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Abstract

This thesis presents the development and characterization of microwave structures

based on Low-Temperature Co-fired Ceramic (LTCC) technology, specifically using

the Ferro A6M-E substrate, for applications in millimeter-wave radio astronomy

instrumentation. A complete methodology is proposed, encompassing the design,

electromagnetic simulation, fabrication, and measurement of microstrip structures,

with the aim of extracting key dielectric parameters such as relative permittivity (ϵr)

and loss tangent (tanδ).

Two sets of ring resonator and transmission line structures were designed and

fabricated, and their electromagnetic responses were evaluated under both room

temperature (300 K) and cryogenic (20 K) conditions. In a novel extension, the

frequency range of measurement spans from 1 to 180 GHz, covering both the W

band (75–110 GHz) and the D band (110–170 GHz), in order to assess the dielectric

behavior of the LTCC substrate with thin-film copper metallization.

The experimental results demonstrate the dielectric stability of the LTCC A6M-

E substrate, even under cryogenic conditions, with minimal variation in relative

permittivity values and a moderate increase in loss tangent at low temperatures.

These findings align well with simulation data and analytical models, confirming the

material’s suitability for high-frequency applications in demanding environments.

Ultimately, the results validate the hypothesis that LTCC substrates enable the
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implementation of hybrid heterodyne modules in the millimeter-wave domain by

integrating Indium Phosphide (InP) and Silicon-Germanium (SiGe) technologies.

This hybrid approach supports the development of compact and scalable front-end

receivers suitable for multi-pixel detection systems operating in mm-wave bands,

with direct impact on next-generation instrumentation for radio astronomy.
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1 Introduction

The field of radio-astronomical instrumentation entails the development of new re-

ceivers designed to explore a wide range of the astronomical spectrum. These re-

ceivers are used to identify various phenomena, including molecular transitions in

star-forming regions, observations of the cosmic microwave background (CMB), and

the detection of objects that emit energy across different frequency bands [2, 3]. To

conduct these investigations, highly complex and technologically advanced instru-

ments, such as radiometers [4] and spectrometers [5], are employed to observe the

universe in radio frequencies (RF).

Scientific progress in astronomical observations, atmospheric remote sensing stud-

ies, and satellite and wireless communications, depend mainly on developing new

receivers, particularly in the design of new front-end modules with improved char-

acteristics. These modules should demonstrate high levels of integration in single

package, requiring modern component design, and cutting-edge manufacturing tech-

niques such as integrated multi-chip modules (MCM) or System-on-Package (SOP).

Indeed, manufacturing these modules involves the integration of different circuits

and devices, such as band-pass filters, oscillators, transmission lines, and antennas

into substrates with useful and special mechanical and electrical requirements set for

optimum operation in the relevant thermal environment [6].

Currently, Low-Temperature Co-fired Ceramic (LTCC) is one of the most promis-
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Introduction 2

ing multichip packaging technologies regarding substrates. This technology is based

on a multilayer manufacturing process [7, 8], and its use for packaging circuits in

RF, microwave, and millimeter wave frequencies has demonstrated high versatility

for the production of modules with high levels of integration and performance. More-

over, LTCC has become a good solution for solving technical problems that require

low-temperature operation [9, 10, 11].

Nevertheless, the design of high-frequency systems requires materials with low

dielectric loss at microwave and millimeter-wave frequencies, and suitable thermo-

mechanical properties for the operational environment [6]. Therefore, it is essential

to understand the electrical properties of the LTCC materials that are currently

used for fabricating multichip modules [12, 13], and that will be used in the future

in packaging purposes.

Additionally, the modules used in receiver front-ends installed in radio-telescopes

are typically operated at cryogenic temperature to reduce the noise temperature pro-

duced by the active electronic components. Therefore, understanding and character-

izing LTCC materials at W-band for all possible environmental conditions, particu-

larly at cryogenic temperatures, is critical for the correct operation of the integrated

modules, as this information can be relevant to determine module noise parameters

and to produce more optimized designs [14].

The electrical properties of the LTCCmaterial have been documented for different

frequency ranges at room temperature. However, information regarding the dielectric

characteristics of LTCC material at cryogenic temperatures is scarce and needs to

be explored, particularly in it use at millimeter-wave frequencies.

This work focuses on characterizing the dielectric properties of permittivity and

signal loss of LTCC Ferro A6M-E material through measurements carried out under



3 Introduction

vacuum conditions at room (300 K) and cryogenic (20 K) temperatures. This work

provides relevant information required for designing new multichip modules for the

development of astronomical instruments, and other industrial applications that face

similar operating conditions and requirements, such as space applications.

1.1 Motivation

This research is a systematic exploration of new technology for the development of

millimeter wave receivers in the W band (75 - 110 GHz). The proposed methodology

involves the hybrid integration of devices based on Indium Phosphide (InP) and Sil-

icon Germanium (SiGe), and the development of housings for the front-end elements

of the receiver. The main objective is to reduce their size for integration in multi-

pixel cameras, where one of the key requirements for the development of such arrays

is low power consumption, which can be addressed through the use of MMIC LNAs

based on SiGe technology [15, 16]. Figure 1.1 provides a detailed block diagram with

the different internal units of a heterodyne receiver module in the W band, which are

key components in the context of astronomical observation instruments, the specific

area of focus for this thesis work.

Figure 1.1: General block diagram of a millimeter-wave front-end receiver illustrating
the internal components of a heterodyne receiver module, including signal amplifi-
cation, frequency conversion, and filtering stages.
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1.2 Hypothesis

The use of Low-Temperature Co-fired Ceramic (LTCC) materials as substrate plat-

forms provides the necessary electromagnetic, thermal, and mechanical properties

for radio-frequency applications. On one hand, LTCC enables operation under cryo-

genic conditions in the W band (75–110 GHz); on the other hand, it supports the

advancement of LTCC technology toward the D band (110–170 GHz) through the use

of thin-film techniques. These characteristics make LTCC a suitable candidate for

enabling the hybrid integration of Indium Phosphide (InP) and Silicon-Germanium

(SiGe) technologies in high-frequency front-end modules. Therefore, it is hypothe-

sized that hybrid W-band heterodyne spectral conversion modules, comprising low-

noise amplifiers and mixers, can be effectively implemented using LTCC substrates

for radio astronomy applications.

1.3 Objetives

1.3.1 Main objetive

Develop and implement a methodology for the design, simulation, fabrication, and

characterization of microstrip structures on LTCC substrates for radioastronomical

instrumentation, focusing on the extraction of permittivity, loss tangent and total

loss parameters in the W-band under both room temperature and cryogenic condi-

tions.
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1.3.2 Specific objetives

• Investigate various interconnection and transition techniques that enable the

electromagnetic characterization of substrates used in radioastronomical in-

strumentation, considering the operational requirements in the W-band.

• Design microstrip structures using LTCC substrates, tailored to the electro-

magnetic and operational demands specific to the W-band.

• Simulate the designed microstrip structures in an electromagnetic environment

using specialized simulation tools to evaluate their performance and optimize

the design prior to fabrication.

• Fabricate the microstrip structures on LTCC substrates, adhering to the oper-

ational requirements for the W-band and complying with applicable manufac-

turing standards.

• Characterize the fabricated structures at both room temperature and cryogenic

conditions to obtain the response parameters, specifically the S-parameters,

within the W-band frequency range.

• Evaluate the measured response of the structures under test to extract the

permittivity and loss tangent parameters of the LTCC substrate used.



2 Microwave technologies - technical as-

pects

2.1 Low Temperature Cofired Ceramics (LTCC)

Low-Temperature Co-fired Ceramic (LTCC) technology has emerged as a versatile

and effective solution for the miniaturization of high-frequency components in wire-

less and communication systems. It allows the integration of multiple passive devices

such as bandpass filters, oscillators, waveguides, and antennas within a compact mul-

tilayer ceramic structure [17]. This miniaturization is driven by the material’s favor-

able electrical characteristics, including its relative permittivity, where higher values

support component size reduction, while lower values enable faster signal propa-

gation, and its low dielectric losses. Moreover, LTCC offers good thermal stability,

which is essential for ensuring consistent performance in high-frequency applications,

including radioastronomy and satellite communications [18].

One of the advantages of LTCC over traditional packaging technologies like High-

Temperature Co-fired Ceramic (HTCC) lies in its firing process. LTCC materials

are sintered at temperatures below 1000 °C, which makes it possible to co-fire the

ceramic with highly conductive metals such as silver, copper, or gold [17, 19]. This

is in contrast to HTCC, which requires refractory metals like tungsten or molybde-

6



7 Microwave technologies - technical aspects

num due to its higher sintering temperatures. The compatibility with low-resistance

metals improves electrical performance and opens the door to fabricating low-loss

transmission lines and embedded components. Additionally, LTCC substrates sup-

port the integration of passive elements (resistors, capacitors, inductors) within the

ceramic layers, contributing to further size reduction and improved reliability in

densely packed RF modules [20].

Besides its excellent electrical properties, LTCC offers mechanical benefits includ-

ing rigidity, environmental resilience, and hermetic sealing—characteristics that are

critical for high-reliability systems operating in extreme environments such as space,

defense, and cryogenic applications. These features have led to its growing adoption

in millimeter-wave technologies, where precise dimensional and dielectric control are

necessary for circuit performance. Given its multifaceted advantages, understanding

the fabrication process of LTCC substrates becomes essential for enabling their use

in high-frequency and hybrid integration platforms like those explored in this thesis.

The fabrication process of LTCC substrates involves a sequential layering and

processing of individual glass-ceramic tapes, commonly referred to as ”green sheets.”

Each layer is prepared separately to form the final multilayer structure. The process

begins with the creation of via holes using mechanical punching, which serve as ver-

tical electrical or thermal interconnections between layers. These vias are then filled

with high-conductivity metal pastes—typically silver (Ag) or gold (Au), and sub-

sequently dried to remove solvents. Following this, conductor patterns and passive

elements are screen-printed or photo-imaged onto the tape surfaces. To accommo-

date embedded components or cavities, selected areas of the sheets are mechanically

opened before the layers are precisely aligned using registration holes. The stacked

sheets are then laminated under isostatic pressure, often with silicone inserts to
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preserve cavity shapes. Finally, the entire multilayer assembly is co-fired at temper-

atures typically ranging from 850 to 900 °C, allowing ceramic sintering and metal

coalescence. The resulting panel, which may contain multiple circuits, is then diced

into individual modules [20].

Summary of the LTCC Fabrication Process

The entire process is summarized in Figure 2.1, which illustrates the main steps of

LTCC substrate manufacturing [17, 20].

• Via Hole Drilling: Holes are created in the green ceramic sheets using mechan-

ical punching techniques.

• Via Metallization: The holes are filled with conductive paste (Ag or Au) via

stencil printing.

• Drying: Solvents in the conductive paste are evaporated through thermal dry-

ing.

• Conductor Pattern Printing: Metal traces and passive elements are printed

onto each individual layer using screen-printing or photoimaging techniques.

• Cavity Formation: Cavities are punched in designated layers to allow for em-

bedded components.

• Layer Alignment and Lamination: The layers are stacked and aligned using

registration holes, then laminated under isostatic pressure.

• Sintering or Co-firing: The laminated structure is co-fired at 850–900°C to

bond the ceramic layers and metallization.
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• Circuit Separation: The fired panel, which may contain multiple circuits, is

diced into individual modules.

Figure 2.1: The LTCC process: a) glass/ceramic LTCC tape material, b) tape blank-
ing, c) via punching, d) via metallization, e) conductor printing (or photoimaging),
f) layer alignment and stacking, g) lamination, h) sintering, i) dicing of fired panel,
j) component and die attach.

2.2 Properties of Materials Used in Radio Astron-

omy in mm-Wave

The dielectric permittivity (ε), tangential losses (tan δ) and total loss, are important

parameters in the selection of materials for radio astronomy applications in n mm-

waves. Permittivity determines the propagation of electromagnetic waves through

the material, while tangential losses affect attenuation and the efficiency of high-

frequency devices.
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2.2.1 Dielectric Permittivity

The complex dielectric permittivity is expressed as:

ε∗ = ε′ − jε′′ (2.1)

where ε′ is the real part, representing the capacity to store electrical energy in

the material, and ε′′ is the imaginary part, associated with dielectric losses. At

W-band frequencies, the materials used must maintain stable permittivity to avoid

impedance variations and minimize signal dispersion.

In radio astronomy, materials with low permittivity are employed to reduce wave

reflection and improve compatibility with antennas and waveguides. Commonly

used materials include quartz (SiO2), polytetrafluoroethylene (PTFE), and low-

permittivity ceramics such as Al2O3, which exhibit ε′ values ranging from 3 to 10,

depending on composition and operating frequency [21].

2.2.2 Tangential Losses and Their Impact

Tangential losses, defined as:

tan δ =
ε′′

ε′
(2.2)

indicate the fraction of electromagnetic energy converted into heat due to dielec-

tric dissipation. At W-band frequencies, losses can increase due to dispersion effects

and material polarization, affecting the sensitivity of receivers and the efficiency of

passive components.

Materials such as PTFE and Rogers RT/duroid 5880 exhibit tangential losses

below 0.001 at 10 GHz, but these may slightly increase in the W band due to molec-
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ular interactions. On the other hand, materials such as AlN and Al2O3 offer low loss

(tan δ < 0.0005) and high thermal stability, making them ideal for high-frequency

circuits in radio astronomy [22].

2.2.3 Total attenuation

In a microstrip transmission line, three types of losses are typically present: conduc-

tor loss (αc), dielectric loss (αd), and radiation loss (αr). The total attenuation of

the structure (αtot) is the sum of these three components, as shown in the following

equation [23]:

αtot = αc + αd + αr (2.3)

It should be noted that αd increases linearly with frequency, while αc increases

proportionally to the square root of frequency [24].

Therefore, it is essential to consider each of these loss mechanisms when designing

and analyzing high-frequency transmission lines. The relative contribution of each

term in αtot depends on the materials used, the geometry of the structure, and

the operating frequency range. In particular, radiation losses (αr) become more

significant at higher frequencies or in poorly confined configurations, whereas αc

and αd dominate in intermediate frequency ranges and are highly dependent on the

conductor and dielectric properties, respectively. Accurate characterization of these

losses is key to optimizing the electromagnetic performance of the system.

2.2.4 Considerations for Radio Astronomy Applications

In radio astronomy applications, material selection depends not only on ε′ and tan δ

but also on factors such as thermal stability, coefficient of thermal expansion (CTE),
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and compatibility with manufacturing technologies such as thin film and LTCC. Ad-

ditionally, cryogenic temperatures in some radio astronomy systems reduce dielectric

losses, improving circuit performance [25].

In conclusion, permittivity and tangential losses in the W band directly influence

the design and operation of radio astronomy systems. Selecting materials with low

ε′ and tan δ ensures minimal losses and stability of devices in this frequency range.

2.3 Semiconductor Technologies for mm-Wave Ap-

plications: SiGe and InP

Silicon-Germanium (SiGe) technology has become a key enabler in the development

of circuits operating at millimeter-wave (mmWave) frequencies. It offers an effective

balance between performance, cost, and integration, particularly when compared

to more expensive III-V semiconductor technologies. SiGe heterojunction bipolar

transistors (HBTs), fabricated using BiCMOS processes, allow for the co-integration

of high-speed analog/RF circuits with digital and mixed-signal logic on a single

die. This integration capability makes SiGe a preferred choice for a wide range of

mmWave applications, including wireless communications, radar systems, imaging,

and scientific instrumentation.

The evolution of SiGe over the last few decades has been marked by consistent

improvements in frequency performance and device scalability. Early SiGe HBTs

achieved cutoff frequencies (ft) around 50 GHz, suitable for lower microwave appli-

cations. In subsequent generations, process enhancements pushed ft and maximum

oscillation frequencies (fmax) well beyond 200 GHz. Today, advanced SiGe platforms

routinely reach or exceed 300 GHz in both parameters, making them competitive
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with III-V technologies in many high-frequency domains. This advancement has al-

lowed SiGe to support increasingly demanding applications, including high-data-rate

transceivers, compact radars, and broadband sensors.

In addition to high-frequency capability, SiGe offers key benefits such as low

noise performance, energy efficiency, and high integration density. Its compatibility

with standard CMOS fabrication enables the monolithic implementation of complete

mmWave systems, significantly reducing package size and cost. SiGe-based devices

are now commonly found in low-noise amplifiers (LNAs), power amplifiers (PAs),

frequency multipliers, mixers, and highly integrated beamforming circuits. These

characteristics make it particularly attractive for both commercial and scientific use

cases, especially where system complexity, power efficiency, and form factor are crit-

ical constraints.

Alongside SiGe, Indium Phosphide (InP) technology represents a high-performance

alternative for mm-Wave and sub-terahertz applications where ultimate signal fi-

delity, noise performance, and power output are required. InP is a III-V com-

pound semiconductor with superior electron mobility and saturation velocity com-

pared to silicon-based technologies. Devices fabricated in InP—particularly high-

electron-mobility transistors (HEMTs) and double heterojunction bipolar transistors

(DHBTs)—exhibit exceptional characteristics such as low noise figures (often below

1 dB at mmWave frequencies), high gain, and ultra-high cutoff frequencies that can

exceed 500 GHz.

InP’s advantages make it the technology of choice for applications demanding

extremely low noise, high linearity, and wide bandwidth. It is widely used in sci-

entific instrumentation, deep-space communication, high-resolution radar, and radio

astronomy. For example, cryogenic low-noise amplifiers based on InP HEMTs are
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employed in sensitive receivers operating at sub-Kelvin temperatures, where every

decibel of noise savings is critical. Moreover, InP supports power amplifiers with

high efficiency and output power at mmWave frequencies, though with trade-offs in

terms of integration and fabrication cost.

When comparing both technologies, the trade-off becomes clear. While InP

offers unmatched performance in high-end scenarios, SiGe provides a more cost-

effective, CMOS-compatible, and integrable solution suitable for large-scale deploy-

ment. Table 2.1 summarizes key performance differences between SiGe HBTs and

InP HEMTs:

Table 2.1: Comparison between SiGe HBTs and InP HEMTs for mmWave Applica-
tions

Parameter SiGe HBTs InP HEMTs

ft (GHz) 250–350 300–500+
Noise Figure (dB) 2–3 < 1.5

Integration High (CMOS-compatible) Low
Cost Low High

Looking forward, SiGe and InP are expected to coexist as complementary tech-

nologies. SiGe will continue to dominate applications requiring high integration and

moderate performance at low cost, while InP will remain essential for the most de-

manding mmWave and THz systems. In future hybrid platforms, both technologies

may be co-packaged using advanced substrates and interconnection strategies, lever-

aging their respective strengths to meet the rigorous demands of next-generation

high-frequency systems.

Finally, transmission lines and resonator structures, particularly ring resonators,

provide effective methods for characterizing material properties at mmWave and

beyond. Their continued development will enhance the precision of dielectric mea-

surements in future applications.



3 mm-Wave specific technologies for radio-

astronomy

In the context of radio astronomy, millimeter-wave (mm-wave) receivers demand

extremely low noise, high gain, and precise signal integrity across wide frequency

bands. Achieving these characteristics requires advanced circuit technologies capa-

ble of operating efficiently in the 30–300 GHz range, where electromagnetic losses,

component scaling, and material limitations become critical. Among the most effec-

tive approaches for meeting these challenges is the use of hybrid integration, which

combines different semiconductor platforms to optimize performance across multiple

dimensions—noise, gain, power efficiency, and system integration.

Hybrid technology involves the co-integration of high-performance semiconduc-

tors such as Indium Phosphide (InP) and Silicon-Germanium (SiGe) within a single

front-end module. Each material contributes distinct advantages that complement

one another: InP offers exceptional performance in noise and frequency response,

while SiGe excels in integration, cost-effectiveness an low power consumption. This

combination allows the design of receiver architectures that can meet the stringent

sensitivity and resolution requirements of modern radio astronomical instrumenta-

tion.

Indium Phosphide (InP) is a III-V compound semiconductor renowned for its

15
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superior electron mobility and frequency characteristics. These properties enable

InP-based devices—such as High Electron Mobility Transistors (HEMTs) and Het-

erojunction Bipolar Transistors (HBTs)—to operate well into the sub-terahertz range

with minimal noise and high power density. In millimeter-wave circuits, InP transis-

tors commonly achieve cutoff frequencies (ft) greater than 300 GHz and maximum

oscillation frequencies (fmax) beyond 1 THz [26]. This high-frequency capability is

complemented by excellent low-noise characteristics, with typical noise figures be-

low 1 dB at mm-wave frequencies, making InP an ideal technology for cryogenically

cooled low-noise amplifiers (LNAs) used in radio astronomy [27].

Silicon-Germanium (SiGe), on the other hand, offers a CMOS-compatible alterna-

tive that balances performance with integration capability and cost efficiency. SiGe

technology, typically developed through BiCMOS platforms, enables the monolithic

integration of high-speed analog/RF components alongside digital and mixed-signal

blocks on the same die. Although it does not reach the ultra-low-noise or ultra-high-

frequency performance of InP, modern SiGe processes achieve ft and fmax values

in of 300 GHz and 500 GHz, respectively, making them suitable for a wide range

of mm-wave applications [28]. SiGe HBTs exhibit low noise figures in the range of

2–5 dB for 2.0 – 30 GHz [29], 70-170 GHz [30], and provide moderate power gain,

which is often sufficient for intermediate amplification and signal processing stages.

This is particularly valuable in cryogenic applications, where reduced thermal noise

and environmental stability help compensate for slight performance differences with

InP. Furthermore, SiGe’s cost-effective fabrication, high integration density and low

power consumption make it ideal for large-scale receiver arrays, focal plane assem-

blies, and digital beamforming architectures.

The complementary nature of these two technologies has led to the growing adop-



17 mm-Wave specific technologies for radio-astronomy

tion of hybrid mm-wave modules in scientific instrumentation. In a typical hybrid

configuration, InP components are used in the initial stages of the receiver chain,

where noise performance is critical, while SiGe is deployed for functions such as fre-

quency conversion, gain control, or backend signal processing. This approach enables

engineers to harness the strengths of both platforms, resulting in highly integrated,

compact, thermally efficient and low-power consumption receivers optimized for the

demanding requirements of radio astronomical observations. By leveraging hybrid

integration, it becomes possible to scale high-performance front-end modules with-

out compromising sensitivity, integration, or thermal performance—crucial factors

for next-generation millimeter-wave telescopes and spaceborne observatories.



4 Material Characterization Methodology

This chapter describes the process followed for the electromagnetic characterization

of the LTCC (Low-Temperature Co-fired Ceramic) substrate Ferro A6M-E, which is

used as the base material for the design and integration of millimeter-wave circuits.

Accurate characterization of the dielectric parameters, such as relative permittiv-

ity (ϵr), loss tangent (tan δ) and total loss, is essential for the reliable design of

microwave structures, particularly in high-frequency applications such as radio as-

tronomy systems.

The objective of this chapter is to present in detail the experimental methodology

used to extract these parameters under realistic operating conditions, both at room

temperature and under cryogenic environments. The characterization was performed

using custom-designed microstrip transmission line and microstrip ring resonator

structures.

4.1 Design and fabrication of first set structures

for the characterization of LTCC material

This section describes the design details of the structures developed for the electrical

characterization of the LTCC material. The structure stack consists of three 92 µm

high LTCC substrate layers, the distance between metals is 82 µm of height (h),

18
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and a gold conductive layer with a thickness (t) of 8 µm. The stack of these layers

is shown in Fig. 4.1. The bottom two layers are included to provide mechanical

robustness, and therefore, multiple vias were placed between the two bottom layers

to provide a homogeneous ground connection at the ground plane of the top substrate

layer. The top substrate layer is designed for routing RF signals in microstrip mode.

The electrical properties of the stack are extracted using the Microstrip Resonant

Ring (MRR) method.

Figure 4.1: Stack up of the LTCC Microstrip Resonant Ring (MRR) structure [1].

4.1.1 Microstrip ring resonator (MRR)

The MRR method is usually used for the characterization of materials since it allows

extracting their properties at multiple frequency values with a single measurement

[31]. The ring structure produces electromagnetic resonances at specific frequencies

set by the mechanical dimensions of the structure, and the electrical parameters

of the substrate. By numerically analyzing the forward transmission scattering pa-

rameter S21 obtained from the structure, the MRR method extracts the electrical

parameters of the material. The central frequency of the produced resonances de-

pends on the relative permittivity of the material, while the quality factor parameter

of the resonance is used to calculate its loss tangent. For the design of the MRR,

the following equation is used [9]:
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fn =
nc

2πrm
√
εeff

for n = 1, 2, 3... (4.1)

Where fn corresponds to the nth resonance, rm is the mean radius of the ring,

c is the speed of light, and εeff is the effective dielectric constant. In our design, a

single resonance frequency peak (n = 1) was selected to calculate the mean radius

of the ring. Fig. 4.2 shows the top view of the general MRR layout used, where W

is the width of the microstrip signal trace, and S is the length of the separation,

or gap, between the ring and the feed line. The MRR geometry is calculated from

the equation (4.2), based on the methodology proposed in [32]. In this method,

the calculate of the radius rm, requires first an estimate of εeff using the following

approach,

Figure 4.2: General scheme of the adopted and implemented microstrip ring res-
onator [1].

εeff = εr −
εr (f)− εeff (0)

1 + P (f)
(4.2)

where,
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P (f) = P1 P2 [(0.18844 + P3 P4) 10 f h]1.5763 (4.3)

P1 = 0.27488 +

[
0.6315 +

0.525

(1 + 0.157 f h)20

]
u− 0.065683 exp(−8.7513u)

(4.4)

P2 = 0.33622 {1− exp [−0.03442 εr (f)]} (4.5)

P3 = 0.0363 exp (−4.6u)

{
1− exp

[
−
(

f h

3.87

)4.97
]}

(4.6)

P4 = 1 + 2.751

{
1− exp

[
−
( εr
15.916

)8]}
(4.7)

Where f is the frequency, εr is the relative dielectric constant, and u represents

the microstrip width-to-height ratio W/h, which is derived from the microstrip char-

acteristic impedance. The value of parameter u is chosen to achieve a characteristic

impedance of Z0 = 50 Ω, and to calculate the width W of the microstrip. Addition-

ally, the characteristic impedance is calculated using the following approximation,

where η0 = 120π, the free space impedance:
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Z0 =
η0

2
√
2 π

√
εr + 1

ln

[
1 +

4

u

(
14 + 8

εr

11

)
+ A

]
(4.8)

A =

√√√√√(14 + 8
εr

11

)2(
4

u

)2

+


(
1 + 1

εr

)
2

 π2 (4.9)

Additionally, to obtain different resonant frequencies in the desired spectral band

(75-110 GHz), three rings with different radii were designed with fundamental fre-

quencies centered at 80, 90, and 100 GHz, as shown in Fig. 4.3. The physical

dimensions of the fabricated circuit were extracted with high resolution microscopy,

and a summary of the measured dimensions is shown in Table 4.1.

Figure 4.3: Designed MRR structures. From left to right, 80, 90, and 100 GHz
resonant structures, respectively. The location of vias is indicated with small circles.
The red circle vias connect the pads with the RF ground; all other circles are vias
used to connect the two bottom layers [1].

To be able to perform on-wafer S-parameter measurements using ground- signal-

ground (GSG) RF probes and properly route the test RF signal through the struc-

ture, probe pads (PAD) in GSG configuration and microstrip feed lines were added

to both sides of the MRR structures. To ensure a well-defined ground return current

path for the RF on-wafer measurements, we have integrated pad-to-ground VIAs

within the ground pads to establish a good ground connection between the RF test
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Table 4.1: Measured dimensions of the manufactured ring. Values in the design
and manufacturing columns are in µm [1].

MRR structure Parameter Design Manufactured

80 GHz
rm 283 279
W 108 102

90 GHz
rm 256 255
W 106 100

100 GHz
rm 223 222
W 105 100

All S 50 64

probes and the microstrip ground plane.

4.1.2 Fabrication

In this work, twelve microstrip resonator rings were fabricated using Ferro A6M - E

LTCC (Low-Temperature Co-Fired Ceramic), as shown in Fig. 4.4. These rings were

arranged in a matrix format, with each column representing resonators designed for

frequencies of 80, 90, and 100 GHz, respectively.

Figure 4.4: Left: LTCC substrate with rings for the three chosen frequencies. The
arrangement contains four MRR structures per frequency. Right: magnified photo-
graph of one of the fabricated rings [1].

For the evaluation of the transmission performance of the LTCC substrate, a

coplanar waveguide (CPW) transmission line with a length of 1200µ m was fabri-

cated, as shown in Fig 4.5.
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Figure 4.5: CPW transmission lines on LTCC to evaluate signal transmission.

4.2 Design and fabrication of second set struc-

tures for the characterization of LTCC ma-

terial

This section presents the electromagnetic characterization of an LTCC A6M-E sub-

strate combined with thin-film copper metallization. The characterization is per-

formed using resonators and transmission line structures to extract the dielectric

constant (εr), loss tangent (tan δ),conductor loss and total loss. Unlike previous

studies, this work extends the frequency range up to 180 GHz, covering both the W

band and the D band (110–170 GHz), as part of the development of high-frequency

components for advanced radio astronomical instrumentation.

In this set test structure, considered two substrate thicknesses (h): 40 µm and

70 µm. The thin-film metallization technology was based on copper deposition,

providing a conductor height of 4 µm. A 40nm TiW adhesion layer was added

through sputtering deposition.

Microstrip ring resonators (MRR) and transmission lines (TL) were designed

following the design method used in [1]. Figure 4.6 show the simulated designs

and the fabricated structures of the MRRs and TLs, respectively. These structures
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were optimized using ANSYS HFSS electromagnetic simulation software to operate

in a frequency range from 1 to 180 GHz. Different rings were designed with their

dimensions adjusted to achieve resonances centered at 35, 40, 45, 50, and 55 GHz and

their harmonic resonances. The TLs were designed with a characteristic impedance

of 50 Ω and three different lengths. The dimensions of the TLs were designed to be

twice the length of the smaller lines, to allow L2L deembedding [33].

The main geometrical parameters of the structures shown in Fig. 4.6 are denoted

as follows: rm is the mean radius of the MRR, and Wr is the width of the ring trace.

For the feed lines of the MRR and the reference TL, Wf represents the line width

and L the total line length. In the pad region, Lp and Wp indicate the length and

width of the transition pads, respectively. The substrate thickness is denoted as

h, and the vertical metallized vias that connect the top metal layer to the bottom

ground plane are also illustrated. Table 4.2 summarizes the design dimensions and

the obtained fabricated parameters.

4.3 Measurements setup

The laboratory equipment used to perform the S-parameters measurements at W

band was the HP-8510C Vector Network Analyzer (VNA), with W-band frequency

extenders. For the calibration of the VNA, the HP-8510C equipment is configured

in full 2-Port mode, and a standard LRRM calibration is performed based on the

use of GGBs CS-5 calibration substrate.

The MRR structures are electrically fed using ground-signal-ground (GSG) RF

probes. These structures were measured at room and cryogenic temperatures and

over the W-band frequency range of 75 to 110 GHz, using RF probes with 150 µm

separation pitch.
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Figure 4.6: Microstrip test structures designed on thin-film LTCC: (a) microstrip
ring resonator (MRR), (b) detail of transition pads, (c) microstrip transmission line
(TL), (d) side view showing vias and ground plane. Photographs of constructed
MRR and TL are shown in (e) and (f), respectively.
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Table 4.2: Designed and fabricated dimensions of the MRR and TL structures and
their respective transmission pads. Dimensions data are shown for h = 40 µm and
h = 70 µm. Designed line widths were Wr = 55.5 µm and Wr = 108 µm for substrate
heights h = 40 µm and h = 70 µm, respectively.

MRR
rm Design

rm Fabricated Wr Fabricated
Freq. h = 40 µm h = 70 µm h = 40 µm h = 70 µm
35 GHz 657 651.0 646.2 30.9 83.3
40 GHz 575 571.0 565.75 30.3 80.9
45 GHz 511 508.5 504.8 30.7 80.9
50 GHz 460 456.65 452.6 30.6 80.9
55 GHz 418 416.5 411.75 34.8 82.0

TL structure Length Design [µm] Length Fabricated [µm]
h = 40 µm h = 70 µm h = 40 µm h = 70 µm

Short 786.25 894.18 802.5 813.2
Medium 1572.5 1788.37 1596.3 1577
Long 3145 3576.75 3397.2 3126.9

Pad structure Length Design [µm] Length Fabricated [µm]
h = 40 µm h = 70 µm h = 40 µm h = 70 µm

Wp 124.5 98.25 96.2 100
Lp 172.25 132.25 104.5 144.9
Wf 55.5 108.5 31 84.2

Figure 4.7: a) Internal components of the cryogenic chamber with WR-10 waveguide
setup for frequencies covering from 75 to 110 GHz, b) View of the location of the
cal substrate and the GSG RF probes inside the cryogenic chamber.From: MilliLab
- VTT Technical Research Centre of Finland.

A commercial cryogenic probe station was used to perform the tests at ambient

temperatures of 300K and 20K. Fig. 4.7 shows the components employed to connect
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the RF probes, the frequency extenders, and the overall arrangement of all elements

used during the measurements inside the cryogenic chamber. The chamber was left

open for the measurements at 300K, allowing the temperature to stabilize naturally.

In addition, the room temperature measurement was also verified in vacuum with no

difference in measurement results. On the other hand, the chamber was hermetically

sealed for the measurements at 20K, and the air was evacuated to a high vacuum

(HV) before proceeding with the temperature cooling. This setup enables precise

and reliable measurements at both temperatures.



5 Results

5.1 S-parameters measurement

5.1.1 First set structure

In Fig. 5.1, 5.2, and 5.3, the forward transmission parameter S21 is shown for all

measured MRRs within the frequency range from 75 to 110 GHz, and for the rings

designed for 80, 90, and 100 GHz, respectively. In these figures, the measurements

conducted at room temperature are depicted in red, while those performed under

cryogenic and vacuum conditions are shown in blue. The results of the measurements

for each MMR are close to each other, which is an indication of the robustness of

the fabrication process. Finally, the peak around 107 GHz in the measurements at a

temperature of 20 K, which is not present at 300 K, a resonance on the experimental

setup waveguide generated during the temperature change cycle. It is relevant to

note that this resonance is observed in all the measured MRRs.

The measurements on the CPW transmission line are shown in Fig.5.4. The

ambient thermal and vacuum conditions are the same as those used for the measure-

ments of the ring resonators. The results obtained at both temperature conditions

show a similar response within the entire frequency band, exhibiting low transmission

and return losses (S21 and S11, respectively).

29
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Figure 5.1: Measured and simulated S21 for the 80 GHz resonator ring. Red and blue
lines correspond to measurements at room and cryogenic temperatures, respectively.
Black line corresponds to the microwave simulation of the ring structure [1].

Figure 5.2: Measured and simulated S21 for the 90 GHz resonator ring. Color defi-
nitions are identical to Fig. 5.1 [1].
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Figure 5.3: Measured and simulated S21 for the 100 GHz resonator ring. Color
definitions are identical to Fig. 5.1 [1].
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Figure 5.4: Measurement of transmission line CPW scattering parameters with
length 1200µ m. Red lines correspond to measurements at room temperature. Blue
lines correspond to measurements at cryogenic temperatures [1].
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5.1.2 Second set structure

Figure 5.5 compares the simulated and measured transmission coefficients (S21) for

the ring resonators. The spectra clearly exhibit fundamental and harmonic reso-

nances, demonstrating good agreement with electromagnetic simulations.

Figure 5.5: Comparison between simulation and measurement results for the de-
signed MRRs. Left: simulated transmission coefficient S21 showing fundamental and
harmonic resonances up to 180 GHz. Right: measured transmission coefficient S21.

Figures 5.6 and Figures 5.6 show the measured S11 and S21 for the transmis-

sion lines fabricated on substrates with design thicknesses of 40 µm and 70 µm,

respectively. Each figure contains three columns corresponding to different trans-

mission line lengths: short, medium, and long (from left to right). For each length,

a group of transmission lines was fabricated and measured to evaluate repeatability

and consistency.

The S21 plots indicate low insertion loss across a broad frequency range, with

minimal deviation among lines of the same group. Similarly, the S11 curves confirm

good impedance matching over a wide bandwidth, particularly in the 40 µm samples,

which show slightly better return loss performance compared to their 70 µm coun-
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Figure 5.6: Measured transmission and reflection coefficients S21 and S11 of TLs
manufactured with h = 40 µm. TL dimensions for short (left), medium (center),
and long (right) lines are provided in Table 4.2.
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Figure 5.7: Measured transmission and reflection coefficients S21 and S11 of TLs
manufactured with h = 70 µm. TL dimensions for short (left), medium (center),
and long (right) lines are provided in Table 4.2.

terparts. These results validate the quality of the thin-film metallization process and

the effectiveness of the LTCC A6M-E substrate in supporting low-loss propagation

up to W- and D-band frequencies.
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5.2 Estimation of electrical parameters

To improve the estimation accuracy of the resonant peak frequency (fr), a Lorentzian

function was fitted to the resonance frequency response as suggested in [34], [35].

The fitting procedure was applied to a frequency range close to the resonance peak

for both sets of fabricated structures. The results of this Lorentzian fit are the

peak frequency and quality factor Q used in the next step to estimate the relative

permittivity and loss tangent in the LTCC substrate.

Fig. 5.8 shows the fitting curves at room temperature and cryogenic conditions,

respectively. The measured values of the scattering parameters are represented in

red and blue for room temperature and cryogenic ambient temperatures, respectively,

while the curve obtained from the Lorentzian fit is shown in black.
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Figure 5.8: Samples of the Lorentzian fits around the resonant peak for measured
rings at 80, 90, and 100 GHz, respectively. Red traces are for room temperature
measurements, and blue traces are for cryogenic 20 K ambient temperatures [1].
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5.2.1 Extraction of the relative dielectric constant

First set MRR structure

The following equations were used to calculate the relative dielectric constant from

the derived Lorentzian fits. In our particular single-resonant frequency design n = 1,

h is the height of the layer (82 µm), and t is the thickness of the conductor 8 µm:

εeff =

(
n c

2 π rm fn

)2

(5.1)

Weff = W +
1.25 t

π

[
1 + ln

(
2 h

t

)]
(5.2)

εr =
2 εeff +

(
1 + 12 h

Weff

)− 1
2 − 1(

1 + 12 h
Weff

)− 1
2
+ 1

(5.3)

Fig. 5.9 shows the results of the derived relative dielectric constant for each ring

sample. Table 5.1 summarizes the average values obtained from the Lorentzian fits

and the relative permittivity derived for each set of designed frequencies. As seen

from Fig. 5.9, most of the extracted values for each frequency group of rings are close

to the nominal relative permittivity obtained from the manufacturer’s datasheet [36],

shown in a black dotted line. Nevertheless, this figure shows a thermal dependence

on the dielectric constant of the Ferro A6M-E substrate, providing a cryogenic value

for εr approximately 1.82% lower than the room temperature value.
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Table 5.1: Summary of the values obtained for the relative permittivity [1].

300 K 20 K
MRR structure fr (GHz) εr fr (GHz) εr

80 GHz
Mean 81.56 6.13 82.43 6.02
Std 0.33 0.13 0.30 0.11

90 GHz
Mean 89.65 6.09 90.44 5.98
Std 0.29 0.04 0.36 0.05

100 GHz
Mean 102.04 6.22 102.91 6.11
Std 0.54 0.04 0.44 0.03

Figure 5.9: Extracted values of relative permittivity ϵr of Ferro A6M-E substrate,
grouped by design frequency and temperature condition [1].
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Second set MRR structure

Similarly, Equations 5.1, 5.2, and 5.3 are applied to this second set of structures.

As previously observed in Figure 5.5, the response of the microstrip ring resonators

(MRRs) exhibits multiple resonance peaks. In this case, n = 1, 2, 3, . . ., where n

denotes the harmonic order and is limited by the highest observable resonance in

the measured S-parameter data. The parameter h corresponds to the substrate

thickness, and the metallization thickness is fixed at t = 4µm.

Figure 5.10 presents the extracted values of the relative permittivity (εr) across

the full frequency range from 1 to 180 GHz. The data correspond to four distinct

test structures fabricated on LTCC A6M-E substrates: two with a nominal thickness

of 40 µm and two with 70 µm. Actual measured thicknesses were 40 µm and 41 µm

for the first pair, and 50 µm and 65 µm for the second. Each structure includes

multiple resonators, grouped and analyzed as illustrated in the figure. These results

provide a detailed characterization of the dielectric behavior of the LTCC A6M-E

substrate when used in thin-film integration, confirming its potential suitability for

high-frequency applications, including both the W-band and D-band.
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Figure 5.10: Extracted relative permittivity εr from different MRRs across four
LTCC A6M-E samples with varying substrate thicknesses. The top-left and top-
right plots correspond to substrates with measured thicknesses of 40 µm and 41 µm,
respectively. The bottom-left and bottom-right plots correspond to thicker substrates
with measured values of 50 µm and 65 µm, respectively. Experimental fits are shown
in red; the expected response based on measurements of the LTCC manufacturer up
to 95 GHz is shown as a dashed black line.
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5.2.2 Estimation of Loss Tangent

First set MRR

To extract the loss tangent of the material, a similar methodology to the one pre-

viously used for the relative permittivity is exercised. Using the Lorentzian fitting

procedure, central frequency and resonance bandwidths are extracted for each group

of designed MRRs using equations (5.4) to (5.18). In [37], the equation for deter-

mining the tan-δ depends on the dielectric loss, denoted as αd. The dielectric loss

can be extracted from (5.6), where αtotal represents the attenuation constant of the

microstrip resonator, αc refers to conductor loss, and αr is the radiation loss.

tan δ (fn) =
αdλ0

√
εeff (fn)

27.3 εr (fn)

εr (fn)− 1

εeff (fn)− 1
(5.4)

λ0 = c/fn. (5.5)

αd = αtotal − αc − αr (5.6)

We followed the procedure suggested in [38] to calculate the total loss, as it

is required to estimate the dielectric loss. This method is used in substrates that

have low losses, as it is the case for LTCC. The method works as follows: the

total loss (αtotal) can be determined at each resonance by computing their loaded

quality factor (QL) and the unloaded quality factor (Qu), as detailed in the equations

(5.7) and (5.8), and fed by the parameters obtained from the Lorentzian fitting

procedure. Results for the estimated αtotal at both temperatures are shown in Table

5.2. Table 5.3 summarizes the values obtained for both parameters. In (5.7), BW3dB
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is the 3 dB bandwidth of the S21 resonance peak.

QL =
fn

BW3dB

(5.7)

Qu =
QL

1− 10S21(fn)/20
(5.8)

λg =
c

√
εeff(fn)fn

(5.9)

αtotal =
27.3

Quλg

,

[
dB

m

]
(5.10)

Table 5.2: Results of derived values for αtotal at both room temperature and
cryogenic conditions [1].

αtotal (dB/m)
MRR structure 300 K 20 K

80 GHz
Mean 327.8 255.4
Std 13.3 14.5

90 GHz
Mean 365.5 286.9
Std 6.4 5.2

100 GHz
Mean 437.1 311.5
Std 9.3 11.3

The losses in the conductor (αc in [dB/m]) must be carefully calculated. The

description and analysis of this procedure can be found in the following references:

[39], [40], [41], [42]. Equations from (5.11) to (5.17) detail the calculations. In these

expressions, Z0m and Weff correspond to the characteristic impedance and effective

width of the microstrip [43], [44]. The other necessary parameters are, Rs1 is the

surface-roughness resistance of the conductor, Rs is the surface resistance of the

conductor, ∆ is the surface roughness (0.6 µm), δs skin depth, ρc resistivity of the
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Table 5.3: Summary of the values obtained for the quality factor QL and Qu [1].

300 K 20 K
MRR structure QL Qu QL Qu

80 GHz
Mean 38.09 47.51 48.41 61.07
Std 1.42 1.79 2.51 3.94

90 GHz
Mean 37.30 46.62 44.07 59.39
Std 1.52 0.82 1.95 1.11

100 GHz
Mean 35.90 44.84 50.12 62.95
Std 1.10 1.02 2.43 2.49

conductor for 300 K used 2.249× 10−8Ω m and 20 K used 0.0126× 10−8Ω m, [45].

αc =
8.68Rs1M

2πZ0mh

(
1 +

h

Weff

+
hV

πWeff

)
(5.11)

Z0m =
η0√
εeff

[
W

h
+ 1.393 + 0.667 ln

(
W

h
+ 1.444

)]−1

(5.12)

M = 1−
(
Weff

4h

)2

(5.13)

V = ln

(
2h

t

)
− t

h
(5.14)

Rs1 = Rs

{
1 +

2

π
tan−1

[
1.4

(
∆

δs

)2
]}

(5.15)

Rs =
√

π f µ0 ρc (5.16)
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δs =
ρc
Rs

(5.17)

To calculate the radiation losses αr, equations (5.18) and (5.19) from references

[46] [47] have been used.

αr = 60

(
2πh

λ0

)2

F (εeff ) (5.18)

F (εeff ) = 1− εeff − 1

2
√
εeff

log

(√
εeff + 1

√
εeff − 1

)
(5.19)

Finally, the results obtained for the loss tangent for each frequency group of

evaluated MRR, are shown in Table 5.4.

Table 5.4: Summary of the results obtained for the loss tangent of Ferro A6M-E
substrate at both physical temperatures [1].

300 K 20 K
MRR fr tan δ fr tan δ

Structure (GHz) 10−3 (GHz) 10−3

80 GHz
Mean 81.56 1.78 82.43 1.98
Std 0.33 0.10 0.30 0.12

90 GHz
Mean 89.65 1.86 90.44 2.04
Std 0.29 0.05 0.36 0.03

100 GHz
Mean 102.04 2.02 102.91 1.92
Std 0.54 0.06 0.44 0.07

As it can be seen from the results in Table 5.4, which are shown in detail in

Figure 5.11, there is a consistent increase, across frequencies, in the extracted value

for the room temperature loss tangent, compared to the data provided by the man-

ufacturer. The overall relative increase is of 16 %. In addition, and focusing on the

results obtained at 80 and 90 GHz, there is an overall increase in the loss tangent of

about 10 % when the samples are cooled from room temperature to 20 K. The results
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at 100 GHz did not follow this tendency. We suspect the existence of a waveguide

resonant feature that only shows up under cryogenic conditions, and that is spec-

trally very close to the ring resonance. Such additional resonance would impact the

extraction of the quality factor and hence the estimate of the dielectric loss, which

is directly proportional to the loss tangent. Although a difference has been obtained

in the values of the loss tangent between the two temperature conditions, it does

not significantly impact the performance in the W-band, as demonstrated by the

response obtained by the CPW line shown in Fig. 5.4.

75 80 85 90 95 100 105 110

Frequency (GHz)

1.2

1.4

1.6

1.8

2

2.2

2.4

ta
n

 

10-3

Room Temperature

Cryogenic Temperature

Data manufacture

Figure 5.11: Extraction of loss tangent. The results obtained at room temper-
ature are shown as red stars, whereas those obtained under cryogenic conditions
(20 K) are shown as blue stars. The dashed line shows the values proposed by the
manufacturer[1].



Result 44

Second set MRR

Following the same procedure used for the first set of microstrip ring resonators

(MRRs), the loss tangent (tan δ) is now calculated for this second set of structures.

The calculation is based on Equation 5.4, previously introduced for the initial char-

acterization.

Figure 5.12 shows the extracted values of the loss tangent (tan δ) as a function

of frequency for each group of measured resonators. These results provide insight

into the dielectric losses of the LTCC A6M-E substrate across a wide frequency

range, with particular focus on the performance of structures using thin-film copper

metallization.

The figure includes four subplots corresponding to the same samples presented in

Figure 5.10. The top-left and top-right plots show results from the structures fabri-

cated on substrates with measured thicknesses of 40 µm and 41 µm, respectively. The

bottom-left and bottom-right plots correspond to substrates with measured thick-

nesses of 50 µm and 65 µm. Each curve represents the frequency-dependent variation

of tan δ extracted from multiple resonant peaks. The characterization reveals how

the loss behavior evolves with substrate thickness and highlights the consistency and

repeatability of the thin-film integration process across different LTCC samples.
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Figure 5.12: Extracted loss tangent (tan δ) of the same MRR structures of Fig-
ure 5.10.



6 Conclusion

The development of this thesis demonstrated the technical feasibility of using the

LTCC Ferro A6M-E ceramic substrate at both room and cryogenic temperatures,

setting a precedent for the use of this material, particularly in the W band and D

band, even when combined with thin-film copper metallization. This opens the path

for the next development stage, the integration of high-frequency circuits aimed at

radio astronomy instrumentation. Through the experimental methodology presented

in this work, the dielectric parameters of the material, specifically, the relative per-

mittivity and the loss tangent, and total loss, were successfully extracted over a wide

frequency range from 1 to 180 GHz.

The results obtained show that the material maintains a stable and predictable

dielectric behavior under both room-temperature and cryogenically compatible con-

ditions. In particular, the second set of fabricated structures validated the compat-

ibility of this technology with thin-film integration processes, confirming a slightly

increasing permittivity profile with frequency.

These results validate the initial hypothesis, confirming that it is possible to de-

velop spectral conversion and amplification modules in the millimeter-wave range

through the hybrid integration of InP- and SiGe-based technologies on LTCC sub-

strates. This hybrid approach will not only enable the miniaturization of front-end

receiver modules but also offer a solution compatible with multipixel systems for

46
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radio astronomy observation.

In this study, we have determined the millimeter-wave electrical properties of

LTCC Ferro A6M-E material at room temperature and, for the first time at these

wavelengths, under cryogenic conditions. The relative permittivity and loss tangent

for this substrate material have been extracted using the microstrip Resonant Ring

(MRR) technique at millimeter-waves, on a frequency range of 75 to 110 GHz. We

have observed a slight dependence of the derived electrical parameters on the physical

temperature of the material. For the relative permittivity, we report an average

difference of 1.82% at the two evaluated physical temperatures of 300K and 20K,

while the loss tangent showed a difference of 5.3 %.

Based on the results obtained from the second set of structures, the feasibility

of integrating thin-film technology with LTCC A6M-E substrates for high-frequency

applications is demonstrated. The S-parameters measured from fabricated microstrip

ring resonators and transmission lines allowed the extraction of the dielectric constant

and loss tangent across a wide frequency range (1–180 GHz). The results confirm

that the material exhibits a slightly increasing permittivity with frequency across the

band (εr ≈ 5.626+5.114×10−3 ·f [GHz]) and a low loss tangent (tan δ < 0.1). These

findings position LTCC A6M-E as a competitive candidate for future millimeter-wave

system integration.

In conclusion, the electrical properties of the LTCC material have been character-

ized at the mentioned physical conditions, which is relevant for the use of the material

on mm-wave applications that involve cryogenic operations. It should be stated that,

to the knowledge of the authors, no previous study has evaluated this substrate in

cryogenic conditions at millimeter-wave frequencies. The results demonstrate that a

W-band circuit can be designed at room temperature and will only suffer slight dif-
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ferences in cryogenic operations, thus providing a key reference for future uses of the

LTCC. Therefore, this study provides essential information for the design of compo-

nents and sub-systems integrated with this material, and to be used in ultra-sensitive

front-end receivers that are aimed for space and astronomy applications.



Future Work

The results presented in this thesis open several promising lines of research that

should be explored in future work to consolidate and expand upon the findings

obtained.

First, it is essential to perform low-temperature (cryogenic) measurements on

LTCC A6M-E structures with thin-film copper metallization. While this thesis ad-

dressed the characterization at room temperature, it remains necessary to verify the

dielectric behavior under cryogenic conditions. Doing so will allow for a more precise

evaluation of the substrate’s suitability for highly sensitive millimeter-wave receivers.

Second, the process for extracting the loss tangent (tanδ) should be refined and

extended. A more detailed analysis—potentially involving improved resonator ge-

ometries or complementary measurement techniques—will enhance the accuracy and

frequency resolution of dielectric loss characterization. This is particularly impor-

tant for deepening our understanding of how material losses evolve across the W and

D bands, and how they correlate with substrate thickness, metallization techniques,

and fabrication tolerances.

Finally, based on the dielectric properties confirmed in this study, the develop-

ment of miniaturized front-end receiver modules using hybrid technology platforms

that combine SiGe and InP is now a feasible direction. The electromagnetic behav-

ior demonstrated by the LTCC A6M-E substrate supports its use as an integration

49
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platform for these high-performance circuits. Future work should focus on the design

and fabrication of fully functional hybrid modules, leveraging InP for ultra-low-noise

amplification and SiGe for frequency conversion and signal processing. These mod-

ules would directly benefit radio astronomy instrumentation operating in both the W

band (75–110 GHz) and the D band (110–170 GHz), contributing to the development

of scalable, cryogenically compatible, multi-pixel receiver architectures.
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