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Characterization of a Thermal Isolation Section of a
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Abstract— The aim of this study is to examine the charac-
terization of a thermal isolation section (TIS) for a waveguide
microcalorimeter, used to characterize the effective efficiency of
a thermistor power sensor (TPS). The power loss in the TIS
has been analyzed for both the dielectric and conductor losses.
Its effect on the thermopile output has been assessed using a
foil short method through analysis of the heating ratio. This
method involves a one-off measurement of the microcalorimeter
system with the foil short before the unknown power sensor
measurement and does not require additional S-parameters
measurements of the isolation section. The estimated value of
the heating ratio effect has been obtained between 1 for a fully
reflected signal from the input of the unknown power sensor
and 2 for a perfectly matched power sensor. The full analytical
model and an estimated model for the heating ratios have been
calculated for the National Physical Laboratory (NPL)’s WG25
(WR15) microcalorimeter and a commercial TPS. The analytical
model has been applied to an effective efficiency measurement,
and good agreement has been obtained when compared with the
existing methodology used at NPL. This model can be applied
to any metallic waveguide-type TIS in other bands. A rigorous
uncertainty analysis of the analytical model for the heating ratio
is also presented and shows an expanded uncertainty between
0.008 and 0.023 (k = 2) for this microcalorimeter.

Index Terms— Calibration, measurement uncertainty,
microcalorimeter, microwave power measurement, thermal
isolation section (TIS).

I. INTRODUCTION

PRACTICAL applications using high-frequency electro-
magnetic wave techniques have been growing in recent

years, such as 5G wireless technology, autonomous vehicles,
the Internet of Things, and high-speed digital communica-
tions [1]–[4]. These systems use microwave power to carry
the information and signals can be easily lost within a system
or when transferring between the systems. In addition, these
systems should be compliant with regulatory requirements,
such as recommends for unwanted radiation up to 300 GHz by
the International Telecommunication Union Radio Communi-
cation Division [5]. For that, microwave power is one of the
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essential parameters that needs to be accurately measured in
a frequency range defined for the system.

There are two power measurement methods that are trace-
able to the international system of units (SI). The first uses
a microcalorimeter, which requires a transfer power sensor,
commonly a thermistor power sensor (TPS) or equivalent,
that directly establishes traceability to the basic measured
quantities of dc resistance and dc voltage. These transfer power
sensors can then be used as a transfer standard to disseminate
this traceability. The other method uses a calorimeter, and this
requires a known load, which is used to define the absorbed
net power. There are numerous works on microcalorimetry and
calorimetry for electromagnetic power traceability [6]–[12].
However, only a few are focused on the characterization
and behavior of the thermal isolation section (TIS), which is
one of the core components of these types of measurement
system [13]–[16].

TISs are commonly used in the design of microcalorimeters
to isolate the microwave absorber (a power sensor or thermis-
tor mount) from external heating effects. These sections are
placed between the microwave power absorber and the input
transmission line of the microcalorimeter (see Fig. 1). Such
lines are commonly referred to as adiabatic waveguides with
national metrology institutes using various designs in their
microcalorimeter and calorimeter standards.

The TISs can be characterized in various ways. Through the
measurement of their S-parameters, the reflection coefficient
of the microwave absorber, dc power, and microwave power
applied. These parameters are then in turn used to define
the TIS [13]. Through the measurement of multiple offset
shorts that have different lengths are then used to calculate
a correction factor, which is used to compensate for the TIS’s
effect [14], [15].

The National Physical Laboratory (NPL), however, uses a
foil short method to determine the effect of the TIS, which
is described in [16]. In this study, the method is improved
upon and described in detail and a rigorous uncertainty
analysis is performed using the Guide to the Expression of
Uncertainty in Measurement (GUM) law of propagation of
uncertainty (LPU) method [17]. The proposed method uses the
mechanical and electrical parameters of the TIS, thermopile
output voltage measurements related to the TIS + foil short +
unknown TPS and TIS + unknown TPS combinations that
have nominally the same thermal mass and voltage reflection
coefficients (VRCs) of the short foil and unknown TPS. A
block diagram of the microcalorimeter system indicating the
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Fig. 1. General structure of the waveguide microcalorimeter.

relationship between these components is shown in Fig. 1.
In Section II, the theory of the microcalorimeter has been
given. In Section III, the heating effect of the TIS is explained
with theoretical derivations. Finally, calculations and results
are given in Section IV and V, respectively.

II. MICROCALORIMETER

A microcalorimeter can be constructed using two differ-
ent types of transmission lines: coaxial and waveguide. The
operational theory of the microcalorimeter is mostly the same
regardless of the transmission line type. At NPL, a coaxial
calorimeter standard is used for power traceability up to
18 GHz, whereas waveguide microcalorimeters are used for
traceability at higher frequencies. Currently, NPL has several
microcalorimeter standards operating in different waveguide
bands to cover the frequency range from 18 to 110 GHz. The
typical structure of a waveguide microcalorimeter is shown
in Fig. 1.

In operation, a signal generator is used to generate a signal
at the desired frequency and power level (accounting for
losses in the system to get the desired nominal power level
incident on the unknown power sensor). This signal then
passes through a directional coupler, which is used to couple
a fixed proportion of the input signal to a reference power
sensor/meter combination. The remainder of the signal passes
into the waveguide transmission line and TIS and finally is ter-
minated by the unknown power sensor. A thermopile is located
between the unknown power sensor and the TIS and is coupled
to a thermal reference with similar thermal capacity as the

unknown power sensor. The thermal reference is used to
compensate for thermal effects within the microcalorimeter
body, such as changes in the local ambient temperature or any
leakage through the transmission line(s). The TIS, unknown
power sensor, thermal reference, and thermopile are all located
inside of an enclosure to eliminate the effects of ambient
temperature changes. These temperature changes are further
dampened using either an air or water bath to control the
ambient environment.

In the case where the unknown power sensor is a TPS,
this is biased using dc power, which is regulated using a
self-balancing bridge external to the enclosure. As the level
of the incident RF power changes, therefore, this dc power
will also change.

The effective efficiency (η) is defined as the ratio of
substituted dc power (Pdc_sub) to the total dissipated microwave
power (PRF_tot) and is given as

η = Pdc_sub

PRF_tot
. (1)

The substituted dc power is calculated from the difference
in the bias voltage supplied by the self-balancing bridge when
microwave power is not applied and applied to the thermistor
element under the balance condition. As microwave power is
incident on the thermistor element, its resistance changes and
the self-balancing bridge adjusts the applied bias accordingly.
This process is not perfectly efficient and gives rise to a small
temperature change in the TPS. The temperature change is
observed using the thermopile, which has a linear output as a
function of the temperature change on the TPS. The effective
efficiency of the TPS can therefore be given as

η =
1 − V 2

1

V 2
0

e1−eTIS−eu
e0−eu

− V 2
1

V 2
0

(2)

where V0 and V1 denote the dc bias voltage without and
with applied microwave power, respectively, and e0 and e1 are
thermopile output voltages when microwave power is turned
off and on, respectively. eu is a thermopile output voltage,
which occurs because of unbalance thermal effect within the
microcalorimeter when no microwave and dc power is applied,
and eTIS is the additional thermopile output voltage from any
dissipated microwave power in the TIS.

III. HEATING EFFECT OF THE TIS

The TIS is connected between the unknown TPS and the
input waveguide transmission line, as shown in Fig. 1, and is
used to thermally insulate the power sensor from the wider
laboratory environment and vice versa. A small portion of the
microwave signal, which passes through the TIS, is dissipated.
This dissipated power generates a small temperature change in
the TIS, which can be detected by the thermopile. This means
that the output thermopile voltage when microwave power is
turned on is not just a function of the dissipated power in the
unknown TPS but rather a function, which includes the effect
of the additional heating from the TIS. These two effects gen-
erate one thermopile output voltage, and unlike the thermopile
balance (eu), it is a much greater challenge to remove the TIS
heating effect (eTIS) from the measured output voltage.
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The dissipated power on the waveguide walls is modeled
using the Poynting theorem with the time average power
density within the closed surface using the fields described
in [15]. The electric and magnetic fields are used to calculate
the power loss inside the TIS. Power loss in the TIS can be
evaluated as being due to dielectric and conductor losses.

A. Loss in a Dielectric Media of the TIS

As the fields propagate inside the waveguide, it passes
through the dielectric fill media, which can potentially cause
a loss of power. The complex propagation coefficient for the
waveguide TIS is γ = α + jβ ∼= (k2tanδ/2β) + jβ, where
α is the attenuation constant, β is the phase constant, k is
the wavenumber, and tanδ is the loss tangent of the dielectric
material. The magnitude of the attenuation due to the fill
material is

α = k2tanδ

2β
. (3)

For the microcalorimeter and TIS, the fill media is air, which
has a relatively small tanδ. Therefore, the attenuation for the
dielectric in the TIS is assumed to be negligible (α ∼= 0).

B. Conductor Loss of the TIS

Conductor loss occurs on each wall of the waveguide TIS
because of the tangential magnetic field and surface resistance
creating a current. The power loss on the walls related to the
surface resistance (Rs) and tangential magnetic field (

−→
Ht) is

P10 = Rs

2

∫ a

x=0

∫ b

y=0

∣∣∣−→Ht

∣∣∣2
dydx (4)

where a is the length of the waveguide broad wall and b is
the length of the waveguide narrow wall for the TIS.

Surface currents on the waveguide walls are produced and
are given as �Js = �n × �H , where �n denotes the unit vector and
is an outward normal on the respective inner surfaces of the
waveguide. These surface currents are present on all four of the
waveguide walls. A perfect waveguide in theory has infinite
length, however, the TIS is limited to only a few millimeters or
centimeters in the case of this microcalorimeter. Therefore, the
surface current is not just produced by the forward signal but
by a combination of the forward signal and any signal reflected
from the TIS termination. This is important to consider in the
case of the TPS with unknown VRC.

The total power loss on the TIS, which has z-length, due to
both the forward and reflected signals along the z-axis (where
the contact point between the TIS and the transmission line is
z = 0) is

P(z) = Rs

∣∣A+
10

∣∣2
(

b + a

2
+ γ 2a3

2π2

)

×
{(

1 + |�|2)z + 2
|�|
γ

(sin(γ z + ϕ�))

}
(5)

where A+
10 is the arbitrary amplitude constant traveling in

the +z-direction, |�| is the magnitude, and ϕ� is the phase
of the reflection coefficient of the termination connected to
the end of the TIS.

As mentioned, the power loss on the TIS will generate a
change in its temperature with the temperature distribution
assumed to be uniform along z and changing with power as
dθ(z)/dz = P(z)/kt ATIS, meaning that the overall tempera-
ture change in the TIS is

�θ(z) = Rs

∣∣A+
10

∣∣2

2kt ATIS

(
b + a

2
+ γ 2a3

2π2

)

×
{(

1 + |�|2)z2 − 2|�|
γ 2

(cos(γ z + ϕ�))

}
(6)

where kt is the specific thermal conductivity of the waveguide
material and ATIS is the cross-sectional area of the guide walls.
As the TIS has a known length l, when the TPS is connected
to the TIS as a termination (where the contact point between
the TIS and TPS is z = l), (6) can be rewritten as

�θTPS = Rs

∣∣A+
10

∣∣2
TPS

2kt ATIS

(
b + a

2
+ γ 2a3

2π2

)

×
{(

1 + |�TPS|2
)
l2− 2|�TPS|

γ 2

(
cos

(
γ l+ϕ�TPS

))}
. (7)

During a measurement, it is not possible to distinguish
between the TIS heating and the heat generated in the TPS
from a single measurement of the thermopile output voltage
(e1) as the temperature change is the sum of the TIS and
TPS heating. Furthermore, when the TIS is installed within
the microcalorimeter, there will be heat flow from the TIS
to the other components contacting it (the transmission line,
thermopile, TPS, and surrounding air), this change in the
thermal distribution from the ideal situation where the ther-
mopile would detect all of the temperature change caused
by power dissipation in the TIS will cause a deviation from
this theoretical value. In order to distinguish the two compo-
nents and eliminate the difference in the thermopile output
between the theoretical and experimental approach, an addi-
tional measurement to characterize the TIS heating (eTIS)
is required. A characterizing method requires an additional
standard, which in this case is a foil short circuit that has
a known reflection coefficient (�s = −1). This foil short is
inserted between the TIS and the TPS to get the same thermal
measurement conditions as the TPS measurement. A key
property of the foil short is that it should have enough skin
depth but remain thin enough to maintain the same thermal
load and therefore heat flow as the e1 measurement. The
temperature difference on the TIS for the short connection is

�θ short = Rs

∣∣A+
10

∣∣2
s

kt

{
1

2ATIS

(
b + a

2
+ γ 2a3

2π2

)

×
{(

1+|�s |2
)
l2− 2|�s |

γ 2

(
cos

(
γ l+ϕ�s

))}+ γ 2a3b

Asπ2
d

}

(8)

where As is the cross-sectional area of the foil short and d is
a foil short thickness.

The latter part of (8) concerning the foil short is derived
from the power loss using (4) and shows its effect on the
TIS heating. If the material of the short is the same as the
TIS and its mass is sufficiently low, then it is possible to
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Fig. 2. TIS for the WG25 (WR15) waveguide microcalorimeter.

take a ratio of the two configurations, TIS + TPS with foil
short and without. These temperature changes also have the
corresponding thermopile output voltages, meaning that the
two ratios can be equated. This is given as

�θ short

�θTPS
= eshort

eTIS
(9)

where eshort is a corresponding thermopile output voltage when
the foil short is connected between the TPS and the TIS and
microwave power is applied.

As a consequence, the surface resistance and the specific
thermal conductivity should cancel; also, if we suppose that the
TIS is homogeneous and has a nominal thickness that allows
for the power dissipation from z = 0 to the TPS connection
point to stay constant, then the output thermopile voltage that
is a response to the effect of the temperature change in the
TIS because of the dissipated power in it, eTIS, can be found
using (7)–(9) as

eTIS = eshort

∣∣A+
10

∣∣2
TPS

HR
∣∣A+

10

∣∣2
s

(9.a)

where HR is a heating ratio for the TIS when terminated by
standards with different reflection coefficients. For this case,
this is defined as a ratio of the temperature changes for the
TIS + short foil + TPS and TIS + TPS combinations under
the same thermal mass condition. This heating ratio is given
(9.b), as shown at the bottom of the next page.

IV. HEATING RATIO CALCULATION

A cross section of the TIS used in the NPL WG25
(WR15) microcalorimeter is shown in Fig. 2 with the Cartesian
coordinate axis indicated. The TIS is made from copper
and strengthened with resin. This TIS has three sections,
and the thickness and length of each are given in Table I
with associated uncertainties. A Hughes 45774H-1100 TPS
was used as the device under test (DUT) for the following
microcalorimeter measurements. The measured VRC of the
DUT used in the calculation is given in Fig. 3 with their
associated uncertainties.

The heating ratio for each section of the WG25 TIS was
calculated using (9.b) and the total heating ratio found using
the superposition technique for the WG25 band. The uncer-
tainty of the final heating ratio was calculated in accordance
with the GUM-LPU.

TABLE I

LENGTH AND THICKNESS OF TIS SECTIONS FOR NPL’S WG25 (WR15)
MICROCALORIMETER TIS INCLUDING UNCERTAINTIES (k = 1)

Fig. 3. Magnitude and phase of the reflection coefficient with uncertainties
(k = 2) of the DUT TPS.

To evaluate the calculated heating ratio, a simple approxi-
mation method was also used [16].

From previous measurements, we know that the attenuation
of the waveguide TIS is better than 0.3 dB for the entire fre-
quency range. This low attenuation means that we can assume
that the TIS input power (Pi

∼= 10 dBm) is approximately
equal to the output power (Po). If the two measurements are
then considered, with the foil short and without, the following
approximations and estimation of the heating ratio can be
made.

With the foil short, we assume that the reverse power
reflected back along the waveguide from the short (Pir ) is
approximately equal to the forward input power (Pir

∼= Pi ) as
we can assume that the foil short has a perfect reflection of
|1|. Similarly, we assume that the TIS is a reciprocal device,
meaning that it dissipates power equally for both forward (Pd f )
and reverse (Pdr ) signals (Pdr

∼= Pd f ). If the total dissipated
power is the sum of Pd f and Pdr with the foil short connected,
the total dissipated power (Pds) is 2Pd f .

With the DUT connected and Pi kept the same, then Pd f

should also remain the same; however, as Pir and therefore
Pdr are dependent on the magnitude of the reflected signal
from the device attached to the measurement flange, in this
case, the reflection coefficient of the DUT (�TPS), and then,
(Pdr

∼= Pd f |�TPS|2). Therefore, with the DUT connected,
the total dissipated power (PdTPS) is Pd f (1 + |�TPS|2).
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Fig. 4. Estimated heating ratio (HRe) with respect to the DUT absolute
reflection coefficient (|�TPS|).

The ratio of these dissipated powers should therefore allow
for the estimation of the heating ratio as

HRe = Pds

PdTPS
= 2

1 + |�TPS|2
. (10)

The estimated heating ratio is, therefore, 2 ≥ HRe ≥ 1,
depending on the magnitude of �TPS. If the DUT is per-
fectly matched (|�TPS| = 0) then the applied signal will be
completely absorbed, HRe will be 2. If the applied signal is
completely reflected from the DUT (|�TPS| = 1), then HRe

will be 1. The behavior of HRe with respect to the DUT
absolute reflection coefficient, which is changing from 0 to 1,
is given in Fig. 4.

V. RESULTS

Using (9.b) and (10) as well as the parameters given
in Table I and �TPS from Fig. 3, both HR including its
uncertainty (k = 2) and HRe were calculated and are shown
in Fig. 5. The estimated heating ratio has been used as a
rough estimate of the heating ratio and does not include all the
parameters given in (9.b). Therefore, the uncertainty of HRe

was not considered for the evaluation.
From this, it can be seen that HR and HRe have good

agreement to be within the calculated HR uncertainty, except
at 50 GHz, which shows the maximum deviation between
the calculated and estimated of 0.023 while the uncertainty
is 0.018. The expended combined uncertainty shown in Fig. 5
for the calculated heating ratio is between 0.0080 at 69 GHz
and 0.023 at 52 GHz.

In total, there are nine uncertainty contributions that were
considered when calculating the total uncertainty in the heating
ratio. The contributions are L1, L2, L3, L4, T2, T3, T4, and
the DUT reflection coefficient magnitude and phase. As part
of the GUM-LPU method, sensitivity coefficients for each of

Fig. 5. Heating ratios calculated from the proposed method and rough
estimation for the WG 25 (WR15) TIS and a Hughes 45774H-1100 TPS.

Fig. 6. Uncertainty contribution ratios of the variables of the calculated
heating ratio in percentages: L1 ( ), L2 ( ), L3 ( ),
L4 ( ), T2 ( ), T3 ( ), T4 ( ), DUT reflec-
tion coefficient magnitude ( ), and DUT reflection coefficient phase
( ).

these components were calculated. The total uncertainty was
calculated using the contributions with individual sensitivity
coefficients and related uncertainties of the nine contributors.
The ratios of each uncertainty contribution to the total, given
as the ratio of the square of each contribution to the square of
the total, are given in Fig. 6. With the dominant contributions
being the DUT reflection coefficient magnitude and L3(the
length of the thin-walled section). The maximum of the
remaining contributions, L1, L2, L4, T2, T3, T4, and DUT
reflection coefficient phase, is smaller than 3% for the total.

To verify the proposed method, it has been applied to the
calculation of effective efficiency for the known DUT.

For this, the output of the microcalorimeter thermopile was
measured through a stable negative gain dc amplifier and

HR =
{

1
2ATIS

(
b + a

2 + γ 2a3

2π2

){(
1 + |�s |2

)
l2 − 2|�s |

γ 2

(
cos

(
γ l + ϕ�s

))} + γ 2a3b
Asπ2 d

}
1

2ATIS

(
b + a

2 + γ 2a3

2π2

){(
1 + |�TPS|2

)
l2 − 2|�TPS|

γ 2

(
cos

(
γ l + ϕ�TPS

))} . (9.b)



1008007 IEEE TRANSACTIONS ON INSTRUMENTATION AND MEASUREMENT, VOL. 70, 2021

Fig. 7. Thermopile voltage deviation between microwave power ON and
OFF for the foil short measurement (%), ( ), and power ratio for applied
microwave power to the foil short and the DUT, ( ).

Fig. 8. Effective efficiency and corresponding expanding uncertainty of the
DUT thermistor mount calculated using the proposed heating ratio ( ) and
existing method ( ). The deviation between the proposed method and the
existing calculation ( ).

adjusted to a nominal −1 V when the microwave power is OFF.
eShort was measured with the foil short in place as previously
described between the TIS and the DUT. The deviation in the
thermopile output voltage with respect to microwave power
ON and OFF was calculated as a percentage and is shown
in Fig. 7. In addition, the applied microwave power, Pref,s , was
measured using the reference power sensor/meter combination
for each frequency. The short foil was then removed and the
DUT directly connected to the measurement port of the TIS.
The parameters V0, V1, e0, e1, and Pref,TPS were measured for
each frequency. A ratio of Pref,TPS and Pref,s shown in Fig. 7
gives a result for |A+

10|2TPS/|A+
10|2s . The heating ratio, eShort, and

Pref,TPS/Pref,s ratio were used to calculate eTIS using (9.a).
The effective efficiency of the DUT and its uncertainty using

the GUM-LPU method was calculated using (2). In addition,
these parameters were calculated using the existing method
employed at NPL to provide traceability [16]. The two results
are shown in Fig. 8. The effective efficiency uncertainties
obtained with the proposed and existing method vary between

0.0059 − 0.0086 and 0.0139 − 0.0162, respectively. Absolute
minimum and maximum deviations of the effective efficiencies
are 0.0002 at 54 GHz and 0.0036 at 72 GHz, respectively,
which falls within each measurement’s uncertainty bands.
These results show that there is a good agreement between
the effective efficiencies calculated using the proposed and
existing methods.

VI. CONCLUSION

The power loss in a rectangular waveguide-type TIS, due
to air dielectric media and conductor losses, has been theoret-
ically analyzed and a model for calculating its heating effects
on the thermopile output of a waveguide microcalorimeter
derived. This method uses only one additional measurement of
the foil short to calculate the heating effect of the TIS. A rig-
orous uncertainty analysis for the heating ratio is calculated
using the GUM-LPU method and the effective contributions
of each component analyzed. This rigorous heating ratio
calculation is also compared with an estimated value and
shown to have good agreement with the difference between the
two values not being greater than 0.023, while the calculated
heating ratio is varying between 1.852 and 1.994 for the NPL’s
WG25 (WR15) microcalorimeter. The expended combined
uncertainty for the heating ratio has been calculated between
0.008 and 0.023 and two dominant contributions for the
uncertainty identified as the DUT reflection coefficient and
the length of the thin-walled section of the TIS.

The proposed method was used to calculate the effective
efficiency and its uncertainty for a known DUT. The results
were compared with those obtained using the existing method
and good agreement obtained between them. The effective
efficiency uncertainty using the proposed method has been
obtained at least 39% lower than the existing method.
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