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Brightness Temperature Calculation and
Uncertainty Propagation for Conical
Microwave Blackbody Targets
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Abstract— We discuss the analytical derivation of the absolute
brightness temperature uncertainty of a hollow conical blackbody
source for radiometer calibration. We introduce a Monte Carlo
uncertainty propagation analysis method to quantify uncertainty
contributions from nonideal emissivity, physical temperature, and
antenna pattern, which are the three major factors contributing
to the uncertainty of the brightness temperature radiation from
the source. The low reflectance of the hollow conical geometry
depends on multiple bounces on the absorber surface. To quantify
total brightness temperature over a nonuniform temperature
surface, each individual bounce must be considered. We derive a
recursive analytical relationship to quantify this multiple-bounce
effect as a function of a view angle. The resulting effective
blackbody brightness temperature uncertainty is a function of
frequency, temperature, antenna pattern, measurement distance,
and the measurement environment. We also propagate the uncer-
tainty to the antenna flange of a radiometer viewing the conical
blackbody. This includes additional effects, such as spillover,
illumination efficiency, and antenna efficiency. We demonstrate
the propagation method with an example case. We use fictional
input values to investigate the response of the uncertainty to
input variables and distance. We find that as the distance
between antenna and blackbody increases, the uncertainty due to
spillover dominates, but at close distances, the dominant uncer-
tainty contributor is linked to the physical temperature of the
absorber.

Index Terms— Absolute calibration, absorber, blackbody, cal-
ibration uncertainty, cold load, hot load, microwave brightness
temperature, radiometer calibration, reference, source, standard,
target, traceability.

I. INTRODUCTION
NCERTAINTY can be defined as an estimate that char-
acterizes the range of values within which the true value
of a measurand lies [1]. This definition implies the existence
of a true value, which for values with physical units requires
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traceability to a fundamental unit or standard. Because of the
low microwave power levels encountered in passive remote
sensing, we express radiometric measurements in the units of
brightness temperature of Kelvin (K) as opposed to power in
Watt (W). The two are related through fundamental constants
by Planck’s law of radiation [2].

Traceability in radiometer calibration is typically achieved
by installing calibrated temperature sensors in the on-board
calibration source, or “blackbody,” and assuming that the
reading of the temperature sensors is equal to the microwave
brightness temperature radiating from that source. By using
temperature sensors traceable to fundamental temperature
units, there is potential for traceability, but this approach
necessitates a thorough uncertainty analysis. There are uncer-
tainties associated with nonideal emissivity and temperature
gradients between the sensors and the radiating surface. Past
studies have addressed calibration errors resulting from these
effects [3], [4]. Different radiometer instruments use different
on-board calibration sources with different geometries result-
ing in different radiating brightness temperatures, and thus,
the physical temperature measurements are not a traceable link
to microwave brightness temperature units of Kelvin, and their
data are not intercalibrated. This lack of uniform traceability
amongst passive microwave brightness temperature measure-
ments leads to significant offsets among instruments [5] and
the need for various postlaunch recalibration and comparison
studies [6], [7]. For example, inaccuracies in satellite-derived
troposphere profiles have led to confusion concerning the
effect of greenhouse gases in the atmosphere [8]. Achieving
prelaunch traceability of radiometer calibration targets is not
necessarily sufficient to solve these problems, but a trace-
able quantification of brightness temperature uncertainty is a
necessary step in this effort.

Current research within the RF Electronics Group of the
Communications Technology Laboratory at the National Insti-
tute of Standards and Technology (NIST) is focused on
advancing a microwave brightness temperature standard for
operational use. We have demonstrated traceability to the fun-
damental unit of Kelvin based on primary standard radiometers
with an associated uncertainty of 0.7 K or higher [9]. We aim
to reduce this uncertainty by the use of a primary source
as opposed to a primary radiometer standard. The follow-
ing discussion proposes a method to propagate the absolute
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Fig. 1. Diagram of antenna and conical blackbody spherical coordinate

system. The z-axis (red) points from the origin, at the phase center of the
antenna, toward the apex of the cone.

brightness temperature uncertainty of such a source. The
past work has studied and quantified the microwave bright-
ness temperature radiating from pyramidal array calibration
sources [10], [11], but to the best of our knowledge, this has
never been done for a conical geometry, and past works have
not included a rigorous uncertainty analysis on the computed
brightness temperature, including antenna pattern dependence.
The past work has also quantified the uncertainty of the
emissivity of conical blackbodies in the infrared regime [12].
The existing literature does not consider the uncertainties
of the coupled antenna-blackbody system and the impact of
varying the distance between the antenna and the blackbody.

NIST will use conical cavities as the broadband
prelaunch calibration sources of microwave brightness tem-
perature [13], [14]. Warm loads, targets, or blackbodies are
typically used for the calibration of passive microwave
radiometers. The conical cavity geometry performs well for
broadband application [15], [16] and reduces physical tem-
perature gradients seen in pyramidal array type sources [17]
frequently used in satellites and aircraft as on-board calibration
references.

This paper discusses the quantification of absolute
brightness temperature uncertainty associated with conical
calibration targets. In Section II, we introduce the theory
and applicable formulation and discuss the general Monte
Carlo uncertainty propagation method. Section III presents
the derivation of the uncertainties associated with the input
parameters. Section IV shows the results of an example uncer-
tainty calculation and discusses trends and takeaways from
the example calculation. Finally, in Section V, we discuss the
general applicability of the introduced method and conclude
this paper.

II. BLACKBODY BRIGHTNESS TEMPERATURE

This section first addresses blackbody radiation measured
by a radiometer. We then discuss the dependence of brightness
temperature and its uncertainty on a variety of parameters.

A. Radiometric Measurements of Blackbody Radiation

A generic arrangement of conical blackbody radiation mea-
surements is illustrated in Fig. 1. The free-space radiation
emanating from a blackbody is collected by an antenna.
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The antenna will receive some energy from the outside of the
solid angle of the blackbody (often termed spillover), and the
antenna also receives some emission from the antenna itself
due to its dissipative loss.

Keeping the notation of [18], the formulation for brightness
temperature as measured at the input flange of an antenna is
given as [18]

. . h
Ty = a(neTig + (1 — me)The) + (1 — a)Th)” (1

where T is the brightness temperature measured at the antenna
flange, T,g is the effective blackbody brightness temperature
(tg subscript refers to “target”), Tbg is the brightness temper-
ature of the background, a is the antenna efficiency, #ig is the
illumination efficiency, and T;‘}‘ll; is the physical temperature
of the antenna. The illumination efficiency, detailed in [18],

is defined as

_ S P60, 9)dQ
Jar Fn (0, 9)dQ2

where F,, is the normalized antenna powerpattern, and dQ is
the differential solid angle. The indices bb and 4z refer to
the solid angle subtended by the blackbody and the solid
angle of the unit sphere, respectively. The effective blackbody
brightness temperature can be written as

7o Jop 15" 0, 9) Fu (0, )dQ
1o =
¢ fbb Fy (9, ¢)dQ

where Tlf’b is the pointwise blackbody brightness temperature
with view-angle dependence. The systematic or type B uncer-
tainty associated with T, includes contributions from the five
variables, a, g, f}g, Tbg, and Tzﬁﬂy, assuming that they are
uncorrelated

NE (2)

3)

(4)
where the derivative terms are
567; = meTig + (1 — mE) Thg — Ta‘;‘:y (5a)
;TI; = a(Tyg — Thg) (5b)
5;3; = OMNIE (5¢)
;7—7,; = a(1-mnE) (5d)
;Tf;y =(-a) (5¢)

ant

and additionally we need to know the uncertainty associated
with the five variables u;. When a and xg are close to
one, the partial derivatives scale down the magnitude of the
four of the variables leaving uf,, as the dominant term. The
formulation of (4) and (5) differs from that in [18], because
in this case, instead of calculating Uf,, from radiometric
measurements, we are calculating uncertainty w7, when a
radiometer views a conical calibration reference with a known
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Fig. 2. 2-D diagram of multiple bounces on conical surface at an example
angle and distance (m = 8,0 = 7.2°,d = 0.2°,y = 10°,and B; = 72.8°).
The incidence angle of the first bounce is shown as a. The half-cone angle
y is also shown. Tp; is the total brightness temperature contribution of a
single bounce on the absorber. The third-dimension dependence on ¢ has
been removed for simplicity.

target temperature. Much of the proceeding analysis involves
quantifying 7;, and UF,,-

The uncertainty of the effective blackbody brightness tem-
perature is determined by the precision of two factors: 1) the
radiation pattern of the antenna and 2) the pointwise brightness
temperature of the blackbody 7}?”. RF field and antenna range
measurements or simulation tools can be used to determine the
uncertainty associated with F},; hence, the uncertainty of Tbbb
is the main focus of this paper and we present its detailed
discussion in what follows.

B. Pointwise Brightness Temperature

The brightness temperature is linked to physical temperature
and emissivity by definition. At the frequencies and tempera-
tures considered herein, the Rayleigh—Jeans approximation is
appropriate, and the worst case error introduced is 0.5 mK at
80 K and 230 GHz, negligible compared with other uncertainty
terms. The Rayleigh—Jeans approximation is used throughout
this paper allowing the brightness temperature to be expressed
as a linear relationship of emissivity and physical temperature.

The conical geometry provides low total reflectivity by
providing multiple “bounces,” from a ray-tracing perspective,
of incoming radiation on the absorber-lined cone surface. Each
bounce provides absorbance (equal to emission) depending on
its incidence angle. Due to the reflective copper backing, and
thus, the lack of transmission through the absorber, the com-
plement of the emissivity at a point is its reflectivity. When
many bounces are cascaded, the conical geometry provides a
low total reflectivity.

To express the brightness temperature contribution of a
particular point on the cone, one must consider each bounce
on the absorber, tracing the path from the background to final
reflection into the horn. Fig. 2 provides a 2-D sketch of the ray-
trace geometry. The tracing of each bounce takes the following
recursive form:

Tbbb(G,(ﬂ)pOl =Tie}” + (1 - &}”) Thn
= Tlf,‘po1 (1 pol)[ pOIT + (1 — 82 )Tbﬂ
_ T18p01 1 — pol)
x (631 Ta+ (1=65) (3" Tt (1-5") Thu) |

= ... (6)

where T; is the effective physical or kinetic temperature
of the absorber at the point of the jth bounce, &° ; is the
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Fig. 3.
elevation angles (6 = [le —5, 8.6, 17.4,26.2, 35, 43.7, 52.6]°) corresponding
tom =1[9,8,7,6,6,5,4] bounces. The case shown is for a half-cone angle
of y = 10°.

Diagram of multiple bounces on conical surface at a range of

microwave emissivity at this point at the pol linear polariza-
tion (TE or TM), and Tj; is the total brightness temperature
contribution from bounce j in the direction of point T;_j.
The recursive relationship continues for m bounces, with
Th(m+1) being the brightness temperature contribution of the
background. Bounce 1 refers to the bounce immediately before
entering the horn, whereas m is the bounce experienced by
a ray prior to exiting the cone into the background. The
law of reciprocity allows the relationship to hold for a ray
traveling in either direction, so that we compute the number of
bounces according to a ray originating from the background,
experiencing multiple reflections and ending at the antenna.
The brightness temperature contribution from each bounce
consists of the sum of two terms. The first describes the
emittance from the point and is the product of emissivity at that
point and the physical temperature of the absorber at that point.
The second term describes radiation that is reflected at the
point and is the product of the reflectance and the brightness
temperature emitted from the next bounce (one step further
from the antenna). The reflectance at point j is given as the
complement of the emissivity (1 — ¢;), because there is no
transmission through the copper-backed absorber cone.

The ray-trace or geometric optics method introduced here
ignores diffuse reflectance and assumes only specular reflec-
tions. The ray-trace method has been shown to provide accu-
rate estimates of total reflectance for conical geometries down
to 20 GHz [13], [16]; however, this method is known as a
high-frequency approximation and may degrade as wavelength
increases further relative to the blackbody dimensions.

We further break down our discussion of the pointwise
brightness temperature into a number of parts in Sec-
tions II-B1-II-BS.

1) Number of Bounces as a Function of Elevation Angle:
The number of bounces experienced by a ray prior to entering
the antenna is a function of the elevation angle € and the half-
cone angle y . Fig. 3 shows the trace for a set of seven arbitrary
6 angles. Fig. 4 shows the number of bounces as a function
of the elevation angle for the case with y = 10°.

2) Effective Local Physical Temperature: We have stated
that 7 is the effective physical temperature of the absorber at
the point of the jth bounce. The use of the term effective here
refers to the fact that the “bounce” does not occur at a single
point. From the absorption perspective, an incident ray incurs
some surface reflection at the interface of air/vacuum and
absorber, but a fraction > ¢; of the power in the ray propagates
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Fig. 4. Number of bounces on absorber surface as a function of elevation

angle 6.

into the absorber and is attenuated as a function of absorber
thickness. Analogously, from the emission perspective, the
absorber radiates as a function of absorber thickness, so T}
is not simply a temperature at the surface of the absorber
layer structure, but is a function of the layer thickness and
attenuation properties. Larger temperature gradients from the
copper substrate to the absorber surface, normal to the surface,
will cause greater deviations between T; and the absorber
surface temperature. The true 7; will be a function of the
absorber layer properties implicitly dependent on frequency.
A detailed analysis of this effective single bounce temperature
will be reserved for a later investigation; for the remainder
of this analysis, we treat 7; as a determinable physical
temperature and a function of r, the distance from the cone
axis. The location on the cone surface of T; for each bounce
is determined from geometry.

3) Local Emissivity: The emissivity at a given bounce
can be calculated analytically using the oblique incidence
Fresnel equation for a multilayered structure of lossy magnetic
materials, similar to the analysis of [13] and [16].

The incidence angle f; varies for each bounce and can be
expressed as a function of elevation angle # and the bounce
number

Bi=00—-0O0+7)-2y(G -1,

where positive incidence angles refer to the bounces of rays
heading out of the cone (negative z) and into the horn, and
negative incidence angles refer to the bounces of rays heading
into the cone (positive z) from the background.

4) Polarization of Radiation: We calculate Tbbb (@) accord-
ing to (6) for TM and TE linear polarizations and then take
the average, as has been done in [13] and [16]

ji=1,...m ()

™ TE
2

assuming equal brightness temperature contributions from the
two linear polarizations over the circularly symmetric cone.

5) Background Reflections: At small 8, when many bounces
are experienced, the reflected background has a very little
effect on the blackbody brightness temperature, but as €
increases and the number of bounces decreases, the reflected
background has a larger contribution as it has a more direct
path to the antenna.

P20, 9) =

7249

Reflections from the background are undesirable, because its
brightness temperature is often highly uncertain. The contribu-
tion of the highly reflective large 6 angles can be decreased in
three ways: first by using a directive antenna with low sensitiv-
ity at off-normal angles (low side lobes), second by increasing
the distance between the blackbody and the antenna, but this
also increases uncertainty due to spillover, or third by using
a reflective shroud to prevent intrusion from the background,
causing the reflected blackbody brightness temperature to be
seen at high § angles. The use of a reflective shroud can also
be helpful for decreasing infrared radiative coupling to the
background, decreasing physical temperature gradients.

Due to the angle-dependent nature of the blackbody bright-
ness temperature on the conical geometry, the importance of
using the antenna pattern to calculate the effective blackbody
brightness temperature according to (3) becomes apparent.
Example calculations of effective blackbody brightness tem-
peratures T,g using simulated antenna patterns are presented
in Section IV.

III. MONTE CARLO UNCERTAINTY PROPAGATION

Quantifying emitted brightness temperature is the first step
toward characterizing a calibration source or a blackbody.
The second equally important step involves the propagation
of uncertainty.

The intricate relationship of T,g as a function of antenna
pattern, physical temperature, and emissivity makes analytical
differential uncertainty propagation complicated. We introduce
a Monte Carlo analysis to propagate the uncertainties associ-
ated with the input parameters. We take the expression for the
effective blackbody brightness temperature (3) and perform a
Monte Carlo sensitivity analysis by randomly perturbing the
input variables.

The randomly perturbed effective blackbody brightness tem-
perature for the ith Monte Carlo iteration is thus expressed as

7 __]Lb{YZw(6,¢)}iF@(0,¢)d£2
e Jop Fni (0, 9)dQ2

©)

where {Tbbb (@, )} is the pointwise brightness temperature for
the ith perturbed Monte Carlo iteration, and Fy, (6, ¢) is the
normalized antenna pattern for the ith perturbed Monte Carlo
iteration.

These perturbed input terms are described in detail in
Sections III-A and III-B. The uncertainty associated with the
effective blackbody brightness temperature can be expressed
as [19]

2

N
1 - -
2
Uy =\ |97, + N Z Tig,i | — ElTi]

i=1

(10)

where oF, is the standard deviation of the N Monte Carlo
iterations of Y_}g,i, and E [T,g] is the expected value of T,g,
evaluated without any perturbations. The second term under
the radical in (10) accounts for the uncertainty in the Monte
Carlo estimate of the population variance, included due to the
relatively small Monte Carlo sample sizes used in this paper.

Authorized licensed use limited to: Boulder Labs Library. Downloaded on February 16,2022 at 18:24:42 UTC from IEEE Xplore. Restrictions apply.



7250

This term approaches zero in the limit as the sample size
approaches infinity.

The Monte Carlo uncertainty propagation technique allows
us to quantify the uncertainty in the brightness temperature
radiating from the calibration blackbody as a function of
the uncertainties associated with the inputs without requiring
analytical partial derivatives of Y_}g with respect to the input
variables. Sections III-A and III-B discuss uncertainty models
for various brightness temperature inputs that can be used with
the Monte Carlo uncertainty propagation technique to calculate
the effective blackbody brightness temperature uncertainty.

A. Pointwise Brightness Temperature Uncertainty

There are many uncertain quantities required in calculat-
ing Tbbb (@, p). We will consider uncertainty associated with the
physical temperature of the absorber as well as the uncertainty
of the pointwise emissivity at the point of each bounce. There
is additional uncertainty introduced by the specular ray-trace
approximation, nonideality of the cone aperture, and variability
in the background brightness temperature.

1) Absorber Physical Temperature Uncertainty: The calcu-
lation of (6) assumes a known physical temperature distrib-
ution on the blackbody surface from which 7; are sampled
as a function of #. The “transfer function” between the
temperature measured by embedded temperature sensors and
the true absorber surface temperature has its own associated
uncertainty, in addition to the uncertainty of the temperature
sensor itself. Some tools useful for determining the effective
radiating absorber temperature distribution as a function of
temperature readings include infrared thermal imaging and
finite element thermal modeling. The detailed discussion of the
temperature sensor to radiating surface temperature transfer
function and its uncertainty are beyond the scope of this paper
and will be investigated for the NIST conical blackbodies in
future studies. In this paper, we will use fictitious input uncer-
tainty values to demonstrate and investigate the uncertainty
propagation method.

We define the physical temperature distribution 7' (8, ¢) with
associated uncertainty ur (6, ¢), where ur is also a function
of the solid angle, because the temperature may be known to a
higher certainty at different points along the absorber surface.
The total physical temperature uncertainty is the root square
sum of contributors

ur (0, 0) = \/ubrs 0, 9) + 130, 0) an

where uprr is the uncertainty associated with the physical
temperature measurement(s) taken somewhere behind the radi-
ating absorber surface, and u;s is the uncertainty associated
with the transfer function relating the measured temperature
to the true temperature of the radiating absorber’s surface.
The physical temperature perturbed for the ith Monte Carlo
iteration can be written as

TO,9); =TO,9)+ Xiur@,p)

where X; | is a random sample from the standard normal
distribution, and 7'(, ¢) is the temperature function from
which T} in (6) are taken.

12)
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2) Pointwise Emissivity Uncertainty: Next, we quantify the
uncertainty associated with the single bounce emissivity at the
position of each .9?01. The analytical calculation of ™' must
consider uncertainty in permittivity &, permeability g, and the
thickness of the layers ¢. The perturbed emissivity for the
jth bounce can then be calculated for the ith Monte Carlo
iteration as

(e5), = 1= [RE 1 (Bjt + Ui jur. e

2
+Xioue, o+ Xi3uy, f)|7 (13)

where u, is the tolerance on layer thickness, u, is the vector
of permittivity uncertainties for each absorber layer, u, is
the vector of permeability uncertainties for each absorber
layer, 138?11 is the Fresnel reflectance of the layered absorber,
U;,j is a vector of three independent samples from the
uniform distribution between —1 and 1, and X; > and X;3
are independent vectors of random samples from the standard
normal distribution. Independent realizations of U; ; are taken
for each bounce j to account for the spatial variation of the
absorber thickness. The uniform distribution is used, because
a manufacturer-specified tolerance is typically a maximum
absolute deviation and not a standard error from the Gaussian
distribution. The samples of X; > and X; 3 remain constant
over the set of j = 1,...m bounces, because we do not expect
the spatial variability of the absorber material properties.

3) Additional Considerations: There are additional uncer-
tainty terms associated with the angle-dependent brightness
temperature calculated from (6). These include uncertainty as
a result of the surface emission approximation, the ray-trace
approximation, and the effects of the cone rim or aperture
edge. Once the perturbed emissivity (8?01), has been used to
calculate Tp; from (6), what we will call (Tp1)i, we make
the following perturbations to the final brightness temperature
assignment:

(Tbbb),- = (Tp1)i + Xiau1ump(0, @) (14)

where X;4 is an independent realization of the standard
normal distribution, and upmp iS an uncertainty term we
have introduced to account for the lumped effect of the
ray-trace approximation and edge effects. We acknowledge
that the lumped treatment of these intricate uncertainty terms
is an oversimplification of distinct and potentially significant
contributions. Upon further study, it may be found that these
approximations result in biasing the brightness temperature
as opposed to simply adding a Gaussian distributed error.
For example, neglecting the cone edge effect likely positively
biases the calculated brightness temperature by overestimating
the emissivity on the aperture edge. We have presented ujymp
as a function of solid angle, because this uncertainty will have
a larger contribution at € angles corresponding to the aperture
edge of the conical blackbody. These two lumped uncertainty
topics deserve their own in-depth study; however, we consider
these analyses beyond the scope of this paper.

4) Background Brightness Temperature Uncertainty: The
final uncertain temperature term is the background brightness
temperature 7gG, or Tp(,+1) in (6). The background brightness
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temperature can be highly variable depending on the environ-
ment. A controlled condition would be an anechoic chamber
with monitored physical temperature, but this environment
could still have the variance of a few Kelvin. An environment,
such as a thermal-vacuum chamber will have highly variable
background brightness temperature due to a large range of
microwave emissivities. The use of a reflective shroud between
the antenna and the blackbody will cause the reflection of the
blackbody temperature, and the background temperature will
appear similar to that of the blackbody brightness temperature.
The background brightness temperature is randomly perturbed
according to

Tsg;, = TG + Xi5UTpg (15)

where X; 5 is an independent random sample from the stan-
dard normal distribution, and u7g; is the uncertainty in the
background brightness temperature.

The calculated perturbed pointwise blackbody brightness
temperature (Tbbb),- can then be substituted into (3) along
with the antenna pattern to calculate the effective blackbody

brightness temperature uncertainty.

B. Antenna Pattern Uncertainty

The effective blackbody brightness temperature is highly
dependent on the antenna used to measure the blackbody.
We include the uncertainty in the normalized antenna power
pattern in the Monte Carlo analysis. The normalized antenna
power pattern perturbed for the ith Monte Carlo iteration can
be written as

Fu 0,0) = F,(0 + X 6up, 9) + Xi 70, p)up,  (16)

where X, is a realization from the standard normal,
X, 7(0, ¢) is an array of realizations from the standard nor-
mal distribution of the same size as F, (0, ¢), up is the
antenna alignment uncertainty, and up, is the uncertainty
associated with the antenna power pattern. The following
example analysis neglects ¢ dependence, but one could also
include uncertainty in the azimuth angle. Now, all that input
terms and their respective uncertainty contributions have been
considered, and we can calculate the effective blackbody
brightness temperature Y_",g,,- from (3) for N Monte Carlo
iterations and estimate its total uncertainty by (10).

IV. EXAMPLE CALCULATIONS

This section discusses calculations performed to demon-
strate the uncertainty propagation method using fictitious
numerical values. First, we discuss the specific blackbody
for which the example case is calculated; second, we show
the quantification of the effective blackbody brightness tem-
perature; third, we calculate the effective blackbody bright-
ness temperature uncertainty; and finally, we present the
radiometer-measured brightness temperature uncertainty.

A. NIST Blackbody Geometry

The cone considered herein consists of a copper cone with
copper heat-exchanger tubing coiled around the outside and
lined on the inside with an optimally layered microwave

7251

copper

Fig. 5. (a) Illustration of conical blackbody including labeled parts and
half-cone angle. (b) Detailed view of cross section of absorber cone-layered
structure.

TABLE I

LAYER THICKNESSES AND MATERIAL PROPERTIES OF LAYERED
BLACKBODY ABSORBER STRUCTURE

Layer t Freq & u
(copper (mm) | (GHz)

to air)

Stycast 1.3 18 GHz | 4.96 —.09i 1.0 - 0i
2850 FT, 57 GHz | 496 — .02 1.0 — 0d
23 LV

catalyst 183 GHz | 4.95 — .06i 1.0 — 0i
Stycast, 2.2 18 GHz 13.09 — .5i 1.03 — 0.9
50% CIP 57GHz | 124—-1.2i | 0.84—0.06i
loading 183 GHz | 11-1.1i | 0.98—0.004i
Stycast, 1.7 18 GHz | 5.61—.03i | 1.02—0.09i
5% CIP 57 GHz 5.60 —.08i | 0.99 —0.005i
loading 183 GHz | 5.54—.23i | 1-0.0003i

absorber cone structure. The absorber cone has a radius
of 10.8 cm and is constructed from two-part epoxy loaded
with carbonyl-iron-powder (CIP) and is detailed in [13]. The
half-cone angle is 10°, and the absorber section is a total
of 5.5 mm thick. Fig. 5 shows an illustration of the conical
blackbody along with a detailed view of the cross section of
the absorber cone.

B. Effective Blackbody Brightness Temperature

The material properties, complex ¢ and p, for our example
are calculated for the CIP-loaded epoxy absorber material as
a function of frequency from the model developed in [13].
Table I provides the ¢, €, and u vectors for each material in
the three-layered structure at the three example frequencies,
18, 57, and 183 GHz.

Fig. 6 shows a diagram of the calculated emissivity at a
single bounce on the absorber cone surface as a function of
the incidence angle at three example frequencies. The net
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Fig. 6. Calculated emissivity at two linear polarizations for a single
bounce on the multilayer absorber surface as a function of incidence angle
for 18, 57, and 183 GHz.

effect of many bounces on the conical geometry results in
high overall emissivity or low reflectivity. We expect a poor
emissivity performance at high elevation angles where a ray
incident on the antenna experiences a few bounces on the
cone surface. These high incidence angles are experienced for
very close distances, but further distances experience more
spillover, so there is a performance tradeoff as a function of
distance.

C. Effective Blackbody Brightness Temperature Uncertainty

In this section, we assign values to the uncertainty terms
discussed in Section IIT and perform calculations to investigate
the effective blackbody brightness temperature uncertainty
sensitivity to variables, such as distance and frequency. The
values assigned for this exercise are based on estimates for
the purpose of demonstrating the method and probing the
physical response of the system. These values do not represent
actual or claimed uncertainty values for the NIST blackbody.

1) Physical Temperature: For the physical temperature
field, we introduce a radius-dependent gradient. This is based
on the conical geometry being more susceptible to heat transfer
near the aperture where the view factor to the background
is larger. Fig. 8 shows the physical temperature 7 (€, ¢) as
a function of radius r. We convert between 6 and r by the
geometrical transform ¢ = atan (r/d) where d is the distance
between antenna and blackbody aperture as shown in Fig. 2.
This transform projects the conical surface as a function of the
cone radius onto the unit sphere with respect to the spherical
coordinate system with the antenna at the origin. We have
maintained symmetry in ¢ for all subsequent parameters for
simplicity. The functions chosen to define the physical temper-
ature and associated uncertainty are, 7' (r) = 350—(r/ro)* [K]
and ur(r) = 0.1+ (r/ro)* [K], and are plotted in Fig. 7. The
fourth-order polynomial was determined from the numerical
fitting of a finite element temperature simulation; we do not
claim that this represents any particular blackbody; and it is
only for use in the example calculation.
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Fig. 8. Power pattern of simulated pyramidal standard gain horn antenna
F;, (@) in decibel scale. The antenna patterns have been averaged over ¢ due
to the circular symmetry of the problem.

TABLE 11
NOMINAL VALUES FOR EXAMPLE CALCULATIONS
Parameter Assigned Value
d [020 40 60 80 100] cm
Tge 100 K & mean{T(r)}
o 0.1085 m

2) Example Input Values and Uncertainties: Table II pro-
vides the nominal input values used in the following calcula-
tions, and Table III provides the values of uncertainty terms
used in the following calculations.

3) Antenna Pattern Determination: Antenna patterns at
each of the three chosen example frequencies were simulated
for standard gain pyramidal waveguide horn antennas. The
example frequencies fall in the waveguide bands WR-42
(18-26.5 GHz), WR-15 (50-75 GHz), and WR-05
(140-220 GHz), respectively. Commercial electromagnetic
finite element software [20] was used to perform the
simulations. The antenna power patterns were averaged
over ¢, because we have designed the rest of the analysis to
be independent of ¢. Fig. 8 shows the normalized antenna
power patterns F), as a function of 4 for 18, 57, and 183 GHz.

4) Monte Carlo Calculation of Uf,: For simplicity in the
example case and due to the circular symmetry of the cone,
we assign symmetry in ¢, such that the integrals in (11) are
reduced to a 1-D integral over §. The indices are 6§ = 0 to
6 = Omax Where 6, corresponds to angle # from the phase
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TABLE III
UNCERTAINTY VALUES FOR EXAMPLE CALCULATIONS
Parameter Assigned Value
Uy 0.1+ (r/1p)*K
U 0.1 mm
U, Uy, 0.05*&,0.05*u
Upump 0.1K
Urpe S50K& 5K
Uy 0.5 deg
Up, 0.05
& 349.98 . - - -
9_3’ —— 18 GHz
© 349.96 | = 57 GHz | -
[} 183 GHz
g
© 349.94 i
'_
[2]
172}
2 34992t _
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m 3499 f .
>
e
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¥ 34088 .
©
m
© 349.86
> j—
2 Tge = 100 K
(9}
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Distance (m)

Fig. 9.  Expected (unperturbed) value of effective blackbody brightness
temperature versus distance for three example frequencies. The figure shows
the result for the background brightness temperature of 100 K.

center of the horn to the aperture edge of the blackbody
calculated from atan (ro/d). In our analysis, we use numerical
integration built into commercial software [21] to compute (3).
A step size of less than 0.5° in § was used for the example cal-
culation. Care should be taken when selecting this step size to
minimize the numerical integration error. We calculate (3) for
one thousand independent Monte Carlo samples (N = 1000).
The five distances, three frequencies, and two background
temperature cases make for a total of 30 000 integrations each
taking approximately 30 s. Parallelization of the Monte Carlo
iterations greatly reduces the total computation time.

We plot the calculated expected value of the effective black-
body brightness temperature T,g for the unperturbed terms at
the three example frequencies in Figs. 9 and 10. Fig. 9 shows
the case with 100 K background brightness temperature, and
Fig. 10 shows the approximated shrouded case where the back-
ground brightness temperature is equal to the mean absorber
surface temperature. As noted in Table III, the associated
background brightness temperature uncertainties for these two
cases are 50 and 5 K, respectively. The associated uncertainties
of the effective blackbody brightness temperatures are plotted
in Figs. 11 and 12 for the same two background brightness
temperature cases. The data in Figs. 9 and 10 are plotted at
1-cm steps, whereas the data in Figs. 11 and 12 are plotted at
20-cm steps due to computational expense of the Monte Carlo
analysis.
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Fig. 10.  Expected (unperturbed) value of effective blackbody brightness
temperature versus distance for three example frequencies. This case shows
the result for the background brightness temperature equal to the mean of the
physical temperature.
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Fig. 11. Monte Carlo calculated effective blackbody brightness temperature
uncertainty versus distance. This case shows the result for a background
brightness temperature of 100 K with associated uncertainty of 50 K.

5) Analysis of Uf,, Example Calculation: The effective
blackbody brightness temperature changes based on the back-
ground brightness temperature. In Fig. 9, we see that the
effective blackbody brightness temperature increases as a
function of distance in the closest 6 cm for 18- and 183-GHz
cases. We see a change of almost 0.05 K in just 4 cm. This is
explained by the larger amount of reflected background seen
at small distances or large 6 angles. At 57 GHz, the absorber
provides high emissivity even at high 6, so we do not see the
dip in Y_}g that we see for 18 and 183 GHz. Fig. 10 shows that
the effective blackbody brightness temperature monotonically
decreases as a function of distance. This is related to the
physical temperature of the absorber. Increasing the distance
between the antenna and cone in this case places higher gain
regions of the antenna pattern on the cooler aperture of the
cone, because the physical temperature decreases as a function
of cone radius.

The effective blackbody brightness temperature uncertainty
plot shows a local minimum in the uncertainty as a function
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Fig. 12. Monte Carlo calculated effective blackbody brightness temperature
uncertainty versus distance. This case shows the result for a background
brightness temperature equal to the mean of the absorber surface temperature
with associated uncertainty of 5 K.

of distance. For both the background temperature cases, this
minimum occurs at 0.2 m. We suspect that this minimum is
the result of a tradeoff between uncertainty effects. The very
close distance (d = 0) has a large uncertainty due to the high
angles’ background reflections, whereas the further distances
show an increasing uncertainty as the high-gain beam (low
6 angles) of the antenna pattern sees more of the increasingly
uncertain edges of the cone aperture. The physical temperature
uncertainty is a function of cone radius, because the view
factor to the uncertain background increases with radius.

6) Sensitivity Analysis of Uf,, Contributors: In order to
better understand the contribution of each uncertainty term,
we perform a sensitivity analysis. The sensitivity analysis
involves individually perturbing each uncertainty term and
calculating the resulting uncertainty from (10) while holding
the remaining uncertainty terms at 0. Due to the computational
expense of this method, we perform the analysis at a single
frequency and distance, chosen to be 18 GHz and 0.2 m.
We individually vary each of the seven terms in the rows of
Table III and compute uy, for 1000 Monte Carlo samples.
Table IV shows the relative contribution of each term in
percent variance in the descending order. The sum of all the
seven variance contributions is the total effective blackbody
brightness temperature variance, the square of its uncertainty.
The values in Table IV do not add exactly to 100 due to
rounding.

We see that the physical temperature uncertainty has the
largest contribution to the effective blackbody uncertainty for
the investigated case. The relative contribution from the vari-
ous terms will change as a function of inputs and uncertainty
magnitudes.

D. Brightness Temperature Uncertainty at Radiometer ur,

The total uncertainty measured by a radiometer ur, pro-
vided in (4) can also be calculated. We provide example
quantities used in this calculation in Table V.
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TABLE IV

RELATIVE VARIANCE CONTRIBUTIONS FROM MONTE CARLO
SENSITIVITY ANALYSIS AT 18 GHZ AND 0.2-m DISTANCE

Term Variance
Contribution (%)

Physical temperature (ur) 93.43

Antenna pattern (Ug, ) 6.06

Material properties (u,, u,,) 0.32

Lumped (Ugymp) 0.18

Alignment (uy) 0.007

Absorber thickness (u;) 3e-5
Background temperature (ur,,.) 2e-6

TABLE V

INPUT VALUES FOR CALCULATION OF THE UNCERTAINTY OF THE
BRIGHTNESS MEASURED BY A RADIOMETER

Parameter Assigned Value
Uy 0.002
Unis 0.01
U, phy 05K
Tant
1 T T T T
] —— 18 GHz
09rf —57 GHz | {
> 183 GHz
)
c
QL 08¢
L
=
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©
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0 0.2 0.4 0.6 0.8 1
Distance (m)
Fig. 13. Illumination efficiency versus distance calculated from simulated

antenna patterns for three example frequencies.

The other two uncertainty terms in (4), ury,, and Uf,»
have already been discussed in detail. We use a value of
0.9989 for the antenna efficiency «, obtained from the same
finite element simulation as the antenna patterns. The illumina-
tion efficiency #ig is obtained from a numerical integration of
the antenna patterns according to (2), similar to what is done
in [22]. Fig. 13 shows #g as a function of distance for the three
example frequencies. Fig. 14 shows the calculated radiometer
measurement uncertainty uy, for the ur,; =5 K case shown
in Fig. 12. Due to the relatively large background bright-
ness temperature uncertainty, as the illumination efficiency
decreases or spillover increases, the uncertainty associated
with the radiometer measurement increases significantly.

The uncertainty associated with the radiometer-measured
brightness temperature can be reduced in a number of ways.
First, the use of a highly directional antenna or reflector,
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Fig. 14.  Uncertainty associated with the radiometer measurement u7, as a
function of distance. Calculated from the example values for three example
frequencies.

such as those typically used on space-borne radiometers, will
provide a significantly lower uncertainty than the standard
gain horns considered here. The standard gain horns have
3-dB beamwidths greater than 8°. Second, the careful design
of a highly reflective shroud will reduce uz,;. The accurate
characterization of antenna pattern is typically already done
for space-borne radiometer systems and should be sufficient
for the brightness temperature uncertainty calculation.

E. Discussion

Minimizing calibration uncertainty involves considering the
radiometer-measured brightness temperature uncertainty, and
for a well-designed system, the effective blackbody brightness
temperature uncertainty will be a significant contributor. For
a given radiometer system, this will involve knowing the
antenna pattern, the physical temperature response of the
blackbody, the details of the absorber structure and frequencies
being calibrated, as well as knowledge about the radiation
entering the antenna from the outside the solid angle of
the blackbody. The distance between antenna and blackbody
should be carefully considered as the uncertainty is highly
dependent on this distance.

The most difficult uncertainty terms to determine are
ut and uymp. The example calculation used assumptions about
these parameters, both of which will require thorough analyses
to quantify and justify. We will quantify all the input values
and their uncertainties for the NIST conical blackbodies in
the forthcoming literature. A thermal infrared imagery and
the theoretical simulation along with material measurements
will be used to characterize the physical temperature transfer
function. A combination of experiment and simulation will be
required to investigate the lumped uncertainty term involving
the ray-trace and absorber surface emission approximation
error, and aperture scattering uncertainty.

V. CONCLUSION

Traditionally, uncertainty in the brightness temperature of
a blackbody calibration source has been quantified by taking
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statistics over temperature sensors embedded into a pyramidal
array of a microwave absorber and occasionally also esti-
mating or modeling the temperature gradients. More recently,
the knowledge of the electromagnetic and thermal character-
istics of these pyramidal arrays has been accounted for in
calculating their brightness temperature [11]. There has not
been a rigorous study quantifying the brightness temperature
for hollow conical calibration sources. The method proposed
here uses the predictable knowledge of the physical tem-
perature on a large conical geometry, along with analytical
treatment of the multiple absorbing bounces to calculate the
brightness temperature radiating from the cone along with
its associated uncertainty. We propagate the uncertainty in
the traceability path between physical temperature units and
microwave brightness temperature.

We also investigate the additional uncertainties in the
system when an antenna views the blackbody. In this case,
the illumination efficiency and antenna efficiency also con-
tribute to the brightness temperature seen at the flange of
the antenna. When illumination efficiency is maximized,
making spillover negligible, and an efficient antenna is used,
the effective blackbody brightness temperature is the dominant
uncertainty term. This will be the case for a well-designed
calibration system and demonstrates the importance of
quantifying the effective blackbody brightness temperature
uncertainty.

We found that even if the net reflectivity of the conical
blackbody is on the order of —60 dB [13], when the blackbody
is coupled with an antenna at close distances, there can
be significant reflections from the background that bias the
blackbody brightness temperature and increase its uncertainty.
The use of a reflective shroud can reduce this effect by
making solid angles outside of the cone itself (referred to
as the background) a reflection of the blackbody brightness
temperature. We also justified the importance of considering
the antenna pattern when performing radiometer calibrations
with a conical blackbody. A conical blackbody measured
with a highly directive antenna with low sidelobes will have
lower uncertainty due to lower susceptibility to background
reflections. We also showed that antenna-to-blackbody sepa-
ration distance presents an important tradeoff for uncertainty,
because at very close distances, the antenna is subject to more
background reflections, whereas at further distances, it incurs
more spillover directly from the background.

We have outlined an uncertainty propagation method specif-
ically applicable to hollow conical radiometer calibration
sources or blackbodies. Absolute uncertainty, traceable to
fundamental units, in this case Kelvin, is a vital requirement
for a primary standard. NIST aims to create and maintain
traceability among microwave radiometers through a pri-
mary blackbody standard. A brightness temperature standard
should provide a traceable intercalibrated link between space-
borne operational satellites, ground-based radiometer systems,
and their associated weather-related and climate-related data
products. The ability to provide quantified and low brightness-
temperature uncertainty when transferring traceability is
critical to a useful and worthwhile primary standard. The
uncertainty propagation technique summarized in this paper is
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a prerequisite for characterizing conical microwave calibration
sources for providing calibration traceability to microwave
radiometers.
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