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Abstract—This paper describes a measurement method for
characterizing the reflectivity of blackbodies used as calibration
devices in spaceborne instruments. The fundamental measure-
ment principle is based on the scattering matrix theory. A
monostatic apparatus has been developed to implement the
reflectivity measurements up to 220 GHz. A few blackbody
emitters made of metamaterials were measured at a number of
radiometric frequencies. The results demonstrated the feasibility
of using metamaterial blackbodies on miniaturized satellite
platforms.

Index Terms—Calibration, microwave blackbody, metamate-
rial, monostatic measurement, radiometer.

1. INTRODUCTION

Satellite data are critical to weather and climate forecast-
ing. Among a variety of satellite instruments operating at
frequencies across the electromagnetic spectrum, microwave
sounders and imagers produce satellite data that heavily
influences the accuracy of numerical weather prediction [1].
This is largely due to the all-weather capability and wide
coverage associated with microwave instruments.

The development of miniaturized microwave satellites, also
known as microwave CubeSats, gained significant momen-
tum in recent years. The cost-effective CubeSat technology
enables multiple CubeSats closely spaced in orbit for tracking
drastic weather events in a timely manner. Cross validation
of observations between CubeSats and conventional large
satellites showed a very good agreement [2], [3].

Calibration is vitally important for space instruments.
CubeSats are no exception. Because of their large size and
heavy weight, traditional passive calibration artifacts are no
longer practical in the CubeSat platforms. We are developing
a metamaterial-based blackbody for CubeSat applications.
The new metamaterial blackbody radiators can produce
nearly ideal emissivity at the frequencies of interest. In addi-
tion, their low weight and thin profile allow straightforward
integration in CubeSat instruments. Thermal homogeneity
can also be achieved with ease.

In this paper, we first identify two key parameters that
qualify a blackbody as a calibration standard in Section 2. In
the remaining part of the paper, we concentrate on one of the
parameters, emissivity. A direct measurement of emissivity
is almost impractical at microwave frequencies. Instead,
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Fig. 1. A receiving antenna couples radiation from a blackbody. Besides the
radiation emanating from itself, the blackbody can also reflects surrounding
radiation (marked in red) due to imperfect emissivity.

emissivity can be inferred from reflectivity measurements
based on their complementary relationship. We present a
theoretical basis of free-space measurements of scattering
properties of an arbitrary object in Section 3. In Section 4,
a monostatic apparatus is described to realize the free-space
reflectivity measurements. Measurements were performed on
blackbodies made of metamaterials and data were analyzed to
extract the frequency-dependent reflectivity. Results indicated
the practicality of metamaterial-made blackbodies as a viable
option for CubeSat calibration. Conclusions are discussed at
the end of the paper.

2. RADIOMETRIC MEASUREMENT

Before delving into the principles of free-space measure-
ments, we take a close look at what is important to a
blackbody for radiometric calibration. As shown in Fig. 1,
a receiving antenna views a blackbody calibrator. Neglecting
the spillover loss, the total power measured by the antenna
is [4]

P:AT/ df/ dQlel;+ (1 —¢)I.] F. ()
Af Q.

Here. A, is the receiving aperture of the antenna. Af
defines the receiver detection bandwidth. 2 is the solid angle
subtended by the blackbody. The variables ¢, Iy, I, and F'
all have angular dependence on 6 and ¢. They represent the
emissivity of the blackbody, the spectral brightness intensity
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of the blackbody, the equivalent spectral brightness intensity
of the surrounding radiation reflected by the blackbody, and
the antenna radiation pattern, respectively.

The angular dependence of Iy arises from the inhomoge-
neous temperature profile. According to Planck’s radiation
law, the brightness intensity is given by

2hf3 _ 2kpTf?
c2(ehf /T 1) T2

Iy = : @
where h, ¢ and kp are the Planck constant, the speed of
light, and the Boltzmann constant, respectively. 71" is the
temperature of the blackbody, which in general is nonuni-
form. Rayleigh—Jeans approximation in (2) is applicable at
microwave frequencies and at a moderate temperature above
several tens of Kelvin.

The properties of a blackbody artifact need to be known
with high accuracy in order to be qualified as a standard.
In other words, we need to have a precise knowledge of
the terms in brackets in (1) contributed by the blackbody.
An approximation can be made by simplifying the solid
angle integral in (1) with constants ¢ and 7. The error
resultant from approximation has to be small to ensure an
accurate calibration. Consequently, these two parameters &
and 7T associated with the blackbody are of key importance.
Ideally, a blackbody would possesses nearly perfect emissiv-
ity €(0,¢) = 1 and a nearly uniform physical temperature
T(0,¢) = Tphy. Fulfillment of these conditions leads to
minimum measurement uncertainty.

On one hand, the temperature homogeneity is governed by
meticulous thermal management in design. The validation of
the thermal properties requires a sophisticated measurement
campaign, usually conducted in a thermal vacuum chamber.
On the other hand, blackbodies with emissivity close to one
would make the measured power nearly independent of the
surrounding condition. The emissivity can be inferred from
electromagnetic measurements, which is the focus of this pa-
per. In what follows, we start by describing the measurement
theory and later present the experiment implementation and
measurement results.

3. FREE-SPACE REFLECTIVITY MEASUREMENT
THEORY

3.1. Antenna Modeling

An antenna is an indispensable component for free-space
radiation and coupling. Most antennae can be considered
as a single-mode to multi-mode transducer, or vice versa,
depending on its operation either in transmission mode or
receiving mode.

As illustrated in Fig. 2, the antenna shown on the left is
fed by a stimulus signal represented by wave, ag. Such a
stimulus wave is single mode, often the primary propagation
mode of the feeding waveguide of the antenna. Outside of
the antenna aperture, the radiated waves are multiple-mode
given by the outgoing wave b(ﬁ) and the incoming wave
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Fig. 2. TIllustration of an antenna transmitting electromagnetic waves
and receiving electromagnetic waves scattered by an object. The antenna
boresight is pointed to the +2z direction.

a(k), where k symbolizes the normalized plane-wave vector.
The single-mode wave by is the wave fed back to the antenna
due to both internal and external reflections.

As follows, a scattering matrix fully characterizes the
antenna wave coupling and radiation behavior [5]:

][5 B][2) o
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The boldened variables in (3) are mutli-dimensional. For
example, Sp; is 1 X N, Sygis IV x 1, and S1; is N x N,
where N indicates the number of discrete wave modes.
A reflectometer, typically equipped on a vector network
analyzer (VNA) to which the antenna is connected, can
directly measure waves ag and by or their ratio.

Each scattering matrix element in (3) corresponds to a
specific antenna characteristic. The complex number Sy
corresponds to the antenna feed reflection. The row matrix
So1 and the column matrix Sig correspond to the antenna
receiving and transmitting characteristics, respectively. The
square matrix Sq; characterizes the back scattering properties
of the antenna when it acts as a general scatter.

3.2. Wave Scattering Modeling

Extending beyond the antenna aperture, multi-mode waves
propagate in free space until arriving at a scatterer located
at a distance of |r| from the antenna. The wave impinged on
the scatterer is indicated by b’(k) and the reflected wave is
indicated by a’(k).

The impinged and reflected waves are directly related to
the reflection properties of the scatterer given by

a'(K) = I'(K,L)b'(L). “

Here the capitalized vectors K and L are the wave vectors
k and 1 projected on the transverse plane. Equivalently,
k = (K,vxz) and 1 = (L, ;z). The plane-wave propagation
theorem links the waves at the antenna aperture and the
waves at the scatter. Simply put, a(K) = a’(K)e T and
b’(L) = b(L)e®*. In combination with (3) and (4), the wave
ratio can be expressed by

b dK , dL _
20 _ Soo+/ —Sm(K)e’“”/—F(K,L)Sw(L)e“".
ao kvk kv )
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Here k = @ is the wave number at the frequency of interest
f. Note that the discrete summation in (3) is represented
by the integration in (5) due to the continuity of the plane-
wave modes. Additionally, the antenna back scattering is
negligible, i.e. ||S11(K,L)|| = 0.

3.3. Far-Field Asymptote and Calibration

Equation (5) provides insight to extracting the reflection of
an arbitrary scatter by free-space measurements. In order to
resolve a complete reflection coefficient of a scatter, a full
bidirectional reflectance measurement' is required to obtain
position-dependent wave ratio by/ag. Next, inverse Fourier
transformation can be applied to resolve I'(K,L). Previous
work has shown that practical implementation of bi-static
measurements presents significant challenges at microwave
frequencies [6].

A more straightforward implementation is to use a mono-
static setup. Returning back to (5), the double integrals can
be asymptotically expanded by Laurent series. In addition,
the far-field condition results in an approximation by only
keeping the leading term of the series. Consequently, the
wave ratio expression in (5) is reduced to

2ikr

L Soo — & 3

agp r
This reduced expression allows designing calibration
schemes for monostatic measurements. By consolidating sys-
tematic unknowns (the terms underlined in (6)), we can recast

(6) by

(2775)° So1(—1)S10(F)0(—£, ). (6)

bO eZikd _

CTQ = So() - 7:F. (7)
Here the back scattering of a normal incidence wave I'(—2, 2)
is of primary interest. As such, the device under test (DUT) is
placed at a distance of d along the boresight of the antenna,
i.e., r = dz. The calibration can be designed by use of a
reference with known reflection coefficients, for example a
polished metal plate with I' = —1. By measuring by /ag at
a number of distances d, we can determine the systematic
unknowns Sy and =. Subsequently, the reflectivity of DUTs
can be extracted after the system is calibrated.

It is worth noting that a similar study was reported by
authors in [7] with a somewhat simplified approach. The new
method documented in this paper presents a more rigorous
formulation derived from the comprehensive theory.

4. EXPERIMENTAL SETUP

To implement the monostatic measurement technique, we
designed and fabricated a experimental apparatus as shown
in Fig. 3. The radiometric frequencies of interest are mostly
above 50 GHz for this project, while many VNAs can only
operate up to 67 GHz. As a result, VNA extension heads (i.e.,
frequency mixers) were needed for high-frequency operation.

IStrictly speaking, the expression in (5) needs to be modified for a
transmitter-receiver antenna pair to model the bi-static setup.

Fig. 3. Illustration of experimental setup for free-space monostatic mea-
surements. The stimulus signal is radiated by the feed horn antenna. The
signal reflected by the DUT is coupled back to the same antenna for wave
ratio measurements.

On the instrument side on the base plate at the top left
corner, a horn antenna was connected to the VNA extender
(highlighted in blue) by straight and elbow waveguide sec-
tions. The horn antenna was mounted on a 4-axis manipulator
that provides two independent linear adjustments and inde-
pendent pitch and yaw angular adjustments. A Helium-Neon
(HeNe) laser located at the back of the horn provided the
alignment reference. The VNA extender was suspended on
custom-made brackets for alignment and strain relief.

On the DUT side on the base plate at the bottom right cor-
ner, the DUT was mounted on a precision linear translation
stage. The linear stage can move in longitudinal direction
incrementally with an accuracy as good as 5 pum. Such an
accuracy is adequate to provide a fine mapping, because
the increment Ad has to be a small fraction of the half
wavelength as indicated in (7). The DUT was attached
to a kinematic mount that adjusted the DUT plane to be
perpendicular to the antenna boresight. Aside from using the
HeNe laser as the reference for alignment, we also improved
alignment by maximizing the uncalibrated magnitude |bg/ao|
when the DUT was replaced by the polished metal plate.

The entire measurement apparatus was built inside an
anechoic chamber. The anechoic chamber provides more than
100 dB isolation and reflection loss up to 220 GHz, which
sufficed a nearly reflectionless condition.

5. MEASUREMENT RESULTS

Metamaterial targets were designed to exhibit near-perfect
absorption at specific frequencies. The metamaterial design
consisted of a metal-backed absorber geometry, with a 2D
array of metallic resonator elements fabricated over a bottom
ground plane, separated by a dielectric layer. The meta-
material targets were fabricated using printed-circuit-board
technology, with designed resonant peaks in the frequency
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Fig. 4. Raw data and fitted data of the ratio modulus Z—O for a polished

metal plate and a metamaterial blackbody DUT. The amplitude of the ripple
is related to the reflection of the objects under test.

range as described previously [8]. The device response is
characterized by a sharp reflection minimum at the target
frequency, and high reflectivity throughout the rest of the
range.

A polished plate made of aluminum was used for the
calibration reference with known reflection. The aluminum
plate was cut to the same size as metamaterial DUTs. As a
result, the solid angle subtended by both the reference and
the DUT was kept the same. The plate and the DUTs were
sequentially measured. As shown in Fig. 4, the uncalibrated
magnitude of the wave ratio varied sinusoidally with a period
equal to the half wavelength at the frequency of interest.
The total displacement range covered at least two to three
periods. A number of stops were made to sample sufficient
points in each period. At each stop, the VNA swept the
operating frequency in a frequency interval within the specific
waveguide band. As such, the frequency-dependent bg/ag
were collected at a number of distances d. The instrument
control and the data acquisition were fully automated.

Once the raw data by/ap measured on the metal plate
were obtianed. A nonlinear least square fitting program was
used to determine three parameters; the initial distance d,
the antenna feed reflection coefficient Spg and the other
systematic unknown =. The fitting model was the asymptote
derived in (7). After the measurement system is calibrated,
the reflectivity of a DUT can be extracted from subsequent
measurements.

We conducted measurements on various DUTs made of
metamaterials. The design frequencies spanned from 50 GHz
to 220 GHz. Some were designed and made to produce good
emissivity at more than one radiometric frequency [8]. Since
the waveguide bands above 50 GHz are band-limited, we
used multiple VNA extenders to cover a broad frequency
range to validate the performance of metamaterial samples.

We show two examples of blackbody reflectivity in Fig.
5. Each DUT was designed to operate at dual frequencies. A
total of four different VNA frequency extenders were used to
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Fig. 5. Calibrated reflectivity values for metamaterial DUTs covering four
radiometer frequencies of interest: 55 GHz, 88 GHz, 118 GHz and 183 GHz.
a) MMup sample designed to operate at two lower radiometric frequencies.
b) MMcp sample designed to operate at two upper radiometric frequencies.

cover a frequency range between 50 GHz and 220 GHz. They
were WR15, WR10, WR8 and WRS rectangular waveguide
bands. As indicated in Fig. 5, we demonstrated the reflectivity
loss exhibited by the metamaterial blackbody as low as —30
dB, corresponding to emissivity of 0.999. Note that some
of the lowest reflections at the measured frequencies differed
from the design frequencies, especially at the high end of the
frequency band. This was partly due to the uncontrolled mate-
rial fabrication and the lack of precise knowledge of material
properties at high frequencies. Nevertheless, the measured
results validated the blackbodies made of metamaterials as a
viable alternative to the conventional technology.

6. CONCLUSIONS

We presented a rigorous formulation of free-space reflectivity
measurements based on plane-wave scattering theory. The
far-field model enabled us to develop a calibration scheme
to resolve systematic variables, which in turn allowed us
to extract the reflectivity of unknown samples. The free-
space apparatus was used to measure various blackbody
targets made of metamaterials. The presented technique is
applicable in general to non-destructive measurements of
material emissivity, in particular for validating calibration
standards for spaceborne radiometers.
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