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Abstract

The external fueltank of the Space Shuttle contains extremely low-
temperature propellents. A layer of material known as SOFI (Spray-
On Foam Insulation), covering the outside of the fueltank provides
thermal insulation between the aluminum surface of the fueltank and
the ambient air. In spite of this insulation, under certain conditions
ice formation will occur on the surface of the SOFI. Ice on the external
fueltank can be detrimental to the launch and it is important to detect
its presence and measure its thickness. This paper describes the design
of a millimeter-wave radiometer technique developed for this purpose.
The design is based on model calculations and measurements— per-
formed at 35, 94 and 140 GHz—of the emission properties of a panel
from the external fueltank. We present experimental evidence demon-
strating that the model can predict with a very reasonable degree of
accuracy the emission from an ice/SOFI system for which the nor-
mally rough surface of the SOFI had been sanded smooth. We further
show how this technique, performed on an isothermal system, can be
extended to the more realistic case of a system in which a temperature
gradient exists. For the case of the original, rough-surface SOFI cov-
ered with an ice layer, the observed emission is considerably modified
from what is predicted by the model.
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1 Introduction

The objective of this study is to investigate the feasibility of using a millimeter-
wave imaging radiometer to detect the presence and measure the thickness

of ice when it forms on the surface of the external fuel tank of the Space

Shuttle. A conceptual design is shown in Figure 1. The radiometer antenna

consists of a cylindrical reflector fed by a monolithic array of mixer elements.

The array will produce continuous beams on the fuel tank surface. By rotat-

ing the array about its own axis, the surface will be imaged in the vertical

dimension, thereby producing a two-dimensional image of the surface.

For any given beam, the antenna temperature of the fuel tank surface is
given by [1]:

Ty =Tp+ R Tsgy, (1)
where T’g is the brightness temperature of the fuel tank surface, R is its
reflectivity, and Tsky is the incident sky radiation. In the conceptual design
shown in Figure 1, after the feed array completes its scan of the antenna
reflector (as it rotates about its own axis), it will observe the sky radiation
directly through a focusing lens. The observation direction will be the same
as that of the sky radiation incident upon the fuel tank surface. Hence, Tsxy
will be measured directly.

The presence of ice on the fuel tank will affect T4, through both Tg
and R. However, T4 also depends on Tsky and is related to the physical
temperature of the medium through Tg. What is needed is a parameter that
can be measured and unambiguously related to the ice thickness.

For the special case of an isothermal system with a specular surface, the
emissivity e and reflectivity R are related by

R=1-e. (2)

Upon using (2) in (1), and replacing Tg with eTpyys, where Tpyys is
the physical temperature of the medium, and then solving for e, we obtain:

(3)

The emissivity is related to only the electromagnetic properties of the sys-
tem and will be the same for a given ice thickness regardless of the particular
values of TSKY or TpHys.

] T4 — Tsky

Tpuys — Tsky
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Figure 1: A conceptual configuration for an imaging millimeter-wave ra-
diometer that uses a linear antenna array to feed a cylindrical reflector. As
the array rotates about its own axis, the beams scan the shuttle tank surface

along the vertical direction. At its end position, the array views the sky
radiation through a focusing lens.



In our investigation, we will determine how emissivity can be related to ice
thickness, thereby providing a means to measure the latter, in the isothermal
case. Finally, we will demonstrate how this same procedure can be applied to
the case of a temperature gradient, which more closely resembles the actual
situation with the fuel tank. For this case, where (2) is no longer completely
valid, we introduce the concept of an effective emissivity, e.sy.

2 Characterization of SOFI Material

In order to model the emissivity of the system consisting of an ice layer
over the fuel tank surface, it is necessary to know certain electromagnetic
properties of each of the components that comprise the system. In this
section, we analyze the emissive characteristics of the fuel tank surface by
itself, without ice.

The wall of the fuel tank consists of metal covered by a layer of foam
material known as SOFI (Spray-On Foam Insulation), having a thickness of
approximately 3.9 centimeters. According to Wu [2], the temperature at the
metal-SOFI interface (Figure 2) is on the order of 94 K (or —179° C) and the
temperature in the ice layer is a few degrees below the freezing temperature
of water; i.e., typically 270K (or —3° C). The first step of this investiga-
tion is to determine whether this material behaves (electromagnetically) like
a homogeneous layer or an inhomogeneous layer. If the material is homo-
geneous in behavior, coherent emission models are applicable, whereas if it
is inhomogeneous, incoherent emission models should be used instead. The
appropriate model can then be used in determining the relative dielectric
constant of the SOFI material. The behavior of this fuel tank wall mate-
rial is examined with respect to emissivity as a function of incidence angle.
Figure 3 shows the arrangements used to measure Tsgy and T, from which
e(0) is computed according to (3). For each angle  (Figure 3), Tsxky was
measured by observing a flat metal panel, and then T,y was measured after
replacing the metal panel with the SOFI panel. The measurements were
conducted at 35, 94, and 140 GHz, for both horizontal and vertical polar-
izations. All three radiometers used 15-cm diameter corrugated-lens horn
antennas with beamwidths of 3.2° at 35 GHz,1.4° at 94 GHz, and 0.9° at 140
GHz. Radiometer calibration was achieved by placing each of two specially
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Figure 2: The tank surface is covered with a foam layer, approximately
3.9 cm thick, on the surface of which ice can form by condensation and
freezing. The foam layer, called SOFI (Spray On Foam Insulation), acts

as a thermal insulator between the low temperature metal surface and the
outside environment.
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Figure 3: The arrangements used for measuring (a) Tsky and (b) the antenna
temperature due to emission by the SOFI panel. The angle 6 can be adjusted
to cover the range from 20° to 70°.



constructed panels of absorbing material (with emissivity ~ 1) immediately
in front of the antenna and then measuring the output voltage. The first
panel is at the ambient air temperature and the second panel is at a temper-
ature of 77K, achieved by pouring liquid nitrogen into the absorbing material
through narrow holes cut into the material. The physical temperatures are
measured by thermistors imbedded inside the material.

As noted earlier, the relationship of (2) is exact if the surface of the
material is perfectly flat and if isothermal conditions exist. In our case, the
SOFI panel has a rough surface. To evaluate the effect of the rough surface
on the validity of (2), two sets of measurements will be conducted. One set of
measurements will examine the original, rough-surface SOFI panel, and the
other will examine the SOFI panel after its surface had been sanded smooth.

The results of the measurements of the original (rough) SOFI panel are
shown in Figures 4 - 6. These figures show the measured angular response of
the emissivity e for 35, 94, and 140 GHz, respectively. We observe that except
for small oscillations, the emissivity increases monotonically with increasing
incidence angle all three frequencies for both polarizations.

The results from the smooth SOFI panel are shown in Figure 7. Except
for an overall reduction in emissivity, due to the thickness of the layer having
been reduced by the sanding process to 2.7 cm, the data resembles that of
the rough panel.

Both test panels consist of a low-loss dielectric slab placed over a metal
plate. For a homogeneous slab with plane boundaries, theory suggests that
we should observe large oscillations as a function of incidence angle. The
absence of such oscillations in the observed data is indicative that phase
coherence of the multiple reflections between the lower and upper boundaries
of the dielectric slab is not preserved, which can be attributed to lack of
dielectric homogeneity of the slab material at the scale of the wavelength
under consideration and/or to the roughness of the upper boundary. When
the rough upper boundary is removed, as in the case of the smooth panel,
the essential emission characteristics of the panel are unchanged. Evidently,
the rough surface is not an important factor in the emission of the SOFI
panel itself. From these results on both test panels, is clear that the emission
by the SOFI panel should be modeled using an incoherent radiative transfer
approach.

For an inhomogeneous slab of thickness d and a relative dielectric constant
e = € — je supported by a metal back surface, radiative transfer theory

6
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Figure 4: Measured and calculated emissivity of original rough-surface SOFI
at 35 GHz.
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Figure 5: Measured and calculated emissivity of original rough-surface SOFI
at 94 GHz.
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provides the following expression for the emissivity e,() at incidence angle
¢ and antenna polarization p (v or &),

(1-T*6)(1 - R(p,6))
6,,(0) = 1-— T2(0)R(p, 9) ’ (4)

where

T? = exp(—2« d sec §'),
k = absorption coefficient of SOFI material,
0 = sin~!(sin 8/V/e') = refraction angle,
R(p,0) = Fresnel reflectivity of upper surface.

The Fresnel reflectivities R(v,6) and R(h,6) are given by

ecosf—y/e — sin? 6

€COS 0+\/e —sin?6

2

: (5)

R(v,0) =

2
cosf—y/e — sin? 6
cos 0+\/e —sin%0

and for a low-loss material, £ is given by the approximate expression:

R(h,6) =

; (6)

27 €
N —— 7
ENVe @)
Using a 5-GHz dielectric probe, it was determined that ¢ of the SOFI
material is less than 1.3. For a material with such a relative permittivity,

the Fresnel reflectivity at normal incidence is 0.004. This means that the
emissivity, as given by (2), is approximately

e(6=0)~ 1-T2(0). (8)

9



By extrapolating the measured data down to 0°, we obtain essentially (to
within experimental error) the same value for v and h polarizations, as ex-
pected:

e(@=0) = 0.059 @ 35 GHz (rough surface)
e(0 =0) = 0.145 @ 94 GHz (rough surface)
e(0=0) = 0.118 @ 94 GHz (smooth surface)
e(d=0) = 0.272 @ 140 GHz (rough surface)

Upon using these values in (8), we obtain a value for YT? (0) at each of the
three frequencies. This, in turn, specifies the value of the ratio €”/v/¢’ from
(7) at each frequency. Finally, with ¢ treated as a free variable, (4) is used to
compute e,(6) versus 8 to determine the effective value of €' that provides a
good fit to the observed data. The result of this process is shown in Figures
4 - T where we observe that the calculated curves are in very good agreement
with the data. The values of € used in the calculations are, for the rough
panel:

e=1.00-71.08x 102 @ 35 GHz for v polarization
e=1.06-71.05x10"2 @ 35 GHz for h polarization
€=1.01-31.05x 102 @ 94 GHz for v polarization (9)
e=1.08-71.05x 10" @ 94 GHz for A polarization
€e=1.00—-71.47x10"* @ 140 GHz for v polarization
€=1.06—-; 1.43 x 1073 @ 140 GHz for h polarization.

For the smooth panel, the values of ¢ are:

€=1.00—71.20 x 103 @ 94 GHz for v polarization
e=1.06-71.20x 1072 @ 94 GHz for h polarization. (10)

These results raise two questions: (a) why is e slightly different for the
two polarizations, and (b) why is the value of ¢ for the smooth-surface panel
slightly different from that of the rough-surface panel? The answers to both
of these questions lies in the structure of the SOFI material. It is not actually
a continuous slab, but has instead four or five layers of identical material,

10



separated by thin darker layers. These layers are evidently produced in the
application process, with the darker layers appearing where the surface of
the SOFI layer had dried exposed to the air.

We examined the emission behavior of such structures—low dielectric,
multi-layered, and backed by a metal plate—using computer simulations.
These simulations revealed that the observed divergence between the two
polarizations is indeed consistant with the theoretical behavior of such a
structure. An additional effect revealed by the simulations is that the mag-
nitude of the emissivity of such a layered structure tends to be much lower
than that of a corresponding continuous slab having the same dielectric con-
stant.

In light of the above discussion, we can make the following inferences
regarding our experimentally derived values of e:

e The values of € we have found are effective values (particularly for ¢”).
The actual value of €” for the SOFI material is likely higher but is
reduced by the layering.

o The fact that the value of €” for the smooth panel is higher than that of
the rough panel is consistant with the previous remark. In smoothing
the surface we removed approximately 1 cm of the slab, thereby reduc-
ing the number of layers. Less layering translates into higher emissivity
and therefore a greater perceived value for €”.

For the purposes of this study, the true value of € for the SOFI panel is
unimportant. It is sufficient that the emission characteristics are consistant
with our description of the material as a continuous slab having dielectric
constants given in (9) and (10). These values of € will be used in succeeding
sections to calculate the emission behavior of the SOFI panel when covered
by a sheet of ice.

3 Determination of Ice Dielectric Properties

As discussed earlier, under certain conditions, the presence of a cold SOFI
panel surface induces the formation of ice (or frost) through condensation
and freezing of water vapor from the ambient environment. This frost layer is
likely to be a combination of air and ice particles, which raises two questions:

11



(a) what is an appropriate value of the ice volume fraction that should be
used in characterizing the dielectric of the frost layer, and (b) what is the
dielectric constant of ice at the frequencies under consideration in this study?

3.1 Ice Volume Fraction

Due to the lack of information pertinent to the first question, we should keep
the ice volume fraction as an unknown variable for the present. However the
form of the computations which will be associated with this parameter are
as detailed below.

To compute the dielectric constant of a frost layer, ¢;, we shall assume
that the ice particles in the layer are spherical in shape and much smaller
than ) in size, in which case we can use the mixing model [1, Appendix E]

1+0.835 v
, —
Q=T 0417 o (11)
"
o 0.34 v ¢ (12)

1T (1-0.417 v)?
where v is the ice volume function. In emission calculations presented later

in this report, we shall consider two cases for v, namely v = 0.5, which we
shall refer to as frost, and v = 1 representing pure ice.

3.2 Ice Dielectric Properties

3.2.1 Theory

For pure ice, the relative dielectric constant ¢; is given by

& =€ —J€, (13)

with ¢, = 3.15, independent of temperature and frequency at microwave
and millimeter-wave frequencies [1, Appendix E]. The imaginary part, €,
on the other hand, exhibits a strong dependance on frequency and a weak
dependence on temperature [1].

To determine the dielectric constant of the ice used in this study we used
the same technique employed by Matzler and Wegmiiller [3] in an extensive
ice study undertaken in 1987. The procedure involves observing, at the

12
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Figure 8: Schematic of experimental setup used to measure the radiometric
temperature of ice. The results of such experiments were used to calculate
the dielectic constant of ice.

Brewster angle, 0p, the vertically polarized emission from a layer of ice over
a metal surface. The setup is illustrated in Figure 8. The sky brightness,
Tsky, suffers no reflection at the air/ice interface, either entering or exiting
the ice layer. Therefore, the effective reflectivity is just the amount by which
Tsky is attenuated by the ice layer. Thus,

R(65) = 1 — e(8) = T%(05), (14)

where T2 is as given in (4) and & (contained in T ) is as given in (7). Since
€; i1s known, €/ can be calculated directly.

In addition to observing the ice at the Brewster angle, as an additional
check, we further measured the emissivity at other incidence angles between
15° and 70°. This was done using the same technique described for the SOFI
panel. If the value for €/ calculated from the Brewster angle is correct, then

13



the emissivities measured at other incidence angles should be predicted by
an emission model utilizing €]

As previously mentioned, two cases are possible: a coherent model and
an incoherent radiative transfer model. The latter is given in equation (4).
The coherent model of a slab of dielectric material over a metal plate is given
by the following expression [4]:

CC(p, 0) =1- Rc(paa)
with

. ( R(p,0) + T2(0) + 2\/R(p,0)Y(0) cos(28'd + ¢ — ) ) (15)
1+ T2(6)R(p,0) + 2,/R(p,0) Y (6) cos(28'd — ¢ — 7))

where

, 2m
F=%

d is the slab thickness, R(p,0) = |r(p,0)|* is the Fresnel reflectivity of the
air-ice interface and ¢ is the phase angle of r(p, ).

cos 8,

3.2.2 Results

At 35 GHz the measurement process was performed at both polarizations for
an ice layer whose thickness was measured to be 7.5 £ 1 mm. As shown in
Figure 9, the data is in good agreement with calculations based on coherent
model. This model uses €/ = 5.6 x 103, the value obtained by evaluation
of e, near the Brewster angle. Some small adjustment of the ice thickness
parameter d was required to achieve an acceptable fit. Another series of
measurements was made at 35 GHz for a thicker ice layer, 10 + 1 mm.
Although the value of emissivity measured at the Brewster angle is consistent
with the value of ¢! obtained above for the lesser thickness, neither model
provides an acceptable fit to the measured data at other incidence angles.
It is possible that at this thickness the source of the emission is from a
combination of coherent and incoherent processes. Note that the Brewster
angle is the only angle at which both the coherent and incoherent models will
always give the same result; this is a consequence of the reflectivity at the
air/ice interface being zero — no multiple internal reflections are possible.
It is therefore significant that, regardless of what emissivities are measured

14



Ice Over Metal; eps = 3.15-j5.6e-3; 35 GHz 901108-12
0.200 T T T T T

——  v-pol thoary d=067em
0.150 | ! =
eseseses. brpol thoory dn0.67cm

©  v-pol data de"0.75cm"

b-pol data d="0.75cm"

Emissivity
(=]
8
I
1

0.500E-01

0.000 1 1
10.0 200 30.0 40.0 50.0 60.0 70.0

Inc. Ang. (deg)

Figure 9: Experimental results of ice layer measurements at 35 GHz. Curves
fitted to data were generated using a coherent-emission model with €;0 =
3.15 — 75.6 x 1073,

at other incidence angles, the emissivity measured at the Brewster angle is
consistant with the first result.

At 94 GHz we again observed two different thicknesses of ice, but this
time using only vertical polarization. As shown in Figure 10, a very good
fit was achieved using the incoherent model. For both cases, €/ was found
to be 1.14 x 1072, As in the case of 35 GHz, some slight adjustment of the
thickness d was required to achieve this agreement.

In the aforementioned study perfomed by Matzler and Wegmiiller, their
measurements of €] cover several frequencies extending from 2.4 GHz to 94
GHg, for both pure and impure ice. Table 1 provides a comparison of their
data for impure ice with our experimentally determined values of e/. The
two sets of measurements are in close agreement, particularly at 94 GHz.

15
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Figure 10: Experimental results of ice layer measurements at 94 GHz. for
V-polarization. Curves fitted to data were generated using an incoherent-
emission model with ¢;cr = 3.15 — 71.14 x 1072,

Previously This

Freq. (GHz) | Reported* Study
35 46x107° | 5.6 x 1073
94 1.13x 107% | 1.14 x 1072

*Matzler and Wegmiiller, 1987.
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Table 1: Experimentally determined values of ¢! for impure ice.



4 Emission Model For Ice Layer Over SOFI
Panel

4.1 Smooth-Surface SOFI Panel

The values obtained for the dielectric constant of the SOFI panel and of the
ice are the critical parameters in the final model which will predict emissiv-
ity as a function of ice thickness on the SOFI panel. Additionally, except
possibly for thin ice layers examined at 35 GHz, we have shown that the ma-
terials separately exhibit emission characteristics corresponding to incoherent
processes. Since our measurements will principally involve the 94 GHz chan-
nel, it is therefore appropriate to use incoherent radiative transfer theory to
model the emission of the ice-SOFI structure. Appendices A and B provide
expressions for the brightness temperature Tp of an ice (or frost) layer of
dielectric constant ¢; and thickness d; over a SOFI layer of dieletric constant
€; and thickness d, = d; — d; . The first appendix considers the uniform
temperature case with T'(z) = Tp in both layers (illustrated in Figure 11),
and the second appendix considers the case where T'(z) varies linearly from
T; at the backside of the SOFI panel to Tp at the SOFI-ice boundary (Figure
12). The final expression for the emission from the uniform temperature, or
isothermal, case is given by:

(1 - RiYD) - RT3 - T) - TITH(1 - Ry)
(1= R, T3)(1 — RoRyY%) — TIT2Ry(1 — Ry)?

e=(1 —Ro)[ T, (16)

where

T, = exp(—kid;sect),
T, = exp[—ka(dy — dy)secby],

27 ¢

Kl = ——=,
A )

31

27 €

"= X
€2
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Figure 11: Geometry of emission for uniform temperature profile case. The
quantities T;F and T, represent upwelling radiation in layers 1 and 2, and
T7 and T, represent downwelling radiation.

6, = sin~! (sinﬁo/\/e_’2),

and where Ry and R, are the Fresnel reflectivities of the air/ice and ice/SOFI
interfaces, respectively, for which expressions are given in (A.13) and (A.14)
in Appendix A.

4.2 Rough-Surface SOFI Panel

Experimental results (given later) indicate that the rough surface of the SOFI
panel significantly modifies the emission from the ice-SOFI structure. The
rough surface was unimportant when observations were made of the SOFI
panel alone because of the very small dielectric contrast between the SOFI
and air. When ice-covered however, it becomes a rough interface of significant
dielectric contrast. No model is proposed at present for the emission from
this structure. This will be the subject of future work.

The expression given by (16) will be used in Sections 6 and 7 to compare
model calculations with measured data. Emission by the ice-over-SOFI panel
in the non-isothermal case is characterized by the brightness temperature
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expression given in Appendix B, which will be used in Section 7.2 to examine
the dependence on ice thickness.

5 Experimental Considerations

5.1 General Setup

The experimental measurements were performed using a three-channel linearly-
polarized radiometer with operating frequencies at 35, 94, and 140 GHz. In
order to incorporate the unobstructed sky irradiance, the experiments were
performed on the roof of one of the University’s buildings. The setup of a
typical experiment was as shown in Figure 13a. A frame constructed around
the radiometer allowed the polarization to be selected by rotating the en-
tire radiometer system to achieve the desired polarization. Two mounts were
constructed. The first was designed to cradle the radiometer, and allowed po-
sitioning between the angles of 0° (pointing straight down) and 180° (straight
up). The other mount, identical in design, supported a metal-backed tray
into which various targets could be placed for observation, and which was
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positionable for incidence angles from 20° to 70°. Figure 13b shows a closer
view of the target mount holding one of the ice-covered SOFI panels. The
two mounts, for radiometer and target respectively, were then placed facing
each other (Figure 13a) and separated by a distance corresponding to the far-
field distance for the frequency of interest. For an aperture with diameter
D, the far-field distance was computed according to the formula

Z > D*/),

which corresponds to a maximum phase error of 45° across the aperture. For
the three frequencies used, these distances were:

27m @ 35 GHz
73m @ 94 GHz
109 m @ 140 GHz

At these far-field distances, the footprint of the antenna beam was on the
order of 15 cm in diameter.

The 1 KHz (frequency of Dicke switching) modulated output of the ra-
diometers was fed into a lock-in amplifier (Stanford Instruments, model
#SR510 ), and the resulting voltage was sampled by an IBM-compatible
computer. The computer was programmed for amplifier control, data aquis-
tion and storage, and computation and output of brightness temperature.
A single sample represented the average of four voltage samples, each corre-
sponding to an integration time of one second. The BASIC program, “Rad-
cal6,” is included in Appendix C.

A two point calibration procedure was performed, as described in Section
2 of this report, using liquid-nitrogen and ambient-temperature loads, both
having emissivities of one. Accurate pointing of the radiometer was insured
by rifle scopes mounted alongside each radiometer and antenna.

5.2 Target Preparation

Formation of the ice layer on the SOFI panel was achieved by using a freezer
room that was maintained at a constant temperature of -20° C. The ice
forming process consisted of applying a finely atomized spray of water to the
SOFI panel in the cold room. By applying the water in this fashion successive
thin coatings of ice were created, thereby minimizing the formation of bubbles
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Figure 13: Photographs showing (a) experimental setup on roof, and (b)
close-up of target mount holding SOFI panel with ice layer.
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in the ice layer. Thin graduated posts stuck into the SOFI panel allowed the
thickness of the ice layer to be determined with a precision better than %1
millimeter. "

Once the ice had been formed, the panel was wrapped in an insulating
pocket and quickly taken to the roof for observation. Several quick measure-
ments were made and then the panel was returned to the freezer. It was
important to conduct our measurements quickly not only to avoid having
the ice melt, but also to prevent the warming of the panel which would in-
validate the isothermal assumption used in the emissivity calculations. The
measurements were made as a function of incidence angle over a range from
20° to 65°. To confirm that the ice-covered SOFI panel remained thermally
constant over the duration of an experiment, an additional measurement was
made at the end of each experiment at the angle corresponding to the first
measurement. Reproducibility implied that the state of the panel had not
changed during the measurement process. In colder, sub-freezing weather,
it was only necessary to allow the panel to come to equilibrium with the
ambient temperature to achieve the isothermal state.

5.3 Background Correction

Although the radiometer antennas had narrow beamwidths and small foot-
prints, it was decided to account for and then remove the contributions to
the total power received by the antenna emanating from regions outside of
the target area, thereby improving the measured accuracy. The target area
was 1 m x 41 cm, and the mainlobe footprint was 15 cm in diameter. In
spite of the fact that the panel was much larger than the mainlobe footprint,
significant side-lobe contributions were received by the radiometer from the
radiometrically warm surroundings. Accordingly, the measured temperature
was given by:

Tap = nTmr + (1 = n)Tsi, (17)
where,
Tsp = Apparent (measured) temperature,
n = “Mainlobe” efficiency,
Tur = Apparent temperature of “mainlobe” contribution,
Ts; = Apparent temperature of non-“mainlobe” contribution.
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where the term “mainlobe” denotes the entire target area. The quantitiy of
interest is Thsz, which is the antenna temperature T4 of the target.

The “mainlobe” efficiencies n were determined for each frequency and
polarization. This was accomplished by using two known targets, to solve
for the two unknowns in (16), n and Tsz. The two targets used were (a)
the sky at a particular incidence angle, and (b) an absorbing target having
an emissivity of one and whose physical temperature was known. The sky
temperature was first measured by pointing the radiometer straight up; then
the radiometer was pointed horizontally at a metal-plate target that was po-
sitioned at an incidence angle of 45°. With reference to equation (17), the
Ty in this case was the Tsky measured at 180° (looking straight up). For
the case of the absorber target, Tasr was simply Tphys, the physical temper-
ature of the absorber. The measurements of these two targets provided the
two equations, in the form of (17), needed to solve for the two unknowns, 7
and Tsr. Subtracting one of these equations from the other gives

Ta —-T.
Tsky — Tuss
where
Ta1i = Apparent temperature of metal plate at 45° ,
Ts2 = Apparent temperature of absorber ,
Tsky = Apparent temperature of sky at 180°,
Taps = Physical temperature of absorber.

Having found # for all frequencies and polarizations, the value of Ty,
could be determined at any time by measuring T4p for the aforementioned
absorber target. Then from (17)

Tap — nTaBs

Tsr =
SL 1_77

The values of 7 and Ts; determined using the above procedure were then
used in (17) to obtain Ty for any target of interest from a measurement
of Typ. Table 2 gives an example of the effectiveness of the background
correction technique. The table shows three separate measurements of the
sky temperature when observed directly by positioning the radiometer at 180°
(straight up), and those obtained (with background correction) by pointing
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Sky Direct (K) Sky Reflected (K) AK
23.3 with correction 23.6 | 0.3
23.5 with correction 21.9 | 1.6
22.7 with correction 22.7 | 0.0
23.8 | without correction 32.9 | 9.1

Table 2: Effect of background correction on measurement of sky temperature.

the radiometer at a metal plate oriented at 45°. It is seen that the error,
AK, is between 0 K and 1.6 K. Without background correction, the error is
9.1 K.

6 Results

6.1 Ice Over Smooth-Surface SOFI Panel

The model proposed in Section 4 indicates that the 140 GHz channel would
be the most sensitive to small changes in ice thickness, thus providing the
best resolution. Unfortunately, after obtaining only a small amount of data
on the rough-surface SOFI panel (presented later), the 140 GHz channel
suffered a serious hardware failure and was not useable for the remainder of
this study. Consequently, all of our experimental observations on the smooth-
surface SOFI panel were made using the 94 GHz channel. The results of these
observations are shown in Figure 14. The experiment involved examining,
using only vertical polarization, four separate thicknesses of ice over the SOFI
panel: 2,4,6, and 8 mm. For each ice layer, the emissivity of the ice/SOFI
system was measured at three different incidence angles.

The results of the experiment are presented along with the theoretical
curves generated using the model given in Section 4. This model uses the
experimentally determined dielectric constants for the SOFI panel and for
the ice, given in Sections 2 and 3, respectively. The agreement between the
model and the actual measurements is quite reasonable.
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Ice on Smooth SOFI; 94 GHz V-pol 910206
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Figure 14: Measured and predicted emissivity, at 94 GHz, for smooth-surface
SOFT panel for four different ice thicknesses.
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Orig. SOFI + Ice (8.5mm); 140 GHz 900926
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Figure 15: Experimental results obtained at 140 GHz for original rough-
surface SOFI panel. The curves which were calculated to fit the data required
using €], = 5.2 x 1072, The predicted emissivity curves which uses €f,p =
1.73 x 1072, is also shown.

6.2 Ice Over Rough-Surface SOFI Panel

Figure 15 shows results obtained at 140 GHz for 8.5 mm of ice on the rough-
surface SOFI panel. As shown, the h- and v-polarized data is in good agree-
ment with theoretical calculations based on € = 5.2 x 1072, This value is
roughly three times larger than what is predicted by Matzler and Wegmiiller
[3], whose results at 35 and 94 GHz corresponded so well with ours. Included
as well in this figure is a curve representing the ezpected emissivity, generated
using the model together with the value of €/ predicted by extrapolating the
results reported by Matzler and Wegmiiller to 140 GHz.. Note that in both
cases, the emissivity is dramatically higher than that of the bare SOFI panel,
given in Figure 6, illustrating the excellent sensitivity to the presence of ice
at 140 GHz.
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Orig. SOFI + Ice (5.3mm); 35 GHz 901005
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Figure 16: Experimental results obtained at 35 GHz for original rough-surface
SOFI panel. The curves which were calculated to fit the data required using
€lcg = 4.77 x 1072, The predicted emissivity curves which uses €lcp =
5.6 x 1073, is also shown.

At 35 GHz, the predicted changes in emissivity as a function of ice thick-
ness are quite small, on the order of 0.01/mm. Figure 16 shows a sample
of data taken for an ice layer of 5.3 mm. The magnitude of the emission
observed was far larger than what was predicted from the model using ex-
perimentally determined dielectric constants. As shown, excellent agreement
with calulated values is possible if a value of 4.76 x 10~2 is used for €. Sub-
sequent experiments on the ice itself, as described in Section 3, revealed €’ to
be about 8.5 times smaller than the value used to fit the data. The predicted
emissivity, obtained using this experimental value of €/, is included in the
figure for reference.

Observations made of the target with other thicknesses of ice at 35 GHz
seemed to give nearly identical results as we had obtained at 5.3 mm. In
short, we were unable to obtain significant radiometric sensitivity to ice thick-
ness at 35 GHz.
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Orig. SOFI + Ice; 94 GHz 910104-06
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Figure 17: Experimental results obtained at 94 GHz for original rough-surface
SOF1I panel. The curves which were calculated to fit the data required using
€rcp = 9.0 x 1072 for the 2 mm ice layer, and ¢}, = 4.0 x 10~2 for the
8 mm ice layer. The predicted emissivity curves (only v-pol shown) use
€lop = 1.14 x 1072

The results of measurements made of the rough-surface SOFI panel at 94
GHz are shown in Figures 17 and 18. In each figure, the experimental data is
shown together with the predicted emissivity. Figure 17 shows the results for
two different ice thicknesses which were examined on different days. While
these curves show the characteristic behavior for h- and v-polarization, they
cannot be simultaneously fit using the same value for €/ . And the value of
¢; required to fit the data for either ice thickness is much larger than what
has been experimentally determined for ice.

Figure 18 represents the results obtained for v-polarization for four dif-
ferent thicknesses of ice. Although the variations with angle and with ice
thickness of the experimental data are comparable with those exhibited by
the model calculations based on the experimentally determined values of e,
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Ice on Orig. (rough) SOFI; 94 GHz V-pol 910206
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Figure 18: Experimental results for original rough-surface SOFI panel at 94
GHz. Theoretical curves are based on experimentally determined dielectric
constants for both the SOFI material and for ice.

the two sets are very different in absolute level. This is attributed to the
effects of the rough surface of the SOFI panel.

7 Discussion

7.1 Application to Smooth-Surface SOFI Panel

The results given in the preceding section demonstrate that the behavior of
a system of ice over SOFI panel can be quite accurately predicted using an
incoherent radiative transfer model, if the top surface of the SOFI panel is
smooth. For this case, the sensitivity of the method, that is, the change in
emissivity with respect to change in ice thickness is illustrated in Figure 19.
Here is shown, for a particular incidence angle of 30°, the variation of the
emissivity with ice thickness at 35, 94, and 140 GHz for the case of pure ice
(Figure 19a) and for the case of frost-like ice, having an ice volume density
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v of 0.5 (Figure 19b). Actual data is shown for 94 GHz for the pure ice case;
the curves for 35 GHz are based on our experimentally determined value of
¢; and at 140 GHz we have used a value based on extrapolating the data of
Matzler and Wegmiiller (3] for impure ice to 140 GHz. The degree to which
our experimental values agree with theirs at 35 and 94 GHz make this a
reasonable assumption for 140 GHz.

Figure 20 presents essentially the same information, except that now we
show the variation of antenna temperature T4 with ice thickness, which in-
cludes the sky reflected contribution (see (1)). In this case, it is necessary to
assume a representative value of Tsky for each of the three frequencies. The
resulting values for T4, indicate that for pure ice, the antenna temperature
exhibits an approximately linear variation with ice thickness, with a slope of
5.3 K/mm at 140 GHz, 4.1 K/mm at 94 GHz, and 1.1 K/mm at 35 GHz.
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7.2 Application to Non-Isothermal Situation

The antenna temperature for a smooth-surface isothermal medium can be
expressed as
Ty =eTpuys+ (1 —€)Tsky. (19)

As alluded to in Section 2, the fueltank/ice system is in reality not an isother-
mal system. It is more accurately described in terms of a temperature gradi-
ent, having a temperature on the order of 94 K at the metal-SOFI interface,
and warming to a temperature just below the freezing point of water, about
270 K, at the SOFI-ice interface [2]. For such a temperature profile, the
relation

R=1-—k¢,

is no longer completely valid, from conservation of energy principles. In fact,
the concept of emissivity cannot legitimately be applied since, by definition,

Tg

e= ,
Tphys

and Tppys is not unique for such a system. Together, these factors make it
unclear how the three quantities in (19), T4p, Tpyys, and Tsky can be used
to express an intrinsic property of the medium, like emissivity and reflectivity,
which can be unambiguously related to structural features of the medium like
ice thickness.

The solution to this apparent difficulty lies in the introduction of a quan-
tity, effective emissivity, which is defined as,

T
Ceff = TI:, (20)

where T is the brightness temperature of the non-isothermal medium and
T} is the temperature of the medium at the surface. (In our case, Ty is the ice
temperature, typically 270 K.) This quantity e.s; is not an intrinsic property
of the medium—it is dependent on the details of the temperature profile.
However, where the temperature profile is relatively well known, e.;; may
be related to the structural features of the medium. In order to calculate
eess from the three measurable quantities in (19), it is necessary to express
the reflectivity R in terms of e.;s. We now describe how we obtain such an
expresssion.
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Emissivity vs. Ice Thickness (pure ice)
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Figure 19: Isothermal case: Emissivity variation with ice thickness for ice
volume density of (a) 1.0 (pure ice) and (b) 0.5 (frost).
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Antenna Temp. vs. Ice Thickness (pure ice)
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Figure 20: Antenna temperature variation with ice thickness for ice volume
density of (a) 1.0 (pure ice) and (b) 0.5 (frost). Assumes Tpyys = 270K and
Tsky = 14, 35, and 90K for 35, 94, and 140 GHz respectively.
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7.2.1 Relating R and ey

The brightness temperature Tg may be computed for a medium having a
temperature gradient using the model presented in Appendix B, and then
(20) can be applied to find e.ss. The reflectivity of this medium is indepen-
dently determined by using the isothermal model of Appendix A to compute
the emissivity, and then applying the relation R = 1 — e. Note that this
reflectivity computed for the isothermal case is equally valid for the temper-
ature gradient case since it is a property of the material itself, not of the
temperature profile of the material.

This procedure is repeated for a series of different ice thicknesses, obtain-
ing a value of e.ss (from (20)) and of R for each case. The values for ey
are plotted against those of R, and then a simple curve fit is applied which
yields an algebraic expression describing ey in terms of R. This expression
is, in general, valid only for the particular frequency, incidence angle, polar-
ization, and ice volume density for which it was computed. We performed
this computation for a series of cases, all with incidence angle of 30°, but
using combinations of frequency, polarization, and ice volume density. We
found that for each case, there is an exact linear relation between R and ey
of the form,

R = b—me.y, (21)
so that (19) becomes

Ty = ee”To + (b - meeff)TsKy. (22)

A summary of the slopes and intercepts satisfying (21) for a variety of cases
is given in Table 3.
Once measurements of the quantities T4p,T,, and Tsgy are obtained, we

obtain from (22):
Ty = bTsky

€eff = (23)

mTsky’
and from this value of e.sy, structural details, such as ice thickness, are
inferred.

7.2.2 Comparison to Isothermal Case

Figure 21 shows the variation of antenna temperature with ice thickness for
the SOFI/ice system having a linear temperature gradient. A comparison
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Vertical Polarization Horizontal Polarization

Frost (v=0.5) || Ice (v=1.0) {| Frost (v=0.5) || Ice (v=1.0)

Freq. (GHz) | m b m b m b m b

35(0.990 | 0.984 | 0.993 | 0.984 || 0.985 | 0.985 || 0.994 | 0.985

94 | 0.971 | 0.953 | 0.971 | 0.953 || 0.974 | 0.955 || 0.968 | 0.956

140 | 0.962 | 0.936 | 0.954 | 0.935 ||| 0.920 | 0.948 || 0.938 | 0.921

Table 3: Values for slope and intercept which relate the reflectivity to the
effective emissivity for a ice/SOFI system having a linear temperature profile.
These values are for the case of a 30° incidence angle.

Sensitivity (K/mm)
Temperature Profile

Freq. (GHz) | Uniform | Linear
35 1.1 1.1
94 4.1 4.5
140 5.3 5.6

Table 4: Sensitivity, in K/mm, of antenna temperature to changes in ice
thickness. Values are for case of 30° incidence angle and pure ice (v = 1.0).
Results shown are valid for both polarizations.

of Figure 21 to Figure 20, which treats the isothermal case, reveals that for
the temperature gradient case, T4 is somewhat lower, and the sensitivity of
antenna temperature to changes in ice thickness is somewhat greater. The
latter point is summarized in Table 4 for the pure (v=1.0) ice case.

One implication of these differences is that the accuracy of ice thickness
determination is impaired if isothermal-based calculations are used for a sys-
tem having a temperature gradient. If such an approximation were feasible,
the need for determining empirical constants m and b described in this sec-
tion could be avoided. From Figures 20 and 21, for the pure (v=1.0) ice case,
it can be seen that such an attempt would consistently underestimate the ice
thickness, by about 2.5 mm for the 94 GHz case, and 1.5-2.0 mm for the 140
GHz case.
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Antenna Temp. vs. Ice Thickness (pure ice)
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Figure 21: Temperature gradient case: Antenna Temperature variation with
ice thickness for ice volume density of (a) 1.0 (pure ice) and (b) 0.5 (frost).

Assumes Tpyys = 270K and Tsky = 14, 35, and 90K for 35, 94, and 140
GHz respectively. 36



7.2.3 Sensitivity to Magnitude of Temperature Gradient

It was shown in the previous section that attempts to estimate ice thick-
ness for a non-isothermal system using isothermal-based computations led to
error on the order of 2 mm. One difficulty with the temperature gradient
case is that the exact magnitude of the temperature gradient might not be
known. While the surface temperature of the ice/SOFI system can be rela-
tively easily determined, there would likely be more uncertainty in knowing
the temperature at the metal/SOFI interface. A logical question is how se-
riously would incorrect descriptions of the temperature gradient affect the
accuracy of the ice thickness estimations.

This question is answered in Figure 22, for specific cases of frequency,
ice thickness, and ice volume density. For each case, the temperature at the
metal /SOFI interface, which is reported to be 94 K [2], is allowed to vary over
the range from 50 K to 140 K. As can be seen, the antenna temperature is
quite insensitive such variations. In quantitative terms, for the 140 GHz case
of 9 mm of pure ice, the value of 674/6Tp, where Ths is the temperature
at the metal/SOFI interface is just 0.06 K/K. This means that, from the
sensitivity cited in Table 4, Ths must be different from 94 K by 80 K to
induce an ice thickness estimation error of 1 mm.

8 Conclusion

The purpose of this investigation has been to determine whether it is feasible
to sense the presence and thickness of ice on the surface of the Space Shuttle
fueltank using a radiometer operating at millimeter wave frequencies. Morc
specifically, we have tried to determine whether intrinsic material quantitics
such as emissivity and reflectivity, derived from radiometric measurements,
could be used to predict ice thickness.

For the case in which the normally rough fueltank material (SOFI) has
been made smooth, we have demonstrated that a model based on first order
radiative transfer theory can correctly predict emissivity for a given ice thick-
ness. We have verified this model with experiments performed on a system
of ice/SOFI in an isothermal state, and have shown how the technique can
be extended to the more realistic case of a temperature gradient.

For the case of a system having a temperature gradient, we have demon-

37



Antenna Temp. vs. Magnitude of Temp. Gradient
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Figure 22: Sensitivity of antenna temperature to magnitude of temperature
gradient, computed for cases of (a) pure ice (v=1.0) and (b) frost (v=0.5).
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strated that isothermal-based computations cannot be applied without in-

troducing errors, which may be as much as 2.5 mm, in the estimation of ice

thickness. We have further shown that when using temperature- gradient-
based computations, the critical parameter is the surface temperature (i.e.,

ice temperature). The temperature at the metal/SOFI interface can be sig-

nificantly mis-assigned without inducing any serious error in the ice thickness

estimation.

For the case of the SOFI material in its original (rough-surface) state,
we have observed that the emission is modified significantly beyond what is
predicted by the smooth-surface model described above. This case should be
the subject of a future investigation.
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APPENDIX A: Emission Model For Ice Layer
Over SOFI Panel With Uniform Temperature
Profile

Figure A.1 shows the geometry of the problem. The radiometer incidence
angle is 0,, the transmission angle is 6; in layer 1 (ice) and 6, in layer 2 (SOFI
material). These angles are given by

6, = sin™"! (sin 90/\/6_'1) , (A.1)
0, = sin™" (sin 00/\/5) , (A.2)

The ice layer has relative dielectric constant €¢; and extends from z = 0 to
z = —d;, the SOFI layer has dielectric constant ¢; and extends from —d; to
—d3, and both layers are at the same physical temperature Tp.

In layer 1, we shall use T;'(z) to denote the upwelling radiation (Figure
A.2) and Ty (z) to denote the downwelling radiation. At the air-ice boundary
inside layer 1, the upwelling radiation propagating at an angle 6, relative to
the z axis is given by:

T (0) = Ty (=di)T1 + To(1 - 1) (A3)

where Tjf(—d;) is the upwelling radiation inside layer 1 at the ice-SOFI
boundary and T, is the one-way transmissivity of the layer,

T; = exp(—£1d; secb;) (A4)
with or
Ky = <L (A.5)

The first term in (A.3) represents the radiation at the bottom of the layer
(T;f (—d;)) multiplied by the transmissivity of the layer, and the second term
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Figure A.1: Geometry of emission for uniform temperature profile case. The
quantities T}t and T; represent upwelling radiation in layers 1 and 2, and
Ty and T, represent downwelling radiation.

represents the self-emitted radiation generated by the layer. A similar equa-
tion can be written for the downward emitted radiation inside layer 1 at the

ice-SOFI boundary (z = —d;),
Ty (=d1) = T7 (0)Y1 + To(1 = 1), (A.6)

and similar expressions apply to layer 2,

T (=di) = T (=d3) T2 + To(1 - T), (A.7)
Ty (=da) = T; (—d1) T2+ To(1 - T2), (A.8)
where
T, = exp[—ka(dy — dy) sec by], (A.9)
and
"
o = QT” 9 (A.10)

=
N
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The boundary conditions at z = 0 and z = —d;, inside layer 1, are:

Ty (0) = RoT}H(0) (A11)

T} (~di) = RiTy (~dy) + (1 = R)TH (=), (A12)

where R, is the ice-to-air Fresnel reflectivity at incidence angle 6,, which is
equal to the air-to-ice reflectivity at incidenve angle o, and similarly, R, is
the ice-to-SOFI Fresnel reflectivity at ;. With ¢ = 0 or 1,

2

VE; cos b; — \/e;,; cos biys

R; = Ve 0030 T /e, cos0ors ,for h polarization, (A.13)
R; = ﬁ:: Zz: z: ; ﬁ: (c:z: Z:i 2 ,for v polarization. (A.14)
The boundary conditions at z = —d,, and z = —d, inside layer 2 are:
Ty (=dy) = RaTj (~dy) + (1 = RO)TS (~dh), (A.15)
T2+(—d2) =T; (—d2). (A.16)

Upon using the boundary conditions (A.11), (A.12), (A.15), and (A.16) in
(A.3), (A.6), (A.7) and (A.18), and after some algebraic manipulations, we
obtain the following expression for T;(0), the upwelling radiation inside layer
1 at z = 0 (just beneath the upper ice surface):

(1- R T3) = R YI(1 = T3) - TIT3(1 - Ry)
(1 - RT3)(1 — RoRyT}) — T3Y3Ro(1 — Ry)?

T+(0) = To (A7)

The brightness temperature T is the upwelling radiation transmitted across
the air-ice boundary into the uppermost layer (air),
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Ts = (1 - R)T}(0). (A1)

Since the ice and SOFI layers are at the same temperature Ty, we can define
an emissivity e given by

‘=T (A.19)
(1 - R, T2) — RyT3(1 - T2) — T27%(1 - Ry)
B T, 2
and a corresponding reflectivity R given by
R=1-e. (A.21)

A-4



APPENDIX B: Emission Model For Ice Layer
Over SOFI Panel With Linear Temperature
Profile

This problem is similar to that treated in Appendix A except now the tem-
perature in layer 2 varies linearly from Ty at z = —d; to Tp at z = —dy, as
shown in Figure B.1.. Thus,

_ ) T, for 0 <z < —d,
T(z) = { a+bz, for —dy <2< —d,. (B.1)
with (To—T)
0— 11
a = To + d1 d2 _ dl (B?)
To—-Th
b= 4, 4, (B.3)

Inside layer 2, the upwelling radiation at z = 0, T;(0), and the downwelling
radiation at z = —d;, Ty (—d,), are given by (A.3) and (A.6), namely

T{(0) = Tif (=di) Y1 + To(1 = Ta), (B.4)

Tl_("'dl) = T;(O)Tl + To(l - Tl) (BS)
Inside layer 2, the upwelling radiation at 2 = —d; and the downwelling
radiation at z = —d; are given by:

T3 (=d1) = T; (—d2) T2 + Tua(—dh), (B.6)

T, (—dp) = T; (=di Yo + Tyo(—ds), (B.7)
where T, and Ty, represent the self-emitted upwelling radiation of layer 2 at
z = —d; and the self-emitted downwelling radiation of layer 2 at z = —dj,

and can be computed by evaluating the integral equations

-d
Tu2(—di) = /d ] Ky sec 0, T (z)er2ece(z+d1) (B.8)
—a2
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Figure B.1: Geometry of emission for linear temperature profile in layer 2,
T(z) = To+ (2 + d1)(To — T1)/(dy — dy)for — dy £ z £ —d; and a uniform
profile in layer 1, T'(z) = Tofor — d; < 2z < 0.

—d .
Tw(—dy) = —/d ’ kg sec 0, T (z)e~"2sect2(d2+2) 4 (B.9)
=ad

Inserting T'(z) from (B.1) in (B.8) and (B.9) and integrating, we obtain the
results:

Tua(—d) = Ty(1 - Ta) +6 (B.10)
Tin(=dy) = To(1 - T3) — 6 (B.11)

where
5= Jo : B - 1)+ 1) (B.12)
7y = Ky sechy(dy — dy). (B.13)

Upon using the boundary conditions given by (A.11), (A.12), (A.15), and
(A.16) together with (B.4) - (B.7), we obtain the following expression for
Ty (0):
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Ti#0) = {To[(1-T)[(1+ T1R:)(1 = T3R) + 11 T5(1 - Ry)?]
+ T = To)(1= Ri)] + TyTa(1 = Ri)(1—Ta)
+ 8Ti(1 = By) - T1To(1 - B)] }X[(1 = T2Ry)(1 = T2RoRy)
- TiTiRo(1- Ry)?™,

and the brightness temperature is given by

Ts = (1 — Ro)T;(0). (B.14)
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C “Radcal6” Program Listing

This appendix contains the computer program utilized in the experjmental

portion of our investigation. The program, written in QuickBasicY, was
used in conjunction with a Stanford Model SR510 Lock-in Amplifier. This
system was then used to control the settings of the amplifier, aquire and store
data, and compute and display antenna temperature.

IREEEEEEBEERSERERERRRRRRERRRREEREERS SRR AR RRRRERRRRRB AR XSS SRR AR SRR R RS

Radcal6:

Program to compute radiometric temperatures. Calibration is done
using an ambient (“"hot") load and a liquid nitrogen (“cold") load.
This program is configured to read voltage values from a Stanford

the calibration equation which this program produces, temperatures

are returned as output for voltage value input. These temperatures,
along with calculated uncertainties, are stored in a file, whose name
is the current date and vith extension "m"; ie. yymmdd.m; eg. 910128.m.
There is also a calibration file stored for each day, yymmdd.c.

Additionally, the program allows for background subtraction for
cases where the target is not beam-filling.

Vritten by: John R. Kendra
University of Michigan
June, 1990
Latest Revision: Jan. 22, 1991 (added comments)

L T

IEsaERERRE * LI L] e *EERRRERE

DECLARE SUB tbgnd (tagh, tb!(), bgnd!(), eta!())

DECLARE SUB dielectric (today$)

DECLARE SUB stat (v!(), xbar!, sd!)

DECLARE SUB calpoints (f!, tmp$, xbar!, hbar!(), cbar!())
DECLARE SUB tbright (£f!, m!'(), b!(), v(), tb())

DECLARE SUB compute (tamb!, cbar!(), hbar!(), m!(), b!(), bgnd())
DECLARE SUB Calibrate (today$, m(), b(), bgnd())

DECLARE SUB Measure (today$, m(), b())

DECLARE SUB readin (v!())

OPTION BASE 1

IRRREERARERBERRRERRR RSB R SRR RN



'Establish connection to SR610, initialize settings.

) LA AL 2 ld *

OPEN “com1:9600,¥,8,2,cs,ds,cd" FOR RANDOM AS #2
PRINT #2, "I1"
PRINT #2, “B1"
PRINT $2, “C1"
PRINT #2, "DO"
PRINT #2, “EO"
PRINT %2, "G15"
PRINT #2, "L1,1"
PRINT #2, "L2,1"
PRINT #2, “"MO"
PRINT #2, "00"
PRINT #2, "PO"
PRINT %2, “RO"
PRINT #2, "sO"
PRINT #2, "T1,7"
PRINT #2, “T2,2"

IRSRRBRERAEERER R SRR RRERERRERRRERE

’Dimension Main Arrays:
m() = Calibration curve slopes for 35,94,% 140 GHz.

b() = Calibration curve intercepts for 35,94, & 140 GHz.

v() = Four voltage values read in from SR510.

tb() = Four brightness temps. computed corresponding to voltages.
eta() = Mainlobe efficiencies for each freq. and polarizationm.

bgnd()= Background correction parameter unique to each freq.
and pol.

v e e e e e

IRREBRRRERRE AR RARAREERRRES R R SRS SR E%

DIN m(3), b(3), v(4), tb(4), eta(6), bgnd(6)

Iansess

’Initialize Main Lobe Efficiencies.

IRRRRRRRARRRER R R EREERRER AR R RS2 RE 288

eta(1) = .948 1235, p=h
eta(2) = .945 1£=35,p=v
eta(3) = .929 £=94 ,p=h
eta(4) = .945 '£294 ,p=v
eta(5) = .875 '£=140,p=h
eta(6) = .835 1£=140,p=

ISR ARRRER AR RERESRAREE R RS R SS RS &%

’Initialize bgnd values:

IRRSSERRSXRENERERERRARRERRRRERARER AR S
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bgnd(1) = 0

bgnd(2) = 0

bgnd(3) = 0

bgnd(4) = 0

bgnd(5) = 0

bgnd(6) = 0

CLS

LINE INPUT "input today’s date (yymmdd):", today$

) SRRttt ettt sttt st bttt et ah

? Begin main program loop.
IREREEEEEEER R AR R R AR R R AR R RR KRR RRERR &

DO
INPUT "Calibrate, measure, compute diel. const.,or
quit (c,m,d,q) :", char$
SELECT CASE char$
CASE "q"
END
CASE "“c"
CALL Calibrate(today$, m(), b(), bgnd())
CASE "m"
title$ = today$ + ".m"
OPEN title$ FOR APPEND AS #1
flag = 0!

Ise P

’Setup main screen for "Measure" environment.

CLS

LOCATE 22, 1

PRINT “F1 = Target"
LOCATE 22, 20

PRINT “F2 = IncAng"
LOCATE 22, 40

PRINT “F3 = Polarize."
LOCATE 22, 60

PRINT "F4 = Cal_Restore"
LOCATE 23, 1

PRINT “F5 = Freq."
LOCATE 23, 20

PRINT "F6 = TakeData"
LOCATE 23, 40

PRINT “F7 = Quit"
LOCATE 23, 60

PRINT "F8 = Background"
divide$ = STRING$(60, "*")
LOCATE 21, 5

PRINT divide$



VIEW PRINT 7 TO 20
target$ = "sky"

f =35

PRINT %2, "G13"
p01$ = W[

ang = 45

’Initialize header of "Measure" environment with defaults. Procedure
’"Header" does this. It is called every time one of the parameters is
’altered.

)

GOSUB header
DO

IRRREERRRRERRR AR R SR RRR R KRR ERS

’Initialize softkeys in "Measure" environment.

IRRREERRRRERRERSRRRR RS RRRRR KRR S

OF KEY(1) GOSUB target

ON KEY(2) GOSUB IncAng

OF KEY(3) GOSUB Polarize.

ON KEY(4) GOSUB Calrestore

OF KEY(5) GOSUB Freq

OF KEY(6) GOSUB takedata

O0F KEY(7) GOSUB Quit

ON KEY(8) GOSUB backgnd

KEY(1) O

KEY(2) 0N

KEY(3) 0N

KEY(4) O

KEY(S5) O

KEY(6) 0N

KEY(7) o

KEY(8) O

LOOP UNTIL flag = 1!

VIEW PRINT 1 TO 25

CLS
CASE "d"

CALL dielectric(today$)
CASE ELSE

PRINT “"Selection must be c,m,d, or q"
END SELECT

IEEERERRRRRREERRRR AR AR RRRARES

’End of main loop of program.

Insanns



LooP

'Below follows subroutines used only in "Measure" enviromment.

H

target:

LINE INPUT “Enter Target Description:"; target$
GOSUB header

RETURN

Incing:

INPUT “Enter incidence angle (degrees):", ang
GOSUB header

RETURK

Polarize.:

INPUT “Enter polarization (v/h):", pol$
GOSUB header

RETURKE

Calrestore:
LT T T e T T2t

’This subroutine "Calrestore" reinitializes calibration and background
‘variables with their most recent values. These values are alwvays

’ stored

’in a file "junkcal" and this file is read by the “Calrestore" procedure.
'Used when re-entering program after having exited (or crashed!).

IRERRRREEREREERERB SR *

OPEN "“junkcal" FOR INPUT AS #3
FOR i% =1 T0 3
INPUT #3, m(i%), b(i¥%)
EEXT i%
INPUT #3, bgnd(1), bgnd(2), bgnd(3), bgnd(4), bgnd(5), bgnd(6)
PRINT "Most recent calibration parameters restored."
CLOSE #3
RETURN

Freq:
INPUT “Enter Frequency (GHz):", f

IR EERERRE SRR RRRRRERRRRERRRERRERRESEE S &

’Gain and phase of SR510 are set for each separate frequency.

IEERRABERREEARRRRRERERRRERRRERR SR SRS S S

IF £ = 35 THEN
PRINT %2, "G13"
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PRINT #2, "PO"
ELSEIF £ = 94 THEX
PRINT #2, “G16"
PRINT #2, "PO"
ELSEIF £ = 140 THEN
PRINT #2, "G12"
PRINT 82, "P 180.0"
ELSE
END IF
GOSUB header
RETURN

takedata:
CALL readin(v())

INPUT "Compute temp. with background adjustment? (If computing

background, choose ’n’.) (y/n)", p$
IF p$ = "n" THEN

CALL tbright(f, m(), b(), v(), tb())

ELSE

CALL tbright(f, m(), b0, v(), tb())

CALL tbgnd(tag¥, tb(), bgnd(), eta())

END IF
CALL stat(tb(), xbar, sd)

PRINT "For £ = “; f; “GHz"; " T-apparent =

INPUT "Save Data? (y/n):", pp$
SELECT CASE pp$
c‘sE !lyl!

WRITE #1, target$, DATE$, "pol. = ", pol$, "inc. ang.
WRITE #1, £, v(1), v(2), v(3), v(4), "Ta =", xbar, "+/-", sd, TIMES$

WRITE #1, divide$
CASE ELSE
END SELECT
RETURN

Quit:
flag = 1!
CLOSE #1
RETURN

header:

place = CSRLIN

VIEW PRINT 2 TO 2

blankout$ = SPACE$(70)

LOCATE 2, §

PRINT blankout$,

LOCATE 2, 5

PRINT "Description: “; target$;
VIEV PRINT 4 TO 4

LOCATE 4, §

PRINT USING "Freq. = ###% GHz"; f;
LOCATE 4, 25

PRINT "Pol. = "; pol$;

LOCATE 4, 38

PRINT USING "Inc. Ang. = ##%.3#"; ang;
VIEW PRINT 5 TO §

; xbar; “+/-"; sd



LOCATE 5, §

PRINT divide$;
VIEW PRINT 7 TO 20
LOCATE place, 1

SELECT CASE £
CASE 36
IF pol$ = "h" THEN
tagh = 1
ELSE
tagh = 2
END IF
CASE 94
IF pol$ = "h" THEN
tagh = 3
ELSE
tagh = 4
END IF
CASE ELSE
IF pol$ = "h" THEN
tagh = 5
ELSE
tagi = 6
END IF
END SELECT
RETURN
clscreen:
CLS 2
RETURN
backgnd:

INPUT “For background correction, next target must be absorber.
Continue (y/n):", p$
IF p$ <> "y" THEN
PRINT “Background evaluation procedure exited."
RETURN
END IF
INPUT “Enter Temp. (C) of Absorber:", Tabs
Tabs = Tabs + 273
INPUT “"Ready to take data (y/m):", p$
IF p$ <> "y" THEN RETURN
GOSUB takedata
bgnd(tag¥) = xbar - eta(tag¥) * Tabs
Tsl = bgnd(tagk) / (1 - eta(tag¥))
PRINT USING "T-side lobe = #8%.8 K"; Tsl
PRINT “"Calculated Background parameters stored."
OPEF "junkcal" FOR OUTPUT AS #3
FOR i% =1 T0 3
WRITE #3, m(i%), b(i¥%)
NEXT i
VRITE #3, bgnd(1), bgnd(2), bgnd(3), bgnd(4), bgnd(5), bgnd(6)
CLOSE #3
RETURN



CLOSE #2
STOP
END

SUB Calibrate (today$, m(), b(), bgnd()) STATIC
DINM cbar(3), hbar(3), v(4)
PRINT "Currently in calibration procedure"
title$ = today$ + ".c"
OPEN title$ FOR APPEND AS #1
VRITE #1, “cal. file", DATE$
DO
INPUT “Enter hot or cold or quit (h,c,or q):", tmp$
SELECT CASE tmp$
CASE "h"
INPUT "Enter ambient temperature (C):", tamb
tamb = tamb + 273
WRITE #1, "hot load"
CASE "c"
WRITE #1, "cold load"
c‘sE |IqH
INPUT "Want to compute slope and intercept? (y,n):", answ$
IF answ$ = "y" THEN
CALL compute(tamb, cbar(), hbar(), m(), b(), bgnd())
WRITE #1, “"slopes for 35,94,and 140 GHz are:",
mn(1), m(2), m(3)
WRITE #1, "intercepts are
b(1), b(2), b(3)
PRINT "slopes for 35,94 and 140 Ghz are:",
n(1), m(2), m(3)
PRINT "intercepts are
b(1), b(2), b(3)
EIIT DO
ELSE
EXIT DO
END IF
CASE ELSE
PRINT "Must enter h,c, or q."
END SELECT
D0
INPUT “Enter current frequency (GHz) (0 to quit):", f
IF £ = 35 THER
PRINT 82, “G13"
PRINT #2, "PO"
ELSEIF £ = 94 THEN
PRINT 82, "G15"
PRINT %2, "PO"
ELSEIF £ = 140 THEN
PRINT #2, “G12"
PRINT %2, "P180"
ELSE
EID IF
SELECT CASE £
CASE IS > 0
DO
INPUT “"take data? (y/mn):", p$
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IF p$ = "y" THEN
CALL readin(v())
CALL stat(v(), xbar, sd) )
CALL calpoints(f, tmp$, xbar, hbar(), cbar())
WRITE #1, £, v(1), v(2), v(3), v(4), xbar, sd, TINES
PRINT “for £ =", £, “ xbar = ", xbar, " sd = ", 8d

EXIT DO
ELSE
EXIT DO
END IF
Loop
CASE IS <=0
EXIT DO
END SELECT
Loop

LOOP

WRITE #1, STRING$(20, "*»»")

CLOSE #1

END SUB

SUB calpoints (f, tmp$, xbar, hbar(), cbar()) STATIC
IF tmp$ = "c" THER
IF £ = 35 THEX
cbar(1) = xbar
ELSEIF £ = 94 THEX
cbar(2) = xbar
ELSE
cbar(3) = xbar
END IF
ELSE
IF £ = 35 THEN
hbar(1) = xbar
ELSEIF £ = 94 THEN
hbar(2) = xbar
ELSE
hbar(3) = xbar
END IF
ENID IF

END SUB

SUB compute (tamb, cbar(), hbar(), m(), b(), bgnd()) STATIC
OPEF "junkcal" FOR OUTPUT AS 83
FOR i% =1 T0 3
IF hbar(i¥%) = 0 THEN
hbar(i%) = tamb - 80 + cbar(i¥%)
END IF
n(i%) = (tamb - 80) / (hbar(i%) - cbar(i%))
b(i%) = 80 - m(i%) * cbar(i¥)
WRITE #3, m(i%), b(i%)
NEXT i%
WRITE #3, bgnd(1), bgnd(2), bgnd(3), bgnd(4), bgnd(5), bgnd(s)
CLOSE #3
END SUB
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SUB dielectric (today$)

sk ek EERREEEE R
This subroutine can calculate dielectric constants (real part only)
for the special case of an infinite halfspace having a loss tangent
<< 1.

- e e o~

) INPUTS: - Apparent (measured) temperature,

’ - Physical temperature of halfspace,

’ - Sky temperature, Incidence Angle, Polarization.

> QUTPUTS: Emissivity, Dielectric constants (there are two roots; pick
’ the reasonable one.)

)

T} % "%

title$ = today$ + ".m"

OPEN title$ FOR APPEED AS #1
divide$ = STRING$(60, "*")

WRITE #1, divide$

WRITE #1, “Dielectric Computations"

PRINT "Currently in dielectric computation procedure"

DO

INPUT "Input T-ap, T-phys, and T-sky (K):", Tap, Tphys, Tsky

WRITE #1, "T-ap = ", Tap, ", T-phys =", Tphys, ", T-sky =", Tsky

e = (Tap - Tsky) / (Tphys - Tsky)

WRITE #1, "Emissivity =", e

PRINT USING "Emissivity = #.8¥38°""""; e

el = SQR(1 - e)

0= (1 +e1) / (1 - el)

f1 = (1-e1) / (1+el)

DO

INPUT “Enter incidence angle (deg) and polarization (v/h or ’0,q’ to quit):", ang, p$
VRITE #1, "Inc. Ang. = ", ang, ", and polarization = ", p$
pi =4 « ATI(1Y)

ang = ang * pi / 180!

SELECT CASE p$
CASE "h"
eps = (COS(ang)) = 2 * £0 = 2 + (SIN(ang)) - 2
PRINT "Dielectic constant = "; eps
WRITE #1, "Dielectric constant = ", eps
CASE “v"
IF £0 = 4 >= (SIN(2 * ang)) =~ 2 = £0 = 2 THEX
f=f0
ELSE
f=f1
END IF

al = SQR(f ~ 4 - (SIN(2 » ang)) ~ 2+ £ = 2)
/ (2 » (COS(ang)) = 2)
a2 =f =~ 2/ (2 » (C0S(ang)) ~ 2)
epsl = a2 + al
eps2 = a2 - al
PRINT "Values obtained for dielectric constant are:", epsl, eps2
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WRITE #1, "Values obtained for dielectric constant are:

epsl, eps2
CASE uqu
EXIT DO
CASE ELSE
PRINT "Entry must be ’v’,’h’, or ’q’."
END SELECT
LOOP
INPUT "Do another dielectric computation? (y/n)", p$
IF p$ = "n" THEN EXIT DO
LooP
WRITE #1, divide$
CLOSE #1
END SUB

SUB readin (v()) STATIC

FOR i% =1 TO 4
PRINT #2, "Q"
INPUT 22, v(i%)
v(i%) = v(i%) * 1000000!
PRINT v(i%)
SLEEP (1)
NEXT i¥

END SUB

SUB stat (v(), xbar, sd)
squares = 0
xes = 0
FOR i% = 1 TO 4
xes = xes + v(i¥)
squares = squares + v(i}%) ~ 2
NEXT i%
s8d = SQR(squares / 4 - (xes / 4) = 2) / SQR(4)
xbar = xes / 4

END SUB

SUB tbgnd (tag¥, tb(), bgnd(), eta())
FOR i% =1 T0 4
tb(i%) = (tb(i%) - bgnd(tagh)) / eta(tagh)
NEXT i%
END SUB

SUB tbright (f, m(), b(), v(), tb()) STATIC
IF £ = 35 THEX

FOR i% =1 TO 4

tb(i%) = m(1) * v(i%) + b(1)

NEXT i%
ELSEIF £ = 94 THEN

FOR i% =1 TO 4

tb(i%) = m(2) * v(i%) + b(2)

NEXT i%
ELSE
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FOR i% =1 TO 4
tb(i%) = m(3) * v(i%) + b(3)
BEXT iY%
END IF
END SUB
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