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Microwave reference blackbodies and targets play a key role in astrophysical and geo-
physical studies. The emissivity of these devices is usually inferred from return-loss
experiments which may introduce at least 10 separate types of calibration errors. The
origin of these inaccuracies depends on test conditions and on the nature of each target.
The most overlooked errors are related to the geometry adapted in constructing refer-
ence loads and to the effects of conduction or convection. Target shape and design can
create an imbalance in the probabilities of absorption and emission. This leads to loss of
radiative equilibrium, despite the presence of a thermodynamic steady state. Heat losses
or gains, through conduction and convection, compensate for this unexpected physical
condition. The improper calibration of blackbodies and targets has implications, not
only in global climate monitoring, but also relative to evaluating the microwave back-
ground.

1 Introduction

Blackbodies [1–4] can be difficult to construct and analyze.
For example, by unknowingly pumping normal radiation
[2, 3] into cavities using their detectors, scientists can eas-
ily make the interior of enclosures appear black [4]. They
thereby create the illusion that all cavities emit normal radi-
ation [1–3]. Relative to microwave reference targets, the sit-
uation is further complicated by the realization that these de-
vices are pseudo-cavities and become subject to geometrical
considerations. These problems are important as microwave
targets are present on numerous satellites monitoring the mi-
crowave background [5–7] and global climate (e.g. [8]).

Calibration targets for microwave frequencies [9–15] are
typically made from carbon or iron containing foams and
epoxy resins, such as Eccosorb foams and Eccosorb CR-110
and 117 [Emerson and Cuming, Randolph, MA]. Recently,
an aqueous blackbody has been proposed for calibration pur-
poses [16]. Such a device takes advantage of the powerful
microwave absorbance of water. As for Eccosorb surfaces
used in the microwave [5,7], unlike graphite and carbon black
paints in the infrared [3, 17–20], they manifest significantly
increased absorbance as a function of thickness. Therefore,
it is impossible to obtain a blackbody emission from a thin
layer of Eccosorb, irrespective of claims to the contrary. For
example, a 1 cm layer of Eccosorb CR-110 has an absorbance
of only ∼6 dB at 18 GHz [21]. Despite this reality, space
restrictions aboard spacecraft often limit the volume avail-
able for satellite reference targets [7]. Further complicat-
ing the situation, these materials permit transmission at mi-
crowave frequencies and are not opaque. Consequently, the
correct treatment of their properties involves the considera-
tion of transmission. Unfortunately, since reference targets

are often backed by highly reflective metal casings [10–15],
it becomes easy to ignore the effects of transmission in the ab-
sorber. This can lead to a serious overestimation of calibrator
emissions, as will be demonstrated.

2 The testing of reference targets

Almost without exception, the testing of microwave reference
targets involves their placement within an anechoic
chamber (e.g. [10–15]). Here, they are subjected to incident
microwave radiation emitted from a test horn, typically driven
at the frequency of interest by a network analyzer. This is
achieved while making the assumption that the target, with
its absorbing material and metal casing (e.g. [10–15]), can be
treated as a single opaque unit. By measuring the return-loss
produced in this configuration, the emissivity of the target can
be inferred, but not without risk of error.

Return loss measurements are based on the validity of
Stewart’s formulation, which advances the equivalence of
emission and absorption under conditions of thermal equi-
librium [22, 23]. This statement is commonly viewed by the
scientific community as Kirchhoff’s law [1]. However, Kirch-
hoff’s law differs from Stewart’s formulation by advocating
that all radiation within cavities must be black. Such a con-
cept is demonstrably false [4, 17, 23]. As a result, the law
of equivalence between emissivity and absorptivity, must be
attributed uniquely to Stewart [22, 23].

The emissivity of a target is usually estimated through
the relationship εt = 1 − σtn, where εt and σtn represent tar-
get emissivity and normal reflectivity, respectively (i.e. [10–
15]. This treatment assumes that only normal reflection takes
place and also constitutes an implicit formulation of Stewart’s
law [23]. Nonetheless, in this discussion, we will consider the
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measurement of absorption, rather than emission, and write
κt = 1−σtn, where κt represents the absorptivity of the target.
In the end, it is demonstrated that the measurement of absorp-
tivity from return loss measurements in no way implies that
the emissivity of the target has been properly evaluated.

2.1 Type-1, -2, -3 and -4 errors

The first error in the determination of emissivity using re-
turn loss measurements, involves leakage of incident radia-
tion from the horn, directly into the anechoic chamber, with-
out ever striking the target. This will be referred to as a Type-
1 error (see Figure 1A) and symbolized as Γbp, as it depends
on the beam pattern of the horn. Type-2 errors can occur
when incident radiation is diffracted around the edges of the
horn on transmission, as shown in Figure 1A. Type-2 errors
will be symbolized as Γdh as they represent diffraction on the
horn. These errors are also associated with the beam pattern.
Since corrugated edging can be placed on a horn to minimize
the effects of diffraction, it is treated as a separate error. Type-
3 errors are similar in nature to Type-2 errors, but involve the
diffraction of incoming radiation on the edges of the target,
Γdt. This term also includes radiation which is scattered by
the target. Finally, a Type-4 error results from the neglect of
diffuse reflection off the target surface, σtd.

Each of these error types result in radiation being lost to
the walls of the anechoic chamber. Such radiation will not
be available to the horn and will subsequently contribute to
lowering the measured return radiation. In order to overcome
this problem, it is important to numerically evaluate the beam
pattern of the horn, thereby inferring the percentage of inci-
dent radiation that does, in fact, strike the target. It is also
possible to place pick-up horns in the anechoic chamber and
evaluate the beam patterns directly, in the absence of a tar-
get. Thus, whether through calculations or direct measure-
ment, the magnitude of these errors can be understood and
are usually properly addressed. Nonetheless, and for the sake
of completeness, it is clear that the absorptivity of the target
is actually given by:

κt = 1 − σtn − σtd − Γbp − Γdh − Γdt . (1)

When viewing the target as a single unit, Type-1, -2, -3,
and -4 errors can lead to the inaccurate assessment of target
emissivity from return-loss experiments. Yet, it is the effect
of using a transmissive absorber, in the presence of a metal
casing or support, which can lead to the greatest errors in
evaluating emissivity.

2.2 Type-5 and -6 errors

The emissivity of microwave targets is exclusively dominated
by an absorbing material, like Eccosorb, which is also trans-
missive [9, 21]. Accordingly, it is unwise to treat these de-
vices as single units. Instead, clearer insight into the problem
can be gained if one views the target as made from its two

Fig. 1: Schematic representation of error types when assessing ef-
fective emissivity using return-loss measurements.

components: the absorbent material and the perfectly reflec-
tive metallic backing. In this scenario, the absorbent material
can be considered as possessing absorptivity, κa, and emis-
sivity, εa, equal to one another (κa = εa), along with normal
reflectivity, σan, diffuse reflectivity, σad, and transmissivity,
τa. The metallic casing, c, often constructed from aluminum,
is viewed as having perfect reflectivity (σc = 1).

Under such conditions, the difficulties in ascertaining the
emissivity of the target become evident, since for any non-
opaque substance, ε = 1−σ− τ, rather than ε = 1−σ. Be-
cause the absorber has transmittance, it can permit microwave
energy to pass through its body and strike the metallic back-
ing at virtually any angle. While an object transmits incident
radiation, it is not required to preserve either phase or angle of
incidence. As such, when the transmitted component strikes
the casing, it can do so in a manner whereby the microwave
energy, following reflection, re-enters the absorber only to be
absorbed, transmitted towards the horn, scattered into space,
or diffracted by the edge of the casing. This would lead to a
good return-loss measurement on the network analyzer; but it
would be improper to assume that ε = 1 − σ. Therefore, it
becomes nearly impossible to measure emissivity, as will be
demonstrated.

In reality, by treating the target as an opaque unit made
up of two components (i.e. the absorber and the reflective
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casing), it is apparent that its absortivity is now given by:

κt = 1 − σan − σad − Γbp − Γdh − Γdc −
− κa τaσc − τa τaσc − sa τaσc − da τaσc , (2)

where the normal and diffuse reflection of the absorber are
now being considered (σan and σad), along with the diffrac-
tion of incident radiation on the casing, Γdc (previously
viewed as Γdt), and four new terms arise, whose coefficients
sum to 1 (i.e. κa +τa + sa +da = 1). The seventh term, κa τaσc,
corresponds to that fraction of transmitted power which is re-
flected by the casing, σc, and absorbed, κa, upon reentry into
the absorber. The eighth term, τa τaσc, represents that frac-
tion of the transmitted power which is reflected by the cas-
ing and is subsequently re-transmitted, τa, towards the horn.
The seventh term, like the eighth term, has been innocently
considered when treating the target as an opaque unit in sec-
tion 2.1. These terms introduce no errors in the return-loss
measurement itself. For instance, it is evident that, with rear-
rangement, Eq. (2) becomes:

κteff
= (κt + κa τaσc) = 1 − (σan + τa τaσc) − σad −

− Γbp − Γdh − Γdc − sa τaσc − da τaσc . (3)

In this expression, the seventh term in Eq. (2), κa τaσc,
is moved to the left as it makes a positive contribution to the
effective absorptivity of the target, where on measurement,
κt is indistinguishable from κa τaσc. Unfortunately, we must
now consider the effective absorptivity, κteff

, from the target.
In fact, the seventh term, κa τaσc, brings such difficulty in the
determination of emissivity that it will be considered below
separately as a Type-7 problem. This occurs as the targets
permit repeated cycles of absorption and reflection. The as-
sociated Type-7 errors experience geometric growth. It is also
clear that, in Eq. (2), the eighth term, τa τaσc, can be paired
with normal reflection, σan, the two being indistinguishable.

The ninth term in Eq. (2), sa τaσc, generates a Type-5 er-
ror as shown in Figure 1B. It accounts for that fraction of the
transmitted power which is reflected by the casing, re-enters
the absorber, and is then scattered, sa, into the anechoic cham-
ber. The term resembles a Type-4 error, σtd, involving the
effect of diffuse reflection when considering the entire target.
However, it is not diffuse reflection, though indistinguishable
from such a process. It is properly viewed, as a Type-5 error,
as it involves scattering by the absorber following reflection
on the casing.

Finally, the tenth term in Eq. (2), da τaσc, introduces a
Type-6 error. It corresponds to that fraction of the transmitted
power which is reflected by the aluminum casing, re-enters
the Eccosorb and is then diffracted, da, by the edge of the
casing into the anechoic chamber (see Figure 1B). The tenth
term involves diffraction on the casing from a direction op-
posite to the incident radiation. It resembles a Type-3 error,
Γdc (previously referred to as Γdt), in being indistinguishable
from it on measurement, but is distinct in its origin. It is real-

ly a “reverse diffraction” since it is produced from radiation
which was previously reflected by the metallic casing. It will
be properly viewed as a Type-6 error. The distinction is im-
portant because, while corrugations can be placed on horns to
minimize diffractions on their edges during transmission, they
are often not present on the metallic casings of their reference
targets [7]. Hence, the diffraction produced as radiation exits
the interior of the target is often ignored [7].

If we now represent the seventh through the tenth terms
as Γκσ, Γτσ, Γsσ, and Γdσ, Eq. (2) can be re-expressed, with
pairing of indistinguishable terms, as follows:

κteff
= (κt + Γκσ) = 1 − (σan + Γτσ) − (σad + Γsσ) −

− (Γbp + Γdh) − (Γdc + Γdσ) . (4)

2.3 Type-7 errors

The most serious problem with microwave target return-loss
measurements can be viewed as Type-7 errors which involve
the geometry of the targets themselves. This problem exists
in all determinations of emissivity from return-loss measure-
ments in the presence of a metal casing. In reality, we are
returning to the κa τaσc, or Γκσ term. As previously men-
tioned, this term does not lead to an error in the return-loss
measurement. But, it can cause an enormous error in the de-
termination of emissivity from such measurements. This is
a geometric effect, which is best understood by considering
targets of varying geometry.

2.3.1 The Planck LFI

Consider, for instance, the target geometry for the ∼4 K ref-
erences on the Planck LFI [7]. These targets are box-like
in appearance. They are composed of various layers of Ec-
cosorb, including a small pyramid, enclosed on 5 sides by an
aluminum casing (see Figures 8, 10 and 12 in [7]). Given
incident radiation from the test horn and neglecting Type-1
through -4 errors, the layer of Eccosorb can initially absorb
some of the microwave power. The radiation which is not
absorbed is transmitted through the Eccosorb and strikes the
aluminum casing. At this point, it ideally experiences normal
reflection on the casing and travels back through the absorber.
If this radiation is not absorbed following reentry, it travels
into space. There, neglecting Type-5 and -6 errors, it can be
detected by the horn and registered as return radiation. Note
that, now, there are two chances for the incident microwave
radiation to be absorbed: first on incidence and then follow-
ing reflection on the metal casing (term κa τaσc above). The
situation is not balanced on emission.

Relative to pure emission, the absorber is unable to pro-
vide the same performance. For instance, microwaves emit-
ted from the upper surface of the absorber can travel unin-
terrupted towards the detector. Conversely, radiation emitted
through the lower surface of the absorber immediately en-
counters reflection on striking the metal casing and then re-
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enters the material of origin. Once in the absorber, the ra-
diation which had been emitted from the lower surface has a
chance of being absorbed before exiting towards the test horn.
Furthermore, it is unlikely that the lower surface of such a test
target can emit any photons towards the casing, since conduc-
tion is also taking place at the interface of the Eccosorb and
the aluminum casing (see section 2.4). The effective emis-
sivity, εeff, of the absorber is reduced by the presence of the
metal casing, whereas the effective absorptivity, κeff, is being
increased.

Speaking in quantum mechanical terms, the presence of
the metal casing has created a condition where the proba-
bility of absorption is no longer equal to the probability of
emission. Herein lays the major flaw associated with such ap-
proaches. Geometry has produced a condition where return-
loss measurements can no longer properly evaluate the effec-
tive emissivity of the target. The effective absorbtivity has
been enhanced by geometry and the effective emissivity re-
duced. This is a Type-7 error. Effective radiative equilibrium
is being destroyed by geometry and εeff , κeff. This occurs
precisely because the highly conductive metallic casing en-
sures that thermodynamic steady state remains. Conduction
now compensates for the imbalance created in effective ab-
sorptivity and emissivity. In fact, conduction and convection
can introduce Type-8 and 9 errors, respectively, as will be
discussed in section 2.4.

2.3.2 Pyramidal targets

In order to emphasize the effect of geometry, consider a target
where a metal casing is built, composed of a group of small
pyramidal structures [10–12]. Such targets are important on
geophysical satellites and in radiometry standards laborato-
ries [8, 10–12]. In these targets, each pyramid is about 4 cm
in height with a 1×1 cm base [10–12]. A large array of such
pyramids, coated with a thin layer of absorber, will form the
target. Often, the aluminum casing supports a thin layer of
Eccosorb, as seen in the ARIS instrument [8] and other cal-
ibration sources [10–12]. In Figure 2A and B, a section of
these calibrators is expanded, displaying only the valley cre-
ated by two adjacent pyramids. Figure 2A treats the situation
experienced in measuring absorption from such a target. Con-
versely, in Figure 2B, emission from a small surface element,
at the bottom of the valley, is being considered. In order to
simplify the presentation, only absorption and emission to-
wards or away from a single element at the bottom of the
valley is considered.

Thus, when radiation is incident on such a structure (see
Figure 2A), it has an initial probability of being absorbed
when it first enters the Eccosorb, P1. If the radiation is not
absorbed at this interface, it is transmitted to the metal casing
where it is immediately reflected. At this point, the radia-
tion re-enters the Eccosorb, where it still has another proba-
bility of being absorbed, P2. Should the photons not be ab-

Fig. 2: Schematic representation of geometric, or Type-7 errors, in
the assessment of effective emissivity. A) Path of a photon towards
an absorptive element at the bottom of the valley. B) Path of a photon
emitted by an element at the bottom of the valley. See Table 1 for
the effect of geometries on effective emissivity of this element.

sorbed, the radiation travels to the adjacent pyramid. Here,
once again, it has a probability of being absorbed, P3. This
scenario continues through many reflections and absorptions.
As the photons travel towards the element at the bottom of the
valley, a tremendous increase in the probability of being ab-
sorbed is generated. This effective absorptivity is made up of
the sum of all individual absorption probabilities created from
geometry in the presence of the casing. Because of repeated
chances of absorption and reflection, the total probability for
effective absorptivity, κeff, is tremendous as shown in Table 1.
In fact, this represents geometric growth. For instance, if one
permits a total of 8 interactions with the Eccosorp on the
way to the small element (9 interactions in total), any pho-
ton will have nearly an 87% chance of being absorbed even
if the emissivity of the Eccosorb layer (in isolation) was only
0.2. To make matters worse, if that same photon then tries to
leave the valley, it must do so while dealing with the prob-
abilities of absorption on exit. Other examples are provided
in Table 1. Of course, the effective absorptivity of the target
involves the sum of all probabilities for all photons and for all
elements. The path through the Eccosorb layers will also be
slightly different with each crossing. Nonetheless, it is easy to
visualize why these geometric configurations give such out-
standing results for effective absorptivity. This is true, even
when extremely thin layers of absorber are placed on the sur-
faces of the metal casing.

Unfortunately, while this situation is outstanding for ab-
sorption, it is suboptimal relative to emission. Consequently,
a photon produced by a surface element at the bottom of the
valley, which is not emitted directly in the direction of the
horn, will be subject to repeated chances of being absorbed as
it tries to make its way out of this microwave “death valley”
(see Table 1). For instance, in considering the reverse path
of Figure 2B, we can see that an element with an emissiv-
ity of 0.2, will be able to contribute an effective emissivity of
only 0.034 after 8 interactions with the Eccosorb (4 changes
in direction). Just 4 interactions would more than half the
effective emissivity from this element. Once again, the effec-
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Fig. 3: Schematic representation of A) Type-8, or conductive, errors
and B) Type-10, or standing wave errors. These errors can occur
when assessing effective emissivity using return-loss measurements.

tive emissivity must include emission over all possible angles.
Nonetheless, the situation is unfavorable, as geometry is hin-
dering free emission from most elements.

Moreover, the situation is greatly accentuated if each el-
ement of the Eccosorb has a real emissivity of 0.7. In this
case, after only 4 interactions with the Eccosorb (2 changes
in direction), a photon leaving the bottom of the valley would
contribute an effective emissivity of only 0.006. As such, su-
perior absorptive characteristics of the surface absorber lead
to inferior performance on effective emission. Furthermore,
even a photon emitted near the tips of the pyramid has a
chance of doing so in the direction of the valley, not the detec-
tor. Such a photon would have almost no chance of escaping
the valley. This demonstrates the profoundness of Type-7 er-
rors and the impact of geometry on calibration targets.

It is clear that the probability of absorption or the effective
absorptivity, in this geometry, far surpasses the effective emis-
sivity and all return-loss measurements involving such con-
figurations improperly overestimate emission. In fact, rather
than building a calibration target which ensures good emis-
sion, scientists unknowingly accomplished exactly the oppo-
site. For instance, using infrared imaging, thermal variations
in the targets are revealed, wherein the pyramidal tips display
a reduced temperature (see Figure 5 in [10]). Such tempera-
ture distributions within calibration targets point to the pres-
ence of conductive and radiative imbalances which prove that
the targets are not black (see section 2.4.1). Figure 5 in [10]
constitutes a direct manifestation of Type-7 errors. Relative
to emission, it would have been better to provide a very thick
surface of Eccosorb. Unfortunately, return-loss measurement
would indicate considerable diffuse reflection from such a
surface. This had been circumvented by using valleys.

κeff κ N εeff ε N

0.865 0.2 8 0.034 0.2 8
0.672 0.2 4 0.082 0.2 4
0.488 0.2 2 0.128 0.2 2
0.2 0.2 0 0.2 0.2 0
0.99 0.4 8 0.0067 0.4 8
0.922 0.4 4 0.0518 0.4 4
0.784 0.4 2 0.144 0.4 2
0.4 0.4 0 0.4 0.4 0
0.99998 0.7 8 0.00005 0.7 8
0.9975 0.7 4 0.00567 0.7 4
0.973 0.7 2 0.063 0.7 2
0.7 0.7 0 0.7 0.7 0

Table 1: Summary of calculated effective absorptivity and emissiv-
ity. In this table, κeff represents the effective absorptivity obtained
after N interactions of an incoming photon with the absorber and
1 interaction with the element at the bottom of the valley (see Fig-
ure 2). It is assumed that Eccosorb is coating the 4×1×1 cm metal-
lic pyramids [10–12]. The process involves geometric growth as
given by κeff = 1 − (1 − κ)N+1. Similarly, εeff represents the effective
emissivity from a single element obtained after N interactions of an
emitted photon with the Eccosorb. If the emitted photon travels di-
rectly to the detector, without further interactions with the Eccosorb,
then N = 0. For effective emissivity, geometric decay is occurring
corresponding to εeff = ε − ε [1 − (1 − κ)N]. As a consequece of
thermodynamic steady state, it is assumed that the ability of an in-
dividual element to absorb or emit radiation remains equal (κ = ε).
The total effective emissivity of the target constitutes the summation
of effective emissivities over all elements, e, and angles (θ and ϕ):
εeffT = ΣΣΣ εeff.

2.4 Type-8, -9 errors

Type-8 and -9 errors can occur when heat flows out of the
target through either conductive or convective paths, respec-
tively. To ensure that radiative heat transfer dominates the
equilibrium thermodynamics of the target, it is important to
minimize all contacts.

A conductive path out of the reference target created with
metallic fixtures can set up a Type-8 error as shown in Fig-
ure 3A. In this case, it is possible to produce an imbalance
between thermal absorption and emission which immediately
renders return-loss measurements invalid.

It is evident that a target bombarded with incident mi-
crowave radiation on absorption can dissipate such energy
through conduction out of the target. It does not need to resort
to emission. In this situation, the effective absorptivity of the
target will not be equal to its effective emissivity (εeff , κeff),
even though thermodynamic steady state is being maintained.
This also explains why geometry can produce imbalances in
effective emissivity and absorptivity while still maintaining a
fixed target temperature.

In theory, a Type-9 error could also be produced, with the
same consequences, if convective paths out of the target are
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present. Such effects are unlikely to be significant in most
scenarios as convective heat transfer is usually ineffective rel-
ative to conductive mechanisms.

Consequently, the presence of conduction and convection
can introduce two new error terms, Γcond and Γconv, such that
Eq. (4) now becomes:

κteff
= (κt + Γκσ) = 1 − (σan + Γτσ) − (σad + Γsσ) −
− (Γbp + Γdh) − (Γdc + Γdσ) − Γcond − Γconv . (5)

Conductive and convective errors in target calibration are
often not properly addressed and the use of conduction to
“cool the target” unwisely advocated [7]. Such approaches
highlight elementary errors relative to the understanding of
heat transfer. For instance, it is true that conductive paths
can be used to heat a target to steady state with all heat being
dissipated through radiation. In fact, this was the approach
first used to make radiant cavities isothermal [24] in the days
which led to Planck’s formulation of the blackbody relation-
ship [2, 3]. In this case, conductive paths bring heat into the
device which is then forced to escape through radiation. It is
quite another matter to permit conductive or convective paths
to bring heat out of a target. In the former case, heat leaves the
target exclusively through radiation. In the later, it can leave
either through radiation or conduction. Accordingly, there is
no reason to expect that brightness temperatures in the second
setting will be correct.

2.4.1 Max Planck and heat radiation

Relative to this question, Max Planck insists that blackbodies
be isolated from the surrounding system. He writes: “A sys-
tem of bodies of arbitrary nature, shape, and position which
is at rest and is surrounded by a rigid cover impermeable
to heat will, no matter what its initial state may be, pass in
the course of time into a permanent state, in which the tem-
perature of all bodies of the system is the same. This is the
state of thermodynamic equilibrium, in which the entropy of
the system has the maximum value compatible with the total
energy of the system as fixed by the initial conditions. This
state being reached, no further increase in entropy is possi-
ble” [3]. In this treatment, Planck is really making a state-
ment of Prévost’s theory of exchanges [25, 26]. However, he
is moving beyond Prévost, because he is considering the en-
tropy of the radiation itself. For Planck, the normal spectrum
is obtained when the entropy of radiation is maximized [3].
In any case, he continues: “We shall begin with the simplest
case, that of a single medium extending very far in all direc-
tions of space, and like all systems we shall here consider,
being surrounded by a rigid cover impermeable to heat” [3].
Finally, Planck makes the point relative to conduction: “Now
the condition of thermodynamic equilibrium requires that the
temperature shall be everywhere the same and shall not vary
with time. Therefore in any arbitrary time just as much ra-

diant heat must be absorbed as is emitted in each volume-
element of the medium. For the heat of the body depends only
on the heat radiation, since on account of the uniformity of
temperature, no conduction of heat takes place” [3]. Remem-
ber, in this case, that Planck is dealing with a closed system.
As such, once thermal equilibrium exists in such a system,
there can be no net conduction.

Nonetheless, in open systems, an object can assume a
fixed temperature, even if net conduction takes place. Such
a situation can be devastating to the production of thermal
photons as seen in section 2.4.2.

2.4.2 An example from the remote sensing of soil mois-
ture

Soil moisture can be evaluated through emission profiles in
the microwave region [27]. It is well known that the bright-
ness temperature of soil drops dramatically with moisture
content [27]. Given the presence of water, the soil can dis-
sipate its heat through conduction, directly into the water,
or through convection, as the liquid evaporates. In response,
brightness temperatures drop [27]. When soil moisture is re-
moved, brightness temperatures recover, for the simple rea-
son that thermal emission now becomes the primary means
of dissipating heat. Placing a body in direct contact with
conductive or convective paths, allows heat to escape using
non-radiative means, resulting in the lowering of brightness
temperatures. In such a scenario, the brightness temperature
recorded will be unrelated to the actual temperature of the ob-
ject of interest. This is precisely what has been done in the
case of the LFI reference targets on the Planck satellite [7,28].

2.5 Type-10 errors

In addition to all of the issues discussed so far, a Type-10 er-
ror can exist when standing waves are able to form inside the
metal casing, enclosing the absorber (see Figure 3B). Thus,
since the casing is made of metal, often possessing a back-
ing along with small walls [7], it introduces the possibility of
forming a pseudo-cavity in front of the horn wherein stand-
ing waves can build [4]. This leads to a Type-10 error. Such
waves would trap energy into the target, making it unavail-
able to return-loss measurements. Nonetheless, absorption
has not occurred. Standing waves simply confine the mi-
crowaves [4] and the return-loss measurements suggest an
emissivity which is superior to that actually present.

As a result, a complete expression for the determination
of absorptivity is as follows:

κteff
= (κt + Γκσ) = 1 − (σan + Γτσ) − (σad + Γsσ) −
− (Γbp + Γdh) − (Γdc + Γdσ) − Γcond − Γconv − Γsw , (6)

where Γsw accounts for the presence of standing waves. Once
again, this term is important in addressing the reference tar-
gets on the Planck satellite [28].
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3 Conclusions

Much can be gained by carefully considering all thermal com-
ponents in a heat transfer problem. A complete analysis of
error leads to the realization that progress must be made in
the fabrication and testing of microwave reference loads and
targets. At the same time, these considerations also impact
the design of test facilities and anechoic chambers. Ideally,
by lining room surfaces with temperature controlled metallic
pyramids covered with Eccosorb, it should be possible to si-
multaneously create tremendous effective absorptivity by the
walls and bring their effective emissivity down to very low
levels. Such conditions would be ideal in many test scenarios
involving anechoic chambers.

At the same time, the measurement of emissivity from
microwave targets is a complex problem, wherein up to 10
or more, error types can be identified. Most of these errors
are familiar to the geosciences and astrophysics communi-
ties. Some may have escaped analysis. Often though, calibra-
tion errors have been inappropriately dismissed as insignif-
icant [7]. This is true for Type-10 errors, as the presence
of standing waves in the metal casing is almost always ig-
nored [7]. Nonetheless, a greater concern rests in the Type-7
errors which alter the effective radiative balance of the target
due to geometrical arguments. Such errors can also be present
in calibration blackbodies for use in the infrared [18,19]. Tar-
gets are not enclosures [4] and are never blackbodies. Hence,
they become subject to geometrical considerations. In addi-
tion, Type-8 errors can easily occur raising the possibility that
conduction itself, by allowing heat to flow out of the target, is
creating an imbalance between effective target emission and
absorption. If heat can be funneled out of a target through
conduction, its emissivity will fall. This can constitute an im-
portant limitation in building calibration targets.

As a result, though attempts have been made to quantify
error sources in microwave calibration targets [13–15], it ap-
pears that many of the devices used as emissivity references
on satellites and in the laboratory (e.g. [4–15] are inaccurate.
They are simply unable to provide the emissivity believed to
exist using return-loss measurements. This is a significant
scientific oversight which affects the monitoring of global cli-
mate change (e.g. [8]) and the microwave background [5, 7].
Perhaps it is for this reason that geoscientists are now turn-
ing to Earth surfaces as potential calibration sources [29].
Nonetheless, this solution is not available to satellites such as
Planck [7,28] which must rely on their internal reference tar-
gets. The proper functioning of spacecraft internal reference
targets can have the most profound consequences on scien-
tific advancement, as will be discussed in the accompanying
work [28].
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Poggendorfs Annalen der Physik und Chemie, 1860, v. 109, 275–301
(English translation by F. Guthrie: Kirchhoff G. On the relation be-
tween the radiating and the absorbing powers of different bodies for
light and heat. Phil. Mag., 1860, ser. 4, v. 20, 1–21).
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25. Prévost P. Mémoire sur l’équilibre du feu. Journal de Physique, 1791,
v. 38, 314–322 (translated in Harper’s Scientific Memoirs (J. S. Ames,
Ed.) — The laws of radiation and absorption: memoirs of Prévost,
Stewart, Kirchhoff, and Kirchhoff and Bunsen, translated and edited by
D. B. Brace, American Book Company, New York, 1901, 1–13).

26. Prévost P. Du calorique rayonnant. J. J. Paschoud, Geneva & Paris, 1809
(Sections are translated in Harper’s Scientific Memoirs (J. S. Ames,
Ed.) — The laws of radiation and absorption: memoirs of Prévost,
Stewart, Kirchhoff, and Kirchhoff and Bunsen, translated and edited by
D. B. Brace, American Book Company, New York, 1901, 15–20).

27. Ulaby F.T., Moore R.K., Fung A.K. Microwave remote sensing active
and passive — Volume 2: Radar remote sensing and surface scattering
and emission theory. London, Addison-Wesley Publishing Company,
1982, p.884–887.

28. Robitaille P.M. The Planck Satellite LFI and the microwave back-
ground: Importance of the 4 K references targets. Prog. Phys., 2010,
v. 2, 11–18.
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