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Abstract

The rapid growth of telecommunication applications requires support from reliable millimeter-

wave power measurement standards and systems. A highly accurate and precise measurement

system is essential not only for validating the performance of telecommunication devices but

also for ensuring safety, meeting regulatory requirements, and improving system efficiency.

Currently, microcalorimeters, which serve as the primary measurement standard for radio fre-

quency (RF) power at National Metrology Institutes (NMIs), are limited at frequencies up to

170 GHz. However, there is a growing demand for measurement standards at higher frequen-

cies, such as those required for the sixth-generation (6G) technology for wireless communica-

tions. This dissertation focuses on developing a millimeter-wave power measurement standard

and system for the frequency range of 140 GHz to 220 GHz to support telecommunications

infrastructure.

Millimeter-wave technology applications, whose frequency range is not covered by exist-

ing standards, have encouraged research to find solutions. The development of microcalorime-

ters for the millimeter-wave range is challenging, primarily due to significant losses in the

transmission lines. Since a microcalorimeter is a heat-measuring instrument, fluctuations in

ambient temperature further complicate its implementation. In this work, a microcalorimeter

was designed with a twin-line structure, featuring a symmetrically arranged transfer standard

and a dummy load. The dummy load serves as the temperature reference, while the transfer

standard is connected to a feeding line, and the dummy load to a dummy line. Both lines were

constructed from dielectric waveguides, rather than metal waveguides as used in many conven-

tional microcalorimeters. The feeding line utilizes metal waveguides as a transition section to

connect the dielectric waveguide with rectangular waveguide (WR) devices, particularly WR-5

standardized devices.

A dielectric waveguide microcalorimeter was fabricated as the primary measurement stan-

dard for millimeter-wave power, demonstrating good performance. Effective transmission line

matching has been achieved by tapering the ends of the dielectric rod waveguide and shap-

ing the hollow metal waveguide into a trumpet structure. Enclosing the microcalorimeter in

thermal jackets maintains a stable temperature. The twin-line structure minimizes the effects

of temperature variations. The dielectric waveguide microcalorimeter is utilized to calibrate

power sensors, establishing measurement traceability for millimeter-wave devices. This mi-

crocalorimeter represents a novel application of dielectric waveguides in the WR-5 band, con-

tributing to quality assurance in the development of telecommunications systems.
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Zusammenfassung

Das rasche Wachstum von Telekommunikationsanwendungen erfordert die Unterstützung durch

zuverlässige Messnormale und -systeme für Millimeterwellenleistung. Ein hochgenaues und

präzises Messsystem ist nicht nur wesentlich, um die Leistung von Telekommunikationsgeräten

zu validieren, sondern auch, um Sicherheit zu gewährleisten, regulatorische Anforderungen zu

erfüllen und die Effizienz von Systemen zu steigern. Derzeit sind Mikrokalorimeter, die als

primäre Messnormale für Hochfrequenzleistung (HF-Leistung) in Nationalen Metrologieinsti-

tuten (NMIs) dienen, bei Frequenzen bis zu 170 GHz verfügbar. Es gibt jedoch eine wachsende

Nachfrage nach Messnormalen für höhere Frequenzen, wie sie für Technologien der sechsten

Generation (6G) des Mobilfunks erforderlich sind. Diese Dissertation konzentriert sich auf

die Entwicklung eines Messnormals für Millimeterwellenleistung im Frequenzbereich von 140

GHz bis 220 GHz, um die Telekommunikationsinfrastruktur zu unterstützen.

Anwendungen der Millimeterwellentechnologie, dessen Frequenzbereich nicht durch beste-

hende Normale abgedeckt wird, haben die Forschung angeregt, nach Lösungen zu suchen. Die

Entwicklung von Mikrokalorimetern für Frequenzen oberhalb von 100 GHz ist herausfordernd,

da in den Übertragungsleitungen erhebliche Verluste auftreten. Da ein Mikrokalorimeter ein

Wärmemessgerät ist, erschweren Schwankungen der Umgebungstemperatur die Implemen-

tierung zusätzlich. Das hier zum Einsatz kommende Mikrokalorimeter entspricht dem soge-

nannten Zwillingsaufbau (twin-type): parallel zur Messleitung und dem Sensor wird eine iden-

tische Kombination aus Leitung und Sensor implementiert, welche als thermische Referenz

dient. Beide Leitungen bestehen aus dielektrischen Wellenleitern, anstelle von Metallwellen-

leitern, die in herkömmlichen Aufbauten verwendet werden. Die Einspeiseleitung besteht aus

Metall, um den dielektrischen Wellenleiter mit rechteckigen Wellenleitern (WR), insbesondere

WR-5-Geräten, zu verbinden.

Ein Mikrokalorimeter mit dielektrischen Wellenleitern wurde erfolgreich als primäres Mess-

normal für Millimeterwellenleistung hergestellt. Eine effektive Anpassung der Übertragungslei-

tung wird durch die Verjüngung der Enden des dielektrischen Stab-Wellenleiters und die For-

mung des hohlen Metallwellenleiters zu einer Trompetenstruktur erreicht. Das Umschließen

des Mikrokalorimeters mit thermische Isolierhüllen gewährleistet eine stabile Temperatur. Die

symmetrische Zweileiterstruktur minimiert die Auswirkungen von Temperaturschwankungen.

Das dielektrische Wellenleiter-Mikrokalorimeter ermöglicht die Kalibrierung von Leistungssen-

soren und stellt die Rückführbarkeit von Messungen für Millimeterwellen-Geräte sicher. Dieses

Mikrokalorimeter stellt eine neuartige Anwendung von dielektrischen Wellenleitern im WR-5-
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Zusammenfassung

Band dar und trägt zur Qualitätssicherung bei der Entwicklung von Telekommunikationssyste-

men bei.
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1 Introduction

In daily life, measurements are involved in many human activities. Measurement science sup-

ports industries in producing high-quality products and complying with relevant regulations.

Metrology facilities, as one of the key components of quality infrastructure, play a significant

role in enhancing the competitiveness of companies [1]. Some industries, such as telecommu-

nications, aviation, and military sectors, require the measurement of millimeter-wave power as

part of their technical equipment. This dissertation describes the development of a measure-

ment standard and system for millimeter-wave power.

1.1 Background

The applications of telecommunication systems have grown rapidly over the last few decades.

This development has been supported by reliable radio frequency (RF) power measurement, as

RF power is one of the most fundamental quantities in telecommunication devices. National

Metrology Institutes (NMIs) including the Physikalisch-Technische Bundesanstalt (PTB), the

NMI of Germany, strive to develop measurement standards and systems for millimeter-wave

power to support industries, particularly RF test equipment manufacturers [2], [3].

A measurement system for millimeter-wave power is required not only to verify the qual-

ity of telecommunications devices but also to ensure safety, to meet regulatory standards, and

to increase the efficiency of telecommunication systems. Precise power measurements help

maintain the integrity of signal transmission. By performing highly accurate power measure-

ments, manufacturers can optimize the design and enhance the performance of RF devices.

High power in millimeter-wave signals can cause nonlinear effects, distortion, and even device

failure. Conversely, a millimeter-wave signal can be obscured by noise if its power is below the

specified level for a device [4]. Therefore, the millimeter-wave power of telecommunication

instruments must be measured accurately and precisely.

Usually a calorimetric set up, often a microcalorimeter, serves as the highest (primary)

measurement standard for RF power. A primary standard represents the highest level of mea-

surement accuracy for calibrating secondary or working standards used in calibration and

testing of RF devices [5]. Several NMIs have developed microcalorimeters for many fre-

quency bands. For instance, the National Institute of Standards and Technology (NIST) in

the United States has developed a range of RF and microwave power standards up to 110 GHz

and is currently developing microcalorimeters for higher frequency bands [6]. Similarly, the

1
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Figure 1.1: Measurement traceability of RF power.

National Physical Laboratory (NPL) in the United Kingdom offers RF power measurement

systems using microcalorimeters for frequencies up to 170 GHz [7]. Other institutes, such as

the Laboratoire national de métrologie et d’essais (LNE) in France, the National Metrology

Institute of Japan (NMIJ) in Japan, and the Korea Research Institute of Standards and Sci-

ence (KRISS) have also been developing microcalorimeters for the millimeter-wave band [2],

[3], [8], [9].

In most cases, these microcalorimeters are not commercially available but custom-made

devices. NMIs perform calibration services for calibration laboratories or industries. The mea-

surement results of a transfer (reference) standard, calibrated using the primary standard, are

disseminated to a working standard. These values are then subsequently transferred to com-

mercial instruments through further calibration steps. Figure 1.1 illustrates the measurement

traceability of RF power, showing how measurements assure the quality of RF products [10].

These products are linked to a national standard, which is typically a primary standard of RF

power maintained by NMIs.

PTB offers calibration services for millimeter-wave power up to 170 GHz. This is cur-

rently the highest measurement frequency range for millimeter-wave power among all NMIs

[11]. However, there is a growing need for measurement standards at even higher frequencies,

2 DOI: 10.7795/110.20250905
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1.2 Problem Statement

particularly for millimeter-wave applications such as satellite systems, radar technologies, med-

ical devices, autonomous vehicles, and advanced sensing systems [12]. PTB and other leading

NMIs conduct research to develop millimeter-wave power standards for frequencies beyond

those currently available. Recently, the development and implementation of sixth-generation

(6G) technology have also been progressing. The frequency band of 140 GHz to 220 GHz is

one of the potential bands for 6G technology, among other frequency bands [13]. Therefore, it

is essential to develop a measurement standard and system for millimeter-wave power at higher

frequencies to support quality assurance in telecommunications technology development. This

dissertation explores the design, development, and validation of such a microcalorimeter.

1.2 Problem Statement

The rapid advancement of millimeter-wave technology has led to a wide range of applications.

These applications operate at increasingly higher frequencies, necessitating precise power mea-

surements. However, a discrepancy exists between the capabilities of current primary measure-

ment standards for millimeter-wave power and the growing demands of these applications,

which require higher frequency ranges and higher accuracy. NMIs support the rapid techno-

logical advancements in millimeter-wave systems by continuously developing reference stan-

dards.

Developing microcalorimeters for the millimeter-wave range is challenging due to signifi-

cant losses in transmission lines. High propagation loss is a common issue in millimeter-wave

measurements and applications, affecting the efficiency and accuracy of power standards. As

the frequency increases, signal losses become more obvious, reducing transmitted power and

limiting the reliability of measurement systems. These losses mainly occur within transmission

lines, making their design and fabrication crucial to the successful operation of millimeter-wave

microcalorimeters [14].

One of the main difficulties lies in constructing the feeding line that delivers signals to and

from the microcalorimeter. At millimeter-wave frequencies, the cross-sectional dimensions of

the feeding line are significantly reduced, often reaching sub-millimeter scales. These small

sizes introduce manufacturing difficulties and additional challenges, such as maintaining pre-

cise alignment and minimizing unwanted signal reflections [15].

Both coaxial and waveguide microcalorimeters are used as primary measurement standards

for RF power, with the latter being preferred by NMIs for frequencies above 40 GHz [16]. One

reason for this preference is that waveguides transmit signals with lower losses than coaxial

lines [17]. Generally, available waveguide microcalorimeters use metal waveguides as trans-
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1.2 Problem Statement

mission lines, which experience increasing losses, especially at very high frequencies, due to

conduction losses and surface roughness in the metal elements. These losses become more

significant in metal waveguides operating above 100 GHz [18], [19].

Fundamentally, a microcalorimeter is a heat-measuring instrument designed to detect tem-

perature changes caused by the absorption of RF power. However, in real application, unwanted

heat, such as that from ambient temperature variations, poses a significant challenge. Even

slight fluctuations in the surrounding environment can introduce errors in the measurement

process, reducing the accuracy and reliability of the microcalorimeter. This sensitivity to ambi-

ent conditions necessitates solutions to mitigate the effects of external heat disturbances [4]. A

thermal isolation section (TIS) is integrated into rectangular metal waveguide microcalorime-

ters to minimize the fraction of heat contributing to the temperature difference between the

measuring (feeding) line and the reference (dummy) line. Manufacturing this thermal isolation

section is an essential step in establishing a microcalorimeter.

Maintaining a stable laboratory room temperature is one of the most effective strategies

for minimizing the impact of ambient temperature variations. Additionally, thermal insulation

techniques are essential to shield the microcalorimeter from temperature fluctuations and ex-

ternal heat sources. Thermal jackets are an effective method for isolating the microcalorimeter

from unwanted heat intrusion by acting as a barrier that prevents heat exchange between the

microcalorimeter and its surroundings. By reducing the influence of ambient thermal fluctua-

tions, thermal jackets help ensure that the microcalorimeter measures only the heat generated

by the millimeter-wave source. These solutions improve the precision and reliability of the in-

strument, enabling it to serve as a robust tool for establishing primary measurement standards

in millimeter-wave power applications [20].

A thermopile is utilized to measure the temperature difference between the transfer stan-

dard and a temperature reference during the measurement process. The response of the ther-

mopile should be as linear as possible with respect to the temperature difference [21]. There-

fore, fabricating a high-quality thermopile is another critical process in the development of a

microcalorimeter.

Figure 1.2 shows a schematic of the microcalorimeter line, illustrating the unwanted heat

and unmeasured power in the measurement system. When a microcalorimeter measures milli-

meter-wave power, not all the power is absorbed by the sensing element of the transfer standard

used as a load in the microcalorimeter. Some power is reflected back to the waveguide source,

while other portions are dissipated in the walls of the microcalorimeter feeding line and the

transfer standard [22]. The reflected signal is caused by impedance mismatches, which origi-
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Figure 1.2: Unmeasured power and unwanted heat in microcalorimeter measurement. The
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1.3 Research Objectives

nate at the interfaces between the source and the transmission line, and between the transmis-

sion line and the load.

Measurement uncertainty is a key concept in metrology, providing a quantitative estimate

of the quality and reliability of measurement results. According to the Guide to the Expression

of Uncertainty in Measurement (GUM), uncertainty is defined as a parameter associated with

the result of a measurement that characterizes the dispersion of values that could reasonably be

attributed to the measurand. The GUM establishes a comprehensive framework for evaluating

and expressing uncertainty by identifying and combining individual uncertainty components.

These are typically classified as Type A, based on statistical analysis of measured data, and

Type B, derived from other sources such as previous measurement data, calibration certificates,

or established theoretical models and professional experience. This structured approach en-

sures that measurements are both traceable and comparable across laboratories and institutions,

forming the basis for reliable calibration and standardization [23].

The calibration of a standard aims to achieve the lowest possible measurement uncertainty.

Unlike direct current (DC) power primary standards, which have uncertainties as low as tens of

parts per million, the available primary standards for RF power exhibit uncertainties in the range

of 0.01 % to 3 %. The measurement uncertainty of millimeter-wave power above 170 GHz can

be higher, presenting an additional challenge in the development of a microcalorimeter. Signif-

icant sources of measurement uncertainty in millimeter-wave power include millimeter-wave

signal loss, thermopile nonlinearity, and uncertainties in the DC measurement components.

These sources of uncertainty must be determined experimentally to compensate for unmea-

sured power [4].

Transfer standards, which are essential components in the traceability chain of RF power

measurements, are not yet commercially available. They enable calibration laboratories, re-

search institutions, and industries to maintain measurement accuracy and consistency when

direct access to primary standards is not feasible. These standards serve as reliable reference

artifacts, ensuring the comparability of power measurements across different facilities and sup-

porting the calibration of commercial RF test equipment. Transfer standards are particularly

important in applications such as telecommunications, aerospace, semiconductor manufactur-

ing, and next-generation wireless technologies.

1.3 Research Objectives

The objective of this research is to develop a reliable millimeter-wave power measurement

standard and system for frequencies ranging from 140 GHz to 220 GHz. This frequency
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range is crucial for supporting the growth of telecommunication infrastructures and address-

ing the expanding demands of high frequency applications. A key focus of this work is to reach

high measurement accuracy, minimize uncertainties, and maintain compatibility with emerg-

ing millimeter-wave power measurement systems. To meet the measurement requirements of

millimeter-wave technology at frequencies higher than those covered by existing millimeter-

wave power measurement standards, a waveguide microcalorimeter is constructed. The mi-

crocalorimeter is designed to serve as a primary measurement standard for millimeter-wave

power at PTB. By providing highly accurate and traceable power measurements, it ensures that

RF industrial products meet the required performance and reliability standards. Measurement

and testing standards for telecommunication devices and other RF applications above 170 GHz

can be calibrated with this microcalorimeter.

In this work, a dielectric waveguide is used as the transmission line in the microcalorime-

ter, instead of the conventional metal waveguides. The application of dielectric waveguides in

microcalorimeter measurements is a relatively new concept, as most NMIs continue to rely on

metallic waveguide-based microcalorimeters as primary standards for RF power measurements

[6], [16], [19], [24], [25]. This dissertation discusses the design of a dielectric waveguide mi-

crocalorimeter, focusing on optimizing the transmission line. The design incorporates tapering

sections and trumpet structures to achieve smooth transitions between the dielectric waveguide

and the standard rectangular WR-5 metallic waveguide.

It should be noted that dielectric waveguide microcalorimeters do not require additional

thermal isolation sections, which are essential for all microcalorimeters. When using metallic

waveguides in a microcalorimeter, thermal isolation sections mitigate heat conduction along

the metallic walls, a factor that can introduce significant uncertainties in power measurement.

However, in this dielectric waveguide microcalorimeter, the dielectric itself acts as the thermal

isolation section [26].
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2 Fundamental Theory

This chapter outlines the fundamental theory of RF power measurement using a microcalorime-

ter, including millimeter-wave power standards. Detailed explanations are provided for the mi-

crocalorimeter and the dielectric waveguide. The fundamental theory provides the foundation

for understanding the development of a dielectric waveguide microcalorimeter as a primary

standard for millimeter-wave power measurements.

2.1 RF Power Measurement Basics

RF covers the frequency range of the electromagnetic (EM) spectrum from 30 kHz to 300 GHz,

while millimeter waves lie between 30 GHz and 300 GHz [27]. Power is one of the fundamental

quantities in RF measurements. It is typically measured using a power sensor and meter, with

the sensor converting the RF or millimeter-wave signal into a readable output [28]. Figure 2.1

shows the basic principle for measuring RF power using a power sensor and a power meter.

2.1.1 Power Source

A signal generator is often combined with other devices, such as a directional coupler, power

splitter, attenuator, or isolator, to generate a well matched and stable power source. The power

splitter or directional coupler is used for power leveling, improving the output match of the

signal source. The stabilization is typically improved by a monitoring power sensor and a power

meter [29]. The signal source requires isolation from the load to prevent detuning caused by a

mismatched load. Generally, an attenuator or isolator is utilized to achieve this isolation. These

components also help reduce the reflection coefficient of the signal source [28], [30].

Signal
source

Power
sensor

Power
meter

Figure 2.1: Basic technique for measuring RF power.
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2.1 RF Power Measurement Basics

Commercially available signal sources are inherently limited in their ability to directly

generate signals at extremely high frequencies, such as those required for millimeter-wave ap-

plications. This limitation arises from the physical constraints of signal generation at high

frequencies, necessitating the use of auxiliary components to achieve the desired frequency

range. Frequency multipliers are employed to increase the frequency of their input signal by

producing harmonics that are multiples of the original frequency. By utilizing these harmonics,

frequency multipliers enable the generation of signals up to THz range [31].

The operation of frequency multipliers can sometimes generate additional harmonics and

produce unwanted signals and noise that interfere with the desired signal. To address this

issue, filters are integrated into the system to selectively eliminate these unwanted signals and

minimize noise levels. These filters are carefully designed so that only the desired harmonic

frequency passes through while suppressing the undesired harmonics and other interference.

This process preserves signal integrity and guarantees that the output signal is suitable for high

precision applications.

2.1.2 Power Sensor and Power Meter

Power sensors are used in conjunction with power meters to measure RF power. A power sensor

detects RF power and converts it into a measurable signal for a power meter. The power meter

measures and displays the detected signal as DC substituted power or indicated power from the

power sensor [32].

There are three fundamental types of power sensors commonly available for RF metrology

objectives: bolometer sensors, thermoelectric sensors, and diode sensors. Power sensors have

evolved from the first generation of bolometer elements to the innovation of thermoelectric

sensors, and more recently, to the advancements in diode sensors. Each type of power sensor

operates based on a different principle and has its own strengths and weaknesses for RF power

measurement which are given in Table 2.1 [33].

Bolometer sensors operate based on RF-DC power substitution. The sensor resistance

changes due to temperature variations caused by RF power dissipation in the bolometric ele-

ment. There are two main types of bolometers: barretters and thermistors. Thermistor mounts

are often utilized as transfer standards by NMIs due to their long-term stability and excellent

linearity. Nevertheless, bolometer sensors have limitations, including restricted power capabil-

ity, very slow response times, and low dynamic range [24]. Additionally, coaxial thermistor

mounts are no longer commercially available for frequencies above 50 GHz, and waveguide

thermistor mounts have not been produced in recent decades [16]. Industry and end-users pre-
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Table 2.1: Key information on RF power sensors [4], [33], [34].

Aspect Bolometer sensor Thermoelectric sensor Diode sensor

Operating RF-DC power Thermocouple principle Rectification properties
principle substitution

Linearity Best Good Poor

Dynamic range Narrow Wide Widest

Response times Slow Fast Fastest

Applications Transfer standard Transfer standard Working standard
Working standard

fer fast response sensors with a large dynamic range. Only research institutes and universities

still use or even develop bolometer sensors, usually for fundamental research or metrology

purposes.

Thermoelectric sensors work on the thermocouple principle. They generate a DC volt-

age proportional to the temperature difference between two dissimilar metals at two junctions,

which in turn is a measure of RF power. Recently, NMIs have applied thermoelectric sensors

as transfer standards in the millimeter-wave range, particularly since thermistor mounts are no

longer commercially available. Thermoelectric sensors offer a wider dynamic range and faster

response times (up to a few milliseconds). On the other hand, these sensors are sensitive to

environmental temperature fluctuations [28], [35].

Diode sensors use a rectification process to convert RF power into DC voltage. Unlike the

other two types, diode sensors are not thermal power sensors. These sensors have the widest

dynamic range and the fastest response times among the types discussed in this dissertation.

However, they have the worst linearity specification. Due to these drawbacks, diode sensors

are not applied as transfer standards by NMIs in microcalorimeter measurements. Instead,

they serve as working standards for calibrating measurement and test equipment in RF and

millimeter-wave applications [34].

2.2 Microcalorimeter

A microcalorimeter is an instrument used as the primary standard for measuring RF and milli-

meter-wave power. Due to the high costs of building and maintaining, microcalorimeters are

usually only operated at NMIs (e.g., PTB) and are not commercially available. NMIs without
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microcalorimeters rely on traceable transfer standards as their main measurement standard.

These transfer standards, which can be either thermistor mounts or thermoelectric sensors, are

employed to disseminate the measurement results of microcalorimeters within their country.

The core components of a microcalorimeter include the feeding line, thermal isolation sections,

thermopile, and thermal jacket. In twin-type microcalorimeters, the primary standard includes

an associated transfer standard and a dummy load [21].

2.2.1 Working Principle of Microcalorimeter

The working principle of a microcalorimeter is based on the RF-DC substitution technique,

which measures RF power in terms of DC power. The DC power is assumed to be proportional

to the applied RF power. RF-DC substitution refers to the process of determining RF power by

measuring the amount of DC power that must replace the RF power in the transfer standard to

produce an equivalent thermal effect. Basically, the DC substituted power PDC is calculated

using Equation 2.1

PDC = V 2
1 − V 2

2
R0

(2.1)

where V1 is the DC voltage across the bolometer element without RF power, V2 the DC voltage

across the bolometer element with applied RF power, and R0 is the operating resistance of the

transfer standard.

In RF power measurements, the incident RF power refers to the total electromagnetic power

delivered to the input port of a power sensor. On the other hand, absorbed RF power is the

portion of the incident RF power that is effectively absorbed by the load of the power sensor.

Only a fraction of the absorbed power is converted into heat in the absorbing element of the

power sensor, while some power is lost in other parts. The relationship between incident RF

power and absorbed RF power is determined by the principle of power conservation. The

absorbed power PRFabs
is calculated by subtracting the reflected RF power Pr from the incident

RF power PRFin , as expressed in Equation 2.2.

PRFabs
= PRFin − Pr (2.2)

Microcalorimeters measure RF power by assessing the heat generated in the transfer stan-

dard, ensuring traceability through the equivalence of thermal effects. When RF power is ap-

plied to the transfer standard, it is absorbed and converted into heat energy, causing a change

12 DOI: 10.7795/110.20250905

https://doi.org/10.7795/110.20250905


2.2 Microcalorimeter

in the temperature of the load resistor [4]. Ideally, the temperature change caused by RF power

is equivalent to that caused by DC power. However, there are always differences in the temper-

ature change caused by both power sources, which must be corrected in the microcalorimeter

measurement process.

The microcalorimeter determines a measurement quantity of the transfer standard known

as effective efficiency. Figure 2.2 illustrates the basic principle of microcalorimeter measure-

ment. A bolometer element is controlled by a self-balancing bridge to maintain the operating

resistance R0 constant when RF power is applied. As the bolometer absorbs RF power, its

resistance changes due to temperature variations. DC power is reduced to rebalance the bridge,

and this reduction in DC power is proportional to the applied RF power.

Microcalorimeter measurements have long time constants because the balancing time of the

bridge is relatively low. Furthermore, another measurement quantity, the thermopile voltage,

needs to be measured. Measuring a single frequency point typically takes several minutes,

sometimes more than an hour. Applying some repetitions for averaging and measuring across

many frequency points can extend the measurement of a transfer standard to several weeks [6],

[24], [36].

Effective efficiency ηe is defined as the ratio of the DC substituted power to the absorbed

RF power in the transfer standard, as shown in Equation 2.3.

ηe = PDC

PRFabs

(2.3)

Originally, effective efficiency was measured for the bolometer sensors [37]. For ideal measure-

ments, ηe equals 1 (100 %) if the applied RF power is fully absorbed and the transfer standard

exhibits identical thermal behavior for both DC and RF power. However, practical measure-

ments yield ηe values less than 1 due to mount efficiency losses and RF-DC substitution errors.

Power losses in the feeding line walls, transfer standard walls, and other components contribute

to a measurement error known as mount efficiency. Additionally, RF-DC substitution error oc-

curs when the transfer standard reacts differently to thermal distributions of RF and DC power

[6].

A correction factor g is introduced to account for the fraction of heat that contributes to the

temperature difference measured by the thermopile. It originates from RF losses in the feeding

waveguide transition located in front of the reference plane, which lies between the transfer

standard and the transmission line, as illustrated in Figure 1.2 [38]. Determining this correction

factor is crucial for microcalorimeter development and is a key parameter in effective efficiency
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measurement. The most significant source of uncertainty in effective efficiency measurements

often comes from the uncertainty of the correction factor [25], [39].

Overall, microcalorimeter measurements of a transfer standard determine four parameters

at each frequency: the DC voltage V1 and thermopile output voltage e1 without RF power,

as well as the DC voltage V2 and thermopile output voltage e2 with applied RF power [40].

Furthermore, the microcalorimeter correction factor is determined through separate measure-

ment processes using the foil short method. The effective efficiency of the transfer standard is

calculated using Equation 2.4.

ηe = g
1 −

(
V2
V1

)2

e2
e1

−
(

V2
V1

)2 (2.4)

Thermoelectric sensors are also suitable as transfer standards in microcalorimeter mea-

surements, offering performance comparable to bolometer sensors. However, manufacturing

Thermally
isolating line

Bolometer
element

Reference
plane

Thermal
reference

Thermal
jacket

Bolometer
mount

RF power

DC power

Thermopile

Nanovoltmeter

Self-balancing
bridge

e1, e2

V1, V2

Figure 2.2: Principle of microcalorimeter measurement.
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thermoelectric sensors for frequencies above 170 GHz remains challenging, and industries are

developing new sensors for these ranges. Unlike bolometer sensors, RF power and DC power

measurements with thermoelectric sensors are performed separately, as these devices are not

equipped with a self-balancing bridge. Modifications to the RF-DC substitution method are

required, especially for waveguide thermoelectric sensors [41].

2.2.2 Thermopile

Microcalorimeters use thermopiles to measure temperature changes in transfer standards. A

thermopile is a device composed of multiple thermocouples connected in series to generate

voltage in response to temperature differences. A thermocouple consists of two metals with

different electrical conductivities that form a junction. The voltage is produced when there is

a temperature difference at the junction of these materials. This physical effect is known as

the Seebeck effect, a fundamental principle of thermoelectricity, where a temperature gradient

across dissimilar conductors induces an electromotive force. Since the output of a single ther-

mocouple is very small, adding more thermocouples in series increases the total voltage output

and enhances the sensitivity of the thermopile. The thermopile operates based on the ther-

moelectric effect, where a voltage is produced at the junctions of two dissimilar metals when

exposed to varying temperatures. The output voltage is proportional to the temperature differ-

ence or gradient. Thermopiles are highly sensitive and capable of measuring small temperature

changes, making them ideal for applications in microcalorimeter measurements [42].

A set of thermopiles is used to measure the steady-state temperature difference between

a transfer standard and a temperature reference. The thermopile is positioned between the

transfer standard and the temperature reference [4]. It is located in a reference plane between

the feeding line and the transfer standard. The temperature deviations between the feeding and

the dummy transmission line are converted into voltage by the thermopile [43].

2.2.3 Transmission line

Transmission lines are designed to efficiently transmit RF power from a signal source to a

load. However, in reality, losses are inevitable. To minimize these losses, the transmission line

with the lowest attenuation is selected as the feeding line in a microcalorimeter measurement

system.

Coaxial lines and rectangular waveguides are two types of transmission lines commonly

used in microcalorimeters. In the millimeter-wave region, waveguides are preferred as feeding
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lines due to the challenges of fabricating thermal isolation sections in coaxial technology. Most

NMIs develop twin-type microcalorimeters with two transmission lines [16].

Waveguides can generally be classified into metal waveguides and dielectric waveguides,

as shown in Figure 2.3. A metal waveguide is a hollow structure in the form of a metallic tube

with a rectangular, circular, or elliptical cross-section. In contrast, a dielectric waveguide is a

rod-shaped structure made of dielectric material [44].

NMIs utilize rectangular metal waveguides as transmission lines in microcalorimeters.

These waveguides support either transverse electric (TE) or transverse magnetic (TM) modes.

The rectangular cross-section operates in single mode, allowing only one mode to propagate.

The dominant and fundamental mode of propagation in rectangular metal waveguides is the

TE10 mode, which has the lowest cut-off frequency [45]. The dimensions of the waveguide

determine its operating frequency range [46]. Figure 2.4 illustrates the field lines of the TE10

mode.

In addition to metal waveguides, dielectric waveguides can be used as an alternative for

feeding lines in microcalorimeters. Dielectric waveguides offer advantages such as lower losses

at higher frequencies, inherent temperature isolation, and greater mechanical flexibility com-

pared to metal waveguides. They have been applied to the development of several devices and

are suitable as feeding lines in waveguide microcalorimeters [47].

Metal hollow waveguide Dielectric rod waveguide

(µ0, ϵ0) (µ, ϵ)

Figure 2.3: Structure of metal and dielectric waveguides.
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z

Figure 2.4: Field lines of TE10 mode in a rectangular metal waveguide [48].

2.2.4 Thermal Isolation Section

Metallic waveguides generally present poor heat insulation. Thermal isolation sections are

implemented to suppress heat conduction. In a microcalorimeter, thermal isolation sections are

used to insulate the transfer standard from external heat sources. These sections are positioned

between the input transmission line of the microcalorimeter and the transfer standard.

Thermal isolation sections often consist of plastic disks, such as acrylonitrile butadiene

styrene (ABS) or Polyetheretherketone (PEEK). These materials are chosen for mechanical

strength, low thermal conductivity, and the possibility to apply thin metal layers. Most mi-

crocalorimeters are equipped with two to three thermal isolation sections, depending on the

required level of precision and the length of the transmission line [6], [19]. The purpose of the

thermal isolation section is to keep the fraction of heat contributing to the temperature differ-

ences between the measuring and reference lines as low as possible. As a critical component

in the development of microcalorimeters, the thermal isolation section must be able to demon-

strate excellent thermal isolation capabilities [49].
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2.2.5 Thermal Jacket

Thermal jackets are designed and manufactured to fit a microcalorimeter, providing an external

covering. Their main functions are to keep thermal stability within the microcalorimeter and

minimize the impact of ambient temperature fluctuations. To achieve effective insulation, the

microcalorimeter can be enclosed in a double-walled or multi-walled jacket. Plastic is used

for the outer layer to isolate the microcalorimeter from external disturbances, while copper

is used for the inner jacket. Since the transfer standard is a thermal power sensor, such as a

bolometer or thermoelectric sensor, fluctuations in ambient temperature significantly affect its

measurement stability. The use of thermal jackets helps in overcoming this problem [20].

Some NMIs combine the thermal jacket with a controlled water bath to monitor and reg-

ulate the temperature inside the microcalorimeter [24]. However, using a water bath requires

careful handling to prevent water from leaking into the microcalorimeter, as this could cause

significant damage to the instrument. To avoid the risks associated with water, insulating ma-

terials like polymeric foam can be used as an alternative for maintaining thermal stability. The

thermal performance of polymeric foam is comparable to that of a water bath [50].

2.2.6 Transfer Standard and Dummy Load

A microcalorimeter with a twin-line arrangement includes two identical loads: one functions as

the transfer standard, and the other is referred to as the dummy load. The dummy load acts as

a temperature reference and is designed to have the same thermal and electrical characteristics

as the transfer standard, including mass, geometry, thermal conductivity, and heat capacity.

Matching the weight ensures that both loads exhibit similar heat absorption and dissipation

behavior. Matching the electrical characteristics, such as impedance, minimizes reflection and

ensures symmetrical signal propagation in both lines. These design considerations are critical

because they ensure that any temperature difference measured by the thermopile is attributable

only to the applied RF power, not to intrinsic differences between the two loads. The use of

identical power sensors for both the transfer standard and the dummy load ensures that the same

characteristics are met [36]. The schematic diagram of the twin-type microcalorimeter loads is

depicted in Figure 2.5.

The effective efficiency of a transfer standard is independent of the reflection coefficient of

the power sensor. For further measurement of RF devices, another parameter, the calibration

factor, is determined during the calibration process. The calibration factor K accounts for both

the effective efficiency and the reflection coefficient of the power sensor. It is defined as the ratio

of the DC substituted power to the incident RF power on the reference standard, as expressed
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Thermopile
output voltage

Dummy loadTransfer standard

DC power
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plane
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line

Dummy
line

RF power

Thermopile

Figure 2.5: Schematic diagram of the twin loads in a microcalorimeter.

in Equation 2.5. The relationship between the calibration factor and the effective efficiency is

shown in Equation 2.6.

K = PDC

PRFin

(2.5)

K = ηe

(
1 − |Γ |2

)
(2.6)

The quantity Γ represents the input reflection coefficient of the transfer standard, measured

using a vector network analyzer (VNA). In some cases, the calibration factor of the transfer

standard is more relevant to users, as it is frequently used in calibrating commercial power

sensors [4].
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2.3 Dielectric Waveguide

A dielectric waveguide is a transmission medium made of dielectric materials that guide elec-

tromagnetic waves, often used in the frequency range of millimeter waves and sub-millimeter

waves. Unlike conventional metal waveguides, dielectric waveguides have no metallic bound-

aries, eliminating conduction losses and potentially reducing transmission losses. This property

makes dielectric waveguides particularly advantageous in high frequency and low loss applica-

tions [51].

Fabricating rectangular dielectric waveguides for millimeter-wave transmission lines with

very small cross-sections is a challenge, but not more difficult than manufacturing rectangular

metal waveguides. Dielectric materials have the capability to guide electromagnetic fields while

isolating heat energy [18], [44]. This characteristic is particularly important for microcalorime-

ters, which are essentially instruments designed to measure heat.

The dielectric rod waveguide (DRW) offers advantages over conventional rectangular hol-

low metal waveguides, particularly at millimeter-wave and sub-millimeter-wave frequencies.

One of the main benefits is the significantly lower propagation loss achievable with dielectric

waveguides at higher frequencies. Metal waveguides suffer increasing conductor losses due to

the skin effect, where current is confined to a very thin surface layer of the conductor. Addi-

tionally, surface roughness at high frequencies contributes to further losses, particularly above

100 GHz. These effects result in increased loss with frequency for metal waveguides. In con-

trast, dielectric rod waveguides minimize these issues by utilizing low-loss dielectric materials,

enabling more efficient signal transmission and improved performance. Instead of conductor

losses, their losses are dominated by dielectric absorption, which tends to scale more gradually

with frequency [52]. Table 2.2 shows the comparison of the dielectric waveguide and the metal

waveguide as transmission lines for the microcalorimeter.

2.3.1 Type of Dielectric Waveguides

There are two main types of dielectric waveguides: dielectric rod waveguide and optical wave-

guide. Dielectric waveguides are applicable for millimeter-wave applications and optical com-

munications. Dielectric rod waveguides with rectangular or circular cross-sections are utilized

in the millimeter-wave band, while optical waveguides, such as optical fibers, are used to trans-

mit light in optical communication systems. Optical fiber waveguides have been extensively

applied as a medium for long-distance transmission in telecommunications [44]. The propaga-

tion mechanism in dielectric waveguides relies on total internal reflection at the interface be-
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Table 2.2: Comparison of dielectric waveguides and metal waveguides as transmission lines
for the microcalorimeter [18], [52], [53].

Feature Dielectric waveguide Metal waveguide

Propagation losses Lower losses Higher losses at frequencies
above 100 GHz

Thermal isolation No need for additional Requires thermal isolation
thermal isolation

Manufacturing Wider tolerance Tight tolerance
tolerances

Flexibility Flexible Rigid

tween the dielectric material and air. This reflection confines the electromagnetic wave within

the dielectric structure, allowing efficient guiding with minimal radiation loss. This dissertation

focuses on dielectric rod waveguides with rectangular cross-section, often referred to simply as

dielectric waveguides, for use as transmission lines in microcalorimeters.

Dielectric waveguides are rods of specific thickness that function as unshielded transmis-

sion line structures, allowing guided waves to propagate along their axial direction. This struc-

ture ensures the propagation of guided modes with minimal energy loss. Additionally, dielectric

waveguides offer a broader operating frequency bandwidth and can be integrated with active or

passive devices, including rectangular metal waveguides [54].

Minimizing losses in dielectric waveguides can be achieved by reducing the size of the rod

base. A smaller rod size decreases the fraction of power propagating outside the dielectric core.

However, if the rod becomes too small, electromagnetic waves can experience radiation losses.

Therefore, the rod size is optimized by balancing these factors. Furthermore, for applications

such as microcalorimeter transmission lines, the dielectric rod waveguide usually fits the cross-

sectional size of the rectangular metal waveguide [47].

Table 2.3 provides the properties of various dielectric materials at a frequency of 140 GHz.

Dielectric waveguides can be made from low-permittivity materials like Teflon or polyethylene,

and high-permittivity materials such as silicon and sapphire. Materials with a high dielectric

constant are often more fragile than those with a low dielectric constant. Losses in dielectric

materials are characterized by the loss tangent tan δ [18], [55].
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Table 2.3: Properties of dielectric materials [47], [51].

Material Relative permitivity Loss tangent
ϵr tan δ

Gallium arsenide 13.0 3 × 10−4

Silicon 11.6 - 11.8 0.03 × 10−4

Sapphire 9.39 - 11.56 1.1 - 2.1 × 10−4

Polyethylene 2.3 - 2.8 0.4 × 10−4

Teflon 2.0 - 2.1 3 - 4 × 10−4

2.3.2 Propagation Modes of Dielectric Waveguides

Propagation modes can be characterized by the patterns of the electromagnetic field distribu-

tion. They depend on the geometry and material properties of the waveguide. While rectangu-

lar metal waveguides support two types of propagation modes, TE and TM modes, dielectric

waveguides mainly support hybrid modes. Hybrid modes are characterized by the presence of

both electric and magnetic field components along the propagation direction (z-axis). There

are two sets of hybrid modes, namely Ex
mn and Ey

mn [52], [56]. The indices x and y denote

the primary polarization direction of the electric field, while the symbol of m and n indicate

the number of extrema in the field distribution along the horizontal (x) and vertical (y) axes, re-

spectively. In the Ey
mn mode, the electric field is predominantly polarized along the y-direction,

whereas in the Ex
mn mode, the electric field is dominant in the x-direction [18], [51].

The modes Ex
11 and Ey

11 are the fundamental modes in rectangular dielectric waveguides.

Among these, the Ey
11 mode is typically recommended for rectangular dielectric waveguides

because it is relatively easier to excite using transitions from metallic waveguides. Figure 2.6

illustrates the field line distribution of the Ey
11 mode, which closely resembles the TE10 mode

of rectangular metal waveguides, as shown in Figure 2.4. The cut-off frequency of dielectric

waveguides depends on the waveguide cross-section and the dielectric constant of the rod. Sim-

ulation or measurement is needed to estimate the exact cut-off. The Ey
11 mode in the dielectric

rod waveguide connected to a WR-5 metal waveguide propagates effectively above a certain

frequency [57].
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x

Figure 2.6: Field lines of the Ey
11 mode in a rectangular dielectric waveguide [57]–[59].

2.3.3 Dielectric to Metal Waveguide Transitions

The transition between a dielectric waveguide and a rectangular metal waveguide is a critical

interface in certain millimeter-wave applications, where efficient power transfer and minimal

reflection are desired. In microcalorimeter systems, these transitions are necessary for con-

necting dielectric waveguides with standardized rectangular waveguide (WR) devices. Proper

transitions between the two waveguide types are crucial for minimizing losses. Techniques to

reduce losses include constructing horn structures in the transition region, tapering the terminal

end of dielectric rods, or employing a combination of both [51], [60].

In addition to impedance matching, the transition should convert the millimeter-wave signal

from the dominant mode of the rectangular metal waveguide to the dominant mode of the

dielectric waveguide and vice versa, i.e., the TE10 mode of the rectangular metal waveguide

directly excites the Ey
11 mode in the rectangular dielectric waveguide. Design and optimization

of the transition further enhance this mode transformation, resulting in reliable performance in

high frequency applications [61].
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3 Design and Simulation of Waveguide
Microcalorimeter

The microcalorimeter designed in this work is based on a twin-line structure with a transfer

standard and a dummy load. Figure 3.1 shows a schematic diagram of the waveguide mi-

crocalorimeter measurement system. The dummy load serves as a temperature reference, min-

imizing the effects of ambient temperature variations. Both the feeding line and the dummy

(reference) line are constructed using dielectric waveguides. However, metal waveguides are

still required to connect the dielectric waveguide to standardized interfaces, such as the signal

source and the transfer standard.

Conventional microcalorimeter systems always require thermal isolation sections. How-

ever, in this system, the dielectric line itself serves to isolate the microcalorimeter from external

heat disturbances, thereby eliminating the need for additional thermal isolation sections. Ther-

moelectric waveguide power sensors are utilized for both the transfer standard and the dummy

load. A thermopile, composed of multiple thermocouples connected in series, measures the

temperature difference between the transfer standard and the dummy load. The microcalorime-

ter is enclosed within three layers of shielding to maintain thermal stability, which contributes

to a reliable millimeter-wave power measurement system.

3.1 Waveguide Structure Design for the Microcalorimeter
Transmission Line

CST Microwave Studio was used for the design and simulation to optimize the transmission

line of the waveguide microcalorimeter. The waveguide structure is one of the key components

in designing the transmission line for the microcalorimeter. In this system, the metal waveguide

is employed as a transition section, with the dielectric rod waveguide inserted into the hollow

metal waveguide. The transition section clamps the dielectric rod waveguide at both ends,

ensuring proper alignment and connectivity.

In addition to the metal waveguide, PEEK is utilized as the base material for the transition

section. PEEK is a high performance polymer that can substitute metal in certain waveguide

components due to its lightweight, flexibility, and durability in harsh environments [62]. In

the microcalorimeter transmission line, a solid metal waveguide is utilized as the transition

section at one port, while PEEK is employed at the other port to extend the thermal isolation
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Figure 3.1: Schematic diagram of the microcalorimeter measurement system [14].
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3.1 Waveguide Structure Design for the Microcalorimeter Transmission Line

section. Both the metal waveguide and PEEK have the same cross-sectional dimensions to

assure compatibility within the microcalorimeter transmission line [63], [64].

The design of the dielectric waveguide for the microcalorimeter transmission line involves

determining the dimensions of the rod and the dielectric properties of the material. Select-

ing the appropriate dielectric waveguide material depends on its relative permittivity. A rigid

material with a specific dielectric constant is selected to maintain long-term reliability. The

dielectric waveguide dimensions are set to 1.295 mm x 0.648 mm to match the cross-section of

the standardized WR-5 waveguide.

To enhance transition efficiency and minimize signal reflections in the transmission line,

the dielectric rod waveguide is tapered into a wedge shape at both tips. Furthermore, a trumpet-

shaped structure is integrated into the hollow metal waveguide, providing a smooth transition

interface between the dielectric waveguide and the metal waveguide and minimizing signal

loss.

3.1.1 Design of the Tapering Section of the Dielectric Waveguide

The tapering section of the dielectric waveguide plays a critical role in ensuring efficient cou-

pling between the dielectric waveguide and the standard rectangular metallic waveguide. Both

ends of the dielectric rod feature identical tapering sections in shape and size. Key parame-

ters for optimizing the taper design include the geometry of the tapering section, the tapering

section length, and the diameter of the taper tip.

The performance of the interface between the dielectric waveguide and the metal wave-

guide can be further enhanced by increasing the length of the tapering sections [65]. However,

fabricating a longer taper in the dielectric waveguide presents significant challenges due to the

fragility of the material. Consequently, the length of the tapering section is optimized to ensure

an efficient transition within the frequency range of the microcalorimeter.

Various types of wedge shapes can be designed for dielectric waveguides, including vertical

taper (x-taper), horizontal taper (y-taper), and a combination of vertical and horizontal taper

(pyramidal taper) [66]. Figure 3.2 illustrates the three types of tapering sections for dielectric

waveguides.

• The vertical taper occurs in the vertical plane. It is relatively easy to fabricate and ef-

fective in coupling the Ey
11 mode due to good field alignment with the TE10 mode in

rectangular metal waveguides.
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(a) (b)

(c)

Figure 3.2: Types of tapering sections for dielectric waveguides. (a) Pyramidal taper. (b)
Horizontal taper. (c) Vertical taper [14].

• The horizontal taper involves tapering in the horizontal plane. It can improve side-mode

suppression but may present alignment challenges during integration.

• The pyramidal taper offers the most symmetric field distribution and potentially the best

performance for hybrid modes like Ey
11. However, it is structurally fragile and very

challenging to manufacture with precision.

The Ey
11 mode is a hybrid mode in which the electric field is predominantly polarized in

the y-direction, similar to the dominant TE10 mode in rectangular metallic waveguides. The

taper facilitates a gradual transformation of the field distribution and impedance from the metal

waveguide to the dielectric rod. Among the taper types, the pyramidal taper theoretically pro-

vides the most efficient coupling to the Ey
11 mode due to its symmetric field transformation

along both axes. However, due to its mechanical weakness, especially in small-scale imple-
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mentations, it is not practical for long-term stable applications. In this dissertation, the vertical

taper is selected as the optimal design. It balances performance and manufacturability by:

• Providing sufficient coupling efficiency to the Ey
11 mode, as the major electric field com-

ponent aligns well vertically with the TE10 mode field from the metallic waveguide.

• Allowing simpler and more robust fabrication, thereby minimizing the risk of structural

failure.

Compared to the horizontal taper and pyramidal taper designs, the vertical taper provides better

practical efficiency, making it the optimal choice for the dielectric waveguide tip.

Producing a sharply tapered tip, as shown in Figure 3.2(c), is nearly impossible in practice

due to the extremely small size of the dielectric rods used in this frequency range. To address

this, the tip of the tapering section is given a rounded shape, as shown in Figure 3.3, making

it feasible to fabricate while maintaining good performance. The rounded tip design involves

modifying the tapering end with specific diameters to create a smooth tip.

3.1.2 Design of the Trumpet Structure in the Metal Waveguide

The transition between dielectric waveguides with low permittivity and metal waveguides is

more challenging, making it difficult to achieve good matching. This difficulty arises because

Figure 3.3: Rounded tip of the tapering section of the dielectric waveguide.
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electromagnetic fields in low dielectric constant materials propagate partially outside the di-

electric rod waveguide [51]. In contrast, materials with high dielectric constants can more

effectively confine RF power within the rod, but they are more fragile and difficult to fabricate

as transmission lines. Therefore, a trumpet structure is applied to improve the transition be-

tween the dielectric rod waveguide with low permittivity and the hollow metal waveguide, as

depicted in Figure 3.4.

In the developed design, the trumpet structure was implemented in CST as a circular-arc

flare. The flare profile follows the geometry of a circular arc, which can be mathematically

described by the general circle equation. The geometry is uniquely defined by the input radius

r0 at the metallic waveguide aperture, the output radius rL at the dielectric rod interface, and

the total flare length L. From these parameters, the arc radius R is determined. The use of

a circular-arc flare provides a smooth, continuous curvature that enables a gradual impedance

transition while maintaining mechanical simplicity.

The optimization parameters of the trumpet structure include its radius and length, which

are adjusted to achieve optimal matching between the dielectric waveguide and the metal wave-

guide. This structure is integrated into the metal waveguide by truncating a portion of the metal

waveguide to create the trumpet shape. The trumpet begins with a circular cross-section and

gradually transitions into the rectangular cross-section of the WR-5 metal waveguide. This

D
ie

le
ct

ri
c

Trumpet

Metal

Figure 3.4: Trumpet structure in the metal waveguide [26].
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Figure 3.5: Construction drawing of the metal waveguide with the trumpet structure.

smooth geometric transformation facilitates impedance matching, ensuring efficient coupling

between the dielectric rod and the metallic waveguide. In the microcalorimeter transmission

line, this structure forms a cavity resembling a trumpet. The trumpet geometry significantly im-

proves the transition between the metal waveguide and the dielectric waveguide by enhancing

the propagation of electromagnetic fields.

Figure 3.5 shows construction drawing of the metal waveguide with the trumpet structure.

The metal waveguide is manufactured using a split-block design. One of the ports features

a smooth, gradually expanding flared structure, resembling a trumpet shape. This transition

serves as a matching section for coupling electromagnetic waves into or out of the waveguide.

3.1.3 Design of the Transmission Line of the Microcalorimeter

Transmission lines in microcalorimeters must efficiently guide electromagnetic waves from the

source to the detector while minimizing losses, reflections, and impedance mismatches. A

complete design of the transmission line for the microcalorimeter is shown in Figure 3.6. The

design employs a hybrid approach that combines dielectric and metal waveguides, utilizing the
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Figure 3.6: Design of the transmission line of the microcalorimeter.

advantages of both to achieve optimal performance. The dielectric waveguide provides low-

loss feeding, while the metal waveguide ensures standardized interfacing with WR-5 devices

[67].

The microcalorimeter transmission line has an overall length of 178 mm, which is adjusted

to align with the overall mechanical design of the microcalorimeter [14], [26]. Tapered sections

with rounded shapes are applied to both ends of the dielectric waveguide. Both transitions at

the metal waveguide incorporate a trumpet-shaped structure, enhancing the efficiency of wave

transmission.

3.2 Simulation of the Microcalorimeter Transmission Line
Performance

Comprehensive simulations were carried out using CST Microwave Studio to evaluate the in-

tegration of the dielectric waveguide with the metal waveguide, which together form the trans-

mission line of the microcalorimeter. The simulations, performed over the frequency range

of 140 GHz to 220 GHz, utilized the finite element method (FEM) with a frequency-domain
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solver. A perfect electric conductor (PEC) was assumed for the metal waveguide, while a loss-

less dielectric material with a relative permittivity of 2.3, corresponding to the material used in

the fabrication of the dielectric waveguide, was employed for the dielectric section. The studies

focused on optimizing the transition and impedance matching between the dielectric and metal

waveguides by analyzing the impact of the tapering section of the dielectric rod waveguide and

the trumpet structure in the hollow metal waveguide.

The tapering sections of the dielectric waveguide were simulated by analyzing three groups

of parameters: the geometry of the tapering section, the rounded shape of the tapering section

tip, and the length of the tapering section. Furthermore, simulations examined the effects of

the trumpet structure and determined the efficient trumpet diameter in the metal waveguide.

The main objective of these simulations was to identify the optimal waveguide structure for

fabricating the microcalorimeter transmission line.

3.2.1 Simulation of the Geometry of the Tapering Section in the
Dielectric Waveguide

This study investigated three types of tapering geometries: tapering in the vertical plane, taper-

ing in the horizontal plane, and pyramidal tapering, as illustrated in Figure 3.2. The simulations

aimed to evaluate the performance of the tapering geometry before fabrication, considering

production simplicity and the transmission characteristics of the dielectric rod waveguide. All

tapering types were simulated using identical parameters, including a tapering section length of

10 mm, a total dielectric rod length of 12 mm, and a relative permittivity of 2.3 for the lossless

dielectric material. The only difference among the designs was the geometry of the tapering

section.

Figure 3.7 presents the simulation results of the scattering parameters (S-parameters), S11

and S21, for all tapering geometries. The results indicate that all three tapering types outperform

the non-tapered configuration. The transmission coefficient at the lower end of the frequency

range is significantly reduced in the absence of tapering, as the electromagnetic field tends to

spread out from the dielectric waveguide. Consequently, tapering the dielectric rod improves

the transmission line performance of the microcalorimeter.

Among the tapering geometries, the vertical taper structure exhibited the best performance

in the simulations. The return loss of the vertical taper showed the greatest improvement over

the other geometries. Additionally, the insertion loss of the vertical taper demonstrated a bet-

ter transmission coefficient compared to the horizontal taper and performed comparably to the

pyramidal taper. This can be attributed to the electromagnetic field being more concentrated
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Figure 3.7: Simulation results for different tapering geometries in the dielectric waveguide
[14]. (a) S11. (b) S21.
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in the vertical direction (E-plane) than in the horizontal direction (H-plane) within the metal

waveguide. As a result, the vertical taper delivers better performance than the horizontal taper.

Moreover, the simulation results for the horizontal taper and pyramidal taper displayed sig-

nificant fluctuations across the frequency range, whereas the vertical taper provided a smooth

response throughout the frequency range. Based on these simulation results, the dielectric

waveguide in this study was fabricated with a vertical taper at the tip of the dielectric rod. The

vertical plane tapering section was used for subsequent simulations and further analysis.

3.2.2 Simulation of the Round-Shaped Tip Tapering Section in the
Dielectric Waveguide

The tip of the tapering section adopted a rounded shape instead of a sharp one. Since achiev-

ing a perfectly sharp tip for the tapering section, as shown in Figure 3.2(c), is challenging in

practice, simulations were conducted to analyze the effects of a rounded shape at the tapering

section tip. These simulations aimed to evaluate the impact of a rounded tip at the end of the

dielectric waveguide, as depicted in Figure 3.3. The tapering section was modeled using the

Blend Edges function in CST Microwave Studio, with tip radius (rt) ranging from 0 mm to 0.1

mm. While a radius of 0 mm (a perfectly sharp tip) serves as a theoretical reference, such sharp

tips are nearly impossible to fabricate due to their mechanical fragility. In practical terms, a

minimum tip radius of approximately 0.05 – 0.1 mm can be achieved using high-precision ma-

chining. The total length of the tapering section of the dielectric waveguide in this simulation

was approximately 12 mm, with no rounding at the tip (rt = 0 mm).

The simulation results for the rounded tip of the tapering section are presented in Figure

3.8. As expected, the tapering tip without a rounded shape provided the best simulation results.

The reflection coefficient increases with the radius of the tapering tip, with the largest radius

(rt = 0.1 mm) yielding the highest reflection coefficient. However, reflection coefficients for

tapered ends with radius of 0.06 mm or less were found to be acceptable.

There was no significant difference in the transmission coefficient between the tapering tip

without a rounded shape and the tapering tip with a radius of 0.02 mm. Both configurations

also exhibited similar transmission coefficients to a tapering tip with a radius of 0.04 mm,

particularly at frequencies above 160 GHz. In contrast, the transmission coefficient decreased

significantly for tapering tips with radius of 0.08 mm or larger.

The tapering tip with a radius of 0.04 mm demonstrated a reflection coefficient of less than

-20 dB, and its transmission coefficient was nearly equivalent to that of the perfectly sharp

tapering tip. Therefore, a tapering section with a rounded tip radius of 0.04 mm is considered
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the best option for fabricating the dielectric rod waveguide. By cutting the tip of the tapering

section to a radius of approximately 40 µm, the transmission line retains good performance

while remaining feasible for fabrication.

3.2.3 Simulation of the Tapering Section Length in the Dielectric
Waveguide

The simulation results for the tapering section length can be seen in Figure 3.9. Studying the

proportional length of the tapering section is necessary because a long tapering section is neither

practical nor durable. Several taper lengths of the dielectric rod waveguide were simulated to

determine the optimum dimensions. The values of taper lengths (lt) were varied from 1 mm to

12 mm. This range was selected to cover both the practical limits of taper fabrication and the

expected coupling performance. Although longer tapers (e.g., >12 mm) may offer improved

impedance matching, they introduce fabrication challenges due to mechanical fragility.

The matching between the dielectric waveguide and the metal waveguide enhances with a

longer tapering section. The reflection coefficients show significant improvement as the taper

length increases from 1 mm to 6 mm across the entire frequency range. Tapering sections

shorter than 4 mm exhibit relatively high reflection coefficients. However, taper lengths of 6

mm and above demonstrate good and acceptable performance. Only slight improvements in

the reflection coefficient are observed for taper lengths longer than 10 mm.

The observation results indicate that increasing the length of the tapering section generally

leads to an improvement in the transmission coefficient. However, the transmission coeffi-

cients for tapering section lengths between 10 mm and 12 mm were found to be nearly identi-

cal, suggesting that extending the taper beyond 10 mm provides negligible additional benefit.

Consequently, further increasing the tapering section length would be unnecessary and could

introduce practical drawbacks, such as increased fabrication complexity. Based on these ob-

servations, a tapering section length of 10 mm is identified as the most efficient choice for the

dielectric waveguide in this work.

3.2.4 Simulation of the Effect of the Trumpet Structure in the Metal
Waveguide

The trumpet structure was investigated in this research to optimize the transition between the

metal waveguide and the dielectric waveguide. To evaluate the effectiveness of the trumpet

structure, simulations were performed to analyze its influence on the microcalorimeter trans-

mission line. In these simulations, the trumpet section was modeled as air to accurately repre-
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Figure 3.8: Simulation results of tapering tips with rounded shapes in the dielectric wave-
guide. (a) S11. (b) S21.
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Figure 3.9: Simulation results for different tapering section lengths in the dielectric wave-
guide. (a) S11. (b) S21.
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sent the gap between the metal waveguide walls and the dielectric rod throughout the transition.

The diameter of the trumpet structure was set to 5 mm. At the start of the trumpet, the wall

thickness of the metal waveguide was 1 mm, gradually increasing to 3 mm at the end of the

metal waveguide. This configuration provides a smooth transition consistent with the trumpet-

shaped geometry, as illustrated in Figure 3.4. In the corresponding simulation of the trumpet

structure, the dielectric rod shown in Figure 3.4 was not included, in order to analyze only the

effect of the trumpet structure.

Figure 3.10 presents the simulation results for the metal waveguide, both with and without

the trumpet structure. For comparative purposes, a model of the metal waveguide without the

trumpet structure was also simulated. In this case, the wall thickness of the metal waveguide

was uniformly set to 3 mm to maintain similar overall dimensions to the metal waveguide with

the trumpet structure. This design choice ensures that the performance differences observed in

the simulations can be directly attributed to the presence or absence of the trumpet structure,

rather than discrepancies in geometric dimensions.

The metal waveguide without the trumpet structure demonstrated higher reflection losses

and less efficient transmission, indicating the need for improvement in its design. To ad-

dress this issue, a trumpet structure is employed. This structure gradually transforms the

cross-sectional dimensions and guiding properties of one waveguide to match those of another,

minimizing impedance mismatches. The transmission line incorporating the trumpet structure

showed significant enhancement.

3.2.5 Simulation of the Diameter of the Trumpet Structure in the Metal
Waveguide

Figure 3.11 depicts the simulation results for trumpet structures with varying diameters of the

trumpet opening (dt), illustrating their impact on the transition between the metal waveguide

and the dielectric waveguide. Diameters ranging from 1.5 mm to 6 mm were tested to evaluate

their influence on the transmission efficiency and overall performance of the waveguide system.

These simulations aim to identify the most suitable trumpet diameter that provides minimal

reflections and optimal impedance matching at the transition interface. Since the width of

the dielectric waveguide is 1.295 mm, it is a necessary design constraint that the diameter of

the trumpet structure exceeds this value. This requirement assures that the trumpet properly

encloses the dielectric waveguide, forming the gradual transition characteristic of the trumpet

geometry.
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Figure 3.10: Simulation results of the metal waveguide with and without the trumpet struc-
ture. (a) S11. (b) S21.
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Figure 3.11: Simulation results of the metal waveguide for different diameters of the trumpet
opening. (a) S11. (b) S21.
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Trumpets with diameters smaller than 3 mm demonstrated poor performance, characterized

by high reflection coefficients and low transmission coefficients. These results arise from an in-

sufficient transition area, leading to significant reflections at the interface between the metal and

dielectric waveguides. The performance is unsuitable for applications requiring high accuracy,

such as millimeter-wave power measurement standards.

On the other hand, trumpets with diameters of 4 mm and larger exhibited satisfactory

performance, with significantly improved transmission coefficients and reduced reflections.

Among the tested configurations, the simulation results for trumpet diameters in the range of

4 mm to 6 mm were nearly identical, and further increases in diameter had minimal impact

on overall performance. However, the 4 mm diameter trumpet showed greater variations in

the reflection coefficient at certain frequencies. Trumpets with diameters between 5 mm and

6 mm demonstrated more stable performance across the frequency range, making them more

reliable for use in microcalorimeter transmission lines. Based on these findings, this study rec-

ommends trumpet diameters in the range of 5 mm to 6 mm for the transition between the metal

and dielectric waveguides.

The size of the trumpet structure is closely tied to the cross-sectional dimensions of the

hollow rectangular metal waveguide to which it is coupled. This relationship ensures proper

alignment and impedance matching between the metal and dielectric waveguides. Larger hol-

low metal waveguides with greater cross-sectional areas require proportionally larger trumpet

diameters to maintain optimal transition performance. The diameter of the trumpet must be

carefully scaled to accommodate the electromagnetic field distribution and minimize reflec-

tions at the interface between the waveguides. For instance, the dimensions of the trumpet

structure for a WR-3 metal waveguide are inherently smaller than those required for a WR-5

metal waveguide. This is because the WR-3 waveguide has a smaller cross-section compared

to the WR-5 waveguide, which demands a corresponding adjustment in the trumpet design to

match the field propagation characteristics.

3.2.6 Simulation of the Transmission Line of the Microcalorimeter

The simulation of the complete microcalorimeter transmission line is performed by considering

the optimal configuration obtained from simulations of the tapering section of the dielectric

waveguide and the trumpet structure of the metal waveguide. The dimensional settings of the

transmission line model, as shown in Figure 3.6, are based on these previous simulations. This

approach balances achieving the best performance results while maintaining ease of fabrication

for the transmission line.
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The simulation results for the transmission line of the microcalorimeter are characterized

by the reflection coefficient and the transmission coefficient across the frequency range from

140 GHz to 220 GHz. The S11 parameter, as shown in Figure 3.12(a), measures the impedance

mismatches along the transmission line. In this frequency range, the return loss is better than

20 dB, indicating good impedance matching.

The S21 parameter, presented in Figure 3.12(b), represents the transmitted power through

the transmission line. The transmission coefficient remains close to 0 dB, with minor varia-

tions across the frequency band. This result demonstrates that the transmission line exhibits

low insertion loss, allowing efficient power transfer across the specified frequency range. The

flatness and stability of the insertion loss indicate consistent performance and minimal dis-

persion, which are critical for the operation of the microcalorimeter, where precise RF power

measurements are required.

The combination of excellent reflection and transmission coefficients highlights the high

efficiency and reliability of the transmission line design. These characteristics ensure that the

transmission line delivers electromagnetic signals with minimal power loss, enabling accurate

detection of thermal energy in microcalorimeter applications.

3.3 Thermal Simulation of Microcalorimeter Transmission
Line

In this study, thermal simulations were conducted to examine heat distribution in the mi-

crocalorimeter transmission line. Understanding the thermal behavior of these materials and

structures is essential to ensure reliable performance, as temperature variations can significantly

affect the performance of the microcalorimeter.

Thermal simulations were performed using the EM-Thermal Coupling Simulation project

in CST Microwave Studio, which integrates electromagnetic field analysis with thermal anal-

ysis. The thermal simulation was carried out using the finite element method in the frequency

domain. Boundary conditions, such as ambient temperature, were also defined to simulate

realistic operating conditions.

Both metal and dielectric waveguides are tested in the thermal simulation. The modeling

structure for the thermal isolation section is designed according to the cross-section of the

standardized WR-5 waveguide. Parameters of the thermal isolation section are simulated to

determine optimal results. Additionally, comparisons between metal and dielectric waveguides
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Figure 3.12: Simulation results of the transmission line of the microcalorimeter. (a) S11. (b)
S21.
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3.3 Thermal Simulation of Microcalorimeter Transmission Line

are conducted to confirm that dielectric waveguides do not require additional thermal isolation

sections.

3.3.1 Thermal Simulation of Metal Waveguide without Thermal Isolation
Section

Figure 3.13 shows the thermal simulation model of the metal waveguide without a thermal

isolation section. Copper with a thermal conductivity of 400 W/(mK) is used as the material for

the metal waveguide in the thermal simulation. The thermal condition of the transmission line

is set at 23 ◦C. An external heating source with a temperature of 28 ◦C is added to the input port

of the metal waveguide. This external temperature source is not part of the microcalorimeter

measurement system and acts as an unwanted heat source. The purpose of this additional

heating is to study how the external environment affects the measurement of RF power in the

microcalorimeter system.

The simulation results for the metal waveguide without the thermal isolation section are

shown in Figure 3.14. The temperature of the metal waveguide along its entire length, up to the

output port, increases to 28 ◦C as external heating from the heat source is transferred into the

waveguide. Consequently, this external heating is measured as part of the RF power, leading to

inaccuracies in the measurement system. Therefore, a thermal isolation section is necessary to

address this issue [68].

16 mm

heat source
metal waveguide

2.
85

m
m

Figure 3.13: Thermal simulation model of a metal waveguide without a thermal isolation sec-
tion.
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Figure 3.14: Thermal simulation results for the metal waveguide without a thermal isolation
section.

3.3.2 Thermal Simulation of Metal Waveguide with Thermal Isolation
Section

Custom-made thermal isolation sections are typically used in conjunction with commercial

transmission lines to form the complete RF feeding line for a microcalorimeter. The thermal

isolation section is constructed from ABS material (ϵr = 2.3 ) coated with a copper layer with a

thickness of 0.01 mm.

Figure 3.15 illustrates the thermal simulation model of the metal waveguide with the ther-

mal isolation section. A heating source with a temperature of 28 ◦C is applied to the metal

waveguide. The thermal isolation section is positioned between the heating source and the in-

put of the metal waveguide. The length of the thermal isolation section is specified as 1 mm.

As shown in Figure 3.16, the temperature of the metal waveguide behind the thermal isola-

tion section remains stable at 23 ◦C, consistent with the thermal setting. The thermal isolation

section successfully eliminates the external heating source of 28 ◦C, effectively isolating the

metal waveguide from unwanted heating effects. As a result, only the RF signal from the source

is delivered to the output port, without the unwanted additional heating. This demonstrates the

importance of the thermal isolation section in providing effective heat-blocking performance.

3.3.3 Thermal Simulation of Parameters of Thermal Isolation Section in
the Metal Waveguide

Key parameters of the thermal isolation section, such as its length and the thickness of the

metallic coating on the waveguide wall, were simulated to determine the most effective design.

The transmission line model used in these simulations is based on Figure 3.15, with adjust-
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Figure 3.15: Thermal simulation model of a metal waveguide with a thermal isolation section.

Figure 3.16: Thermal simulation results for the metal waveguide with a thermal isolation sec-
tion.

ments made to specific parameters. By appropriately configuring the parameters of the thermal

isolation section, the influence of the external heating can be effectively minimized.

The length of the thermal isolation section was varied from 0.1 mm to 2.5 mm to identify

the optimal design. The total length of the transmission line was 16 mm. Figure 3.17 presents

the simulation results for the length of the thermal isolation section. The temperature rises

above 23 ◦C along the entire waveguide length, extending to the output port when the isolation

section length is less than 1 mm. However, for lengths of 1 mm or more, the temperature

remains stable at 23 ◦C. These results indicate that the transmission line does not require a long

thermal isolation section, as a length of 1 mm or greater achieves the same thermal performance.

Therefore, a thermal isolation section with a length of 1 mm is preferred for its efficiency.

The thickness of the metal waveguide wall in the isolation section was also investigated,

with values ranging from 0.0005 mm to 0.3 mm. Figure 3.18 shows the simulation results for

the wall thickness. During these simulations, the length of the thermal isolation section was

fixed at 1 mm. In practice, wall thicknesses ranging from 0.01 mm to 0.03 mm offer a good
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Figure 3.17: Thermal simulation results for the length of the thermal isolation section [68].
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Figure 3.18: Thermal simulation results for the thickness of the metal coating on the wave-
guide walls in the thermal isolation section [68].

48 DOI: 10.7795/110.20250905

https://doi.org/10.7795/110.20250905


3.3 Thermal Simulation of Microcalorimeter Transmission Line

compromise between manufacturability and thermal isolation performance. A wall thickness of

0.03 mm or less keeps a stable temperature of 23 ◦C. However, as the wall thickness increases

beyond 0.03 mm, the temperature rises due to the reduced effectiveness of the thermal isolation

section. To simplify fabrication while maintaining thermal performance, a wall thickness of

0.01 mm is recommended. The coating is made of copper and then layered with gold.

3.3.4 Thermal Simulation of Dielectric Waveguide

Figures 3.19 and 3.20 present the thermal simulation model and results for the dielectric wave-

guide, respectively. All other simulation parameters, including transmission line dimensions,

boundary conditions, ambient temperature, external heat source, and simulation settings, were

kept identical to those used in the metal waveguide simulations. This ensures a direct and

meaningful comparison of the performance between the metal waveguide with the thermal

isolation section and the dielectric waveguides.

Unlike metal waveguides, the dielectric waveguide itself can act as a thermal isolation

section, eliminating the need for an additional thermal isolation section. This simulation aims

to verify that thermal isolation is unnecessary for dielectric waveguides. As in the simulations

for the metal waveguide, the thermal condition inside the transmission line is set at 23 ◦C,

heat source dielectric waveguide

Figure 3.19: Thermal simulation model of the dielectric waveguide

Figure 3.20: Thermal simulation results for the dielectric waveguide
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with an external heat source of 28 ◦C applied to the model. The dielectric waveguide in this

simulation is composed of ABS material. The thermal properties of ABS used in the simulation

are: thermal conductivity of 0.2 W/m·K, specific heat capacity of 1300 J/kg·K, and density of

1080 kg/m³. These values were set in the CST material definition to accurately simulate the

heat conduction behavior of the dielectric waveguide.

The simulation results show that the dielectric waveguide maintains a stable temperature

of 23 ◦C at the output port of the transmission line, which is similar to the results for the metal

waveguide with a thermal isolation section. As a result, the power-measuring section accurately

detects only the RF signal. This confirms that dielectric waveguides do not require additional

thermal isolation sections, offering a significant advantage when used as transmission lines

for microcalorimeters. Therefore, the transmission line design in this study utilizes dielectric

waveguides without additional thermal isolation sections.
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4 Fabrication of Waveguide Microcalorimeter

Fabrication of a waveguide microcalorimeter operating in the frequency range of 140 GHz to

220 GHz requires precise machining processes due to the small dimensions of the waveguide

components at these high frequencies. Advanced machining techniques and specialized equip-

ment are necessary to keep dimensional tolerances within acceptable limits. Maintaining these

tolerances is essential for minimizing signal degradation and verifying the accuracy of the mi-

crocalorimeter measurement.

Construction of the transmission lines for the microcalorimeter is challenging due to the

integration of extremely small hollow transition sections made of PEEK and metal waveguides,

as well as the use of very thin dielectric rod waveguides. The feeding line and dummy line of the

microcalorimeter are built from scratch at PTB, following the design and simulation process.

The thermopile and thermal jacket have been modified for the new microcalorimeter. Transfer

standards and dummy loads are manufactured in collaboration with Rohde & Schwarz. A signal

source is integrated with other devices to generate a stable signal for the desired frequency

measurement. All components are assembled to form a complete waveguide microcalorimeter

measurement system.

4.1 Fabrication of the Metal Waveguide

The rectangular waveguide parts serve as the transition sections of the transmission line, man-

ufactured in a split-block design using brass for one port and PEEK material for the other port.

Trumpet-shaped structures with diameters of 5.5 mm are incorporated into the transition sec-

tions. Fabrication of the metal waveguide is particularly complex due to the small dimensions

of the hollow waveguide (0.648 mm in height and 1.295 mm in width) and the high precision

required for holes and dowels. In practice, a fabrication tolerance of approximately 1 % of

the waveguide aperture width (around 13 µm) is maintained [69], [70]. This tight tolerance

is essential to minimize discontinuities that could degrade measurement accuracy. The holes

and dowels are necessary for assembling the standardized waveguide interfaces and establish-

ing connections between the microcalorimeter transmission line, the RF signal source, and the

transfer standard.

A computer numerical control (CNC) machine is the primary tool used for fabricating both

metal and PEEK waveguide components. This versatile machine can shape and cut complex

geometries with high precision. The CNC system employed in this process achieves a posi-
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tional accuracy of up to ±1 µm [71], enabling the accurate formation of the rectangular hollow

waveguide, dowel holes, and trumpet-shaped transitions. The CNC machine operates based on

programmed instructions derived from computer-aided design (CAD) models of the waveguide

components. CAD drawings of the metal and PEEK waveguides are loaded into the CNC ma-

chine, which executes the design instructions. The waveguide components are manufactured in

half pieces and later joined together. While the brass waveguide can be directly employed as

part of the microcalorimeter transmission line after adding a standard thin gold layer, the PEEK

waveguide requires several metallization steps to assure conductivity.

The transition at the input port of the microcalorimeter transmission line is entirely con-

structed from metal. Metal waveguides are typically made from materials such as brass, alu-

minum, copper, or other low-resistivity metals. For this fabrication, brass is selected due to its

high conductivity, strength, ductility, and excellent machinability [63], [72]. The metal wave-

guide is gold-plated to enhance durability and performance, resist chemical corrosion, and

withstand high-temperature oxidation over time [73].

Figure 4.1 illustrates the mechanical fabrication process of the metal waveguide, starting

with the preparation and cleaning of the brass block material. The block is cut to the size

specified in the design and split into two halves, each forming one part of the waveguide. The

hollow waveguide is precisely machined at the center of each part, with dimensions equal to

half the standard size of the WR-5 waveguide.

The production process continues with the creation of the trumpet structure and joint holes,

which are used to combine the two halves of the metal waveguide. The connecting parts of

the standardized interface flanges are fabricated to enable the metal waveguide to interface

with other devices. The flanges are designed to be compatible with commercially available

connectors.

The completed metal waveguide is shown in Figure 4.2, with a total length of 48 mm. The

aperture of the fabricated waveguide matches the dimensions of the WR-5 waveguide, ensuring

the efficient delivery of electromagnetic waves in the 140 GHz to 220 GHz frequency range.

To form a complete microcalorimeter transmission line, the two halves of the metal waveguide

are combined during the assembly process with the dielectric rod waveguide and the PEEK

waveguide.

The transition at the output port of the microcalorimeter transmission line (located inside

the thermal jacket) is fabricated from PEEK coated with a thin gold layer. The gold was applied

using sputtering, with a thickness of approximately 1 µm, which is equivalent to about five times

the skin depth at the WR-5 frequency band. This metallization enables the PEEK substrate to

support electromagnetic wave propagation. PEEK is utilized to extend thermal insulation to the
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1 2

4 3

Figure 4.1: Manufacturing process of the metal waveguide.

microcalorimeter reference plane. Additionally, PEEK offers structural flexibility, enabling it

to accommodate bending in the microcalorimeter transmission line [74].

PEEK is particularly suited for applications where thermal stability is critical [75]. Since

the microcalorimeter is fundamentally a temperature-measuring device, PEEK serves as an

ideal material for the transmission line. Its low thermal conductivity helps minimize heat trans-
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Figure 4.2: Metal waveguide at both ports (left and right sides of the figure).

fer to surrounding components. With a thermal conductivity of approximately 0.29 W/m·K

[62], [76], which is significantly lower than that of metals such as brass or gold, PEEK effec-

tively limits heat conduction within the transmission line, ensuring that RF power measure-

ments remain accurate.

The mechanical fabrication process for the PEEK waveguide is similar to that of the metal

waveguide, with the additional step of metallizing the PEEK waveguide. The PEEK material

block is processed into individual pieces to form the transmission line of the microcalorimeter,

as illustrated in Figure 4.3. The dimensions of the PEEK waveguide match those of the metal

waveguide; however, its flange design differs to accommodate thermal insulation functions.

Figure 4.4 presents the final metallized PEEK waveguide.

4.2 Fabrication of the Dielectric Waveguide

The fabrication process of the dielectric waveguide, which functions as the feeding line in the

microcalorimeter transmission line, is illustrated in Figure 4.5. A dielectric material with a

low dielectric constant (ϵr = 2.3), namely high-density polyethylene (HDPE), is used to fabri-

cate the dielectric waveguide. HDPE exhibits low dielectric loss and high mechanical stability.
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Figure 4.3: Manufacturing process of the metal-coated PEEK hollow waveguide.

Figure 4.4: Metal-coated PEEK hollow waveguide. The left side of the figure shows the-
uncoated PEEK waveguide, while the right side shows the metallized PEEK wave-
guide.
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Figure 4.5: Step by step fabrication process of the dielectric waveguide from HDPE. From
left to right: raw HDPE block, machined rod shape, and final tapered dielectric
waveguide.

Furthermore, HDPE has demonstrated its effectiveness as a substrate material in various mi-

crowave components [77], [78]. Consequently, HDPE is chosen as the material for the dielectric

waveguide in the microcalorimeter transmission line.

The HDPE material is first prepared by cutting it into a uniformly shaped rod. This initial

shaping verifies that the material matches the inner dimensions of the waveguide opening in

the metal waveguide, thereby ensuring structural integrity and optimal performance within the

microcalorimeter transmission line. Precision machining techniques, including CNC micro-

machining and laser cutting, are employed to achieve the required dimensional accuracy. The

fabrication of the dielectric waveguide requires high dimensional precision to ensure a proper

fit within the metal waveguide and to maintain consistent electromagnetic performance. In
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particular, the CNC micromachine used in this work must achieve tight tolerances on both the

cross-sectional dimensions of the dielectric rod and the geometry of its tapered ends.

Both ends of the dielectric waveguide are tapered on the vertical sides. According to the

simulation results, the tapered section is manufactured with a length of 10 mm at each tip.

The total length of the dielectric waveguide, from end to end, is approximately 174 mm. After

fabrication, the dielectric waveguide is assembled with the metal waveguide to form a complete

microcalorimeter transmission line. Alignment tools and fixtures are utilized during assembly

to confirm precise positioning.

4.3 Construction of the Transmission Line for the
Microcalorimeter

In this work, the construction of the microcalorimeter transmission line involves the integration

of three main components: a dielectric rod waveguide, a metal-coated PEEK hollow wave-

guide, and a metal waveguide. The dielectric rod waveguide is utilized as the primary trans-

mission medium due to its superior performance in propagating millimeter-wave signals with

low losses. The metal-coated PEEK hollow waveguide and the metal waveguide serve as tran-

sition elements, facilitating smooth transitions between the dielectric rod waveguide and other

devices.

One end of the dielectric rod waveguide is inserted into the metal waveguide, while the

other end is connected to the metal-coated PEEK hollow waveguide. The tapered tips of the

dielectric rod waveguide are joined to the transition sections through a trumpet structure at one

port of each transition section, as shown on the left side of Figures 4.2 and 4.4. The right

sides of these figures are connected to other devices, such as the RF source and the transfer

standard.

To protect the dielectric rod waveguide and extend its durability, a plastic tube equipped

with holders is used as a protective cover. This tube provides physical protection against ex-

ternal forces or environmental factors that could potentially damage the waveguide. To ensure

that the plastic protective tube does not interfere with the propagating modes of the dielectric

rod waveguide, its inner diameter must be sufficiently larger than the width of the dielectric

waveguide. It is recommended that the inner diameter be at least three times the width of the

dielectric rod to minimize interaction with the electromagnetic field. For mechanical purposes

in this design, the inner diameter of the protective tube is set equal to the diameter of the trumpet

structure in the metal waveguides, which is significantly larger than the diameter of the dielec-
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Figure 4.6: The complete transmission line used in the waveguide microcalorimeter, consist-
ing of one feeding line and one reference line. The assembly includes a dielectric
waveguide with tapered transitions, trumpet-shaped metal waveguide connectors
at both ends, and a plastic protective tube.

tric waveguide. The holders within the tube secure the dielectric rod waveguide in position

within the transmission line.

Figure 4.6 shows the complete transmission line of the microcalorimeter. The dummy line

of the microcalorimeter is constructed identically to the feeding line. The metal waveguide,

which forms one port of the transmission line, is positioned at the top of the microcalorimeter

and connected to the millimeter-wave signal source. The metal-coated PEEK hollow wave-

guide, forming the second port, is located at the bottom of the microcalorimeter and linked to

the power sensor.

The precise geometrical dimensions of the various components that constitute the mi-

crocalorimeter transmission line are listed in Table 4.1. This table serves as a comprehensive
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Table 4.1: Geometrical dimensions and recommended tolerances for the components of the
microcalorimeter transmission line.

Component Dimension Tolerance Notes

Overall 178 mm ±0.5 mm Total length of the microcalorimeter
transmission line transmission line.

Dielectric 174 mm ±0.5 mm Includes 10 mm tapered sections at
waveguide both ends; dielectric constant = 2.3.

Metal 48 mm ±0.1 mm Trumpet structure incorporated;
waveguide transition section as the input port.

Metal-coated PEEK 48 mm ±0.1 mm Trumpet structure incorporated;
hollow waveguide transition section as the output port.

Tapered 10 mm ±0.05 mm Both ends of the dielectric waveguide
sections are tapered on the vertical sides.

Trumpet 5.5 mm ±0.05 mm Diameter of the trumpet structure
structure in the transition section.

Hollow 0.648 mm (height) ±0.005 mm Cross-section of the
waveguide 1.295 mm (width) hollow waveguide [79].

reference for understanding the structural design of the transmission line of the microcalorime-

ter in the frequency range of 140 GHz to 220 GHz.

4.4 Assembly of the Waveguide Microcalorimeter

The assembly of the waveguide microcalorimeter involves the integration of multiple compo-

nents, including the millimeter-wave power source module, transmission lines, transfer stan-

dard, dummy load, thermopile, thermal jacket, and DC devices. These components are care-

fully positioned and precisely interconnected to build optimal system performance. The assem-

bly process starts with positioning the transmission line on the microcalorimeter base exten-

sion. The microcalorimeter base extension comprises two distinct parts, as depicted in Figure

4.7. This base extension provides the foundation for the entire system, assuring stability and

proper alignment of all subsequent components while being designed to offer structural support

and accommodate the symmetrical layout of the twin-line configuration.
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Figure 4.7: Microcalorimeter base extension.

A stable millimeter-wave power source is essential for the development of the waveguide

microcalorimeter. To ensure this stability, the source must provide a consistent output with

minimal power fluctuations. This is accomplished by integrating additional stabilization de-

vices with the signal source to maintain a steady millimeter-wave signal throughout operation.

The power source module comprises a signal generator, multiplier, isolator, filter, directional

coupler, power sensor, and power meter. The signal generator operates at frequencies up to

67 GHz. A multiplier with a multiplication factor of 6 extends the frequency range to 140

GHz–220 GHz. The waveguide filter minimizes harmonic signals generated by the multiplier.

An isolator reduces unwanted influences from the signal generation parts on the power sensor,

such as a poor or varying source match.

The combination of a directional coupler, thermoelectric sensor, and power meter ensures

precise leveling control of the signal generator. The incident power at the reference plane of the

60 DOI: 10.7795/110.20250905

https://doi.org/10.7795/110.20250905


4.4 Assembly of the Waveguide Microcalorimeter

microcalorimeter is consistently controlled through a power leveling system. The integration

setup for determining the millimeter-wave power source is similar to Figure 3.1, with monitor-

ing instruments connected to the side arm of the directional coupler.

The waveguide thermoelectric sensor serves as both the transfer standard and the dummy

load for the waveguide microcalorimeter. This choice arises due to the unavailability of com-

mercial thermistor mounts. The waveguide thermoelectric sensor was developed in collabora-

tion with Rohde & Schwarz.

RF-DC power substitution cannot be applied directly to the waveguide thermoelectric sen-

sor, necessitating additional devices such as DC sources and meters. The sensor includes two

absorbers: the RF termination (first heater) for RF power absorption and the DC resistive heater

(second heater) for DC power absorption [80].

The twin-type waveguide microcalorimeter features a symmetrical arrangement of the

feeding line and the dummy line. The transfer standard connects to the feeding line, while

the dummy load connects to the dummy line. This twin-line structure minimizes the effects of

ambient temperature drift, improving measurement repeatability.

The feeding line, dummy line, transfer standard, dummy load, and microcalorimeter ther-

mopile are enclosed within copper-walled thermal jackets, as presented in Figure 4.8, to reduce

Figure 4.8: Thermal jacket.
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temperature fluctuations. The two outer layers made of plastic are combined to form the outer

thermal jacket, while the remaining layer, made of copper, serves as the inner thermal jacket. A

large number of polymeric foams are placed between the outer and inner thermal jackets to im-

prove the long-term stability of temperatures [14]. Custom fasteners confirm precise alignment

and secure the components within the jackets during measurements.

The microcalorimeter thermopile, as depicted in Figure 4.9, is mounted at the reference

plane to measure the temperature difference between the transfer standard and the dummy load

(a)

(b)

Figure 4.9: Microcalorimeter thermopile. (a) 60 thermocouple pairs. (b) 90 thermocouple
pairs.
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in the microcalorimeter measurement. This thermopile is custom-designed for the waveguide

microcalorimeter and measures 80 mm in length from one terminal to the other. It is fabricated

using type T (copper–constantan) thermocouples and generates an output voltage proportional

to the temperature difference.

The previous generation of the thermopile consisted of 60 thermocouple pairs connected in

series (Figure 4.9(a)). Recently, a new thermopile was developed with approximately 90 ther-

mocouple pairs (Figure 4.9(b)). Constructed also from copper and constantan (ISOTAN) and

covered with a polyimide film (Kapton), the thermopile provides mechanical rigidity, excellent

insulation, and high tensile strength [81], [82].

The construction of the waveguide microcalorimeter incorporates a variety of custom-built

mechanical components to achieve precise alignment of the system. Components such as hold-

ers, clamps, rings, cones, and feedthrough connectors were specifically designed for this pur-

pose, as shown in Figure 4.10. Each component is manufactured with micrometer-level toler-

ances to ensure precise alignment of the microcalorimeter for accurate millimeter-wave power

measurements.

Figure 4.10: Mechanical components of waveguide microcalorimeter.
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Figure 4.11: Waveguide microcalorimeter for millimeter-wave power standard and system
(140 GHz–220 GHz).

To enable connectivity between RF devices and measurement instruments, specialized ca-

bles with custom connectors were installed and routed through the top lid of the microcalorime-

ter. These cables provide reliable connections for DC measurement instruments, facilitating

the integration of external devices such as thermoelectric sensors and power meters. Special-

ized feedthroughs are employed to ensure that the cables maintain signal integrity while also

providing mechanical robustness during operation. These connection interfaces offer reliable

sealing, contributing to the long-term stability of the microcalorimeter. The fully assembled

WR-5 waveguide microcalorimeter, shown in Figure 4.11, serves as a primary standard and

measurement system for millimeter-wave power within the frequency range of 140 GHz to 220

GHz.
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Characterization of the waveguide microcalorimeter is performed to validate its functional-

ity and verify its suitability as the primary standard for millimeter-wave power measurements

within the frequency range of 140 GHz to 220 GHz. This process involves assessing the per-

formance of each individual component to verify that their combined operation yields accurate

and reliable power measurements. Key factors include the evaluation of the power source level,

transmission line characteristics, and the microcalorimeter correction factor, all of which con-

tribute to the overall measurement accuracy. Furthermore, measurement of the waveguide ther-

moelectric sensor transfer standard confirms traceability and completes the evaluation process

of the waveguide microcalorimeter.

5.1 Measurement of Power Source Levels

The stability of the power source impacts the consistency of the power delivered to the mi-

crocalorimeter, making it an essential parameter for accurate measurements. To monitor power

source levels, a power meter is typically connected to the output waveguide of the millimeter-

wave power source, providing feedback on power levels as illustrated in Figure 5.1. In this

configuration, a Rohde & Schwarz NRP220TWG power sensor, along with a Rohde & Schwarz

Monitoring
power sensor

Signal
generator

Directional
coupler

Power
meter

Microcalorimeter

Feedback
algorithm

PC

Figure 5.1: Schematic of the power source stabilization process.
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Figure 5.2: The stability of the millimeter-wave signal generator (fluctuation relative to the
initial value at time = 0). The initial values were 87 µW, 58 µW, and 42 µW at
frequencies of 140 GHz, 180 GHz, and 220 GHz, respectively.

NRX power meter, is attached to the side arm of a directional coupler, which isolates the for-

ward traveling wave from any reflected power. This isolation ensures that the power meter

captures the true output power stability without interference from reflections. By observing the

output power, any fluctuations in the output of the signal generator can be detected and adjusted

to maintain a stable power source.

Figure 5.2 presents the fluctuation of power measurements relative to the initial value (time

= 0), highlighting the stability of the millimeter-wave signal generator. The initial powers were

87 µW, 58 µW, and 42 µW at frequencies of 140 GHz, 180 GHz, and 220 GHz, respectively.

The graph illustrates the output power stability at the start, middle, and end of the frequency

range of the waveguide microcalorimeter with the same power set at the reference plane. The

minor fluctuations observed in the output power are well within acceptable limits.
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If significant power fluctuations are detected, a feedback loop is activated. The feedback

mechanism operates as follows: the power meter continuously monitors the forward power. If

a deviation from the preset reference level is detected, the system sends a control signal back to

the signal generator through a feedback algorithm in the custom LabVIEW program, adjusting

its output power to restore the desired level. This adjustment ensures that the incident power at

the reference plane of the microcalorimeter remains stable across all frequency measurements.

This controlled setting assures consistent input power to the microcalorimeter, providing a re-

liable reference for accurate millimeter-wave power measurements.

5.2 Measurement of the Transmission Line for the
Waveguide Microcalorimeter

The main measurement parameters of the transmission line to be determined include insertion

loss (IL) and return loss (RL) across the operational frequency range. These parameters were

measured using a vector network analyzer connected to the input and output ports of the trans-

mission line, as shown in Figure 5.3. High return loss and low insertion loss are desirable

characteristics for waveguide components. For waveguides operating in the 140 to 220 GHz

band, acceptable return loss values typically range from 10 dB to 20 dB or better. Insertion loss

specifications vary depending on the component and application, but are often between 1 dB

and 4 dB [83]–[86]. Return loss and insertion loss are linked to the S-parameters, as shown in

Equations 5.1 and 5.2.

RL = −20 log(|S11|) (5.1)

IL = −20 log(|S21|) (5.2)

Figure 5.4 shows the measurement results of the S11 parameter for the microcalorimeter

transmission line across the operational frequency range of 140 GHz to 220 GHz, compared

with the simulation results. A return loss better than 16 dB was observed throughout this fre-

quency range, indicating good impedance matching. This is essential for the precise determina-

tion of millimeter-wave power, as reflections can introduce uncertainties into the measurement

process.

Furthermore, the measured results align with simulation predictions, validating the design

and the simulation models employed during the development process. The agreement between
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Figure 5.3: Measurement setup for the transmission line of the microcalorimeter.

measured and simulated results also highlights the reliability of the transmission line design in

maintaining consistent performance across a wide operational bandwidth.

Figure 5.5 depicts both the measurement and simulation results for the S21 parameter of the

microcalorimeter transmission line within the frequency band of 140 GHz to 220 GHz. Across

the specified frequency range, the insertion loss ranges between approximately 2.9 dB and

3.8 dB. These values indicate a reasonable and acceptable level of loss for a transmission line

operating at these frequencies, where achieving low losses presents significant challenges [26].

Compared to microcalorimeters operating in lower frequency bands, such as WR-10 (75 to 110

GHz) or WR-15 (50 to 75 GHz), insertion losses are typically in the range of 1.0 to 2.0 dB. At

even lower frequencies, such as below 18 GHz, insertion losses can be less than 0.5 dB due to

reduced conductor losses. Although the measured loss in this system is higher, it aligns with

expectations at 140 to 220 GHz, where both dielectric and conductor losses naturally increase

with frequency. The simulation results show nearly perfect performance, with insertion loss
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Figure 5.4: S11 parameter of the microcalorimeter transmission line.

close to zero, as they were conducted using a PEC for the metal waveguide and a lossless

dielectric material, while the measurement results come from a lossless transmission line.

Insertion loss is influenced by several factors, including the materials and design of the

transmission line. One major contributor to the observed losses is the loss tangent of the dielec-

tric material used in the transmission line. At millimeter-wave frequencies, even materials with

relatively low loss tangents can exhibit losses due to the increased sensitivity of these systems

to material properties [87]. In this work, the dielectric material has a loss tangent of approxi-

mately 0.005 to 0.010 [26]. Achieving sufficiently low insertion loss allows the transmission

line to support accurate and reliable power measurements in the waveguide microcalorimeter.
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Figure 5.5: S21 parameter of the microcalorimeter transmission line.

5.3 Measurement Procedure for the Power of the Waveguide
Microcalorimeter

The measurement procedure for the waveguide microcalorimeter involves a sequence of steps,

including thermal stabilization, RF power measurement, and DC power measurement. Since

the NTS220TWG waveguide thermoelectric device is used as the transfer standard, RF power

and DC power measurements are performed alternately to enable RF-DC substitution. The

measurement process is automated using a custom software program developed in LabVIEW.

5.3.1 Thermal Stabilization

Prior to conducting power measurements, the waveguide microcalorimeter must be thermally

stabilized. This step is crucial because millimeter-wave power is measured based on the heat
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generated within the microcalorimeter, and even slight variations in ambient temperature can

introduce significant errors.

The thermal stabilization process involves monitoring the temperature of the microcalorime-

ter system. This is achieved using the microcalorimeter thermopile connected to a nanovolt-

meter, which measures the voltage generated by the thermopile in response to temperature

changes. A low voltage (in the range of hundreds of nanovolts) and stable voltage reading indi-

cates that the temperature difference between the sensors is minimal, signifying that the system

has reached thermal equilibrium and is adequately stabilized.

The thermopile is highly sensitive to small temperature variations, making it an ideal in-

strument for monitoring the thermal environment within the microcalorimeter. The thermal

stability of the system can be continuously assessed by observing the voltage readings from the

nanovoltmeter.

After completing the measurement setup, as illustrated in Figure 3.1, the thermal stabiliza-

tion process is initiated to ensure a stable environment for accurate power measurements. This

process is typically completed within one day. During this period, the system components, in-

cluding the waveguide microcalorimeter and its surrounding environment, gradually adjust to

eliminate any residual thermal gradients or fluctuations.

Figure 5.6 shows the thermopile voltage output from the moment the microcalorimeter is

immersed in the thermal jacket until thermal stabilization is achieved over a 24-hour period.

A significant drop in thermopile voltage occurs within the first hour of immersion. The abrupt

deviation at around 1.3 hours can be explained by the measurement setup. During the initial

phase, the thermal jacket of the microcalorimeter was open while the device was being im-

mersed, which allowed the ambient temperature to have a strong influence on the system. This

is reflected in the large difference in the thermopile output voltage, indicating a temperature dif-

ference between the thermal reference and the transfer standard. After the thermal jacket was

closed, the system began to stabilize, accompanied by a significant decrease in temperature.

However, fluctuations in the voltage continue until the system stabilizes after approxi-

mately 18 hours, as shown in Figure 5.7. Beyond this point, the thermopile voltage remains

relatively stable, with fluctuations within ±50 nV. The results further exhibit an initial fluctua-

tion, followed by small but regular oscillations. This behavior can be interpreted as the system

gradually reaching a thermal equilibrium state while compensating for the influence of the am-

bient temperature. The presence of the thermal jacket minimizes these external effects and

supports the stabilization of the temperature inside the microcalorimeter.

Once the thermal environment has reached equilibrium and stable voltage readings are

observed on the nanovoltmeter, the microcalorimeter is ready to perform measurements. The
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Figure 5.6: Thermopile voltage output of the microcalorimeter over 24 hours, starting from
initial immersion in the thermal jacket until thermal stabilization is achieved. The
gradual decrease in voltage fluctuation indicates the system reaching thermal equi-
librium, which is necessary for accurate RF power measurements.

stability achieved during this process assures that the heat detected by the microcalorimeter is

solely due to the incident millimeter-wave power, without external temperature influences. This

careful preparation establishes the foundation for reliable power measurements.

5.3.2 RF Power Measurement

Microcalorimeter measurements are carried out in two main sequential steps: the RF power

measurement and the DC power measurement. The process begins with the RF power mea-

surement, where the microcalorimeter receives the incident RF signal. Throughout this phase,

the DC heater circuit is left unbiased, and the DC source is completely disconnected from the

measurement system [14].
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Figure 5.7: Thermal stabilization is achieved after the microcalorimeter is immersed in the
thermal jacket for 18 hours.

RF power is determined by precisely measuring the heat dissipated in the load of a wave-

guide thermoelectric sensor. When RF power from the signal generator is applied to the trans-

mission line, it is absorbed by the RF load within the sensing region of the transfer standard,

converting the RF signal into heat. The sensor thermopile inside the thermoelectric sensor

measures the temperature rise due to the applied RF power, as illustrated in Figure 5.8. Si-

multaneously, the microcalorimeter thermopile at the reference plane measures the temperature

difference between the transfer standard and the dummy load.

During the RF power measurement, the output voltages of the sensor thermopile, denoted

as VTRF, and the output voltages of the microcalorimeter thermopile, represented as eTRF, are

recorded using nanovoltmeters, as shown in Figure 3.1. These voltages are directly associated

with the temperature increase at the reference plane of the microcalorimeter, resulting from
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Figure 5.8: Wiring diagram of waveguide thermoelectric sensor [35].

the absorption of RF power in the RF termination. The voltages are subsequently used in

calculating the generalized efficiency of the transfer standard.

5.3.3 DC Power Measurement

DC power measurement provides a reference for the accurate determination of RF power us-

ing the RF-DC substitution technique in the microcalorimeter measurement. This approach

involves comparing the thermal response induced by RF power to the equivalent thermal re-

sponse generated by a known DC power. The ability to establish this direct correlation ensures

that RF power measurements are traceable to fundamental electrical standards.

In a waveguide thermoelectric sensor, the two loads can be designed to have identical

electrical and thermal characteristics, but they do not have to be. For example, the RF heater

could be 50 Ω, while the DC heater is 1 kΩ, and the thermopile does not have to be completely

symmetrical. Thus, unlike bolometer sensors, the efficiency value can be larger than 1. This is

due to differences in electrical resistance and thermal coupling between the RF and DC loads,

which can result in a stronger thermopile response to RF heating compared to DC heating,

making it possible for the efficiency to exceed 1. When RF power is applied to the first load,

it is absorbed and dissipated as heat, resulting in a measurable temperature increase. Similarly,

when DC power is applied to the second load, it produces an equivalent thermal effect. The DC

power is adjusted until the thermal response matches that of the RF power.

During the DC power measurement, the RF source is switched off to make sure that the

thermal response is only due to the applied DC power. In this process, the output voltage

74 DOI: 10.7795/110.20250905

https://doi.org/10.7795/110.20250905


5.4 Measurement of the Correction Factor for the Waveguide Microcalorimeter

of the sensor thermopile is denoted as VTDC, and the output voltage of the microcalorimeter

thermopile is represented as eTDC. These voltages represent the temperature rise in the sensing

region caused by the DC power dissipated in the heater element. The DC source is controlled

with the goal of matching VTDC as closely as possible to VTRF. When VTDC matches VTRF, it

indicates that the thermal response from the DC power is equivalent to that produced by the

absorbed RF power. Once the matching condition is achieved, the nanovoltmeter records the

values of VTDC and eTDC, which are then used to determine the generalized efficiency of the

transfer standard.

The DC substituted power PDC is calculated using the output voltage of the thermoelectric

sensor VDC, and the resistance of the DC heater, RDC as expressed in Equation 5.3. In this

calculation, VDC is measured using a multimeter, as depicted in Figure 5.8. The resistance RDC

is a known and stable parameter, typically determined through prior characterization of the DC

heater. In this work, the resistance RDC is measured to be 994.5 Ω. The DC substituted power

is considered equivalent to the RF power absorbed PRFabs.

PDC = V 2
DC

RDC
. (5.3)

5.4 Measurement of the Correction Factor for the
Waveguide Microcalorimeter

Determination of the correction factor for a microcalorimeter is a significant step in the devel-

opment of the new microcalorimeter. An ideal microcalorimeter is modeled by Equation 2.4

with g being 1. The correction factor should account for all relevant non-ideal factors, including

losses in the feeding line and sensor input section (both contributing to variability in the heating

constant), as well as RF radiation, where a portion of the incident RF power is emitted from the

system as electromagnetic radiation instead of being absorbed by the sensor load. Addition-

ally, this correction factor is utilized to calculate the generalized efficiency of the NTS220TWG

thermoelectric sensors [88].

5.4.1 Measurement Methods for the Correction Factor of
Microcalorimeters

Several methods exist for calculating the correction factor of microcalorimeters. These include

the line method, through method, offset short method, foil short method, and a newer method

involving a vector network analyzer [19], [21], [25], [39]. Most NMIs determine the correction
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factors for their microcalorimeters using one of these methods. It has been reported in [39]

and [88] that comparisons of these measurement methods show good agreement. In this study,

the correction factor was determined using the foil short method. This technique is particu-

larly advantageous because of its simplicity and effectiveness in identifying RF losses during

microcalorimeter measurements.

Figure 5.9 shows a custom-made foil short, constructed from copper, which is used as a

flush short in the foil short measurement method. The foil short is designed to be as thin as

possible to maintain a similar thermal response when measuring the transfer standard with and

without the foil short. It was fabricated with a thickness of 0.05 mm. This foil short is placed

between the reference plane and the transfer standard to characterize the correction factor of

the dielectric waveguide microcalorimeter.

There are two measurement steps involved in calculating the correction factor using the

foil short method. First, the microcalorimeter measures the foil short with the transfer stan-

dard, followed by a measurement of the transfer standard alone. An isolator is used during

measurements of the transfer standard with the foil short to protect the signal generator from

reflected power caused by the foil short. The correction factor of the microcalorimeter is ana-

lyzed in relation to RF power losses and the variability of thermal paths (the nonlinearity effect)

in the microcalorimeter-transfer standard combination. Generally, the correction factor is used

Figure 5.9: Foil short for the determination of the microcalorimeter correction factor [88].
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to account for the contribution of losses due to imperfections in the thermal isolation section

of the microcalorimeter, which can be characterized using the foil short. The correction factor

quantifies the difference between an ideal heat measurement, in which no heat is lost, and the

actual measurement, in which a portion of the heat is lost. In this microcalorimeter setup, the

dielectric waveguide and the metal-coated PEEK hollow waveguide at the reference plane act

as the thermal isolation section [88], [89].

To quantify deviations from ideal behavior and determine the correction factor g, the foil

short method is employed. Equation 5.4 presents a model for calculating the correction factor.

The value 1 reflects the baseline ideal case (no correction needed), while the remaining terms

account for deviations from this ideal condition.

g = 1 + MS · (Measured deviation from ideal reflection) (5.4)

In this method, a foil short with reflection coefficient ΓFS is placed at the reference plane.

The short causes all incident RF power to be reflected back toward the source, while dissipa-

tion occurs through Ohmic losses at the foil short. When RF power is delivered to the mi-

crocalorimeter, the corresponding change in thermopile output voltage ∆eFS, is detected. This

voltage is measured using a nanovoltmeter and can be expressed as a function of the incident

power at the foil short PiFS, the reflection coefficient ΓFS and a proportionality constant kS. This

constant, which depends on the fraction of power passing through the thermopile and its sen-

sitivity [14], characterizes the sensitivity and efficiency of the thermopile in detecting thermal

changes and converting them into a measurable voltage output. The resulting voltage represents

the thermal response of the microcalorimeter.

In practice, the transfer standard connected to the microcalorimeter may not perfectly

match the characteristic impedance of the microcalorimeter system, resulting in partial re-

flections and standing waves. These standing waves alter the thermal loading pattern at the

reference plane and, consequently, affect the heat transfer to the thermopile. The degree of

mismatch is described by the reflection coefficient of the transfer standard ΓS. To account for

the influence of these reflections, a mismatch correction factor MS is introduced, as shown

in Equation 5.5. This term models how the presence of standing waves modifies the power

absorbed compared to the perfectly matched case.

MS = 1 + |ΓS|2

1 − |ΓS|2
(5.5)
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By combining the adjusted thermal response from the foil short measurement and cor-

recting for the mismatch introduced by the transfer standard, the complete expression for the

correction factor g is formulated in Equation 5.6. This factor includes three terms: the baseline

ideal value of 1, a mismatch scaling term, and the difference between the measured thermal

response and the expected ideal response with the foil short (the bracketed term). This equation

compensates for relevant non-idealities, including reflection mismatches and partial power loss,

therefore enabling precise microcalorimeter measurements.

g = 1 + 1 + |ΓS|2

1 − |ΓS|2
·
(

∆eFS

kSPiFS (1 + |ΓFS|2) − 1 − |ΓFS|2

1 + |ΓFS|2

)
(5.6)

The value PiFS is determined through a directional coupler experiment and represents the

RF power reaching the foil short, as described in [6], [89]. This involves measuring the inci-

dent power at the main port and the side-arm powers when the power sensor and the foil short

with the sensor connected to the microcalorimeter. The reflection coefficients ΓS and ΓFS are

measured using a VNA. The proportionality constant kS is influenced by the physical prop-

erties of the thermopile, such as its thermal conductivity, electrical resistivity, and structural

design. This constant is derived from the linearity of the thermopile, as shown in Figure 5.10,

and is calculated using Equation 5.7. The thermopile output voltage increases proportionally

with the applied DC power, indicating a highly linear response over the measured range. This

linear behavior confirms the suitability of the thermopile for precise thermal power detection in

microcalorimeter applications.

kS = P DC

eDC
(5.7)

The value eDC denotes the average thermopile output voltage when only the power sensor is

attached to the microcalorimeter. This voltage results from the heating effect of several applied

DC power levels P DC.

5.4.2 Correction Factor of the Dielectric Waveguide Microcalorimeter

Figure 5.11 shows the correction factor associated with the newly developed dielectric wave-

guide microcalorimeter, which uses a thermoelectric sensor as the transfer standard. This plot

presents a combination of measured data points for the correction factor values and a second-

degree (quadratic) polynomial fit that has been applied to the data. The data points show signif-

icant variability because each frequency results in a different standing wave pattern, leading to

slightly different thermal conditions at the reference plane. The polynomial fit helps account for
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Figure 5.10: Linearity characterization of the microcalorimeter thermopile.

these standing wave patterns as described in [25]. The fitted curve is a quadratic polynomial of

the form: correction factor = 0.00001022 f2 - 0.003755 f + 1.387. The second-degree polyno-

mial was used because the correction factor varies smoothly with frequency and exhibits slight

curvature. The quadratic fit captures this behavior effectively. In contrast, higher-order poly-

nomials would introduce unnecessary complexity without physical justification, while a linear

(first-degree) fit may not adequately represent the curvature across the frequency band.

This expression was chosen to strike a balance between fitting accuracy and avoiding over-

fitting. It effectively captures the general trend and fluctuations in the correction factor over

the 140–220 GHz frequency range while reducing the impact of noise caused by standing wave

effects. Although higher-order polynomials were considered, they did not offer significant im-

provements in fit quality and introduced unnecessary oscillations.

The correction factor values for the dielectric waveguide microcalorimeter range from

1.041 to 1.062 over the frequency span of 140 GHz to 220 GHz. These values, which con-
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Figure 5.11: Correction factor g of the new dielectric waveguide microcalorimeter.

sistently exceed 1, indicate the presence of RF losses in the microcalorimeter transmission line.

To ensure accurate measurement results, the raw data obtained from the microcalorimeter mea-

surement must be multiplied by the corresponding correction factor to compensate for these

losses.

In the foil short method, the calculation of the correction factor relies on thermopile volt-

ages, and the reflection coefficients of the foil short and the transfer standard. Measurement

results demonstrate some variations in the correction factor as a function of frequency, mainly

due to imperfections in the measured reflection coefficients of the foil short. Ideally, a foil short

reflects nearly all incident RF power (|ΓFS| = 1). However, in practice, it may be slightly less

due to imperfect construction or material properties. The frequency dependence of the correc-

tion factor is further influenced by reflections from the transfer standard, although RF loss is the

dominant factor overall. Furthermore, variability in the thermal path within the microcalorime-

ter contributes to the correction factor.
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5.4.3 Comparison of Correction Factors of Microcalorimeters Over Time

PTB has built a series of microcalorimeters as RF power standards for different frequency

bands over the years. These microcalorimeters have developed from the first generation N-type

coaxial microcalorimeter to the recently established WR-5 waveguide microcalorimeter. Every

version represents a step forward in extending frequency coverage. For each newly developed

microcalorimeter, determining the correction factor is a crucial step in the measurement pro-

cess.

Table 5.1 provides a comparative overview of the correction factor values for several mi-

crocalorimeters developed at PTB. The table includes eleven microcalorimeters with various

connector types, each designed to operate within specific frequency ranges. The measurement

frequency range of these microcalorimeters spans from 10 MHz to 220 GHz. The increasing

correction factor highlights the challenges associated with RF losses at higher frequencies, as

demonstrated by comparing the correction factors across different microcalorimeters.

Microcalorimeters designed to operate at higher frequencies exhibit larger correction fac-

tors compared to those operating at lower frequencies. This trend is primarily due to the in-

creased RF losses and variations in thermal response associated with millimeter-wave and sub-

Table 5.1: Comparison of correction factors for microcalorimeters at PTB [90].

Type of microcalorimeter Frequency range Correction factor values

N type coaxial 10 MHz — 18 GHz 1.00079 — 1.0034

WR-90 8.2 GHz — 12.4 GHz 1.0011 — 1.0020

WR-62 12.4 GHz — 18 GHz 1.0012 — 1.0022

WR-42 18 GHz — 26.5 GHz 1.0015 — 1.0037

WR-28 26.5 GHz — 40 GHz 1.0016 — 1.0044

WR-22 33 GHz — 50 GHz 1.0019 — 1.0058

WR-19 40 GHz — 60 GHz 1.0083 — 1.013

WR-15 50 GHz — 75 GHz 1.012 — 1.016

WR-10 75 GHz — 110 GHz 1.015 — 1.026

WR-7 110 GHz — 170 GHz 1.020 — 1.040

WR-5 140 GHz — 220 GHz 1.041 — 1.062
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millimeter-wave measurements. Among the microcalorimeters developed at PTB, the new di-

electric waveguide microcalorimeter demonstrates the highest correction factor. As the operat-

ing frequency increases, the heat distribution generated by RF dissipation within the waveguide

becomes less uniform. This variability in thermal distribution amplifies nonlinearities in the

thermopile response. These inconsistencies further impact the correction factor, demonstrating

the importance of precise measurement techniques.

5.5 Measurement of the Transfer Standard

For the first time, a waveguide thermoelectric sensor of type NTS220TWG was utilized as a

transfer standard in the WR-5 dielectric waveguide microcalorimeter. This milestone represents

a significant advancement in the calibration of millimeter-wave power sensors within the fre-

quency range of 140 GHz to 220 GHz. The transfer standard establishes a connection between

primary power standards and secondary measurement systems.

5.5.1 Generalized Efficiency of the Transfer Standard

In the characterization of waveguide thermoelectric sensors, a measurement quantity known

as generalized efficiency is introduced instead of effective efficiency, which is commonly used

for thermistor mounts. This shift from effective efficiency to generalized efficiency is neces-

sary due to fundamental differences in the measurement processes between thermistor mounts

and waveguide thermoelectric sensors. Unlike thermistor mounts, which have a single absorber

where the RF-DC substitution technique can be directly applied, waveguide thermoelectric sen-

sors contain two absorbers. As a result, the RF-DC substitution technique cannot be applied

directly. Instead, it is implemented indirectly to determine the generalized efficiency of a wave-

guide thermoelectric sensor [14], [16].

The generalized efficiency ηgen is defined as the ratio of the DC substituted power in the

DC resistive heater to the RF power absorbed in the RF termination. This ratio is determined

under the condition that the output voltage of the sensor thermopile remains equal for both RF

and DC power measurements. This definition ensures that the efficiency parameter correctly

accounts for the thermal and electrical characteristics of waveguide thermoelectric sensors. The

expression for generalized efficiency is given in Equation 5.8, providing a quantitative basis for
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comparing sensor performance across a frequency measurement range.

ηgen = PDC

PRFabs

∣∣∣∣∣
VTRF=VTDC

. (5.8)

The generalized efficiency establishes the relationship between the DC substituted power

and the RF power absorbed for a waveguide thermoelectric sensor. This efficiency characterizes

the performance of the waveguide thermoelectric sensor for RF power measurements. Since

waveguide thermoelectric sensors rely on thermal conversion principles, their efficiency must

be evaluated by considering heat distribution and thermopile response within the sensor.

Heating coefficients describe the sensitivity of the thermopiles used in both the microcalori-

meter and the transfer standard. The heating coefficient of the microcalorimeter, denoted as m,

is determined using Equation 5.9. This coefficient quantifies the response of the microcalorime-

ter thermopile to a given amount of applied RF power and DC power. Similarly, the heating

coefficient of the transfer standard, represented as n, is determined using Equation 5.10. This

coefficient identifies the sensitivity of the sensor thermopile to thermal energy generated by

both RF absorption and DC substitution.

Determination of the generalized efficiency of the transfer standard is based on the RF

power absorbed by the sensing element of the thermoelectric sensor. However, in practical

implementations, not all of the incident RF power is absorbed by the sensing element. A por-

tion of the RF power spreads beyond the absorption region, dissipating into surrounding areas

within the sensor structure or the waveguide itself. To address this issue, the correction factor

of the microcalorimeter, as quantified using Equation 5.6, is incorporated into the calculation of

the generalized efficiency. By applying this correction, the determination of the generalized ef-

ficiency of the transfer standard becomes more precise [14]. Finally, the generalized efficiency

of the waveguide thermoelectric sensor is calculated using Equation 5.11.

m = PDC

eTDC
(5.9)

n = PDC

VTDC
(5.10)

ηgen = g · n

m
· VTRF

eTRF
(5.11)
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The calibration factor of the transfer standard, which is derived from the generalized efficiency,

is determined using Equation 5.12.

K = ηgen

(
1 − |Γ |2

)
(5.12)

This approach to determining the calibration factor is consistent with the conventional method

based on the effective efficiency.

5.5.2 Measurement of Generalized Efficiency of the Waveguide
Thermoelectric Sensor

Figure 5.12 presents the generalized efficiency of the NTS220TWG waveguide thermoelectric

sensor (serial number 900001) measured in the WR-5 dielectric waveguide microcalorimeter.
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Figure 5.12: Generalized efficiency of the NTS220TWG waveguide thermoelectric sensor
(serial number 900001).
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In addition to the generalized efficiency values, the figure also illustrates the associated ex-

panded uncertainty with a coverage factor of k = 2, representing a 95 % confidence level. The

results indicate that the generalized efficiency of the NTS220TWG transfer standard varies be-

tween 60 % and 74 % across the frequency range of 140 GHz to 220 GHz. The generalized

efficiency range is considered acceptable to good for this millimeter-wave frequency band. The

frequency-dependent variation in the generalized efficiency can be attributed to factors such

as changes in RF absorption characteristics of the RF load, thermal dissipation properties, and

waveguide losses at different frequencies.

Several sources contribute to the uncertainty in the measurement of generalized efficiency,

including uncertainty in the correction factor, bias voltage measurement uncertainty, thermopile

voltage measurement uncertainty and measurement repeatability. Equation 5.11 serves as the

model equation to calculate the contribution of each uncertainty source.

The uncertainty in the correction factor primarily arises from reflections, thermal variabil-

ity, and imperfections in the foil short. It is evaluated based on external measurement data and

is classified as a Type B uncertainty. This uncertainty is assumed to follow a normal (Gaussian)

distribution, due to the nature of the calibration process. The relatively high sensitivity coeffi-

cient for this input indicates that uncertainty in the correction factor significantly impacts the

final result of the generalized efficiency.

The bias voltage, measured by a digital voltmeter, represents the electrical output of the

thermoelectric sensor when exposed to RF power. Its uncertainty stems from noise and the

resolution limits of the digital voltmeter. This is also a Type B uncertainty, assumed to follow

a normal distribution, with a sensitivity coefficient that indicates a moderate influence on the

overall uncertainty.

The thermopile voltage reflects the thermal response of the microcalorimeter to the ab-

sorbed RF power. Uncertainty in this measurement is due to variations in thermal conduction,

and limitations in nanovoltmeter resolution and noise. It is classified as a Type B uncertainty,

assumed to follow a normal distribution. Its sensitivity coefficient indicates an inverse re-

lationship with generalized efficiency, meaning that as the thermopile voltage increases, the

calculated efficiency decreases.

Measurement repeatability accounts for the variability in four repeated measurements un-

der identical conditions. It is categorized as a Type A uncertainty and is statistically estimated

from the standard deviation of the repeated measurements. The sensitivity coefficient for re-

peatability is unity, as it directly reflects changes in the output quantity, which is the generalized

efficiency.
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Table 5.2: Uncertainty budget for the generalized efficiency at frequency of 220 GHz [14].

Quantity Probability Type Standard Sensitivity Uncertainty
distribution uncertainty coefficient contribution

u(xi) c(xi) |c(xi)| · u(xi)

Repeatability Normal A 0.004812 1 0.004812

Bias voltage Normal B 0.004591 0.1283 0.000589

Thermopile voltage Normal B 0.060982 -0.0326 0.001988

Correction factor Normal B 0.022640 0.5656 0.012805

Combined standard 0.013836
uncertainty, uc

Expanded uncertainty 0.028
(k = 2), U

All these input uncertainties are combined into a combined standard uncertainty using the

root-sum-square (RSS) method, in accordance with the Guide to the Expression of Uncertainty

in Measurement, which provides a standardized framework for these calculations [23], [91].

The expanded uncertainty of the generalized efficiency of the NTS220TWG waveguide ther-

moelectric sensor has been determined to be approximately 3 % within its operating frequency

range, up to 220 GHz. The dominant contributor to this overall uncertainty is the correc-

tion factor, emphasizing the importance of its accurate characterization in the waveguide mi-

crocalorimeter system. Table 5.2 presents the uncertainty budget for the generalized efficiency

at a frequency of 220 GHz.
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A transfer standard that has been measured in a microcalorimeter is further used to disseminate

measurement results through the calibration process in the direct comparison method. In this

work, the NTS220TWG transfer standard establishes a link between the primary RF power

standard and working measurement standards, building measurement traceability across the

140 GHz to 220 GHz frequency range. This confirms that RF power measurements conducted

by laboratories remain consistent, reliable and traceable to the primary standard. The approach

contributes to the expansion of the metrological framework for RF power measurements at

higher frequencies, supporting a broader range of millimeter-wave applications [92].

6.1 Direct Comparison Transfer Method

The direct comparison transfer method is a fundamental technique for measuring RF power

based on alternating connections between a calibrated power sensor and an unknown power

sensor to an RF power source. This method allows for a direct comparison of an unknown RF

signal with a calibrated reference power sensor, enabling accurate power measurement with

minimal complexity [29], [93]. The RF power source used in this method can take various

forms, including:

• A signal generator, which serves as a power source.

• A signal generator with an isolator or attenuator, which helps mitigate reflections and

stabilize power output.

• A setup incorporating a directional coupler (power splitter), which provides monitoring

of the signal generator output while ensuring a controlled measurement process.

The direct comparison method is widely used in calibration laboratories and RF applica-

tions due to its speed, simplicity, and effectiveness. This technique provides a straightforward

and efficient approach for transferring measurement traceability from a primary standard to an

unknown sensor, making it ideal for routine calibration procedures in industry. Higher accuracy

implementations include high-directivity waveguide directional couplers for waveguide-based

RF power measurements or precision power splitters for coaxial RF power measurements. The

use of a highly directive directional coupler helps stabilize the forward-traveling signal compo-

nent, effectively providing a matched and stable signal source [94].
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Figure 6.1: Simplified block diagram of RF power sensor calibration using the direct compar-
ison transfer method with a directional coupler.

Figure 6.1 presents a block diagram illustrating the calibration process of an RF power

sensor using the direct comparison transfer method with a directional coupler. In this setup,

the effective signal source comprises the following elements: a signal generator, a directional

coupler, and a monitoring power sensor. The output reflection coefficient of this source setup is

known as the equivalent source reflection coefficient (equivalent source mismatch) ΓGE, which

represents the reflection characteristics of the effective signal source at the output terminal of

the directional coupler [95].

The directional coupler plays a crucial role in the calibration system by providing power

monitoring. It assures that the RF power delivered to both the standard sensor and the unknown

sensor remains stable by compensating for any fluctuations in the signal generator output. A

dedicated monitoring power sensor measures the power at the coupled port (side arm of the di-

rectional coupler), allowing real-time adjustments to the generator output to maintain a constant

power level. To achieve high measurement accuracy, a feedback loop is implemented between

the monitoring power sensor and the signal generator [4]. The main role of this feedback loop

is to stabilize the output power from the generator in real time. In practice, this is accomplished

by continuously sampling the power at the coupled port using the monitoring sensor and feed-

ing that measurement into a control system, which dynamically adjusts the output level of the

signal generator. This is implemented using a software-based feedback algorithm integrated

into the measurement system. Any deviation in the monitored power, caused by generator drift,

triggers an immediate correction signal to the generator, maintaining a constant power level at

the measurement port.
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In the millimeter-wave waveguide band, the performance of the feedback loop is enhanced

by using high-directivity directional couplers with stable coupling ratios and low-reflection

monitoring sensors with fast response times. These directional couplers allow accurate signal

sampling through the coupled port and provide consistent coupling performance across fre-

quencies. This ensures that power fluctuations are detected quickly and corrected effectively.

The approach significantly improves measurement repeatability and minimizes errors caused

by power instability in millimeter-wave calibration setups.

The signal generator is typically connected to port 1 of the directional coupler, with port

2 serving as the measurement port and port 3 used for monitoring. The standard power sensor

and the DUT power sensor are alternately connected to the measurement port for comparative

power measurement, while the monitoring power sensor remains continuously connected to

port 3 (side arm) of the directional coupler. The standard power sensor has been calibrated in

advance using a microcalorimeter measurement to determine its calibration factor KS. When

the standard power sensor is connected to the measurement port, the power of the standard

power sensor PS, and the monitoring power sensor PMS are measured. Similarly, when the DUT

power sensor is connected, the power of the DUT power sensor PD, and the monitoring power

sensor PMD are measured. By continuously monitoring power measurements (PMS and PMD),

fluctuations in the RF power source can be accounted for, ensuring that the measured power

values are accurately corrected. This approach minimizes errors caused by source instability,

mismatch reflections, or signal generator drift, thereby enhancing the accuracy of RF power

measurement.

To accurately account for mismatch effects in the direct comparison transfer method, the

reflection coefficient of the standard power sensor ΓS, the reflection coefficient of the DUT

power sensor ΓD, and the equivalent source reflection coefficient must be measured. These

measurements are conducted separately using a VNA to characterize impedance mismatches

in the system. The equivalent source reflection coefficient of the directional coupler, which is

a three-port device, is determined using the one-port VNA calibration technique as outlined in

[95]. For this measurement, port 1 of the directional coupler is connected to port 1 of the VNA,

while port 3 is connected to port 2 of the VNA. Once the connections are established, a one-

port VNA calibration is applied to port 2 of the directional coupler. This calibration process

involves measuring the reflection coefficient at port 2 of the directional coupler, representing

the equivalent source reflection coefficient [96].

Calibration quantities used to characterize power sensors commonly include effective ef-

ficiency, generalized efficiency and the calibration factor. The latter quantifies how much of

the applied RF power is effectively utilized by the power sensor to produce a corresponding
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output signal. It provides a direct means of correcting measured power values and represents

the incident power at the reference plane of the power sensor. The calibration factor of the DUT

power sensor KD can be calculated using Equation 6.1.

KD = KS · PD

PS
· PMS

PMD
· |1 − ΓGEΓD|2

|1 − ΓGEΓS|2
(6.1)

6.2 Calibration of the Millimeter-Wave Power Sensor

Calibration of millimeter-wave power sensors using a transfer standard is carried out through

the direct comparison transfer method. A waveguide thermoelectric sensor with a known cal-

ibration factor serves as a transfer standard in this calibration process. This approach ensures

measurement traceability for commercial power meters operating at millimeter-wave frequen-

cies. The waveguide thermoelectric sensor is utilized to calibrate various types of commercially

available power sensors, including bolometers, diode detectors, and thermal power meters.

Dissemination of the transfer standard to commercial power sensors through the direct

comparison transfer method is significantly faster compared to microcalorimeter measurements.

Unlike microcalorimeter measurements, which require long stabilization times, the direct com-

parison transfer method allows for rapid calibration with minimal setup adjustments. This is

one advantage of using the direct comparison method, although somewhat higher measurement

uncertainties must be accepted [97].

Since a waveguide thermoelectric sensor is used as a transfer standard, RF power and DC

power measurements must be performed separately to determine the DC substituted power.

This process involves first measuring the RF power absorbed by the sensor and then perform-

ing a separate DC substitution measurement to determine the equivalent power required to

produce the same sensor thermopile response. In contrast, other types of power sensors, such

as thermistors or diode sensors, allow for power measurement in a single setup. These sensors

often have built-in circuitry to directly measure the incident RF power without requiring a sep-

arate DC substitution step. This simplifies the calibration process and reduces the number of

measurements needed.

A PM5B calorimetric power meter with serial number 785V is used as the DUT power

sensor in this direct comparison measurement. The PM5B is designed for millimeter-wave and

sub-terahertz frequency measurements. Its sensor head features a WR-10 waveguide input for

power measurement across a frequency range of 75 GHz to 110 GHz. A variety of waveguide

tapers are available to accommodate measurements beyond this range. The PM5B is capable
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of RF power measurement across an extended frequency range from 75 GHz up to 3 THz by

utilizing appropriate waveguide tapers that match the sensor head to different frequency bands.

A WR-5 waveguide taper is employed for this measurement, enabling the system to operate

within the frequency range of 140 GHz to 220 GHz [98].

Figure 6.2(a) presents a schematic diagram of the calibration of an RF power sensor using

the direct comparison transfer method when a waveguide thermoelectric sensor is used as the

standard power sensor. In this calibration process, both RF power and DC power measurements

are performed to achieve the same thermopile output voltage. During RF power measurement as

shown in Figure 6.2(a), the waveguide power sensor and the PM5B power meter are alternately

connected to the RF power source. The thermopile output voltage of the standard power sensor

during RF measurement VTRF, and the power PMS are measured first. Subsequently, the powers

PD and PMD are measured.

To determine the power PS, the DC measurement is performed only for the waveguide ther-

moelectric sensor, as shown in Figure 6.2(b). The DC source is adjusted through a Burster 4530

precision resistance temperature detector (RTD) simulator until the thermopile output voltage

of the standard power sensor during DC measurement VTDC is closely similar to the VTRF. The

voltages of the DC resistive heater VDC is recorded when this condition is reached. The DC

substituted power which represents PS is determined using Equation 5.3. This calculation in-

volves the known resistance of the DC resistive heater RDC. Finally, the calibration factor of

the DUT PM5B is determined using Equation 6.1.

The calibration process is conducted automatically using a measurement program built with

LabVIEW. If the standard power sensor is a different type rather than a waveguide power sensor

(e.g., a thermistor mount), the calibration of the DUT power sensor requires only a single setup

as shown in Figure 6.2(a). In such cases, the power measurement can be performed directly

without the need for a separate DC substitution step.

Figure 6.3 shows the measurement setup used for the direct comparison transfer method

in calibrating the WR-5 power sensor. The calibration factor of the PM5B calorimetric power

meter equipped with a WR-5 waveguide taper is presented in Figure 6.4. The PM5B exhibits a

relatively flat calibration factor over the frequency range of 140 GHz to 220 GHz, with values

varying between 91 % to 93 %. This stability indicates that the power meter maintains con-

sistent measurement accuracy across the entire operational bandwidth, minimizing frequency-

dependent variations. In the millimeter-wave and sub-terahertz regions, sensor efficiency can

often fluctuate due to impedance mismatches, waveguide losses, and thermal effects. How-

ever, the PM5B demonstrates a stable frequency response effectively reducing these potential

variations.

DOI: 10.7795/110.20250905 91

https://doi.org/10.7795/110.20250905


6.2 Calibration of the Millimeter-Wave Power Sensor

Multiplier

RF source

Taper

Taper

Transfer
standard

Nanovoltmeter

DUT
power
sensor

Monitoring
power sensor

Reference
plane

Directional
coupler

Power
meter

Power
meter

PD

VTRF

PMS, PMD

PC

GPIB
interface

(a)

DC source

+

-

Transfer
standard

Multimeter

RTD
simulator

Nanovoltmeter

VTDC

VDC, RDC PS

PC
GPIB

interface
(b)

Figure 6.2: Schematic diagram of calibration of RF power sensor in the direct comparison
transfer method. (a) RF power measurement. (b) DC power measurement.
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Figure 6.3: Measurement setup for the direct comparison transfer method.

The measurement uncertainty in determining the calibration factor KD using the direct

comparison transfer method arises from several key input quantities, as outlined in the model

Equation 6.1. These inputs include: the calibration factor of the standard power sensor, mis-

match correction factors for both the standard power sensor and the DUT power sensor, the

resolution limits of the standard and DUT power measurements, and the measurement repeata-

bility of the DUT sensor calibration.

The calibration factor of the standard sensor is derived from microcalorimeter measure-

ments and is considered a Type B uncertainty. It is evaluated based on prior calibration data

and, due to its systematic origin and established traceability, is assumed to follow a normal

distribution.

Mismatch correction factors are determined from VNA reflection coefficient measure-

ments. Their uncertainties are attributed to typical VNA measurement noise and sensitivity

analysis, and are also assumed to follow normal distributions due to the influence of various

random error sources.
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Figure 6.4: Calibration factor of the PM5B power meter with a WR-5 waveguide taper (serial
number 785V).

Measurement repeatability of the DUT power sensor is evaluated from the variability in

four repeated measurements under similar conditions. It is treated as a Type A uncertainty and

follows a normal distribution.

The resolution limits of the power meters are not influenced by random variations but stem

from the digitization characteristics of the instruments. Consequently, the associated uncertain-

ties are modeled using a rectangular distribution.

All uncertainties are combined using the law of propagation of uncertainty in accordance

with the Guide to the Expression of Uncertainty in Measurement. The combined standard un-

certainty of KD is expressed using a coverage factor k = 2, representing a 95 % confidence

level [99]. This methodology ensures traceability of the calibration factor to the primary stan-

dard and compliance with international metrological standards. The measurement uncertainty

of the calibration factor for the PM5B calorimetric power meter is approximately 4 % within
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Table 6.1: Uncertainty budget for the calibration factor at 220 GHz using the direct compari-
son transfer method.

Quantity Probability Type Standard Sensitivity Uncertainty
distribution uncertainty coefficient contribution

u(xi) c(xi) |c(xi)| · u(xi)

Repeatability Normal A 0.01058 1 0.01058

Standard sensor Normal B 0.01415 1 0.01415

Mismatch of Normal B 0.006 -1 0.006
standard sensor

Mismatch of Normal B 0.007 1 0.007
DUT sensor

Resolution limit of Rectangular B 0.00002886 -1 0.00002886
standard sensor

Resolution limit of Rectangular B 0.000002886 1 0.000002886
DUT sensor

Combined standard 0.01993
uncertainty, uc

Expanded uncertainty 0.040
(k = 2), U

the frequency range of 140 GHz to 220 GHz. Table 6.1 shows the uncertainty budget for the

calibration factor at a frequency of 220 GHz using the direct comparison method.

6.3 Application of the Transfer Standard

Transfer standards allow calibration laboratories, research institutions, and commercial indus-

tries to maintain consistent measurement accuracy of RF power across various applications.

Accredited calibration laboratories rely on transfer standards to provide traceable RF power

calibrations for industries. Since calibration laboratories typically do not have access to pri-

mary standards, transfer standards serve as their main reference artifacts, ensuring long-term

stability and reproducibility of measurements. Applications of transfer standards in calibration

laboratories include:
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6.3 Application of the Transfer Standard

• Calibration of commercial test equipment, such as vector network analyzers, spectrum

analyzers, power sensors, and power meters.

• Verification of RF power levels in compliance with regulatory standards, such as those

set by ISO/IEC 17025.

• Assuring consistency in power measurements across different calibration laboratories for

interlaboratory comparisons.

Transfer standards are widely used in academic and research laboratories to advance the

fields of millimeter-wave and terahertz metrology. Below are some applications of transfer

standards in research institutes:

• Metrology for emerging technologies, such as THz imaging and spectroscopy [100].

• Material characterization [101].

• Research related to next generation wireless technologies, including 6G test equipment,

satellite communications, and radar systems.

In industrial applications, transfer standards help maintain measurement consistency, en-

sure regulatory compliance, and support product quality control across sectors such as telecom-

munications, aerospace, semiconductor manufacturing, and medical technology. Transfer stan-

dards support companies in standardizing their RF measurement processes to confirm that their

devices meet required performance specifications and industry regulations. Several industrial

applications of transfer standards are:

• Calibration of power sensors in 5G base stations by telecommunication equipment man-

ufacturers.

• Maintenance of consistency in millimeter-wave radar system calibration at aerospace

companies.

• Accurate RF power testing of chips used in high frequency communication devices in

semiconductor fabrication plants.

• Verification of RF power output in magnetic resonance imaging (MRI) scanners by med-

ical device manufacturers [102].
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7 Conclusion

This research has successfully developed a reliable dielectric waveguide microcalorimeter as

a primary standard for millimeter-wave power measurements in the 140 GHz to 220 GHz fre-

quency range. The development of this microcalorimeter addresses the growing need for accu-

rate and traceable power measurement standards as technology advances into higher frequen-

cies. By enabling traceable power calibrations, this primary power standard supports emerging

applications such as 6G telecommunications, satellite communications, and advanced sensing

technologies.

A comprehensive design and fabrication process was undertaken to confirm the effective-

ness of the waveguide microcalorimeter. The study explored key elements such as the trans-

mission line design, which utilized a dielectric waveguide as the feeding line, the application

of tapering sections and a trumpet structure in the transition region, along with modifications

to the thermopile. The dielectric waveguide structure was optimized to minimize losses and

improve measurement accuracy. The thermal control of the system, including the use of the

dielectric waveguide itself as thermal isolation and the utilization of thermal jackets, has con-

tributed to the stability of the microcalorimetric measurements. In addition, by implementing

a twin-line structure, the system has mitigated unwanted heat dissipation and environmental

effects.

Extensive characterization was performed to validate the performance of the microcalorime-

ter. The correction factor for the microcalorimeter system was determined, with values rang-

ing between 1.041 and 1.062. This factor compensates for signal losses and other small non-

idealities in the system to ensure accurate measurement results. The developed primary stan-

dard was then used to calibrate transfer standards, which in turn facilitated the dissemination of

millimeter-wave power measurements to working standards and industrial applications. This

hierarchical approach has established measurement traceability for millimeter-wave power in

that frequency range.

The generalized efficiency of a waveguide thermoelectric sensor as a transfer standard was

measured in the microcalorimeter, with values ranging from 60 % to 74 % and an uncertainty

of 3 %. This sensor was then employed to calibrate a commercial power meter using the

direct comparison method, resulting in calibration factors ranging from 91 % to 93 %, with an

uncertainty of 4 %. This method can further disseminate the calibration factor of the transfer

standard to other RF devices.
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Conclusion

This work contributes to the field of RF metrology by providing a primary standard for

power measurements at frequencies beyond 170 GHz, exceeding those currently available. One

of the main outcomes is the extension of the Calibration and Measurement Capability (CMC)

entries for RF power measurements up to 220 GHz. These extended CMC entries serve as inter-

nationally recognized declarations of measurement competence, enabling traceable calibrations

at millimeter-wave frequencies. The findings of this research provide a foundation for further

improvements in RF power metrology. Future research could focus on enhancing sensor sensi-

tivity and extending the frequency range beyond 220 GHz. As emerging technologies continue

to push into the sub-terahertz and terahertz domain, the need for accurate power standards at

even higher frequencies will grow. Developing the dielectric waveguide microcalorimeter to

accommodate these higher frequencies would further strengthen its role as a primary standard

in RF metrology.
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