 73.50 58.18 8.79 - 6.53
70° 88.07 38.92 38.13 ~ 11.02
80 129.16 26.52 91.19 -~ 11.45

VERTICAL POLARIZATION

Inﬁ%g?QCG Ta Thres Ta = Ty Thres = Tp -
0° 110.67 109.63 1.57 0.53
10° 110.94 110.30 0.54 - 0.10
20" 115.13 114.25 0.68 -~ 0.20
300 122,65 | - 121.58 0.93 - 0.14
40° 134.52 133.48 1.33 0.29
50 153.70 151.64 3.13 1.08
60 181.23 180.33 4.35 3.46
70° 227.85 218.98 10.89 2.02
80 277.43 £41.96 7.73 - 27.74

113



114

TABLE XXIV
Restored Linearly Interpolated Antenna Temperatures for
. Finite Wave Tank with Three Restorations
(Antenna = 124 horn, o = 26 feet, f = 10.69 GHz, T = 284K, S = 0 %/00)
HORIZONTAL POLARIZATION

Inﬁ%g?gce Ta Thres Ta - Th Tores = Th
0’ 110.51 109.94 1.41 0.84
10° 108.41 107.49 0.54 - 0.38
20" 104.84 103.10 0.68 - 1.07
30" 98.90 95.77 0.94 - 2.19
40" 90.68 84.98 1.42 - 4.28
50 " 82.69 61.76 4.60 - 16.33
60 73.50 38.34 8.79 - 26.37
70 88.07 8.88 38.13 - 41.07
80 129.16 8.35 91.19 - 29.62
' ~ VERTICAL POLARIZATION
I”E$§?2°e T Thres T2~y Tores = Tb
0 110.67 110.11 1.57 1.01
100 110.94 109.76 0.54 - 0.64
20° 115.13 113.08 0.68 - 1.41
30 122.65 119.28 0.93 - 2.04
40 134.52 129.22 1.33 - 3.97
50° 153.70 140.55 3.13 - 10.02
60 18123 167.55 4.35 - 9.33
70° 227.85 217.12 10.89 0.16 |
80° 277.43 278.83 7.73 9.12




TABLE XXV

Restored SPLINE Interpolated Antenna Temperatures

for Finite Wave Tank with One Restoration

(Antenna = 8\ horn, p = 26 feet, ¥ = 10.69 GHz, Tm = 284°K, $=40 0/00)
HORIZONTAL POLARIZATION
Inﬁ%ﬁ?QCG Ta Thres Ta = T Thres = Th
0 115.30 108.51 6.20 | - 0.59
107 111.36 109.83 3.49 1.96
20" 108.41 106.66 4.25 2.50
30 103.90 101.04 5.94 3.07
40° 97.85 92.75 8.60 3.49
50° 95,52 81.81 17.43 3.72
60 92.11 67.52 27.40 2.81
70" 124.80 47.96 74.85 - 1.98
80° 169.85 28.07 131.88 - 9.907
VERTICAL POLARIZATION
I"Eﬁg?gce Ta Thres Ta =Ty Tores = Th
0 115.32 108.53 6.23 - 0.56
10° 113.85 112.49 3.45 - 2.10
20" 118.48 117.43 4.03 2.99
30 126.98 125.90 5.26 4.17
40" 140.03 138.90 6.84 5.71
50° 161.81 158.59 11.25 8.02
60 190.08 185.27 13.20 8.40
70° 238.86 203.44 21.90 - 13,52
80" 278.28 196.18 8.58 - 73.52
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TABLE XXVI

Restored SPLINE Intarpolated Antenna Temperatures

for Finite Wave Tank with Three Restorations

(Antenna = 8x horn, p = 26 feet, f = 10.69 GHz, T, = 284°K, S =0 %00)
HORIZONTAL POLARIZATION
In;;g$2ce Ta Thres Ta = Tp Tores = Tp
0 115.30 ~ 106.66 6.20 - 2.43
107 111.36 107.30 3.49 - 0.56
20° 108.41 104.10 4.25 - 0.06
30 103.90 98.72 5.94 0.76
40° 97.85 90.76 8.60 1.50
50 95.52 80.46 17.43 2.36
60 92.11 66.87 27.40 2.16
70 . 124.80 51.28 74.86 1.34
80" 159.85 34.62 131.88 - 3.3
VERTICAL POLARIZATION
Inﬁ%g?ZCQ Ta Thres Ta = Tp Thres =~ Tp

0 115.32 106.69 6.23 - 2.41
10" 113.85 109.86 3.45 - 0.54
20° 118.48 114.27 4.03 - 0.18
30 126.98 122.26 5.26 0.53
40° 140.03 134.78 6.84 1.59
50 161.81 156.99 11.25 6.42
60 190.08 188.03 13.20 11.15
70° 238.86 228,58 21.90 11.62
80° 278.28 254.42 8.58 - 15.28
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TABLE XXVII
Restored Linearly Interpolated Antenna Temperatures

for Finite Wave Tank with.One Restoration
(Antenna = 82 horn, p = 26 feet, f = 10.69 GHz, Tm = 284°K, S=0 0/oo}
HORIZONTAL POLARIZATICN

[nﬁgg?gce T3 Thres =Ty Tores = Tp
0 116.30 109.53 7.20 0.44
10 111.36 108.64 3.49 0.78
207 108.41 105.08 4.25 0.91
30° 103.90 98.74 5.94 0.77
40 97.85 89.55 8.60 0.29
50 1 95.52 77.21 17.43 - 0.89
60 92.11 61.88 27.40 - 2.83
700 1 124,80 41.61 74.86 - 8.3
80 169.85 |  25.03 131.88 - 12.94
VERTIZAL POLARIZATION
Inﬁﬁg?QCE T Thres Ta - Tp Thres = Th
0 116.44 109.67 7.34 0.57
10 113.85 111.30 3.45 . 0.91
20" 118.48 115.92 4.03 1.48
30° 126.98 123.89 5.26 2.17
40" 140.03 136.44 6.84 3.24
50° 161.81 155.61 11.25 5.04
60 190.08 132.42 13.20 5.54
70" 238.86 201.28 21.90 - 15.68
80 278.38 196.41 8.58 - 73.29




TABLE XXVIII

Restored Linearly Interpolated Antenna Temperatures for

Finite Wave Tank with Three Restorations

(Antenna = 8x horn, p = 26 feet, ¥ = 10.69 GHz, To = 284°K, S =0 %o0)
HORIZONTAL POLARIZATION

Inﬁ;g?EC? Ta Thres Ta = Th Tores ~ b
0 116.30 108.70 7.20 - 0.40
10 111.36 104.85 3.49 - 3.0
20° 108.41 100.40 4.25 - 3.76
30° 103.90 92.46 5.94 - 5.50
40° 97.85 81.06 8.60 - 8.20
50 95.52 64.89 17.43 - 13.21
60 92.11 47.16 27.40 - 17.55
70 124.80 27.05 74.86 - 22.90

80’ 169.85 21.46 131.88 - 16.51

VERTICAL POLARIZATION

Inﬁ;g?gce Ta Thres Ta~ Ty Tores = Tp
0 116.44 108.83 7.34 - 0.27
10 113.85 107.35 3.45 - 3.04
20" 118.48 110.68 4.03 - 3.77
30 126.98 116.81 5.26 - 4.9
40" 140.03 127.37 6.84 - 5.8
50 161.81 147.13 11.25 - 3.44
60 190.08 178.35 13.20 1.47
70 238.86 220.41 21.90 3.45
80" 278.28 255.46 8.58 - 15.24
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Fig. 23. Restoration of SPLINE Interpolated Data for
the Finite Wave Tank {Antenna = 12X horn,
p =-13 feet, one iteration).
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SPLINE interpolated data shows that the single iteration results
are more accurate than those obtained with three restoratjons.
With the interpolation error, three restorations can no longer be
taken and still achieve accurate results. With one restoration,
improvement is achieved up to an incidence angle of about 60°.
With Tinear interpolation, again the single jteration data is
better than with three restorations and it is an improvement over
the antenna temperatures. Due to the high frequency error in the
spectrum of the Tinearly interpolated antenna temperatures, the
inversion results, using three restorations, are less accurate than
for the SPLINE routine. The accuracy of the results yielded with
one restoration is about the same with either interpolation method.
With the 8\ horn antenna and the 13 foot support boom, the
tabuiation of the SPLINE interpolated data shows that three resto-
rations yield more accurate results than one iteration, and the
recovered brightness temperatures are almost always better approxi-
mations than the interpolated antenna temperatures. Examination of
the Tinearly interpoT&ted data shows that additional restorations
are not useful due to the previously mentioned high frequency error
in the spectrum of the antenna temperatures. However, the single
iteration case does yield improved results over the original

antenna temperatures at the lower incidence angles for vertical

polarization and at all incidence angles for horizontal polarization.

Comparing the best case data for the two different interpolation

techniques. one can see that with the 8\ horn and 13 foot boom
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LUV ITALEON, JFLINE INnTerpolation is superior,

Next, the effect of interpolation will be examined for the
12X horn and 26 foot boom computations. With SPLINE interpolation,
the accuracy of the one- and three-iteration results appears to
be very nearly the same but with a slight overall superiority for
the three restorations. With this antenna and boom combination,
the tank looks very narrow and the antenna, having a very narrow
beam, creates a rapid]y varying function as the tank is scanned.
The 5.6° sampling is not rapid enough in this case to let the
SPLINE routine fit an accurate curve. With the rapidly varying
functions involved with this antenna-boom combination, the high
frequency ervor in the linear interpolation is most pronounced
making the three restoration results much inferior than those of
one iteration. The one restoration case does, however, yield
improved results over the antenna temperatures. Due to the rapidly
varying functions, the Tinear interpolation yields better results
than does the SPLINE routine.

Finally, the antenna temperatures for the 8% horn and the
26 foot boom vary less rapidly than those yielded with the narrow
12X horn and 26 foot support boom. Consequently, the restoration
of the SPLINE interpolated data {s more convergent and the three-
iteration case does yield better results than the single restora-
tion. With three restorations, results are yielded that are a
considerable improvement over the interpolated antenna temperatures.
With the Tinear interpolation, multiple iterations are not

desirable and the best results are obtained with one restoration



where the recovery process definitely yields improved results
and should be used. For the 8 horn and the 26 foot boom, a
slightly more accurate approximation of the water brightness
temperature can be obtained with 1inear rather than SPLINE inter-
pelation. '
The restoration process has up to.now been investigated using
error-free and interpotated antenna temperatures. The process will
now be examined with a random error added to the antenna
temperatures. A Gaussian error with a mean of Oo and a standard
deviation o7 1° was added to the antenna temperature profiles for
each value of o. The maximum error that was added to the antenna
temperatures was approximately + 2.80. These profiles were then
smoothed through the use of a Fortran subroutine named ICSSMU of
the IBM IMSL Tibrary. The fuaction with error and the standard
deviation of the error is supplied to the subrﬁutine which places
a smooth cubic spline along the given set of data points. The
subroutine can also interpolate between the data points. In this
invegtigation, the subroutine was used to smooth the antenna
temperatures that were known every 1.42 after the random error
had been added. Also, to show the combined effect of both the random
error and interpolation, data with the random error was suﬁplied to
the subroutine at 5.6O intervals and the program was used to both
smooth the antenna temperatures and interpolate to provide the
needed 1.4o sampling. Tables XXIX through XXXVI show the results
obtained by smoothing the antenna temperatures with added random

error and not interpolating. A1l four combinations of the 12x,
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TABLE XXIX

Restored Antenna Temperatures for Finite Wave Tank with
Random Error, No Interpolation, and One Restoration

(Antenna = 12 horn, p = 13 feet, f = 10.69 GHz, T = 284°K, S = 0 °/00)
HORIZONTAL POLARIZATION
‘Inggg$2ce Ty Thres Ta - Tp Thres ~ Tb
0° 108.94 108.63 - 0.16 - 0.47
10° 108.48 108.81 0.61 0.95
20° 104.78 105.12 0.62 0.96
30° -98.59 98.96 0.63 0.99
40° 89.92 90.26 0.66 1.00
50 78.98 79.25 0.88 1.15
60° 66.15 66.11 1.44 1.40
70° 57.66 49.73 7.71 - 0.2
80° 72.66 43.72 34.69 5.75
. VERTICAL POLARIZATION
I"ﬁ;g?gce T Thres Ta- Ty Thres = Tp
0 108.98 108.67 - 0.12 - 0.43
10° 111.01 111.33 0.61 0.93
20° 115.11 115.39 0.66 0.94
30° 122.47 122.70 0.75 0.98
10° 134.09 134.22 0.90 1.03
50" 151.77 152,09 1.20 1.52
60 178.44 180.00 1.57 3.12
70° 219.46 225.10 2.50 8.14
80" 268.90 272.60 - 0.80 2.90
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TABLE XXX

Restored Antenna Temperatures for Finite Wave Tank with
Random Error, No Interpolation, and Three Restorations

(Antenna = 122 horn, p = 13 feet, f = 10.69 GHz, T_ = 284K, S = 0 %/o00)
HORIZONTAL POLARIZATION

Ing;g$gce Ta Thres Ta = Ty Tbores ™ Tb
0° 108.94 108.33 - 0.16 - 0.76
10° 108.48 109.38 0.61 1.52
20° | 104.78 105.69 0.62 1.52
30° | 98.50 99.52 0.63 1.56
40° 89.92 90.76 0.66 1.50
50° 78.98 79.58 0.88 1.48
60° 66.15 66.58 1.44 1.88
70° 57.66 47.60 7.71 - 2.34
80° 72.66 46.79 34.69 8.82
_ VERTICAL POLARIZATION .

Inﬁ%g?QCE Ta Thres Ta - Tp Thres ~ Th
0 108.98 108.37 - 0.12 - 0.72
10° 111.01 111.88 0.61 1.48
20° 115.11 115.93 0.66 1.48
30 122.47 123.23 0.75 1.51
20° 134.09 134.62 0.90 1.43
50° 151.77 151.62 1.20 1.05
60° 178.44 177.66 1.57 0.78
70° 219.46 220.85 2.50 3.88
80° 268.90 284.78 - 0.80 15.07
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TABLE XXXI

Restored Antenna Temperatures for Finite Wave Tank with
Randem Evror, No Interpolation, and One Restoration

(Antenna = 8) horn, p = 13 feet, f = 10.69 GHz, T_ = 284°K, $ = 0 9/00)
HORIZONTAL POLARIZATION

Inﬁgg?gce Ta Thres - Tp Thres = Tp
0° 109.21 108.74 0.11 - 0.35
10° 108.51 108.62 0.64 0.75
20° 104.85 105.01 0.69 0.85
30° 98.76 98.86 0.80 0.89
40° 90.30 90.37 1.04 1.1
50° 80.46 79.40 2.37 1.30
60° 70.04 64.92 5.33 0.2]
70° 73.17 53.15 23.23 3.2
80° 95.16 42.20 57.19 4.24
' VERTICAL POLARIZAT
Ing;g$2ce Ta Thres - Tp bres ~ Tp
0° 109.26 108.79 0.16 - - 0.3
10° 111.04 111.15 0.65 0.75
20° 115.21 115.36 0.76 0.9
30° 122.71 122.83 0.99 1.11
40° 134.56 134.96 1.37 1.77
50° 152.86 154.28 2.29 3.71
60° 180.22 182.95 3.34 6.07
70° 222.10 225.88 5.14 8.92
80° 264,92 253.94 4.78 - 15.76
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TABLE XXXII

Restored Antenna Temperatures for Finite Wave Tank with

Random Error, No Interpolation, and Three Restorations

(Antenna = 8X horn, p = 13 feet, f = 10.69 GHz, T = 284K, S = 0 /0o0)
HORIZONTAL POLARIZATION
Inﬁggigce Ta Thres Ta~Tp Tores = Tp
0° 109.21 108.28 0.11 - 0.82
10° 108.51 109.03 0.64 1.16
20° 104.85 1105.36 0.69 1.20
30° 98.76 98.99 0.80 1.03
40° 90.30 90.38 1.08 1.12
50 80.46 79.07 2.37 0.97
60° 70.04 63.29 5.33 - 1.42
70° 73.17 54,00 23.23 4.06
80° 95.16 46.49 57.19 8.52
_ VERTICAL POLARIZATION
I"ﬁ;g?gce Ta Thres Ta~ Ty Tores = Th
0° 109.26 108.32 0.16 - 0.78
10° 111.04 111.53 0.65 1.13
20° 115.21 115.56 0.76 1.11
30° 122.71 122.54 0.99 0.81
10° 134.56 133.81 1.37 0.62
50° 152.86 150.99 2.29 0.42
60° 180.22 177.83 3.34 0.95
70° 222.10 231.74 5.14 14.77
80° 264.92 275.36 - 4.78 5.66
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TABLE XXXII.

Restored Antenna Temperatures for Finite Wave Tank with

Random Error, No Interpolation, and One Restoration

(Antenna = 12X horn, p = 26 feet, T = 10.69 GHz, T, = 284°K, S =D 9/00)
. HORIZONTAL POLARIZATION
Ing;g$2ce Ta Thres Ta = Th Thres = Ty
0 109.86 108.42 0.76 - 0.68
10° 108.97 109.18 1.10 1.3]
20 105,37 105,56 1.21 1.40
30° 99.40 99.63 1.44 1.67
40° 91.13 91.25 1.87 1.99
50° 82.36 79.33 4.26 1.24
60° 72.97 65.68 8.26 0.97
70° 90.45 54.91 40.51 4.97
80° 135.40 44,67 97.43 6.70
VERTICAL POLARIZATION
Inﬁ;g?ECE Ta Thres Ta - Ty Thres = Tp
0° 109.89 108.45 0.79 - 0.65
10 111.50 111.73 1.10 1.33
20° 115.66 115.94 1.21 1.49
30° 123.16 123.68 1.43 1.96
40° 134.96 135.99 1.77 2.80
50° 153.65 154.88 3.08 4.32
60 181.24 184.15 4.36 7.27
70° 228.78 224,54 11.82 7.58
80° 279.24 245,46 9.54 - 24,24
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TABLE XXXIV

Restored Antenna Temperatures for Finite Wave Tank with
Random Error, No Interpotation, and Three Restorations

(Antenna = 123 horn, p = 26 feet, f = 10.69 GHz, T = 284K, S = 0 %/00)
HORIZONTAL POLARIZATION
Ing;gz]egce Ta Thres - Tp Thres ~ Tb__
0° 109.86 108.10 0.76 - 0.99
10° 108.97 109.39 1.10 1.52
20° 105.37 105.51 1.2 1.34
30° 99.40 99.36 1.44 1.40
40° 91.13 90.82 1.87 1.56
50° 82.36 77.12 4.26 - 0.98
60° 72.97 62.85 8.26 - 1.86
70° 90.45 56.27 40.51 6.33
80° 135.40 54.16 97.43 16.19
ICAL POLARIZAT
I"ﬁ;g?gce Ta Thres - Ty Thres - Th
0 109.89 108.14 0.79 =+ 0.9
10° 111.50 111.89 1.10 1.49
20° 115.65 115.68 1.21 1.23
30° 123.16 122.86 1.43 1.13
40° 134.96 134,23 1.77 1.04
50° 153.65 150.22 3.08 - 0.35
60° 181.24 178.93 4.36 2.05
70° _228.?8 233.05 11.82 16.09
80° 279.24 285.24 9.54 15.54




TABLE XXXV

Restored Antenna Temperatures for Finite Wave Tank with
Random Error, No Interpolation, and One Restoration

(Antenna = 8X horn, p = 26 feet, f = 10.69 GHz, T = 284K, S = 0 /oo)
. HORIZONTAL POLARIZATION
Inﬁgg$2ce Ta Thres Ta= Ty Thres = Th
0° 114,58 107.20 5.48 - 1.90
10° 111.64 110.51 3.77 2.64
20° 108.52 106.92 4,36 2.76
30° 103.74 100.66 5.78 2.70
40° 97.33 91.56 8.07 2.30
50° 95.30 81.09 17.20 2.99
60 92.65 68.25 27.94 3.54
70° 128.57 54,50 78.63 4.56
80° 174.54 36.31 136.57 - 1.66
. VERTICAL POLARIZATION
In;;§$2ce Ta Thres Ta=Tp Thres = Tp ,
0° 114.61 107.22 5.51 - 1.88
10° 114.13 113.17 3.73 2.78 |
20° 118.61 117.73 4.16 3.29
30° 126.90 125.68 5.18 3.96
40 139.70 - 138.12 6.51 4.93
50° 161.73 158.21 11.17 7.64
60° 190.37 185.58 13.49 8.70
70° 240.58 206.28 23.62 - 10.68
80° 280.25 199.50 10.54 - 70.20
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TABLE XXXVI
Restored Antenna Temperatures for Finite Wave Tank with

Random‘Erroé, No Interpolation, and Three Restorations
(Antenna = 8 horn, p = 26 feet, f = 10.69 GHz, T = 284'K, S = 0 %/00)
HORIZONTAL POLARIZATION

Inﬁ&g?ZCE Ta N Thres Ta = Tp Thres = Th
0 114.58 104.42 5.48 - 4.68
10 111.64 109.11 3.77 1.24
20° 108.52 104,91 4.36 0.75
300 103.74 97.96 5.78 0.00
40° 97.33 88.17 8.07 | - 1.09
50° 95.30 78.67 17.20 0.57
60° 92,65 67.62 27.94 2.91
. 70° 128.57 62.23 78.63 12.28
80° | 174.54 48.27 136.57 10.30

VERTICAL POLARIZATION

Ing;g$2ce T Thres Ta = Tp Tores = Tp
0" . 114.61 104.44 5.51 ~ 4,65
10° 114.13 111.64 3.73 1.25
* 20° 118.61 115.13 4.16 0.68
30° 126.90 121.86 5.18 0.14
40° 139.70 133.10 6.51 - 0.09
50° 161.73 155.95 11.17 5.38
60° 190.37 188.17 13.49 11.29
70° 240.58 233.06 ' 23.62 16.10
80° 280.25° 259,57 10.54 - 10.13
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8A horn anternas and 13 foot, 26 foot supporting booms are listed
with one and three restorations. Figures 31 through 34- are graphs’
using the B=0 points for each of the four cases and the optimum
number of restorations. Tables XXXVII through XLIV and Figures
35 thrbugh 38 show data analogous to Tables XXIX through XXXVI and
Figures 31 through 34, respectively, but with interpolation and
smoothing provided by the subroutine ICSSMU.

With the 12X horn and the 13 foot boom, the error that has

" been added is greater than the difference between the antenna

temperatures and the brightness temperatures. Consequently, the
restored brightness temperatures are not as good an approximation
of the brightness temperatures as are the smoothed antenna
temperatures. Multiple restoration makes the restored results
inferior. For this antenna and boom length, these observations are
valid for both the interpolated and uninterpolated data.

For the 8A horn and the 13 foot boom data that contains the
random error, multiple restorations are not desirable either with
or without interpolation. When the antenna temperatures are not
interpolated, some improvement at the larger incidence angles for
horizontal polarization is achieved with one iteration. With
interpolation, the smoothed antenna temperatures are more accurate
than the restored results.

Using the 12A horn 26 foot boom, and no interpoigtion; the
three-restoration results are better than those for one interation.

With this antenna and boom combination, and no interpolation.
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TABLE XXXVII

Restored Antenna Temperatures for Finite Wave Tank with
Random Error, Interpolation, and One Restoration

(Antenna = 12X horn, p = 13 feet, f = 10.69 GHz, T = 284°K, S = 0 °/o0)
HORIZONTAL POLARIZATION

Inﬁﬁg?gce T T'bre‘s Ta = Tp Thres - T
0° 109.42 109.28 0.32 0.18
10 108.50 108.90 0.63 1.0
20° 104.81 105.18 0.64 1.0]
30° 98.65 99.07 0.68 1.11
40" 89.99 90.57 0.73 1.31
50 78.26 78.46 0.17 0.37
60 63.50 62.34 - 1.21 - 2.37
70" 61.06 52.70 1.12 2.75
80° 77.78 50.57 39.81 12.60
' VERTICAL POLARIZATION
Inﬁ;g$2ce Ta Tbres Ta B Tb TB;;;—_ Tb
0 109.44 109.30 0.34 0.20
10° | 111.03 111.42 0.63 1.02
20° "115.13 115.45 0.69 1.01
30° 122.51 122.80 0.79 1.08
40° 134.10 134.38 0.91 1.18
50° 151.30 151.52 0.73 0.95
60° 177.67 178.80 0.79 1.92
70° | 220.44 226.19 3.48 9.22
80° 270,94 275.13 1.24 5.43
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TABLE XXXVIII
Restored Antenna Temperatures for Finite Wave Tank with
Random Error, Interpoiation, and Three Restorations

(Antenna = 124 horn, p = 13 feet, = 10.69 GHz, T = 284K, S = 0 °/00)
HORIZONTAL POLARIZATION

InE;g?gce Ta Thres o Ty Thres = Ty
0° 109.42 108.73 0.32 - 0.36
10° 108.50 109.44 0.63 1.58
20° 104.81 105.56 0.64 1.40
30° 98.65 99.41 0.68 1.45
40° 89.99 91.03 0.73 1.77
50 78.26 79.13 0.17 1.03
60° 63.50 63.12 - 1.21 - 1.59
70° 61.06 47.93 . 11.12 - 2.01
80° 77.78 54,91 39.81 16.94
VERTTCAL POLARIZATION
Ing;§$2ce T Thres Ta - Th Thres - Th
0° 109.44 108.76 0.34 - 0.34
10° 111.03 111.94 0.63 1.54
20° 115.13 115.84 0.69 1.40
30° 122.51 123.14 0.79 1.42
40° 134.10 134.72 0.91 1.53
50° { 151.30 151.10 0.73 0.53
60° 177.67 176.30 0.79 -~ 0.58
70° 220.44 221.48 3.48 4,52
80° 270.94 287.72 1.24 18.02
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TABLE XXXIX

Restored Antenna Temperatures for Finite Wave Tank with
Random Error, Interpolation, and One Restoration

(Antenna = 8x horn, p = 13 feet, f = 10.69 GHz, T_ = 284°K, S = 0 %/o0)
' HORIZONTAL POLARIZATION

Inﬁ;g?gce T Thres Ta - T Thres = Tp
0° 109.52 109.33 0.42 0.23
10° 108.55 108.85 0.68 0.98
20° 104.85 105.25 0.68 1.09
30° 98.65 99.01 0.69 1.05
40° - 89.84 89.99 0.58 0.73
50" 79.00 76.96 0.90 - 1.14
60° . 69.13 62.87 4.42 - 1.84
70° 76.63 | - 58.06 26.60 8.12
80° 98.74 46.98 60.77 9.01
B VERTICAL POLARIZATION
Inﬁ%g?QCQ Ta Thres Ta- Ty Thres - Ty
0 | 109.54 109.36 0.44 0.26
10 111.07 111.36 0.67 0.96
20° 115.19 115.55 0.74 1.10
30° 122.60 122.9] 0.87 1.18
40° 134.22 134.65 1.03 1.46
50 152.18 153.11 1.6] 2.55
50° 180. 20 182.76 3.33 5.88
70° 223.11 227.37 6.15 10.40
80° 265.05 253.82 - 4.65 - 15.88




TABLE XL

Restored Antenna Temperatures for Finite Wave Tank with

Random Error, Interpolation, and Three Restorations

(Antenna = 8\ horn, p = 13 feet, f = 10.69 GHz, Tm

HORIZONTAL POLARIZATION

= 284K, S = 0 °/00)

Ing;g$2ce Ta Tbres Ta - Ty Thres = T
0° 109.52 108.98 0.42 - 0.12
10° 108.55 109.52 0.68 1.65
20° 104.85 105.91 0.68 1.74
30° 98.65 99.68 0,69 1.71
40° 89.84 90. 60 0.58 1.34
50° 79.00 75.89 0.90 - 2.20
60° 1 69.13 59,59 4.42 - 5.12
70° 76.63 60.00 26.69 10.05
80 98.74 52.49 60.77 14.52
VERTICAL POLARIZATION

I"ﬁ;g?gce Ta Thres Ta = Th Tores = Th
0 109.54 109.00 0.44 -~ 0.10
10° 111.07 111.99 0.67 1.60
20° 115.19 116.03 0.74 1.58
30° 122.60 123.02 0.87 1.29
a0° 134.22 133.84 1.03 0.65
50° 152.18 149.37 1.61 - 1.20
60° 180.20 177.19 3.33 0.32
70° 223.11 233.63 6.15 16.67
80° 265.05 275.29 - 4.65 5.59
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TABLE XLI

Restored Antenna Temperatures for Finite Wave Tank with
Random Error, Interpolation, and One Restoration
(Antenna = 123 horn, p = 26 feet, f = 10.69 GHz, T = 284 K, S = 0 °/00)
HORIZONTAL POLARIZATION

In§;g$2ce Ta Thres Ta = Tp Tores = Th
0° 109.08 107.33 - 0.02 - 1.77
10° 108.81 109.54 0.94 |  1.68
20° 104.80 105.18 0.64 1.01
30° 97.80 97.67 - 0.17 - 0.29
40° 88.18 87.22 - 1.8 | - 2.08
50° 80.84 76.34 2.74 - 1.75
60 74.02 65.29 9.32 0.58
70° 97.44 62.98 47.49 13.04
80° 140.57 51.02 102.60 13.05
VERTICAL POLARIZATION
Inﬁ;g?ECE Ty Thres Ta = Tp Tores ™ Th
0° 109.09 107.34 - 0.01 - 1.76
10° 111.32 112.06 0.92 1.66
20° © 115.12 115.58 0.68 1.13
30° 121.84 122.08 0.11 0.36
40° | 1s2.72 | 132090 - 0.47 - 0.29
50 152.44 152.57 1.87 2.01
60 181.29 183.41 4.41 6.53
70° | 231.74 227,89 14.77 10.92
80° 283.17 250.76 13.47 - 18.94
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TABLE XLII

Restored Antenna Temperatures for Finite Wave Tank with
Random Error, Interpotation, and Three Restorations
(Antenna = 12X horn, o = 26 feet, f = 10.69 GHz, T = 284°K, S = 0 %/00)
HORIZONTAL POLARIZATION

Inﬁ;g?gce Ta Thres 1 Ta - T Tores = Th
0 109.08 105.87 - 0.02 - 3.23
10 108.81 110.29 0.94 2.42
20° 104.80 105.70 0.64 |.  1.54
30° 97.80 98.19 - 0.17 0.23
a0° 88.18 87.47 - 108 | - 1.79
50° 80.84 72.69 2.74 - 5.40
60 74.02 60.26 9.32 - 4.45
70 97.44 63.26 47.49 13.31
80° 140.57 59.61 102.60 21.64
. VERTICAL POLARIZATION
Ing;g?gce_ Ta Tbres Ta - Ty Tbres - Tb
0° 109.09 105.88 - 0.01 - 3.2
10" 111.32 112.72 0.92 2.32
20° 115.12 115.85 0.68 1.40
30 121.84 121.86 0.11 0.14
40" 132.72 131.49 - 0.47 - 1.70
50 152,44 146.93 1.87 - 3.63
60° 181.29 177.35 4.41 0.47
70° 231..74 236.06 14.77 19.10
80° 283.17 290.88 13.47 21.17




TABLE XLIII

Restored Antenna Temperatures for Finite Wave Tank with
Random Error, Interpolation, and One Restoration

(Antenna = 81 horn, p = 26 feet, f = 10.69 GHz, T = 284 K, S = 0 °/00)
HORIZONTAL POLARIZATION
Ing;g?gce - Ta Thres Ta = Tp Thres ~ Tp
0° 113.88 107.11 4.78 - 1.99
10° 110.04 108.22 2.17 0.36
20° 106.61 103.86 2.44 - 0.30
30° 101.66 97.04 3.70 - 0.92
40" 95.44 87.88 6.18 - 1.38
50° 95.99 81.16 17.89 3.06
60 95.64 71.76 30.93 7.05
70 135.46 64.13 85.52 14.18
80° 180.96 15,97 142.99 8.00
VERTICAL POLARIZATION
Ing:lgglegce Ta Thres Ta = Tp Tores = Th
0° 113.94 107.16 4.84 - 1.9
10° 112.58 110.96 2.19 0.57
20° 116.84 114.91 2.39 0.46.
30° 125.10 122.56 3.37 0.84
40 138.18 135.18 4.98 1.98
50° 162.06 158.00 11.49 7.44
60 191.71 187.00 14.83 10.12
70° 243.9] 210.83 26.95 - 6.13
80° 282.27 202.52 12.57 - 67.19
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TABLE XLIV

Restored Antenna Temperatures for Finite Wave Tank with

Random Error, Interpolation, and Three Restorations

(Antenna = 8X horn, p = 26 feet, f = 10.69 GHz, T = 284 K, S = 0 %/00)
HORIZONTAL POLARIZATION
Inﬁ;g$gce Ta Thres Ta- Ty Thres = Tb
0° 113.88 106.67 4.78 . - 2.43
10° 110.04 106.82 2.17 - 1.04
20° 106.61 101.23 2.44 - 2.93
30° 101.66 93.00 3.70 - 4,97
40° 95.44 - 82.45 6.18 - 6.8
- 50 95.99 77.42 17.89 - 0.67
- 60° 95.64 71.00 30.93 6.29
70° 135.46 73.84 85.52 23.90
80° 180,96 60.11 142.99 22.14
VERTICAL POLARIZATION
ﬂfnﬁgg$gce Ta Thres Ta = Ty Thres = Tp
0° 113.94 106.72 4.84 - 2.38
10° 112.58 109.45 2.19 - 0.95
20° 116.84 111.74 2.39 - 2.7
30° 125.10 117.59 3.37 - 4,13
40° 138.18 128.54 4.98 4.65
50° 162.06 154.77 11.49 4.21
60° 191.71 189.37 14,83 12.49
70° 243.91 238.35 26.95 21.39
80 282.27 263.17 12.57 - 6.54
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there is enough difference between the antenna and brightness
temperatures to prevent the error from dominating tﬁe process.
Even ét the incidence angles where the smoothed antenna tempera-
tures are more accurate than the restored brightness temperatures,
the restoration process does not yield results that indicate
instability. When interpolation is used, there is some improvement
in the horizontal polarization data but none in the vertical
polarization with one restoration. Multiple iterations yield less
accurate resylts. In addition to the random error, there is con-
siderable interpolation érror with the rapidly varying functions
involved in the 12X horn and 26 foot boom case.

For the 8 horn aﬁd the 26 foot boom, improved results are
obtained by restoring the smoothed antenna temperatures with and
without interpolation. With no interpolation, the results with
three restorations are much superior than those with one restora-
tion. The inversion is stable even with the added eréor and the
results are improved significantly through the restoration process.
With interpolation, the three-restoration results are inferior to
those with one iteration. The results obtained with oﬁé restoration
are, however, a definite improvement over the smoothed and inter-
polated antenna temperatures. This is true for both polarizations
and nearly all incidence angles. ‘

To partially summarize the parametric studies for the NASA
finite wave tank, four tables will now be presented to show the

recommended number of restorations for the various antenna, boom



tength, and data sampling combinations. Tables XLV, XLVI,
XLVII, and XLVII summarize the 12X horn and 13 foot boom, 8i
horn and 13 foot boom, 12X horn and 26 foot boom, and 8\ hern
and 26 foot boom cases. An "X", "V", or "H" indicate the
recommended number of restorations for vertical-horizontal,
vertical, or horizontal polarizations, respectively. Recommending
no restorations indicates that the antenna temperature is a more
accurate estimation of the true brightness temperature than the
restored brightness temperature. These tables were based on the
accuracy of the data from O0 to 60o incidence angle, since the
data above 60o is of Tittle practical concern. With these tables,
one should be able to use the most effective number-of restora-
tions for thg system under investigatioﬁ.

' It should be noted that the two-restoration data-was investi-
gated, but at no time did it yield the best results.

Appendix II contains a listing of the Fortran program that
performs the three-dimensional inversion.

In addition to accounting for the non ideal pencil beam
characteristics of the antennas, there is another major factor
that needs to be compensated for in the restoration of measurements.
This is the cross-po]ari;ation in the radiation characteristics of
the antenna which wa§ discussed in Section E of the theory. In
practice, horns as we]i as other aperture antennas are not per-
fectly polarized even in the principal planes, but do possess a
smalier orthogonal component to the principal field. Since the cross-

polarized term is orthogonal to the principal component, it responds
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TABLE XLV |

Optimum Restoration for the Finite Wave Tank

with the 12X Horn Antenna and the 13 Foot Boom

Recommended Mumber of Restorations

Type of Data Sampling

y i 2 3
No Error X
SPLINE Interpolation X
Linear Interpolation X
Random Error - No Interpo1afion X
Random Error - Interpolation X
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TABLE XLVI

Optimum Restoration for the Finite Wave Tank

with the 8% Horn Antenna and the 13 Foot Boom

. Recommended Number of Resterations
Type of Data Sampling
C 1 2 3
No Error X
SPLINE Interpolation . X
Liiear Interpolation X
Random Error - No Interpolation y H
Random Error - Interpolation X
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TABLE XLVII

Optimum Restoration for'the Finite Wave Tank

with the 12X Horn Antenna and the 26 Foot Boom

Recommended Number of Restorations
Type of Data Sampling .

0 ] 2 3

No Error A

SPLINE Interpolation X
Linear Interpolation X

Random Error - No Interpolation X
Random Error ~ Interpolation v H

651



TABLE XLVIII

Ontimum Restoration for the Finite Wave Tank

with the 8) Horn Antenna and the 26 Foot Boom

Recommended Mumber of Restorations
Type of Data Sampling
g 1 l 3
No Error X
SPLINE Interpolation X
Linear Interpolation X
Random Error - No Interpolation . ' X
Random Error - Interpolation X

091
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to the polarization which is orthogonal to the principal wave for

a given scan. As the incidence angle becomes Targer and the
difference between the horizontal and vertical emissions of the
water get larger, the effect of this cross-polarization becomes
more pronounced. To show the effect of cross-polarization on the
measurements, anfenna temperatures have been calculated for
different assumed values of cross-polarization. The data listed

in Table XLIX shows the effect of the different cross-polarizations
for the 12X horn antenna and the 13 foot boom. Similar results are
shown in Table L for the 8X corrugated horn and the 13 foot bpom.
Table LI shows the effect of cross-polarization for the 12X horn
and the 26 foot boom and Table LII 1ists the results for the 8
horn and the 26 foot boom. From these tables, one can immediately
conclude that cross-polarization becomes a very significant factor
no matter how narrow the antenna pattern is or which boom is uged.
This is to be expected since the effect of cross-polarization is
mainty a function of the difference between the orthogonal radiation
characteristics of the environment.

To show how well this cross-polarization phenomenon can be
compensated for in the restoration process, antenna temperature
profiles have been calculated, for various a's, assuming -20 dB
cross-polarization and‘then restored to examine its importance. For
the 12} antenna and the 13 foot boom, the results, with three resto-
rations, are Tisted in Tabie LIII. By comparing these results with
those in Table V, it becomes clear how well the restoration process

compensates for the cross-polarization. The antenna temperatures are



TABLE XLIX
Antenna Temperatures for the Finite Wave Tank with Cross-Polarization

(Antenna = 12Xx horn, p = 13 feet)

(f = 10,69 GHz, T

= 284K, S = 0 %00)

Tah Ta'h Tan Tah Tav Tav Tav Tav

none -25 dB | -20 dB -15 dB none -25 dB | -20 dB | -15 ¢B

109.15 109.15 | 109.15 109.15 | 109.15 109.15 | 109.15 | 109.15
= 104.22 104.25 104.32 104.54 | 114.56 114.53 | 114.46 | 114.24
= 89.36 89.50 89.80 90.71 | 133.55 133.41 | 133.11 | 132.20
= 65.69 66.94 66.80 69.13 | 177.97 177.62 176.86 | 174.53
= 69.54 70.17 71.50 75.62 | 267.99 267.36 | 266.03 | 261.91
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TABLE L

Antenna Temperatures for the Finite Wave Tank with Cross-Polarization

(Antenna = 8x horn, p = 13 feet)

(f = 10.69 GHz, T = 284K, S = 0 °/00)

Tav

ah ah ah ah av av av

hone -25 dB | -20 dB -15 dB none -25 dB | -20 dB | -15 dB
-0 109.37 109.37 | 109.37 109.37 | 109.37 109.37 | 109.37 | 109.37
= 20 104.47 104.50 | 104.57 104.79 | 114.84 114.81 | 114.74 | 114.52
= 40 89.96 90.170 90.40 91.32 ]34.22. 134,08 | 133.78 | 132.86
= 60 70.48 70.83 71.57 73.84 1 180.13 179.78 | 179.04 | 176.77
= 80 92.20 92.74 { 93.90 97.46 | 263.84 | 263.30 | 262.14 | 258.58
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TABLE LI

Antenna Temperatures for the Finite Wave Tank with Cross-Polarization (Antenna = 12X horn, p = 26 feet)

(f = 10.69 GHz, T = 284K, S = 0 °/o0)

%h Tm Twl -%h %v Tw %v Hv,
CROSS-
POLARTZATION hone . -25 dB | -20 dB | -15 dB none -25 dB  |-20 dB ~-15 dB
o = 0° 109,70 109.70 | 109.70 109.70 | 109.69 | 109.69 109.69 | 109.69
o]
o= 20 104.84 104.87 | 104,94 105.16 | 115.13 | 115.10 115.03 | 114.81
o = 40o 90.68 90.82 g1.12 92.03 | 134.52 1 134.38 134.08 | 133.18
[+]
a = 60 73.50 73.84 74,57 76.80 | 181.23 | 180.89 180.16 | 177.93
o = 80o 129.16 129.63 | 130.63 133.71 (- 277.43 | 276.97 275.97 | 272.89
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TABLE LII
Antenna Temperatures for the Finite Wave Tank with C}dss—Po1arizati0n (Antenna = 8\ horn, p = 26 feet)

(F = 10.69 GHz, T = 284 K, S = 0 %/00)

Tah Tah Ta Tan Tav Tav Tav Tav
CROSS - ’

POLARIZATION none -25 dB -20\dB -15 4B nhone -25 dB -20 4B | -15 dB
o = 0o 112.92 1i2.92 112.92 112.92 112.9] 112.91 112,91 112.91
o= 209 108.41 108.44 108.51 108.72 | 118.48 118.45 | 118.38 118.17
o = 400 97.85 97.99 98,27 99.15 | 140.03 139.90 139.61 138.74
o= 60o 92.1%1 - 92.42 93.08 95.11 190.08 189,77 189.11 187.08

. .
a = 80 169.85 170.19 170.92 | 173.17 | 278.28 277.94 | 277.21 274,96
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Restored Antenna Temperatures for Finite Wave Tank with -20 dB

(Antenna = 123 horn, p = 13 feet, f = 10.69 GHz, T =284K, S =0 %o0)

Cross-Polarization and Three Restorations

TABLE LIII

HORIZONTAL POLARIZATION

Ini;g?ECE Ta Thres Ta - Ty Thres = Tb
0" 109.14 109.08 0.04 - 0.02
10 107.95 107.88 0.08 0.01
20 104.32 104.17 0.16 0.01
30 98.26 97.98 0.30 0.02
50" 89.80 89.26 0.54 0.00
50 79.16 77.96 1.06 - 0.14
60 66.80 64,52 2,09 -~ 0.19
70° 59,74 50.26 9.80 0.32
80" 71.50 40.10 33.53 2.13
VERTICAL POLARIZATION
Ing;g$2ce Ta Thres Ta- Ty Tores = T
0° 109.18 109.12 0.08 0.02
10° 110.44 110.41 0.04 0.01
20 ° 114.46 114.46 0.02 0.02
30 ° 121.69 121.75 - 0.03 0.03
40 " 133.11 133.17 - 0.08 - 0.02
50 ° 150. 52 150.12 - 0.05 - 0.45
60 ° 176.86 176.20 - 0.02 - 0.68
70 ° 217.48 220.45 0.52 3.49
80 266. 02 282.85 - 3.68 13.15

166



167

different for the two cases, but the restored brightness
temperatures aré almost identical. The effect of the.cross-
polarization is therefore accurately compensated. In Table LIV,
similar results are shown for the 8\ antenna and 13 foot boom

which can be compared with those shown in Table VII. Tab]e‘LV
shows the results of the restoration process of antenna temperatures
with -20 dB cross-polarization for the 12X horn and the 26 foot
boom. Comparing Table LV with TébTe IX, one can see that again

the inversion process is able to remove the effect of the cross-
polarization. The results of the inversion of the antenna tempera-
tures with cross- polarization for the 8% horn and the 26 foot boom
are shown in Table LVI. Comparing Table LVI with Table XI yijelds
the same conclusion that the effect of the cross-polarization has
been removed. It is cénc1uded that the restoration process removes
the effect of the cross-polarization for any antenna and boom
length combinat{on.

Recent]y,‘gome preliminary measurements have been made on the
wave tank system at NASA lLangley Research Center, Hampton,
Virginia. It would then be fruitful to examine the restoration of
the data even though it may not be very accurate but it is
representative of the response of the system. The measurements
were taken at a frequency of 10.69 GHz using a 12X corrugated horn
and the 26 foot boom. The values of o that were used were Oo, 100,
200, 300, 400, and 50 . Fo; the first three values of o, the
measurement had to be adjusted to remove a contribution qttributed

mainly to the standing wave pattern produced between the antenna



Restored Antenna Temperatures for Finite Wave Tank with -20 dB

Cross-Polarization and Three Restorations

TABLE LIV

(Antenna = 8 horn, p = 13 feet, = 10.69 GHz, T_ = 284K, S = 0 °/00)
HORIZONTAL POLARIZATION '

Inﬁgg$2ce Ta Thres ~Tp Thres - T
0" 109.34 109.13 0.24 0.03
10° 108.17 107.88 0.30 0.07

20 ° 104.57 104.12 0.41 - 0.04

30 ° 1 98.64 97.80 0.68 - 0.16

a0 " 90. 39 89.01 1.13 - 0.25

50 81.03 77.83 2.93 - 0.27

60 71.60 64.69 6.89 - 0.02

70 ° 73.29 51.66 23.35 1.72

80 ° 93.89 39.27 55.92 1.30

VERTICAL POLARIZATION

Inﬁ:g?ZCG Ta Thres - Th Thres = Ty
0° 109.39 109.17 0.29 0.07
10 110.66 110.39 0.26 - 0.01

20 ° 114.73 114.37 0.29 - 0.08
30 122.13 121.39 0.41 - 0.33
10" 133.78 132.58 0.59 - 0.6

50 ° 151,91 150. 04 1.34 - 0.53

60 ° 179.04 177.90 2.16 1.02

70 ° 219.91 229.94 2.95 12.98

80 ° 262.14 272.08 7.56 2.38

168



169

TABLE LV
Restored. Antenna Temperatures for Finite Wave Tank with -20 dB
"Cross - Polarization and Three Restorgtions-

(Antenna = 12X horn, p = 26 feet, f = 10.69 GHz, T_ = 284 K, S = 0 °/oo0)
HORIZONTAL POLARIZATION

Inﬁ;g?gce L 7 Thres Ta = Tp Tores = Th
0 110.14 109.04 1.04 " - .06
10° - |- 108.43 107.74 Y, - .13
20 104.94 103.88 Y
30 99.13 9755 1.17 -
20 | 9112 88.77 1.86 - .48
50" 83.39 77.74 5.30 - .35
60 7457 65.03 9.86 T3
70 89.46 52.94 39.51 2.99
80 130.63 41.10 92.66 |  3.13
| VERTICAL POLARIZATION ‘
Inﬁ%g?QCQ ) . Ta b Thres Ta = Tp Tpres - Ty
0’ 110.18 109.08 1.08 - o2
100 | 110.92 110.25 .52 - .15
20" . 115.03 114.08 58 |- .37
30 - | 122,42 121.13 .70 - .59
40’ " 134.08 132.45 89 - .74
50 153.00 150,32 2.43 . .25
60 180.16 179.33 3.28 2.45
70° 226.47 231.86 9.50 14.90
80 | 275.97 280.98 6.26 11.27
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TABLE LVI
Restored Antenna Temperatures for Finite Wave Tank with - 20 dB

Cross - Polarization and Three Restorations

(Antenna = 81 horn, o = 26 feet, f = 10.69 GHz, T = 284K, S = 0 °/00)
HORIZONTAL POLARIZATION

Ing;g?gce Ta Thres Ta - Tb Thres = Th
0 115.43 106.80 6.33 | - 2.30
10 111.38 107.24 3.52 - .63
20° 108.51 103.58 4.35 - .59
30 ' 104.13 97.63 6.16 - .33
40 | es.27 89.39 9.01 13
50 96.18 80.24 10.08 2.14
60 93.08 67.60 28.37 2.89
70 125.92 54.05 75.98 |°  4.10
80° 170.92 38.14 132.95 17
VERTICAL POLARIZATION
Inggg$2ce Ta Tbres Ta~ Ty Tbres Th

0 115.45 106.82 6.35 - 2.23
10 113.82 109.81 3.42 - .59
20" 118.38 113.85 3.93 - .59
30 126.75 121.47 5.03 - .26
40 139.6] 133.9] 6.42 .72
50 161.16 156.82 10.59 6.25
60 189.11 188.17 12.23 11.30
707 237.73 228.98 20.76 12.02
80 277.21 253.54 7.50 -16.16
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anq observed surtface. The inverted data, using one restoration,
is shown in Figure 39. Since the B=0° points are the more accurate
values on the restored brightness temperature profiles, curves were
drawn through these points and are shown in the figure. For the
larger incidence angles; the restoration process shows a sigﬁificant
difference between the restored brightness temperatures and the

measured antenns temperatures.

B. Infinite Tank(Ocean) Data

The developed programs can bé used to predict and/or
restore &ata‘from observations made at oceans or other large bodies
of water. In these cases, the dimensions of the finite wave tank
can bé adjusted to fit the particular need. In Table LVII and
LVIII are Tists of data obtained by calculating the antenna tempera-
ture profiles from the empirical brightness temperatures and then
- restoring them to recover the original brightness temperatures
using the 12X and 8\ horns, respectively. The restored
brightness temparatures are almost exactly equal to the original
profiles in these cases. The restoration process works better for
the infinjte tank case than in the finite tank case because the
functions involved are smoother. AI1 the finite tank cases involve
‘a discontinuity in the water brightness temperature profile at the
edge of the wave tank which causes high frequency content to be
included in its‘spectrum. Since practical antennas caﬁ not detect

this discontinuity (because of limited spectral resolution), the
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Fig. 39. Measured Total Antenna Temperatures and Restored Water
Brightness Temperatures for the NASA LaRC Wave Tank,



TABLE LVII

Restoration of Error-Free Infinite Tank

(= 10.69 6Hz, T = 284°K, S = 0 %/00)

Data (Antenna

12X horn)

T

B Tah bh Toresh| Tav Toy Thresv
0 |709.105 {109.099 | 109.101| 109.105 | 109.099 | 109.097
5 1108.712 {108.710 | 108.701] 109.520 | 109.508 | 109.516
10 |107.905 {107.905 | 107.902{ 110.380 | 110.358 | 110.362
15 |106.145 | 106.149 | 106.149 | 112,292 | 112.249 | 112.251
20 |104.306 | 104.316 | 104.315 | 114,338 | 114.273 | 114.274
25 |101.164 |101.182 | 101.182 | 117.967 | 117.862 | 117.864
30 | 98.286 | 98,311 | 98.311]121.442 | 121.299 | 121,295
35 |-93.754 | 93.788 | 93.789 | 127.237 | 127.028 | 127.029
40 89:835 89.876 | 89.879 | 132,597 {132.324 | 132.326
45 | 83.929 | 83.977 | 83.979 | 141.369 |140.991 {140,990
50 | 77.269 | 77.320 | 77.320 |152.425 | 151.909 |151.908
55 | 71.812 | 71.861 | 71.859 |162.580 |161.938 | 161,940
60 | 64.009. | 64.037 | 64.033 |179.234 |178.405 |178.407
65 | 57.876 | 57.856 | 57.867 |194.561 |193.613 |193.620
70 | 49.671 | 49.485 | 40,556 {219.304 |218.492 |218.457
75 | 44.174 | 43.540 | 43.839 {240.448 |240.648 |240.552
80 | 41.688 | 37.871 | 36.234 |263.427 |270.379 270.476




TABLE LVIII

~ Restoration of Error-Free Infinite

(f = 10.69 GHz, T_ = 284 K, S = 0 °/00)

Tank Data (Antenna = 8X horn)

B | Tan | Ton Thresh | Tav Thv Toresy
0 | 109.112(109.099 |109.101 |109.112 |109.099 |109.099
5 | 108.719(108.710 |108.701 [109.531 |109.508 |109.519
10 | 107.910[107.905 |107.898 | 110.401 |110.358 [110.367
15 | 106.145[106.149 |106.146 {112.336 |112.249 [112.253
20 | 104.303(104.316 [104.315 |114.408 114,273 |114.276
25 | 101.154|101.182 |101.184 |118.083 |117.862 |117.864
30 | 98.269| 98.311 | 98.312 |121.603 |121.299 |121.300
35 | 93.728] 93.788 | 93.787 |127.476 |127.028 |127.029
40 | 89.805] 89.876 | 89.880 [132.910 |132.324" [132.329

.45 | 83.800| 83.977 | 83.975 |141.804 |140.991 |140.997
50 | 77.234| 77.320 | 77.330 |153.013 |151.909 |151.926
55 | 71.784| 71.861 | 71.856 |163.296 |161.938 |161.949
60 | 64.028 64.037 | 64.087 |180.098 |178.405 |178.370
65 | 57.981| 57.856 | 57.951 |195.427 |193.613 |193.444
70 | 50.069| 49.285 | 49.231 |219.419 |218.492 |217.892
75 | 45.496| 43.540 | 42.715 |238.464 |240.648 |240.690
80 | 44.689| 37.871 | 33.979 |252.473 |270.379 |272.900
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exact brightness temperaturé profile can not be restéred. With
the smooth functions involved in the infinite tank case, one can
obtain a very good approximation of the Tb's.

At Cape Cod Canal, Massachusetts, measurements were made by
Swift [15] over a body of water which can be modeled as an
1nfin%te tank in one‘direction and finite in the other. The
antenna used was a horn operating at 7.55 GHz‘and whose principa&

. plane power patterns are shown in Figures 40 and 41. These two
patterns were combined to construct the total three-dimensional
pattérn by using (122) and (123). In Figure 42 the measured
antenna temperatures have been plotted along with the restored
(two- and three-dimensional) and the empirical brightness tempera-
ture profiles. As can be seen, the restored thrée-dimensional

and the empjricé] curves are very similar and different from the’
measurements. The three-dimensional restoration works very well
and it is more accurate than the two-dimensional, especially for
larger incidence angles.

As has been previously stated, a two-dimensional approximation
of the-ﬁavé tank system [7,8] has been used that takes advantage of
the vector alignment in the 8 = %—p]ane. In this plane 6 and g
are aligned together as are a and G. This means that for the verti-
cal scan only the vertical brightness temperature is received by
the antenna and similarly the horizontal brightness temperature for
the horizontal scan. However, the vector alignment in the other

planes is not perfect and the opposite brightness temperature wiil
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Fig. 40 . E-plane Fower Pattern of the 7,55 GHz
Cape Ced Canal Antenna.
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Fig. 41.. H-plane Power Pattern of the 7.55 GHz
Cape Cod Canal Antenna.

177



TEMPERATURES ( K)

280
FREQUENCY = 7.55 GHz
SALINITY = 29 0/00
T, = 284°K
240 |-
200 |
VERTICAL |
POLARIZATION .-
160
120
Sk HORIZONTAL
80 I ", POLARIZATION
Ta N ‘
. - Ty
iinbalubadey Tbres(s'n)
a0 - ; Y
PR TbreS(Z‘D) - |l
: 1 1 -1 1 N
0 .20 40 60 80

INCIDENCE -ANGLE (degrees)

Fig. 42. Measured Total Antenna Temperatures, Restored
and Empirical Water Brightness Temperatures for
Capé Cod Canal Experiment.
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. also contribute. The effect of this cross-coupling can only be
accounted for by'tﬁe three-dimensional modeling which calculates
the véciok a1ignmen£ and“integrates over all values of 0.

The sfrength of‘the crass-coupling has been taken into account
in the restoration process by the functions WFy, WFé; WF4s and WF,
in (144a)-(145b). In'Figure 43 these functions have been plotted for
the finite wave tank syétem and the 8\ horn antenna and for the
Cape Cod canal and the 7.55 GHz parabolic dish. From the data
shown in these two figures, it is clear that cross-coupliﬁg is

significant and the three-dimensional inversion is essential.
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V. Conclusions

In the course of this investigation, the three-dimensional

vector interaction between a microwave radiometer and a wave
tank environment was mode1ed.- With the computer programs developed
one is able to predict the response of the radiometer to the known
brighfness temperature characteristics of the surroundings. More
importantly, however, a computér program was developed that can
invert (réstcre)_the radiometer measurements. In other words, one
can use this computer program to estimate the brightness temperatur
profites of a water surface from the radiometer response.

~ The three-d{mensiona1 modeling of the problem was accomplished
using two different coordinate system geometries. In one formu-
1at{oﬁ, the z-axis was taken perpendicular to the radiometer
antenna aperture and in the other formulation the x-axis was per-
pendicular to the aperture. Computations were made to predict the
radiometer Fesponse to the wave tank environment with both formu-
latijons and it was established that they both were accurate models
of the three-dimensional vector interaction. The three-dimensional
models were also compared to a previously used two-dimensional
scalar approximation of the problem. From this comparison, it was
established that, unless the antenna used has a high main beam
efficiency, the three-dimensional vector formulation is necessary

to achieve an accurate result.
With the x-axis formulation, it was shown that inversion

(restoration). of the data was possible. Antenna temperature

; \
profiles for the wave tank system were computed and brightness
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temperatures were restored with a very good approximation.
‘Errors were added to the computed antenna temperature profiles
and the restoration process proved to be fairly stable. The
effect of cross-polarization on the radiometer response was
demonstrated as well as the capability of the restoration process
to account for its presence.

In additioﬁ to inverting (restoring) data for the wave
tank system, it has been shown that the computer programs can be
used to simulate.the viewing of large bodies of water. In this
situation the restoration process is extremely accurate with the
smooth functions involved.

Preliminary measured data for the wave tank system, made
available by NASA personnel, was restored taking into account the
contributions from the surrounding earth and sky. Data taken at
Cape Cod Canal, Massachusetts, by NASA was also considered and
resulted in a very successful restoration.

With tHe restoration process and the future improved accuraéy
of the wave tank system, investigators should be able to experi-
mentally verify the semi-empirical brightness temperature equations
for varfous frequencies, salinities, incidence angles, and
temperatures. The effect of surface roughness could then be
experiménta]]y measured wifh the controlled wave tank system.

This knowledge could then be applied to anafyze muitiple frequency
radiometer measurements received from satellites monitoring the
ocean, in order to determine wind speed (surface roughness), water

temperature, atmospheric conditions, and salinity.
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Appendix 1
Transformation of Coordinates

A right-h@nded ortﬁogonal coordinate system x, v, z caﬁ be
trarsformed into any new riéht—handed orthogonal coordinate system
x"'; y"‘, z"l, with the same origin, by three rotations ébout at
least two difféfent:axes. An example of this- type of transforﬁatior
is shown in Figure I-1. fhis particular transform uses rotations
about all three axes. The transformation of réctangu1éﬁ unif.
vectors for each rotation is described by the simultaneous equa-

tions shown berw in matrix form. For the rotation about the

x-axis (Figure I-1)

rl\.[—' " ] -A— —,\_
X 1 ) 0 X X
yi=|o o cosA sinA||yl = 1]y (1-1)
~d . . ~ ~
z o - _sink cosiliz Z
about. the y - axis (Figuré I-1) '
—J\l'- i ) - N '.Al- ro'\ l-
X cosp  © -sinu || X X
A1 v ~1 Eal |
y | = o 1 o ||y |= EB]|y (I-2)
A~ Al Al
[ 2 ]  sinu o cosu | {Z [z |
and about the z-axis (Figure I-1)
- - - - R
-~ l‘ ~ A~
X cosv sinv o X X
AdqlLd S Al
y | ={-sinv cosv o y I [C] ly (I-3)
AL Eatt] -~
z 0 0 1 z 2z
L o L - L T
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Fig, I-1. General three-dimensional rotation.
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Al b AL AL -
The unit vectors x , y , and z can be found directly in terms

AOA A

of the original unit vectors (x,y,z) by combining (I-1), (I-2)}, and

(1-3) Teading to

-AII;- FA-
X X
y |= [c]1[B1[Al |y (1-4)
B A

"t nt )
Although ® and ® can be found directly from 6 and @ by
equating ; to ;"j, it will be more illustrative to show the trans-
formation for each rotation.

For the rotation about the x-axis we can solve (I-1) as

- o - ST
X X i 0 0 X
~ - - ~l Al

4yl = [A] 1 y| = to cosA ~-sinAljy {1-5)
PN AT ~L
z_I Z 0 sinA  cosAl|z

~1

The radial vectors v and r are

r = xcosfsing + ysin@sine + zcoso (1-6)
~ S ] 1 Pt 1- ] AT '
r'= xcosP sin® + ysind siné + z cos® (1-7}

Using (I-5), (I-6) can be written as

"~

r = x coslising

Al
+y (cosAsin@sing + sinicose)

~
+ z (-sinAsin@sin® + cosicose) (1-8)

Equatiné (11-8) and (1I-7) yields

"

t r
cos@ siné = cosPsine : (I-9)

i ]
sin® sino cosAsin@ising + sinicosd (I-10)



€06 = ~sinAsin@sin® + cosicoso (1-11)
From (I-9), (I-10), and {I-11), we can find é[ and ﬂ'

in terms of 6,0, and A as

1 ) 1

¢ = tan” { cosAsinPsing + sinicoss } (1-12)
cosfPsing )
1 1 - .
6. =.cos {-sinisin@sine + cosicosg} (I-13)

For the rotation about the y-aiis; (I-2) can be written as

- e p— g —

AL Al 7 rAn-
X, - X cosgy o sinp|{x
|~ 1 |An At i
qyi= Bl |y] =| o 1 o ||y (I-14)
~t AL -~ ’
zJ z -sinu o0 cospi|z

We can express the radial vectors as

-l A [ H] n ~1 11 1} Al H

T =X cosP 5in8 + y sind sin® + z cosé {I-15)
~) Lot 1] I . 1 ¢
r = x {cosucosP sind - sinucose )

Falll 1 | .
+ y.s1n@ sind
Al )

1 1} 1
+ z (sinucosf sine + cosucosé ) (I-16)

Equating (I-15) and (I-16) yie]ds

nocoon 1 '
cosf sin6 = cospcos@ sin® - sinucos® (I1-17)
1] u 1 1 )
sin@ sin@ = sin@ sine (1-18)
N 1 1 E 1 -
cos8 = sinucosP sin@ + cosucosé (I-19)

From (I-17), (1—18); and (I-19}), we can find the relationships
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between & and @ and 6, @, and p as

"

cosucosP sing'- sinucose’

For the rotation about the z-axis, (I-3) can be rewritten as

- - - Tr
~ AN -
X X tosv - sinv o [ X
~1l 21 Al . ~
y = [€] y = | sinv cosv O]jy
~l A1 ~
z z 0 o 1|z
- - - — L. .y 5 -
The radial vectors are given by
Al b LaT Il 1} B ~ ni i ~Aldbd nmi
r =x cosp sind + ysinp sin®@ + z cose (1-23)
~ll ~ut 1 ] . . [}] 1
r = x {cosvcosP sin® + sinvsin@ sing ) (1-24)
Eadin | . 1] . 13 . 11 L [}
+y (-sinvcosP sine + cosvsin®d sine )
LAl 1
+'z2 ¢osé
~ A Al
If wesetr =¢r , we find
i . (IR} n . 3 . . 1 . 111
cosp sin6 = cosvcosP sind + sinvsin@ sine (1-25)
. ni . nt . 1} 1 n (1}
sin@ sind = -sinvcosP sin® + cosvsingd sino (1-26)
L{l) n
cos8 = cosh (1-27)

If we muitiply (I-25) by sinv, (I-26) by cosv, and then add we
find that

Toomi
sinvcosp  + cosvsind = sin = sin(p +v) (1-28)

0" < tan~' 5in@ sine’ ) (1-20)

21 1 i t
6 = cos {sinucosP sin® + cosucosd } (1-21)

(1-22)
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from (I-27) and (I-28) we find

u1 i

8 =g ) (1-29)

B =0 -v  (1-30)

As can-be seen, unless the rotation is only about the z-axis,
the transforination of the spherical variables @ and 9 involve

transcendental equations. If the new coordinate system has a

different z-axis, these transcendental equations cannot be avoided.
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Restoration Computer Program
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