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Abstract

Abstract

This study proposes a precision probing technique and a dielectric
measurement method at millimeter-wave (mmW) frequencies up to 300 GHz. The
proposed probing technique analyzes measured electrical signal to determine
position of a radio-frequency probe automatically without using microscope
observation. Thus, the probing technique improve repeatability in the probe
position because it can avoid impacts of a resolution of microscope and operator’s
art-of-measurement. Further, the proposed dielectric measurement method
generates a resonator in a transmission line by contacting the probe in the middle
of the transmission line. The dielectric measurement method has two of unique
features. One is that, the method doesn’t require to prepare any resonator before
the measurement because the resonator used for the measurement is generated in
the transmission line on site. Second, accuracy in size of the resonator is
determined by accuracy of probe positioning, which is generally finer than
working accuracy of conventional resonators. These features allow the
measurement adopted even in the frequency range up to 300 GHz. Further, the
method can realize “in-situ” dielectric permittivity measurement, which is
expected as a practical testing technology for a planar-circuit on inhomogeneous
substrate.

The use of the mmW frequencies for novel communication technologies, and
problems of present dielectric measurement techniques are described in Chapter
1. Chapter 2 presents the precision probing technique to reduce the variation of
probe position. The probing technique can proceed fully automatically without
direct observation by an operator. The probe positioning accuracy was improved
to 1 pum by using the proposed precision probing technique. Chapter 3
demonstrates universality of the probing technique. The probing technique was
demonstrated with transmission lines and an attenuator in the frequency range up
to 340 GHz. Measurement repeatability of on-wafer S-parameter measurement
was greatly improved by using the proposed probing technique for all of the
devices. Chapter 4 demonstrates the new dielectric measurement method in the
frequencies range up to 300 GHz. Evaluated dielectric permittivity and loss
tangent were corresponded to dielectric dispersion calculated by a conventional
phonon model of alumina. Chapter 5 demonstrates in-situ effective permittivity
measurement by using a transmission line and an attenuator device, which do not
include any resonator components. The evaluation results were corresponded
each other. This result indicates that the technique can evaluated inhomogeneity
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of substrate material just below actual RF devices. The proposed dielectric
measurement method is expected to be used in actual circuit testing processes for
circuit fabricators. Chapter 6 describes contributions of the study for human
societies and academic knowledges. This study treated knowledges of device
engineering to solve the problems of material science. The study bridges research
fields between material science and device engineering. The combination of
academic fields originates new research themes and improve efficiency in
development of industrial products. The proposed dielectric measurement method
can address the problem in others novel dielectric measurement methods. Thus,
it is expected as a powerful tool for development of “Beyond 5G” communication
technologies.

Keywords: Low-loss dielectric measurement, Millimeter-wave frequency, On-

wafer measurement, Uncertainty analysis, transmission line theory,
Planar-circuit, alumina
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Chapter 1 Introduction

Chapter 1 Introduction

1.1  Communication technologies and transformation of substrate

material

1.1.1 Use of millimeter-wave frequencies

Communication technologies, such as broadcasting and mobile communications,
have become essential for modern-day society. Fourth generation (4G) communication
technology, which includes Long Term Evolution (LTE), uses several frequency bands
with the frequencies ranging from 0.45 GHz to 3.6 GHz. The frequency band in the range
of 0.3 GHz — 3 GHz is generally called the “platinum band” because of the favorable
propagation characteristics for commercial wireless communications. In addition,
unlicensed use of the frequency band in the range of 3.1 — 10.6 GHz is approved for high
speed communications in limited personal space [, However, as shown in Figure 1.1,
the frequency resource in the microwave frequency band has been practically exhausted,
because this frequency range is already occupied by various communication objectives.
Furthermore, not only exhaustion of the frequency resource, but also high-speed
communication requires the use of higher microwave and millimeter-wave (mmW)
frequencies, which are ranged from 10 GHz to 300 GHz I, For example, WiGig, which
is the high-speed and short-range wireless communication technology, uses the frequency
of 60 GHz. Automotive radars use the frequency of 76 GHz.

Recently, fifth-generation (5G) communication has particularly attracted attention
in the electrical communication research field 2. 5G communication uses the frequency
band in the range of 3.7 GHz — 28 GHz. With the increase of frequency, free-space loss

and straightness of electrical wave lead to the degradation of the communication quality.
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Various techniques have been developed for 5G communication, including massive
multiple-input multiple-output (MIMO), distributed base station, and beam-forming I,
Massive MIMO systems use antenna arrays with a few hundred antennas to compensate
the free-space loss. Then, the radiated energy is focused into small regions in space by
using coherent superposition of the waves emitted from the array antennas. These
techniques are known as “beam-forming.” Massive MIMO technology has significantly
changed the requirements for the communication devices. Distributed antennas in
massive MIMO systems allow using smaller and less powerful amplifiers; however, the
antennas should be highly integrated. Linear 50-W amplifiers are generally used in
conventional antenna systems. These amplifiers can be replaced by inexpensive
amplifiers with the output power in the mW range. On the other hand, additional base
stations are required to avoid the influence of non-transparent obstructions. Therefore,
power efficient and integrated antenna systems are strongly required for the 5G
communication.

International standardization of the 5G communication technology is accelerating
toward the actualization in 2020. At the same time, some research communities start
discussing “beyond-5G” communication technologies !, which will employ 140-GHz,
240-GHz, and 340-GHz bands . Recently, several studies have demonstrated radio
frequency (RF) components that operate in the frequency range of 100 — 340 GHz -],
Thus, device design techniques for the mmW-frequency band are essential for the
development of accurate and reliable devices. Figure 1.2 shows a schematic illustration
of the electronic device development process. First, the specification of a target device is
drawn up. Then, the circuit structure is designed to satisfy the specification. Next, the
designed prototype is fabricated and evaluated. The obtained data is analyzed to find
defects and transmit the obtained information back to the circuit design. Then, the

procedure is repeated until the target device meets the specifications. As will be described
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in section 1.2.1, the complexity of circuit design increases with the increase of the
operating frequency; therefore, it is hard to acquire the desired device properties in a
single trial. Thus, the accurate evaluation and analysis techniques that allow to identify
design and production flaws are essential, especially at mmW frequencies Y. Therefore,
the study discusses the evaluation and analysis techniques at the mmW frequencies.
Coaxial lines and rectangular waveguides are generally used as transmission lines to
connect the telecommunication facilities. However, improvements in the communication
technology require miniaturization of RF devices. Therefore, planar circuits, such as
microstrip waveguides (MSTL) and co-planer waveguides (CPW), can be used as the
alternatives of coaxial lines and rectangular waveguides 2. Thus, the use of planar

circuits at the mmW frequencies is one of the trends in this research field.
1.1.2 Demand for planar circuits and ceramics substrate

Figure 1.3 shows the cross sections of different planar circuits. The dashed lines in
the figure represent electric field. These planar circuits consist of the conductive metal
layer on a dielectric substrate. Dimensions of the conductor are designed to achieve the
target characteristic impedance by using equations in section 1.2.1. Table 1.1 lists the

representative substrate materials and their properties.

Table 1.1  Representative substrate materials and their properties [l

Material &r tano
ALO; 9.8 0.0001
Sapphire 9.4 0.0001
Quartz glass 3.78 0.0001
BeO 6.3 0.006
TiO2 85 0.004
BaT40O9 37 0.0005
Zirkonate 20-40 0.0002
GaAs 12.9 0.002

Si 11.9 0.015
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Ferrite 9-16 0.001
PTFE 2.1 0.0003
Polyolefin 2.32 0.0007

Ceramic materials not only have higher strength and heat tolerance, but also exhibit
lower dielectric loss than other materials. Thus, ceramic materials are used for high-
reliability circuits. As was described in the previous section, power-efficient systems are
strongly required for the “beyond 5G” technology. Ceramics are expected to be a good
candidate because of their low dielectric loss, which is important for power-efficient
systems. Furthermore, higher operating frequencies require finer fabrication of
metallization to reduce reflection and loss of a circuit. Lithography is one of the precision
fabrication techniques for conductive metallization. However, organic materials cannot
be used for the lithography process, because the substrate has to be heated to
approximately 400 °C in the fabrication process. Thus, ceramic substrates are increasingly
used at the mmW frequencies. Impedance Standard Substrates (I1SS), which requires high
reliability and stability to provide reference impedance in on-wafer measurements,
generally use Al,O3 as a substrate material [*°l. National Institute of Standards and
Technology, which administers the measurement standards in the United States,
provides the reference impedance standard called “RM8130” for the frequencies
up to 40 GHz. RM8130 employs quartz glass as the substrate material, which has
significantly lower dielectric loss then Al,O3 47 On the other hand, the
improvement of low-temperature co-fired ceramic (LTCC) technology allows its usage
in RF products. LTCC technology can realize high-density high-precision three-
dimensional circuits by sintering stacked green sheets with conductor circuits on the
surface of the sheets. In conventional solid-state synthesis, ceramics typically require
being heated to 1300 °C in the sintering process, which is higher than the melting points
of general conductive metals. Therefore, only high melting point metals, such as W and

Mo, can be used as the metallization on the stacked green sheets, despite those metals are
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relatively poor conductors. LTCC technology successfully decreases the sintering
temperature to less than 900 °C by employing ceramics-glass composite materials. Thus,
highly-conductive metals, such as Ag and Cu, whose melting points are 1173 °C and
961 °C, respectively, can be used as the conductors [*8l. Therefore, LTCC technology is
widely used in RF circuit fabrication in the mmW-frequency band, because it requires
higher integration and better conductive properties %2, For example, waveguide-to-
microstrip transitions and antennas can be fabricated using LTCC technology .
Therefore, ceramic materials are expected to be widely used in mmW devices. Thus,
the investigation of ceramics properties at the mmW frequencies is necessary to comply

with the requirements of modern technology.

1.2 Importance of material characterization for circuit design

As was described in the previous section, device fabrication and evaluation
processes suffer from the fabrication errors, such as inaccurate determination of circuit
dimensions or dielectric properties. In this chapter, first, the circuit design theory is

described. Then, the importance of dielectric measurements is discussed.
1.2.1 Traditional microwave theories for circuit design [*2

The fundamental theory of circuit design is described in this section. The
wavelength of an electromagnetic (EM) signal shortens when the signal is transmitted in
a dielectric material, because dielectric materials store the EM energy in their body. The
EM wavelength can be expressed as shown in equation (1). As shown in Figure 1.3,
various types of planar circuits have been established in the past. Triplate circuits can be
used for Transverse Electric Magnetic (TEM) wave propagation; however, other circuits
support quasi-TEM propagation because of the asymmetric structure in the cross-

section of the circuits. In this study, MSTL and CPW circuits are examined. For
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instance, the effective dielectric constant of a CPW circuit can be approximately

estimated by equation (2), where & is the dielectric constant of a substrate.

A

Ao =—= (1)
V/ Eeff
e +1

Eeff = r2 )

By using these equations, optimal circuit design can be developed. For example,
the length of a A/2-resonator can be determined from these equations. However, the
equation (2) is known to produce a certain level of error in an estimated value. Thus,
more detailed analysis is sometimes required for the circuit design >, Dynamic and
static analyses are often adopted in this case. Dynamic analysis is based on EM
simulations, and static analysis is based on a simplified circuit modeling. In this study,
the static analysis is mainly described to provide the understanding of the basic concepts
of the dielectric measurements. In static analysis, assuming that the effective dielectric
constant is 1, the capacitance per unit length (Co) and its actual value (C') are estimated
by conformal mapping method. Non-uniform dielectric properties in the cross-section
are transformed to ideal parallel-plate model with some virtual domains in the
conformal mapping, as shown in Figure 1.4. The ratio of the domain areas is defined by
the filling factor q:.=b./b. The effective permittivity of the parallel plate capacitor is

calculated as:

C' C|g +Clair (Ergobg/a)-i_ (gobair /a)
Ereft =~ — = (3)
Co Co (gob/a)
=1+%—%=1+q5(«9r—1) (4)
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where & is the dielectric constant of the substrate, o is the permittivity of free

space, and a is the thickness of the capacitor. The filling factor g. is calculated as:
0, = (&e ~1)/(5, -1) (5)
The modified conformal mapping method adopts rectangular-domain modeling
instead of a simple parallel-plate capacitor. The Wheeler and Schneider equations
express the effective dielectric constant of a MSTL circuit by the modified conformal

mapping method. According to the Schneider equation, the effective permittivity of

MSTL is expressed as:
e+l g -1

Ep =————+——F 6
eff 2 2 ()

F ={1+(10h/w)}™® (7)

where h is the thickness of the dielectric substrate and w is the width of the

conductor, as shown in Figure 1.5(a). Characteristic impedance of MSTL is expressed

as.:
z
Z, =—=2
o 3
4h|sh |(8h)
Z,=30In1+—1—+ || — | +7° )
0 WO WO

where Wy is the effective width of the transmission line, assuming the thickness
of the strip line is zero. Wo is expressed as a sum of the actual width W and correction

factor AW; t is the thickness of the conductor.

W, =W + AW (10)
AW :lln ae
h t)? 1
—| +
(hj | an
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The effective dielectric permittivity of CPW (Figure 1.5(b)) is expressed as:

e 1K) K(K)
TR Kk ()

w2 1
el @3

w
=0 (14)
_ sinh(zW /4h)
K= Sinh(ad / 4h) (15)
Zc,O
ZC ) \/‘C"r,eff (16)
K =1 - k2 (17)
_ & K(k)
o= 0 (18)

= |t
Go—\/g (19)

where uo is the permeability of vacuum and K(x) represents the elliptic integral of
the first kind. These expressions are often used for the circuit design. Generally, a
circuit should be designed to match Z¢ with 50 Q or 75 Q. Figure 1.6 shows the
estimated characteristic impedance with varied circuit dimension. According to
equations (12) and (17), & is an important parameter to determine Zc. Therefore, precise

determination of & is essential to match a circuit to the target impedance.
1.2.2 Present dielectric measurement techniques

Figure 1.7 shows the dielectric measurement methods and their applicable range of
frequencies and dielectric losses °. An optimal measurement method should be selected

with considering the measurement frequency range and estimated dielectric properties of
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the material under test (MUT). The details of each dielectric measurement method are
described below.

Parallel-plate capacitance method is widely used in the frequency range up to 10
MHz B3l Figure 1.8 shows a schematic illustration of this measurement method. A pair
of conductor layers are fabricated on MUT to form a parallel-plate capacitor. After the
preparation, complex impedance of the capacitor is measured by an impedance analyzer.
The measured impedance data can be analyzed by the equivalent circuit analysis. Various
models are proposed for the analysis 431, Debye model is one of the representative
models for the analysis of dipole polarization %71, Parallel plate capacitor technique is
widely used for the evaluation of bulk and thin film dielectric materials %!, Frequency
response analyzer (FRA) are also used for measurements instead of impedance analyzers
in the frequency range up to 1 kHz. FRA are often used to evaluate the chemical response
of energy storage devices 40441,

Resonator methods are widely used for the dielectric measurements of low-loss
materials with dielectric loss less than 1072, Figure 1.9 shows schematic illustrations of
the cavity resonator method [“5-41, This method requires a cavity for measurements. As
the cavity can be treated as a waveguide, transverse electric (TE) or transverse magnetic
(TM) modes can propagate in the cavity. The resonant frequency of the cavity is
determined by its size. Quality factor (Q) of the resonance is influenced by resistivity of
the surface of the cavity, not only a purely contribution of the resonance in the cavity.
The unwanted contributions can be eliminated by comparing two measurements. First,
the measurement without MUT is conducted as an unloaded condition. After that, the
measurement with MUT is conducted as a loaded condition. Difference between the two
measurements is calculated as described in Ref.45 to extract the complex dielectric
permittivity. In the approximate description, the shift of the resonant frequency is related

to the dielectric permittivity, and the change in the 3-dB bandwidth is related to the
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dielectric loss. Not only cavities, but also split cylinders 134 and circular disks %52 are
used as the resonators for the dielectric measurements.

Reflection and transmission (R/T) method can be used for high-loss (tand > 10?)
dielectric measurements. Coaxial lines and waveguides are often used as the transmission
lines 3% Figure 1.10 schematically shows the R/T method. Complex dielectric
permittivity can be analyzed from the reflection and transmission coefficients via the EM
model of the measurement. However, MUT should be pelletized to be installed into a
waveguide. Working inaccuracy causes the dominant impact on the measurement results.
The free-space method also belongs to the R/T methods. Figure 1.11 shows an illustration
of the free space method. A pair of antennas are used for this measurement. MUT is set
in the middle between the antennas. The free space method can evaluate complex
permittivity without any pelletization. This feature enables measurements even in the
300-GHz 56581,

THz time-domain spectroscopy (TDS) is widely used for dielectric measurements
in the THz range %%, THz-TDS utilizes a coherent pulsed laser source for the
measurements. Ti-sapphire laser source is typically used as the THz emitter (Figure 1.12).
The bandwidth of the THz emitter is typically up to 5 THz. The laser beam is split by an
optical divider. One of the beams serves as the incident signal to the MUT, and the other
is the reference signal. The output signal is detected by an electrooptic (EO) crystal, such
asaZnTe crystal. The detected output signal is compared with the reference signal. Then,
the attenuation and time shift of the incident signal at MUT can be extracted. Complex
permittivity can be calculated via the reflective indexes.

Fourier transform infrared reflectometer (FT-IR) is commonly used for the
dielectric measurements at optical frequencies. FT-IR utilizes non-coherent sources,
which is different from the THz-TDS. FT-IR uses the magnitude of the output signal for

the calculation of the dielectric permittivity using Kramers—Kronig relations [¢°1,

10
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Other various dielectric measurement techniques are presented in references [66-6¢1,

1.3 Current problems with dielectric measurements

1.3.1 Absence of a dielectric measurement method at 300 GHz

The representative dielectric measurement techniques are described above. As this
study focuses on dielectric measurements in the mmW frequencies, the FT-IR and
parallel-capacitance methods are not applicable. Since the free-space method can be used
only for high-loss materials, such as organic substrates, it cannot be applied for low-loss
ceramic materials. On the other hand, the cavity and circular-disk resonator methods are
applicable to the low-loss dielectric measurements. However, although these methods are
expected to provide accurate measurements, the limitations due to resonator
manufacturing and test fixture inaccuracies, which may reach several hundred microns,
cause limitations of the measurement frequency range. Thus, they are still difficult to
apply to higher mmW frequencies, such as 300 GHz. In this respect, ring resonator
method has an advantage in the accuracy of the resonator dimensions, because such
resonators can be fabricated by the lithography process, which is generally more accurate
than mechanical working process %71, The accurate evaluation of the dielectric loss can
be realized by combining measurements with EM simulations. T-junction resonator can
be also used instead of a ring resonator ["?l. However, the measurement methods
experience the following difficulties: first, the electrical length and width of a strip-line
are longitudinally extended by a fringing field at the open end, and its impact cannot be
neglected at the mmW frequencies; second, a smaller-sized ring resonator at the mmw
frequencies generates the mutual inductance effect in the resonator itself /%731, Therefore,
the ring resonator method also has difficulties in applying to the mmW frequencies.

Over the past year, several dielectric measurement techniques which are adopted

in the frequency above 110 GHz have been proposed ["*7. D. F. Williams reported

11
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dielectric permittivity measurements in the frequency range up to 700 GHz by using on-
wafer thru-reflect-line (TRL) calibration method [l Although the TRL calibration
method was originally used for the calibration of vector network analyzer (VNA) systems,
it can extract dielectric permittivity by an additional calculation process [7-%. However,
dielectric measurement by TRL calibration is not effective for low-loss dielectric because
it belongs to R/T method. Further, the reference also states that poor measurement
repeatability of on-wafer measurements impairs the reliability of the evaluated dielectric

properties (87881,

1.3.2 Impacts of inhomogeneity of material

Regarding material properties, inhomogeneous dielectric properties are harmful for
the circuit quality. Electrical properties of a circuit become sensitive to a slight change in
the dielectric properties of a substrate at the mmW frequencies. As was described in the
previous section, progress in material fabrication technologies, such as LTCC, allowed
the use of new materials for the higher integration of circuits. However, these circuit
technologies require examination of the material inhomogeneity to find defects in the
fabricated circuits. For instance, LTCC has a problem of homogeneity because of the
diffusion of conductor metal in the sintering process (. Even though conventional
dielectric measurement techniques, such as cavity resonator method, can be expected to
provide accurate measurement, they cannot provide information about inhomogeneity
because they assume the homogeneity of specimens. In this respect, the resonator method
with planar circuits, such as stripline and ring resonators, can be used for investigating
inhomogeneity because they can provide the dielectric property of a circuit substrate
around the resonator fabricated on the substrate 2269721 The length of a A/2 resonator at
100 GHz is 1.5 mm; thus, the stripline resonator method can realize local dielectric

measurement at a resolution of several millimeters. However, since the measurement
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methods have the difficulties as described in the previous section 1.3.1, the conventional
techniques cannot be applied for a circuit substrate with actual RF devices on it. Therefore,
the dielectric properties of bulk ceramics in same lot production, but without any device
on them, are unavoidably used as reference values for investigating actual RF devices.
However, clear conclusions cannot be obtained in this case owing to the inhomogeneity
of substrates. Thus, in-situ local dielectric measurement is highly required for the detailed

investigation of defects in fabricated devices.

1.4 Theory of vector network analyzer calibration and measurement

1.4.1 Overview of vector network analyzer calibration &% 8!

Calibration of VNA system is the process extracting systematic error from
measurement. Another words, the calibration is the process to compensate parasitic
impedance of cable, test fixture, and VNA itself. This section describes briefly
explanation about VNA calibration.

Figure 1.13 shows a schematic illustration of structure of 2-port VNA. RF signal is
generated from a high frequency signal source, and transmitted through a switch and a
directional coupler to an output port. The other port is also connected to a directional
coupler, switch, and 50 Q termination. Output port can be changed by turning the switch.
The coupler is connected to a power meter. Therefore, power of incident wave and
reflected wave can be separately measured. S-parameter can be calculated from the
measured complex power. However, since the switch and the couplers have non-ideal
coupling in actual measurement, S-parameter is difficult to be calculated without any
error-correction. VNA measurement assumes error boxes to compensate systematic error
of measurement system as shown in figure 1.14. The figure indicates 8 terms error model.

The error boxes X and Y, which are 2x2 S-parameter matrix, are put at both side of the
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DUT. The error boxes are expressed in the equations (1) and (2), where ejj indicates the

error term. The error term can be treated as S-parameter matrix of the error box.

x=len o 0
v=[er o] @)

Generally, cascade matrix (T-parameter) is used for the calculation as shown in the

equation (3).

{Tll T12:| — i|:812521 - SllsZZ S1l:| (3)
T21 T22 S21 o Szz 1
Using the equation (3), each error box and is transformed as:
_ 1 regoe11 —eo1€10 €0
T = e [ —e1n 1 “)
_ i €22€33 — €23€632 €23
Iy = €32 [ —€33 1 (5)
According to figure 1.13, relation in incident waves are expressed as:
bo _ a,
] =7 [] (6)
a b
bi] = Tpyr [az] (7)
b2 _ a3
2] =7 [52] (8)
Substituting (7) and (8) to (6), then:
b a
[aZ] = TxTpurTy [b:] 9)
Thus, evaluated T-parameter Tw is expressed as:
_ _ 1 —AX eoo _Ay 622
TM - TXTDUTTY N €10€32 [_ell 1 TDUT [_333 1 ] (10)
Ax = egpe11 — €110 (11)
Ay = ejze33 — €33€3; (12)
Thus, actual T-parameter of DUT (Tpur) is expressed as:
_ -1 _ -1
Toyr = TX_lTMTY_l = (eg0€32) [_eAx ego Ty [_eAy eiz (13)
11 33

According to the equations (10) and (13), seven of the error terms, eoo. €11. AX,

ex. €33, Ay, eies should be solved to establish the error correction of measurement
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system. It is therefore seven of S-parameter measurements are required for determination

of the error terms. The process to determine the error terms is called as “calibration”.
1.4.2 Thru-Reflect-Line calibration [7 ]

This section briefly describes the theory of TRL calibration. More detail information
of the calibration is described in Supplemental “TRL calibration”. TRL calibration uses
three of standards for the measurement. Since four of measurements, Si1, S21, S12, and Sz,
can be conducted with a single standard, totally 12 of measurements can be conducted
with 3 of standards. Thus, some of the property of the standards are not necessary to be
known. The 3 of standards are selected according to following rules in TRL calibration.

1) 4 of S-parameter are known.

2)  Reflection coefficients Si1, S22 need not to be known, but adequately large, and
S11=522.

3) Reflection coefficients S11, S22 are known.
In TRL calibration, each standard is assigned as 1) THRU, 2) REFLECT, and 3)

LINE. Typically, a THRU standard is 1 ps transmission line, a REFLECT standard is
open or short devices, and a LINE standard is also a transmission line, but its length is
longer than a THRU standard. By using the equations in the Supplemental “TRL

calibration”, each error term can be calculated.

1.5 Recent studies on on-wafer measurement

1.5.1 Accuracy of on-wafer measurement

As described in the section 1.3.2, the ring or strip-line resonator methods are good
tools to investigate on inhomogeneity of MUT in microwave frequencies. On-wafer
measurement system is good candidate for evaluation of planar circuit. Figure 1.15 shows

the image of a typical on-wafer measurement system, which is often used for the
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evaluation of planar circuits. The measurement system consists of the VNA and RF probe.
The probe tips contact the pad of the device to evaluate the S-parameters. Various probe
models are commercialized with different geometries of a probe tip and connectors.
Generally, a single RF probe has multiple probe tips, which are individually assigned as
a signal tip or ground tip, and each of the tips simultaneously contacts the signal line or
ground line of the CPW. Although ground-signal-ground (GSG) probes, which have the
signal tip between the two ground tips, are often used for evaluation, signal-ground (SG)
and ground-signal (GS) probes are also used for the evaluation of slot lines. In addition,
ground-signal-ground-signal-ground (GSGSG) probes, which have two signal tips
sandwiched between the ground tips, are also commercialized 11, The probe position
is manually controlled by a probe station. The probe station has a microscope to observe
probe tips. An operator makes the probe touching a pad of the target device while
observing the probe tip. However, highly degrees of freedom in determination of probe
position cause highly operator dependence in on-wafer measurement [°2°3, Variation in

probe position over 10 um in worst case.

1.5.2 Present researches on on-wafer measurement

Accurate on-wafer measurement technique has been discussed in elsewhere. Some
reports indicate that definition of the standards is one of the important factors for
realization of accurate measurement. In analogy with coaxial system, deviations in Short-
Open-Load-Thru (SOLT) standard definitions from the ideal values, such as deviation of
load standard from 50 ohms, and poly-nominal frequency dependence of load inductance,
are two of the error contributors in SOLT calibration. Accurate definition of standard has
been studied by both of experimental and simulation approaches [**~°I. On the other hand,
TRL calibration does not require any standard definitions because it based on self-

calibration algorithm. It is therefore the TRL calibration potentially realizes accurate
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calibration. However, TRL calibration assumes symmetry in the structure of probes, the
standards, and probe’s contact condition. It is imaginably difficult to make contact
condition of two probes, such as probe’s contact position relative to a contact pad, being
same in on-wafer measurement. As described in section 1.4.2, TRL calibration requires
two of transmission lines with different lengths. Since TRL calibration requires an
operator to change distance between two probes, it is more difficult to keep contact
condition being same than others calibration method. Furthermore, on-wafer
measurement has operator dependence because operator’s habit gives strongly impact to
probe contact position, because the probe position is determined by direct observation
using a microscope. Fig. 1.16 shows the typical microscopic image observed during a
probe-positioning procedure. The operator can observe the silhouette of the probe body,
but cannot observe the head of the probe tip. Thus, the operator assumes that probe contact
position is corresponding to head of the silhouette in the probing process. Unfortunately,
this assumption is often incorrect in actual operation. Distance between the probe contact
position and head of silhouette is different in probe models because of thickness of tip as
shown in inset of figure 1.16. In addition, the distance becomes different between a used
probe and a new probe even in a same probe model. As these are fundamental problems
in direct observation, they exist even in fully automatic measurement systems with image
processing and a Nano-probe positioner 7%, Use of alignment mark are popular ways
to improve measurement reproducibility %1, However, these methods cannot solve the
problem with regard to microscope observation described above. These complex
problems with respect to the probe tip cause variations in the probe position reaches to
approximately 10 um. Furthermore, since probe’s contact point on a contact pad has
discontinuity of EM field, the discontinuity is modeled as discontinues step in width of
transmission line 4. It is therefore unwanted-modal signal propagation is easy to be

generated at the contact point of a probe. Since the impact of the unwanted signal becomes
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prominent at mmW frequencies, measurement repeatability is significantly degraded by
variation of probe position in the mmW frequencies. Moreover, influence of variation in
probe position to phase of S-parameter becomes larger at mmW frequencies because of
shorter wave-length at the frequency range. Figure 1.17 shows phase of S-parameter of
the 50 Q transmission line with changing the probe contact position. The measured data
was normalized by the result when probe’s position relative to the contact pad was same
between the processes of calibration and evaluation of the transmission line. As shown in
the figure, variation of the probe position gives significant influence to measured S-
parameter. Since the problem above, evaluation results should be strongly influenced by

variation of probe position.

1.6 Uncertainty analysis for S-parameter measurement

1.6.1 Difference between repeatability and uncertainty

Uncertainty is one of the expressions for possible range of error in measurement [*°-
1011 Measurement repeatability is often discussed in some papers, but they often stay to
make several measurements and calculate standard deviation. Hence measurement results
extracted by different measurement methods often deviate and become out of range of
the repeatability bound. On the other hand, uncertainty includes systematic error and
theorical error of measurement. Hence, two of measurement with different measurement
system and method should be corresponded in the uncertainty range. Concept of
uncertainty is especially effective for measurement comparison work. Thus, uncertainty

analysis method is essential for metrology research field.

1.6.2 Present researches on uncertainty analysis
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On-wafer measurement is widely accepted as a useful measurement technique for
evaluating a high-frequency electrical circuit, which is used in modern communication
devices. As described in the section 1.1.1, the operating frequencies of such devices have
been reaches to millimeter-wave frequency. On-wafer measurement techniques also has
been developed to accommodate millimeter-wave frequency against this background. In
same manner with coaxial measurement, on-wafer measurement also requires calibration
of the system preliminary to evaluate DUT. Reference plane is defined at a probe tip in
the calibration process 878 The calibration is executed by using ISS, which is
typically an alumina substrate with SOLT and Line standards on it [°*°%, Recently, some
European countries established a “PlanarCal” project 1%, In the project, different
measurement systems were compared to investigate their reliability of the measurement
system at frequencies up to 110 GHz. Moreover, other comparison works were also
conducted to verify their measurement reliability. Studies reported that operator
dependence of evaluated results prevents them from providing an explicit conclusion
[92.103-1071 "One of the major suspicions about the measurement is contact repeatability of
a radio-frequency probe. For instance, probe-skating strongly impacts probe-to-pad
transition because of transformation of parasitic impedance such as a mutual inductance
between the probe tip and contact pad [87:83:94],

Uncertainty analyses of a VNA system are described in elsewhere [©4108-110]
Furthermore, European Association of National Metrology Institutes (EURAMET)
publishes guidelines for VNA uncertainty . With respect to on-wafer measurement,
uncertainties derived from the inaccurate fabrication of a CPW 121131 and probe contact
position in a single axis are discussed 4. However, a comprehensive and quantitative
discussion on measurement uncertainty in on-wafer measurement, including a detailed
discussion on probe positions, has not been provided. TRL calibration is widely accepted

as a precision calibration method that defines the standard impedance as the difference
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between thru and line standards, whose physical lengths are preliminary known /%81,
However, calibration repeatability tends to degrade in TRL calibration because TRL

calibration requires changing the distance between probes 71,

1.7  Procedures of the study

1.7.1 Aim of the study

As was described in the previous section 1.3, the absence of dielectric measurement
techniques in the 300-GHz band and inhomogeneity of a substrate are critical problems
of dielectric measurement in the mmW frequencies. This study focuses on the dielectric

measurement techniques to address the problems.
1.7.2 Contents of study

As was described in section 1.5, variation in probe position causes large impact to
on-wafer S-parameter measurement. First, the precision probing technique was developed
to realize precision determination of probe contact position in Chapter 2. Further,
improvement of measurement repeatability was demonstrated by the proposed probing
technique in Chapter 3. Further, applications of the precision probing technique are
described in the following Chapter 4, and 5. The new dielectric measurement technique,
Probe-Backside Reflection (PBR) method, is demonstrated in the frequency range up to
340 GHz in Chapter 4. The proposed method in the Chapter 4 can solve the problem of
absence of a dielectric measurement method at 300 GHz described in the section 1.3.1.
An “In-situ” effective dielectric permittivity measurement of actual on-wafer device is
demonstrated in the Chapter 5. One of the unique features of the PBR method is that the
technique does not requires to prepare any resonator for the measurement. Attenuator

device is used for the demonstration in this chapter. Realization of in-situ measurement
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can solve the problem of inhomogeneity of material described in section 1.3.2.
Contribution of this study for human society and academic fields are discussed in Chapter

6. Finally, the contents of the thesis are summarized in Chapter 7.

1.8 Summary of the chapter

Various RF devices are developed to work at the mmW frequencies. With the
increase of the communication traffic, the use of the mmW frequencies is expected to
solve the problems of frequency resource deficit and communication speed limitations.
Various types of planar circuits are widely adopted in communication devices. The
dielectric properties of a circuit substrate are essential information for the circuit design.
Although various dielectric measurement techniques are developed in the microwave
frequency, they have certain difficulties when they are applied in the mmW frequencies.
This study focuses on the two major problems: the absence of dielectric measurement
methods in the 300-GHz band and inhomogeneity of ceramics materials. To address the

problems, the new dielectric measurement technique was developed in this study.
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Figure 1.8  Illlustration of capacitance method
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Chapter 2 Precision probing technique for improving

repeatability in probe contact position

2.1  Contents of chapter 2

This chapter describes the precision probing technique and improvement of
repeatability in probe contact position. The proposed probing technique can be adopted
for various device measurements even in the frequency range up to 340 GHz. The detail
of the technique is provided in “Paper I: IET Microw. Antennas Propag., 11, 1892 (2017)”,
“Paper II: IEEE Trans. Inst. Meas., 67 8, (2018)”, “Conference paper |I: CPEM 2018
Conf. Dig., (2018)”, and “Conference paper 1I: EuMC 2018 Conf. Dig., (2018)”.

2.2 Construction of measurement system

2.2.1 Construction of probe station

The components of the measurement system and the measurement conditions are
listed in Table 2.1 and Table 2.2. A probe station and VNA were controlled by MATLAB-
based measurement algorithms. A fully automatic probe station, as shown in figure 2.1,
was constructed to realize an automatic probing system. Precision XYZ stages, MCU-
099 (Kouzu-seiki), were used as the 2-port probe positioners, and XY stages, HPS80-50X,
with a Z stage, OSMS80-20ZF (Sigma-koki), were used as a sample stage. In this study,
the frequency range of 10 MHz—110GHz is named as “100-GHz band”, and frequency
range of 190 GHz-340 GHz is named as “300 GHz-band”.

Table 2.1 Measurement system and conditions for 100 GHz band.

Items Components and conditions
RF probes Infinity-GSG-150
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2.2.2

substrate (ISS) was fabricated for this purpose (Fig 2.2). Fig. 2.3 depicts the illustration
of a typical THRU standard. Each calibration standard had alignment patterns on both the
left and right. The delays of the THRU and the five LINE standards were 1 ps, 3 ps, 7 ps,
14 ps, 27 ps, and 40 ps, respectively. The alignment pattern was a simple short device
with a contact pad, for a Ground-Signal-Ground (GSG) probe. The alignment patterns

were fabricated around each standard and verification device; however, they were located

VNA system N5260-016
Frequency range 10 MHz-110 GHz

IF band width 1 kHz
Measured points 2

Table 2.2 Measurement system and conditions for 300 GHz band.

Items Components and conditions
RF probes Infinity-GSG-75
VNA N5222B
Frequency extender VO3VNA2-T/R
Frequency range 190 GHz-340 GHz
Measured points 2
IF band width 1 kHz

Preparation of impedance standard substrate

TRL calibrations were used as the calibration method. An impedance standard

1-mm away from the standards and devices to avoid intercalation.

2.3
23.1

detecting the edges of the alignment, as shown in Fig. 2.4. The procedure for probe

Precision probe adjustment by RF-signal detection

Theory and methodology of demonstration

The probe coordinates in the X-, Y-, and Z- axes were automatically aligned by

alignment is described below.
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Before the automatic alignment, a probe is roughly aligned on a pad of the alignment
patterns. This step is a last operation requested for an operator, and this operation does
not give influence to final probe position. After that, the system gradually shifts down the
probe in 1-um step with monitoring S-parameter. Figure 2.5 shows the procedure of
detection of probe touch-down. Measured reflection coefficient should be in certain point
in a smith chart when a probe is floated in air. On the other hand, measured reflection
coefficient should become perfectly different when the probe is touched down on
conductor. It is therefore, a standard Z-coordinate can be defined at the surface of
conductor by shifting down the probe in Z-axis with monitoring the reflection coefficient
till detecting a steep change of it. Next, the probe is shifted to opposite direction to align
the probe out of the contact pad. After that, the probe was shifted to approach direction
with repeating probe release and touchdown. The edge of alignment pattern can be
detected in the same manner. A standard Y-coordinate also defined in the same manner,
but upper and bottom sides of edges were detected to define a standard coordinate as
intermediate of the both edges. In this way, we can realize reproducible definition of
standard coordinates of probe position relative to the alignment patterns.

Not only the X, Y, and Z- coordinates, but probe tilt angle also should be precisely
adjusted to improve probe positional repeatability. Figure 2.6 shows equivalent circuits
with different numbers of contacted probe tips. As shown in the figure, different parasitic
impedance should be assumed due to different contact conditions. This resulted in
different measured S-parameter as shown in Figure 2.7. This result indicates that probe
tilt angle can be automatically adjusted by analyzing the measured S-parameter. In this
paper, the probe tilt angle was adjusted by changing the angle to the point where the

measured S-parameter is in the third quadrant in the polar map.

2.3.2  Estimation in repeatability of probes distance
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Reproducibility of probe distance were investigated by using both of the alignment
technique, those are the conventional manual technique and the proposed probing
technique. The two of probes were aligned at the both edge of the line by the both
techniques. However, it was difficult to measure distance between two probes accurately.
Thus, difference in the probes distance between two of transmission line measurements
(Ad) was investigated in this time. The Ad was calculated by using absolute coordinates
of the probe positioners by using equation (1) and (2), where x, yi?, and zP are the
coordinates of the probe stages at port p (p=1,2), and i corresponds to each line. This
operation was repeated for 4 times for both of the techniques. Finally, standard deviations

of Ad were calculated.

Xi=xi=x2.Y, =yi -y, Z, =2, - 2} (i=1,2) (1)

Ad = \/(Xz - X2+ (Y, =Y)2+ (Z, - Z,)2 ()

Figure 2.8 shows a standard deviation of Ad. As shown in the figure, the Ad was
greatly reduced from 10 um in the conventional technique to 2 pm by the precision
probing technique even in the 300 GHz band. The developed probing system does not
require microscope and an operator intervention. Thus, repeatability in probe positioning
can be improved to 2 pm comparing to the conventional manual inspection, which is
beyond resolution of the microscope. Because the positional repeatability of two probe
stages contribute to variation in Ad, repeatability of the signal probe is estimated

approximately 1 um.

2.4  Conclusion of chapter 2

The precision probing technique was demonstrated in this chapter. The results are

summarized below:
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1) A fully automatic probe station and original 1SS were prepared to realize the
precision probing technique. Each standard on the ISS has the alignment patterns to
define the origin coordinates of the probes.

2) Repeatability in probes distance was reduced to 2 um by using the technique even
in the frequency range up to 340 GHz, which extend up to 10 um in the conventional
manual probing technique.

3) Mechanism of the S-parameter threshold technique is so simple that it can realize
universal use for various probe models and devices. Thus, the precision probing

technique is used in the following chapters.
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Figure 2.4  Schematic illustration of the procedure for determining the origin
coordinates in the X-, Y-, and Z- axes. The upper illustrations show top views and the
bottom figures show cross views in the alignment processes.
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Fig. 2.5 Procedure for the definition of a standard Z-coordinate. (a) Air-open and (b)
touch-down on CPW.
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Chapter 3 Demonstration of the precision probing technique

for improving measurement repeatability

3.4  Contents of chapter 3

This chapter describes improvement in measurement repeatability of on-wafer
measurement with the precision probing technique developed in the chapter 2. First, this
chapter demonstrates an uncertainty analysis method for on-wafer S-parameter
measurement with TRL calibration to determine the major uncertainty contributors in the
measurements. The theories and algorithm of the uncertainty analysis are presented in
section 3.2. Next, the analysis is demonstrated to show the dominant uncertainty
contributor in section 3.3. Improvement of measurement repeatability was demonstrated
in section 3.4 and 3.5. Finally, the findings in this chapter are summarized in section 3.6.
The detail of the technique is provided in “Invited paper I: IEICE Trans. Electron., J102-
C No.6, (2019).”, “Paper IlI: IEICE Trans. Electron. Express, 16 3, (2019)”, “Paper 1V:
IEEE Trans. Inst. Meas., 68 6, (2019).”, “Conference paper I1l1: CPEM 2018 Conf. Dig.,
(2018)”, “Conference paper 1V: 92nd ARFTG Conf. Dig., (2019)”, and “Conference
paper V: 91st ARFTG Conf. Dig., (2018)”.

3.2  Development of uncertainty analysis algorithm

3.2.1 Monte-Carlo calculation

Monte-Carlo calculation is commonly used for uncertainty analysis of VNA system
in coaxial measurement (191151 |n the calculation, some variables are distributed in

certain range (i.e. estimated standard deviation of the variables) by using random number.
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Since distributed function can be obtained by the calculation, the possible range of a

function can be estimated by the calculation.

3.2.2  Calculation procedures

A comprehensive uncertainty analysis algorithm for on-wafer measurement was
established by using Monte-Carlo method. In calibration process, the error terms are
calculated from measured S-parameter of standards without any error-correction. Using
the error terms, measured S-parameter of DUT with error-correction is extracted. Figure
3.1 shows brief calculation flow in uncertainty analysis. In use of the developed
uncertainty analysis algorithm, contributions of each uncertainty contributor to S-
parameter of standards was evaluated preliminary to the analysis. The evaluated impact
is necessary to estimate a range of distribution of measured S-parameter of standards
without any error-correction in calibration procedure. After that, TRL calibration was
executed for 1000 times by using the distributed S-parameter data sets of standards
(Sstp,dist). The distributed S-parameter of standards were generated by random numbers.
The generated distribution was transferred to distribution of S-parameter data sets of DUT
(Sout,dist) which is generated from distributed error terms data sets (eijqist) through TRL
calibration. Combined uncertainty was defined as the equation (1).

U, = 2 x std(Spyraist) (1)

3.2.3  Evaluation of uncertainty sources

The analysis requires to evaluate impact of each uncertainty contributor preliminary
to the analysis. Figure 3.2 shows a detail flow chart of the calculation process. The
uncertainties caused by the system noise, non-linearity, drift, contact repeatability of
probe, and the reference data used in the calibration standards, are investigated to find

dominant uncertainty contributor. The uncertainty associated with the stability of the test
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port cables was not examined because the cables were almost immobile throughout the
measurement process. Although the analysis algorithm was based on EURAMET
guideline for VNA measurement [**3 the calculations were modified to fit for on-wafer
measurement.

According to Supplemental, reference data of calibration standards in TRL
calibration are based on dimension of calibration standard. Hence, variation in dimension
of the TRL standards were evaluated by dimensional measurement. An optical
microscope, Keyence VHX-5000, was used for evaluation of in-plane dimensional
measurement. Thickness of the substrate was evaluated by micrometer. Thickness of the
fabricated pattern was measured by laser interference measurement system by Keyence
LT9010M. Before the measurements, each equipment was calibrated by the calibrated
block gage and the height gage. The system noise was evaluated by repeating 5 of the
measurements without releasing the probes from the standard in short time. Maximum
deviation in 5 of the S-parameter data sets was calculated in each measured frequency
point, and treat it as the contribution of the system noise. The system drift was evaluated
by continuing the measurements without releasing the probes from the standard for 5
hours. Maximum deviation in the S-parameter data sets was calculated in each measured
frequency point, and treat it as the contribution of the system drift. The system linearity
was evaluated by using known-attenuator according to the EURAMET guideline. The 5
dB stepped attenuator, 84908M by Keysight technologies, was utilized for the evaluation.

Last, contribution of connection repeatability, which is key feature of the developed
uncertainty analysis algorithm, was investigated. The contribution is generally evaluated
by evaluating variation of measured S-parameter with rotating connector in coaxial
system. Instead, variation in probe position in X-, Y-, and Z- axes, tilt, and rotation angle
were evaluated to investigate on contribution of connection repeatability in on-wafer

measurement. Figure 3.3 shows the definition of the axes. Impacts of the differences in
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probe position along to each axis was evaluated by evaluating maximum deviation in
measured S-parameter of the standards with varying the probe’s position in certain range.
Figure 3.4 shows the illustrations of the probe moving in the evaluation process. The
probe coordinate in Xp-, Yp-, and Z-axes, and tilt angle, and rotation angle of the sample
stage was varied in certain range for the evaluation. Table 3.1 shows the range of the
variation in probe shifting along to each axis. The values in the table were determined by
assuming possible variation in probe position in actual on-wafer measurement. Totally
11 of the measurements were conducted for the evaluation with changing the probe
position. For instance, the probes were shifted along to X-axis from -5 um to +5 um with
1 um step. Maximum deviation of standards was calculated from 11 of S-parameter data

sets.

Table 3.1  Range of the variations in each axis

Contributors Range
X-axis +5 pm
Y-axis +5 pm
Z-axis +10 pm

Probe distance +10 pm
Tilt angle +1.0 deg

Stage rotation ~ +0.1deg

Finally, the evaluated each contribution was used to generate distributed S-

parameter of standards as described in the section 3.2.2.

3.3  Demonstration of the uncertainty analysis
3.3.1 Methodology

Same probe station and ISS with Chapter 2 were used in this chapter. To focus on

uncertainty contributor in TRL calibration process, a single set of raw data of a 75 Q
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mismatched line device was used for all processes to avoid any disturbance caused by
measurements of the device. Preliminary to the analysis, each contribution was evaluated
for every standard. Table 3.2 shows measurement systems and conditions. In this study,
contributions of probe positional error in Xp-, Y,-, Z- axes, and probe distance were

summarized as “CR-XYZ”, those of probe tilt and rotation were summarized as “CR-TR”.

Table 3.2  Measurement system and conditions

Items Components and conditions
Probe station AIST full-auto prober
RF probes Infinity-GSG-150
ISS AIST original

VNA system N5260-016
Frequency range 10 MHz-110 GHz
Measured points 201

IF band width 10 Hz

Source power -17 dBm

3.3.2  Uncertainty for measured S-parameter

Figures 3.5 shows the contribution of each uncertainty contributor to the calculated
S-parameter of the 75 Q2 mismatched line at 100 GHz. As shown in the figure, “CR-XYZ”
was considered as the most dominant uncertainty contributor. System drift also gives
large contribution because of the temperature sensitivity of the frequency extender which
is discussed in reference [*1, In this study, a new technique to decrease the probe
positional error in the Xp-, Yp-, and Z- axes should be established for more accurate on-

wafer measurement system.

3.4  Improvement of measurement repeatability

3.4.1  Measurement system and evaluation procedures
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The original probe station in the Chapter 2 was also used in this chapter. The
components of the measurement system and the measurement conditions are listed in

Table 3.3 and Table 3.4.

Table 3.3 Measurement system and conditions for 100 GHz band.

Items Components and conditions
Probe station AIST full-auto prober
RF probes Infinity-GSG-150
ISS AIST original

VNA system N5260-016
Frequency range 10 MHz-110 GHz
Measured point 201

IF band width 10 Hz

Table 3.4  Measurement system and conditions for 300 GHz band.

Items Components and conditions
RF probes Infinity-GSG-75
VNA N5222B
Frequency extender VO3VNA2-T/R
Frequency range 190 GHz-340 GHz
Measured points 201
IF band width 100 Hz

An ISS described in the previous chapter 2 was used in this chapter, too. The
measurement repeatability was compared between the precision probing technique and
the conventional manual technique. Figure 3.6 shows a procedure for the investigation.
First, standard coordinates in X-, Y-, and Z- axes were defined at the alignment patterns
by both techniques. After that, the probes approached 1 mm from the alignment patterns
and then made probes contact on the devices, then TRL calibration was performed (Figure
3.7). Thereafter, verification devices were evaluated. This procedure was repeated for 4
times to obtain 4 data sets for both techniques. The measurement reproducibility was

evaluated by the equation (2), where “std” means standard deviation.
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3S; = /std(Re(S;)f +std(im(s;) )

3.4.2 Verification devices on ISS

The verification devices include 50 Q matched and 75 Q mismatched transmission
lines, 10 dB attenuator (Figure 3.8). Lengths of the verification devices were 2 mm. All
of the verification devices were fabricated on the I1SS. Hence, the calibration quality was

verified without replacing the substrate.

3.4.3  Screen-printed devices
Screen-printed transmission lines were prepared by using a handheld printer ZT320

(Tokyo process service). The fabrication conditions are summarized in Table 3.5. The as-
printed 5250 um transmission line was heated in air oven for 30 min at 130 °C, and then
it was annealed in an inert oven for 1 h at 600 °C. Figure 3.9 shows a screen-printed

transmission line.

Table 3.5  Conditions for fabrication of screen-printed devices.

[tems Components and conditions
Ag paste CA-T31(Daikin)
Average grain size 0.3 um
Viscosity of the paste 310 Pa' s
Thickness of emulsion layer 7 um
Squeezing speed 100 mm/s
Mesh count 730 mesh
Thickness of emulsion layer 7 um

Table 3.6 shows dimensions of the screen-printed transmission line. Each dimension

was defined as shown in figure 1.5(b).
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Table 3.6 Dimension of the transmission line

Parameters Values

Surface roughness Rq 30 nm
Width of signal line w 50 um
Width of slit s 25 um
Thickness of the metallization t 2 um

Distance between outer edge Wy 200 um

of ground conductor
Conductivity of metallization h 250 pm

However, the screen-printed transmission lines do not have the alignment patterns
at both sides of the transmission line. It is therefore, the adjustment was executed by using
the device itself as shown in the figure 3.10. First, the pair of probes was roughly aligned
at 35 um from the open end of the transmission line. The reference Z-coordinates of the
probes were defined at that point. Then, the probes were moved 50 um in the opposite
direction to align the probes out of the transmission line. After that, the reference X-
coordinate was defined in same manner as was described in Chapter 2. Thus, the both

probes were aligned at the edge of the CPW.

3.5 Improvement in measurement repeatability

3.5.1 Verification devices on ISS

Figure 3.11 and figure 3.12 show typical S;jj traces and 4S;; of the 75 Q transmission
line by the precision probing technique and the conventional manual technique. The
precision probing technique demonstrated higher measurement reproducibility than that
of the conventional manual probing technique. Since the precision probing technique
improved the repeatability of the distance between probes, the evaluated S-parameter was

more stable. However, the technique exhibited larger ripples in the reflection coefficient

64



Chapter 3 Demonstration of the precision probing technique for improving measurement
repeatability

and greater discontinuities in the transmission coefficient at 67 GHz. These may relate to
the system drift of the frequency extender (126, Despite the system drift problem, the
precision probing technique can improve the measurement reproducibility by reducing
the variations in the probe position. Figure 3.13 and figure 3.14 show typical Sjj traces
and 8S;; of the 10-dB attenuator measured by the both techniques. As shown in the figure,
measurement repeatability was improved even in the attenuator device. These results
illustrate importance of the probe position in on-wafer S-parameter measurement.
Measurement repeatability was also investigated in the frequencies range up to 340
GHz. However, manual operation was not executed in this experiment to avoid giving
damage to expensive RF probes and transmission lines for 300 GHz band. Instead, probe
skating distance was varied from 15 pum to 25 pm. Measurement with 25 um skating was
repeated for 4 time to estimate measurement repeatability by using the equation (2). Then,
impact of probe skating distance (ASj)) was defined by an equation (3), where “AVE”
means an average value. As described in the chapter 1, variation in probe position can
reach to 10 um in the conventional manual technique. It is therefore, ASjj represents

variation in S-parameter with the manual probing technique.

A4S = J [Re(Sij 150m) = AVE{Re(Sij25m)}]” + [IM(Sij5m) — AVE{IM(S;;5m)}]” (3)

Figure 3.15 and figure 3.16 show typical S;; traces and comparison of 3S;j; and AS;jj of
the 50 Q matched transmission line. As shown in the figures, 3Sij was smaller than ASjj in
the both of reflection and transmission coefficients. This indicates the precision probing
technique improves measurement repeatability even in the 300 GHz band. Ripple-like

traces of ASjj was associated with original S-parameter of the transmission line.

3.5.2  Screen-printed transmission lines
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Figure 3.17 and figure 3.18 show typical S;j traces and comparison of 5Sjj between
the precision probing technique and the conventional manual technique. The precision
probing technique demonstrated higher measurement reproducibility than that of the
conventional manual probing technique.

Owing to its simple mechanism, the precision probing technique can be used for
various devices, including a screen-printed device. Its versatility is also a superior feature

of the precision probing technique.

3.6  Conclusion of chapter 3

Measurement repeatability was compared between the conventional manual probing
technique and the precision probing technique. The techniques can realize a repeatable

determination of the probe contact position. The results are summarized below:

1) Uncertainty analysis algorithm for on-wafer TRL calibration was developed to find
a dominant uncertainty contributor in the calibration process. The developed
algorithm can calculate the contribution of probe position along to each axis.

2) The analysis results show that probe position along to Xp-, Yp-, and Z-axes was a
dominant uncertainty contributor in S-parameter measurement with TRL calibration
process.

3) The proposed technique improved the measurement repeatability in evaluation of the
transmission lines and the attenuator. This indicates that the precision probing
technique can be applied for measurement of various devices.

4) Mechanism of the precision probing technique is so simple that it can realize

universal use for various devices include the screen-printed device.

5) The precision probing technique can be used not only in the 100 GHz band, but also

in the 300 GHz band.
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Fig. 3.8 Image of the devices. (a) 50 Q matched line, (b) 75 Q mismatched line, and
(b) 10 dB attenuator.
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Fig 3.10 Illustrations of probing procedure of the adjustment. (a) Definition of standard coordinate in
Z-direction, (b) that in X-direction.
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technique. (a) Reflection coefficient and (b) transmission coefficient.
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Chapter 4 Proposal of new dielectric measurement method

up to 300 GHz

4.1  Contents of chapter 4

This chapter demonstrates dielectric measurement by the PBR methods. This
chapter first reviews the theory for determination of dielectric permittivity and
dielectric loss tangent, and then demonstrates the measurement technique in the
frequency range up to 340 GHz. Further, accuracy of the measurement and the
applicable range of the technique were discussed. The detail of the technique is
provided in “Paper V: Jap. J. Appl. Phys., in print.” and “Conference paper VI: FMA
2019, (2019)”.

4.2  Measurement principle of probe-backside reflection method

4.2.1 Dielectric permittivity
Figure 4.1(a) shows a brief illustration of T-junction resonator. The resonant

frequency of the T-junction resonator f; is determined by length of notch-line Lnotcn
according to an equation (1), where co is speed of light. Length of the notch-line Lnotch
should be corresponded to a quarter of electrical wave-length at a lowest resonant
frequency. RF signal at output side of the line show destructive interference, thus

resonance is observed in certain frequency as shown in the figure.

2 (1)
4'Lnotch

f. =
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Figure 4.1(b) shows a schematic illustration of the principle of the proposed
technique. A pair of probes and a transmission line are required for the measurement.
One of the probes is contacted at the edge of the transmission line, and the other probe
is contacted at middle of the transmission line. In this case, the transmission line at
back side of the probe is behaved as a notch-line of the T-junction resonator. As
described in the previous chapter, a T-junction resonator can be used for material
characterization. Thus, the procedure of the calculation was constructed according to
the way in T-junction resonator.

Effective dielectric permittivity can be calculated by using the equations (2) — (4),
where n means a number of the nth resonance.

A= % @)
2n—1
e — 4 r (3)
L 2
ot = (L—p) 4

However, the equations have some difficulties to be applied for the material
characterization at millimeter-wave frequency. First, an open end of notch-line is
electrically enlarged by “edge effect” due to fringing field as shown in equations (5)-
(7).

Leeval = Leetr = Le + AL (5)

where

_ CLZy e

Neor (6)

AL

Hence, Eq. (4) is rewritten as Eq. (7).

2

L.+ AL

Eeffeval — < - i ) = Eeff + A€ (7)
p

This enlargement AL is hard to estimate because dielectric constant itself is one

of the variables. Furthermore, radiation of a transmission line is not negligible at mmw
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frequency. Thus, the proposed technique utilizes two of the measurements, and take
difference between the measurements to address these problems. Basic of the method
is also used for the open-ended strip-line method. In the method, an open-ended
transmission line whose length is adequately long is used for the first measurement.
After the measurement, the transmission line is cut down, then the second measurement
is executed. Dielectric permittivity can be calculated by using difference in the length
of transmission lines and the resonant frequencies of the open-ended transmission line.
On the other hand, the proposed technique does not require to cut down a transmission
line, but length of the quasi-resonator is easily changed by just shifting of probe’s
contact position. Thus, the quasi-resonator behaves as great flexibility in adjustment of
its length, unlike conventional resonators. Furthermore, accuracy in positioning of a
mechanical stage is generally no more than several microns, which is much better than
working accuracy in fabrication of conventional resonators which sometimes reaches
to several hundred microns. It is therefore accuracy improvement in size of resonator
is expected by using the proposed technigue. According to above mentioned
considerations, dielectric permittivity can be calculated by using the modified

equations (8) — (11).

A evalm = 7— ®)
pevam fr,eval,m
2n—1
Le,eval,m = Tlr,eval,m (9)
2 2
€ — (Le,m+1 + AL) - (Le,m + AL) _ ALe,eval,m (10)
eff mod Lp,m+1 _ Lp,m ALp,m

frm — fr,eval,m+1 + fr,eval,m (1 1)

2

The dielectric permittivity was calculated using equations (12) — (15).
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Kk

Kk, ) 4-W
& = 2(¢ -1 ; 12
r ( eff mod ) K(kz) ( )

K(k; )
M/tot dz —Ww?2
ky = 13
bd (W w2 )
_sinh(nW;/4h) | sinh?(md/4h) — sinh? (W /4h) (14)
27 sinh(nd/4h) |sinh?(zW,,/4h) — sinh?(zW /4h)

k! = /1—kn2 (n=1,2) (15)

4.2.2 Dielectric loss tangent
The loss of a transmission line aiine and quality factor Qiine are expressed by

equations (16) and (17), where subscripts “c”, “&”, “r”, and “m” indicate the
conductivity loss, dielectric loss, radiation loss, and magnetic loss, respectively.

Oline = O¢ + Ogr + Oy + Om (16)
1 1 1 1 1

om0 oo 17

The quality factor of the magnetic loss Qm is considered negligible in this study,

because non-ferromagnetic material is used.

As Qiine can be calculated from the 3-dB bandwidth, Q. can be obtained if Q. and
Qr are negligibly small. However, impacts of these quality factors cannot be neglected
in the PBR technique. Therefore, the contribution of Q. should be extracted from
measured Qiine. In this study, contribution of the dielectric loss was extracted by using
the well-known transmission line theory, which was proposed by W. Heinrich ¥, w.,
Heinrich expressed resistance R, inductance L, conductance G, and capacitance C of a
transmission line in the mmW frequency range up to 100 GHz. However, modifications
are required to extend the theory toward the 300-GHz band. In this study, dielectric

dispersion, radiation, and surface roughness were considered to extract the dielectric
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loss contribution. The transmission line theory assumes that there is a difference in skin
effects between the signal and ground lines of a CPW. Frequency-dependent
expressions of R(f), L(f), G(f), and C(f) are established to make the calculation result
agree with the data from the mode-matching analysis [**81%, Several studies extended
the theory to sub-mmW frequencies 2121, Each of these studies proposes a different
expression for a transmission line; thus, the most suitable expressions were selected for
the PBR method.

According to Ref. 119, G and C of a transmission line can be expressed as:

C = 2¢ (Fup (w,s,t, wg) + erlOW(W, s, t, wg)) (18)

G = 2wepe, tandFgy, (W, s, ¢, Wg) (19)
where w is the width of the signal line, t is the thickness of metallization, s is the
width of the slot between the signal line and ground line, and wy is the width of the
ground line. The line resistance R is defined as a sum of the signal line resistance Rc
and ground line resistance Rq (R = Rc + Rg). The frequency range is divided into three
ranges because of the different current distributions in the signal and ground lines,
which strongly depend on the frequency. In the highest frequency range, the current
distribution is determined by the classical skin effect. On the other hand, the current
distribution is uniform in the lowest frequency range. In the intermediate range, the line
resistance is expressed using the fitting parameters, which provide the agreement of the
calculation results with the mode-matching analysis. Rc and Rq are defined in each

frequency range as:

W \2

R. =R [1 + af( ) ] (forw < weq) (20)

Wcy
w \Vc Weq 2 w 2
R, = R (—) 1+ a5 (=2 +C( )
‘ “Nwer [ az( ‘U) “ Wc2 (2D
(forwe < w < wWey)

_ [wpo F{ c (We2)\? <

Re= Geamlt i (T | doron <o -
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o \2

Ry = Rgo |1 +af <_> ] (for < wg:) (23)
O)gl
w \? g (@1’ | g @ ’
g <wg1> “ ( w ) . (%2> (24)
(for Wg1 S0 < wgz)
) F.g w 2

R, = /2_1;)4_;'02 1+af (ng) ] (for wg; < w) (25)
R=R.+R, (26)

The frequency limits wc1, we2, wqg1, and wg, depend on the conductivity of
metallization «, as well as on t, w, and wg. The other coefficients, Rco, Re1, Rgo, Rg1, FLY,
Fo, an%, an? (n = 1 — 4), V¢, and 9, also depend on «, t, w, s, and wg. Thus, the line
resistance R can be calculated from the circuit dimensions and conductivity of
metallization.

For the line inductance L determination, the entire frequency range is divided into
four parts. In the lowest frequency range, the current distribution is uniform in the both
signal and ground lines. In the highest frequency range, skin effect has the dominant
impact on the current distribution. In the intermediate range, the ground line exhibits
non-uniform current distribution, while the signal line still exhibits uniform distribution.
Such a non-uniform current distribution makes the line inductance expression in this

range more complex.

w 2
L = LDCO [1 + aé <_) ] (for w < wLO) (27)
Wro
w \Vz1 Wro 2 w 2
L=Ly, +Ly(—) |1+a(—) +a} (—)
et (G) [ rat (57) e (G (28)
(for Wro <w< (ULI)
w \Vzz2 Wi 2 w
() e ) ()
eoco z2 ©Lo as ( © ) ay ©L, (29)
(for Wi <w< (ULZ)
_ ’ ho Ff + Fig c (PL2
L=Lew+ ok 4F02 [1 +as (T)] (for w;,; < w) (30)
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Similar to the line resistance, all the parameters, wio, wL1, wi2, an° (N =1-5), F.9,
FL9 Fo, vz, vz2, Lpco, Lz, Lz2, and Leo, are defined by the circuit dimensions and
conductivity of metallization. Figure 4.2 shows the comparison of the calculated R and
L in the reference and those of this study. As shown in the figure, these values agree
well.

The influence of radiation was modeled in reference [!2°. The impact of the
radiation is estimated from the electrooptic (EO) measurements of the attenuation in
voltage of the EM field just above the transmission line. The contribution of radiation

for the line resistance Rrad can be expressed as:

2
ro (T 5 ) (1 - gef(fggf)> (s + 2w)2e 1>
rad = (E) enlf)  Co3K'(OK (k)

f? €2y

&

K'(k) = KW/1 - k?) (32)
where K is the elliptic integral of the first kind, k is a function of s and w, and co
is the speed of light. The line resistance can be modified by summing Rraq in (31) and
Rin (26).

Schneider introduced the dielectric dispersion considering the TE signal
propagation 2!, Though ideal CPW based on quasi-TEM mode signal propagation,
TE mode signal which assuming a rectangle waveguide of which long axis is side
between both outer edges of the ground lines and short axis is thickness of a substrate

should propagate on actual CPW. The effective dielectric permittivity can be modified

BN

d
. 2.86465 (1) "

d
0.15075 +
Weot

as:

Ereffnew — gr,eff,qs

88



Chapter 4 Proposal of dielectric permittivity measurement up to 300 GHz

1+e,
q= 2
where wiot denotes the total width of the CPW, d denotes the ground-to-ground

€ (35)
spacing, and fg1 corresponds to the frequency, at which the phase constants of the CPW
mode and first lateral higher-order mode intersect. fg: is a function of &r and Wiot. Thus,
the line capacitance C in equation (18) was modified by using ér eff new.

The influence of the surface roughness was studied by G. Gold [*??l. The surface
of metallization was modeled by tiny stacked spheres in that study. The roughness

influences on the effective conductivity oerf and effective permeability Ueff AS:

oo = gos | B, [ f Iszugh(i ))I x] G36)
2

bt = 21t000] By [ 1Burovenl 4] (7)

_ L[y 38

o(x) = Opulk quf_me dx (38)

where By(x) denotes the magnetic field in the in-plane direction at the depth of x
um from the surface of the conductor, Jrough(X) denotes the current density at the depth
of X um, Byrough denotes the magnetic field around the rough surface, Rq denotes the
root mean square of the surface roughness parameter, and obuk denotes the conductivity
of the bulk material. The calculated oefr and wefr Were substituted into equations (22),
(25), and (30) to take the effect of surface roughness on the calculation algorithm into
account.

R, L, G, and C of a transmission line were calculated using the above-mentioned
equations. A transmission line resonator can be modeled by the equivalent circuit
shown in Figure 4.3. The quality factor of the resonator Qiinefit Can be calculated by
equations (39) — (41). The parameters for the fitting procedure are summarized in Table

4.1.
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111 .

Qune Q. Qc (39)
wlL

Q. = 7 (40)
wC

Qc = v 41

Table 4.1 Parameters for the calculation

Parameters Values
Surface roughness Rq 30 nm
Width of signal line w 50 um
Width of slit s 25 um
Thickness of the metallization t 2 um
Distance between outer edge Wg 200 pm
of ground conductor
Permittivity &r 9.8
Dielectric loss for the initial state  tano 1.25x104
Conductivity of metallization Kk 56x10°S'm

The dissipation factor tano of a substrate material can be estimated by fitting
Qiine sit to the value derived from the 3-dB bandwidth of the resonator Qiine,3d8. However,
an additional modification was required to transform the theoretical equation to the
form appropriate for actual measurements. As shown in figure 4.3, the calculation of
Qiine fit assumes an ideal resonator. However, the quasi-resonator in the PBR method is
considered as a non-ideal resonator. Evidently, the resonator has fringing EM field at
the open end. Thus, the equivalent circuit of the resonator was modified as shown in
figure 4.4; the modified circuit has an additional RC parallel circuit. Assuming the

quality factor of this RC parallel circuit is Qco, equation (39) takes the form:
1 1 . 1 . 1 )
Qline B QL QC QCO

Qco was determined from the known tand value in microwave frequencies.

According to reference 2, tang of alumina is 1.25 x 10 at 30 GHz. Qiine measured

by the PBR method was 42 at 30 GHz. Thus, Qco can be determined from equation (42).

90



Chapter 4 Proposal of dielectric permittivity measurement up to 300 GHz

Therefore, tand can be determined at the other measured frequencies by fitting of Qiine,

assuming Qco is insensitive to the measured frequency.

4.3 Improvement of measurement repeatability by using the precision

probing technique

4.3.1 Measurement system and configurations

The dielectric measurement technique was demonstrated in the two frequency
bands, which are referred to as “100-GHz band” and “300-GHz band” in this chapter.
Table 4.1 shows the configurations of the measurement systems. The original probe
station and ISS from Chapter 2 were used for the demonstration. Furthermore, two of
the probe positioning techniques, the conventional manual inspection and precision
probing technique described in Chapter 2, were demonstrated to show the improvement
in the measurement repeatability. Regarding the precision probing technique, the same
process to section 3.2.3 was used for the alignment of probe position, as shown in

Figure 3.5 in the Chapter 3.

Table 4.1 System configurations

Frequency band 100 GHz 300 GHz
Measurement frequency 10 MHz-110 GHz 190 GHz- 340 GHz
VNA E8361A B5222B
Frequency extender N5250A VO3VNA2-T/R
IF (Hz) 100 1000
Probe Infinity-GSG-150 Infinity-GSG-75
ISS 101-190 138-356

4.3.2 Validation of the probe-backside reflection method
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After the procedure described in section 4.3.1, one side of the probe was
positioned to contact the end of the transmission line, while the other side of the probe
did not contact the line. The uncontacted probe was shifted by 500 pm to align the
probe in the middle of the transmission line. As the measured frequency range was
limited by 110 GHz, no resonance was expected to be observed when the probe contact
point was positioned at approximately 350 um or less from the end of the transmission
line. After that, the probe was shifted to 1500 pm from the end in 100-pum steps (Figure
4.5). The probe contacted the middle of the transmission line in each shift with the
precision adjustment of the probe skating using the precision probing technique. The
total of 10 S-parameter datasets were obtained in this process. Using equations (8) —
(11), 9 dielectric permittivity can be calculated in the entire measured frequency range.

The measurement was repeated 5 times to investigate the measurement repeatability.

4.3.3 Improvement of measurement repeatability by using the precision probing
technique

Acquired scattering parameter was compared with that of calculated by EM
simulation. Figure 4.6 shows the EM model for the simulation. The ground ring model
was adopted for the modeling of the probe tip in this thesis. The ground ring model was
reported as the optimal model for RF probe tips *?4, The dimensions of the ground ring
were optimized by comparing the measurement result of the 2-mm-long matched
transmission line. The size of the modeled probe tips was 20 um. Figure 4.7 shows the
comparison of the scattering parameters when the probe contact was positioned at 800
um from the open end. The solid line indicates the measured S-parameter, and the
dashed line indicates the simulated result. Although there is a slight difference in the

resonant frequencies, the results show good agreement.
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Figure 4.8 shows comparison of evaluated effective dielectric permittivity
calculated by the equations (8) — (11). The error bars in the figure indicate single
standard deviation of the evaluated dielectric permittivity. Range of the error bars was
approximately 3-10 % with the conventional manual probing technique. Generally, this
level of the error is out of acceptable range for dielectric measurement. It is reasonable
that the variation of the permittivity reached to those level, because variation of the
probe position reaches 10 um despite difference in physical length of the quasi-
resonator, which is associated with amount of the probe shifting, was only 100 um. On
the other hand, the precision probing technique exhibited obviously improved
measurement repeatability. The error bars with the precision probing technique was no
more than 1 % and 0.2 % in their best. This is considered as acceptable range because
uncertainty of dielectric permittivity measurement is 3 % even in circular-disk
resonator method, which is known as the precision dielectric measurement method 21,
It is therefore, measurement repeatability was considerably improved by the precision
probing technique. Furthermore, the broken line in the figure shows reference value
which was derived by phase of S1 of the two lines. The evaluated value in the proposed
technique was 5.1, which was well-corresponded to the reference value. Therefore,

accuracy of the proposed technique was also validated.

4.4 Demonstration of dielectric measurement method up to 300 GHz

4.4.1 Methodology of the demonstration

The screen-printed 5.25-mm matched transmission line was used for the
demonstration. The substrate material was also alumina ceramics with the nominal

dielectric permittivity of 9.8. As the improvement in the measurement repeatability was
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already demonstrated in the 100-GHz band, only the precision probing technique was
used for the measurements.

In the “100 GHz band”, the one probe was shifted by 900 um from the edge of
transmission line to align the probe in the middle of the transmission line. After that,
the probe was shifted to 500 pm from the end in 100-um steps (Figure 4.9(a)). Only
the 1st resonant frequency, which corresponded to a peak of n = 1, was utilized to
calculate eefr.

The third and fourth order resonances (n = 3, 4) were used for the measurements in
the 300 GHz band, because the other orders were out of the measurement frequency
band. The probe contact point was positioned at 600 um and 800 um from the end for
the third order resonance and at 700 pm and 1050 pm for the fourth order resonance
(Figures 4.9(b) and 4.9(c)). The contact positions were selected to make the difference

of the physical lengths of the resonators as large as possible for each order.

4.4.2  Investigation on accuracy of the measurement

Though effective dielectric permittivity of alumina substrate was evaluated as 5.1
in the previous chapter. Inconsistency between calculation theory and actual circuit
behavior degrades accuracy in transformation from effective permittivity to dielectric
permittivity of a substrate material. Non-ideal circuit design may cause the calculated
dielectric permittivity being deviated from the true value. Thus, sensitivity analysis was
executed for each dimension of transmission line. In conventional circuit fabrication
technique, a Pd layer is fabricated between a substrate and a gold metallization for the
adhesion of the metallization. However, this adhesion layer may cause the analysis
more complex. To address the problem, a screen-printed transmission line was used,
because the screen-printed line does not need an adhesion layer. The details of the

screen-printed transmission line are described in the Chapter 3.
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The measurement uncertainty was estimated at each resonant frequency. Table II and
III shows lists of evaluated contributors and their uncertainties for dielectric
permittivity and loss tangent at 50 GHz and 270 GHz. Impact of frequency dependence
of O, accuracy of the circular-disk resonator, are additionally evaluated for tand.
Frequency dependence of Q.o was estimated by assuming that Qco=wCn/Gm. Variation
of Qo with varied frequency up to 500 GHz was evaluated as shown in the figure 4.10.
Contribution of non-TEM mode propagation was evaluated by comparing the values
between with and without transformation of e.r in the equation (33). The others
uncertainty contributors were evaluated by using the Electro-Magnetic (EM)
simulation and changing the parameter for calculation of & and tand in the analysis
program. Thereafter, larger variation between both of the methods was adopted as the
estimated uncertainty, because inaccurate simulation model can underestimate
uncertainty contribution in the former case, and some parameters which are not
included in the calculation, such as a length of the line, cannot be evaluated in the latter
case. EM simulator femtet (murata software) was used for the investigation. Each
sensitivity coefficient of the contributor ua; (A is & or tand) was calculated by the

equations (43), where max(A) means maximum value, min(A) means minimum value,

and Ax; means estimated variation range. D; is a divisor which was /3 excepting the

accuracy of CDR by assuming a rectangular distribution. For accuracy of CDR, D1 was

set as V6 because a triangle distribution can be assumed. Combined uncertainty was

calculated by taking square-root of sum of squares of every contribution as equation
(45). A coverage factor of combined uncertainty k was 2, which is corresponded to

95 % confidence limit.

_ max(4;)—min(4;)

up = T (43)

Upi = upiAx; (44)
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Up =k X IZi(UX,i) (45)

Variation of each contributor (AXj) was determined according to the

limitation in accuracy of circuit fabrication. Measurement repeatability was
defined as a standard deviation in 4 of the measurements.

At 50 GHz, thickness of metallization causes a dominant impact to &. On
the other hand, surface roughness causes a dominant impact to evaluated tanJd.
This is reasonable because thickness of metallization relates to distribution of
the EM field, and surface roughness relates to conductivity of the metallization.
At 270 GHz, non-TEM mode signal propagation becomes larger for &, and
accuracy of the CDR becomes a dominant contributor for tand. Since fg1 in the
equation (33) is 188 GHz in this time, it is reasonable that impact of non-TEM
mode signal propagation becomes larger at 270 GHz than that of 50 GHz. In
addition, since accuracy of CDR is transfer to the evaluated tand in the
proposed technique, it is also reasonable that impact of accuracy of CDR
becomes larger when measurement frequency becomes far from 30 GHz. It is
noted that impact of surface roughness for tano become smaller at 270 GHz.
Combined uncertainties were calculated as 0.43 and 0.58 for &, and 5.9x10°3

and 3.6x10°2 for tano at 50 GHz and 270 GHz, respectively.

Table 4.2 Uncertainty contributions for &r.

Contributors Variations Ui Ui
Xit Axi/2 50 GHz 270 GHz
Characteristic impedance 50£2Q 6.3x102% 1.1x102
Thickness of substrate 250 £ 25 um 1.8x10%2  1.0x10?
Length of the line 3.5+£0.005mm  1.6x10° 3.1x102
Surface roughness 0.1+£0.1 um 1.4x107  3.3x10?
Conductivity of metal 94+ 6 % 4.7x102  1.1x10?
Thickness of metallization 2+1pum 1.5x101  1.8x10!
Measurement repeatability N=4 5.7x102  1.4x10!
Non-TEM mode propagation 9.6x10° 1.7x10"!
Combined uncertainty k=2 43x10"  5.8x107!

96



Chapter 4 Proposal of dielectric permittivity measurement up to 300 GHz

Table 4.3 Uncertainty contributions for tano.

Contributors Variations Utand,i Utand,i
Xit Axi/2 50 GHz 270 GHz

Characteristic impedance 50+£2Q 2.7x10* 3.6x10™
Thickness of substrate 250 £ 25 pm 1.8x10* 1.0x10*
Length of the line 3.5+0.005mm 5.9x107 5.0x10™
Surface roughness 0.1+0.1 um 1.4x1073 6.7x10
Conductivity of metal 94 +6% 1.0x1073 2.3x10*
Thickness of metallization 2+ 1 pum 3.4x10* 3.6x10™*
Measurement repeatability N=4 5.0x10* 6.3x10
Non-TEM mode propagation 3.3x107° 5.8x10*
Frequency dependence of Qco 1.1x10® 1.4x107
Accuracy of the CDR 5.7x10* 1.1x1073
Combined uncertainty k=2 5.9x1073 3.6x1073

4.4.3 Broadband dielectric measurement

Figure 4.11(a) shows the broadband dielectric permittivity spectra. The data
denoted as “Disk resonator” is quoted from reference 52, and the data denoted as “THz-
TDS” is quoted from references 59 and 60. The error bars indicate the range of
uncertainty. As shown in the figure, the dielectric permittivity evaluated by the circular-
disk resonator and PBR technique exhibit good agreement, despite the difference in the
measurement methods. Furthermore, the “This work™ plots exhibit continuity to the
“THz-TDS” reference values. Figure 4.11(b) shows the dielectric loss tangent. The
dielectric loss tangent also shows discontinuity with the values evaluated by THz-TDS.
Dielectric dispersion due to the phonon of alumina was calculated by using the
equations (46) and (47) with the phonon parameters in the Table 4.4, which are quoted

from the reference 60.

*

£ =€+ Sphonon (46)

c —yn _ bawd (47)
phonon i=1 wiz—wz—jw]/i
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The solid curves in the figure 4.11 indicate calculated dielectric dispersion of the
phonon model. As shown in the figure, evaluated & and tand were corresponded to
those of calculated from the dispersion model within the uncertainty range. It is
therefore, accuracy of the PBR method was validated by the dispersion model of the
alumina substrate. On the other hand, broken curves in the figure 4.11 shows dielectric
dispersion due to the phonon and Cole-Cole relaxation model calculated by the
equations (48) and (49). Parameters for Cole-Cole relaxation model are shown in the
Table 4.5.

& =é&pt €debye T Ephonon (48)

€ = —=
debye ™ 14 (jwr)P

(49)

The broken curve of &r was corresponded to the all plots, but that of tano
was deviated from the plots of the PBR method. However, dispersion factor f
was 0.1, which was extremely small value. According to this model, lots of
dipole-moments should be existed in broadly distributed frequency domain.
This dispersion model is not substantial for alumina. It is therefore, the
dispersion model only with the phonon mode, was considered as a substantial
model in this case. As a conclusion, the PBR method was demonstrated at the
mmW frequencies and accuracy of the measurement was discussed. Dielectric
dispersion model of alumina substrate was discussed with the broadband
frequency range in this paper. This indicates that the potential of the PBR
method to adopt for investigation on dielectric property in the mmW-

frequencies. The PBR method is expected as an effective technique for

development of 6G communication technologies.

Table 4.4 Parameter of phonon modes of Alumina substrate. [6%]

Resonant frequency Oscillator Damping
o Strength Coefficient y;
(cm™) Asi (cm™)
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385 0.25 4.1
405 0.63 16.6
435 2.73 4.0
495 0.05 10.9
573 2.60 14.2
633 0.11 7.0
769 0.07 143.6

Table 4.5 Parameter of Cole-Cole relaxation.
S T &s
(sec)

0.1 1x10"™ 0.6

4.5  Conclusion of chapter 4

The PBR method was demonstrated in the frequency range up to 300 GHz in this
chapter. It is noted that the precision probing technique is essential for improving
measurement repeatability of the PBR method. The dielectric permittivity and loss
tangent obtained by the PBR method exhibited good agreement with the other dielectric
measurement techniques below 100 GHz. Furthermore, the evaluated permittivity
exhibited reasonable continuity till sub-mmW frequencies, which can be explained by
the dielectric dispersion of the phonon mode. This result validates the accuracy of the
PBR method. The PBR method is expected to be an important tool for material

characterization even in the frequency range up to 300 GHz.
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Figure 4.1  Illlustrations of the PBR method. (a) Equivalent circuit of the
measurement, and (b) the measurement principle.
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Figure 4.2 Resistance and inductance of a transmission line by the transmission
line theory. Cross marks indicate the values from the reference, and red-colored plots
and curve indicates calculated value in this thesis.
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Figure 4.3  Equivalent circuit of the ideal resonator.
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Figure 4.4 Modified equivalent circuit. An open end the line was additionally
modeled compares to the figure 4.2.
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Figure 4.5 Illustrations of probing procedure of the dielectric measurement.
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Figure 4.6  Model of the probe and transmission line for EM simulation. (a)
Overview the model, and (b) a schematic illustration of the model of probe tips.

103



Chapter 4 Proposal of dielectric permittivity measurement up to 300 GHz

-10
-15
-20
-25
-30
-35

Sy (dB)

0 20 40 60 80 100 120
Frequency (GHz)

—Simulated ——Measured

Figure 4.7  Measured- and simulated- traces of S-parameter.
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Figure 4.8 Evaluated dielectric permittivity with the conventional and the
proposed techniques.
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Figure 4.9 Modified equivalent circuit. An open end the line was additionally
modeled compares to the figure 4.2.
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Figure 4.10 Estimated Qco spectra in the frequency range up to 500 GHz.
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Figure 4.11 Broadband dielectric properties evaluated by several dielectric
measurement methods. (a) Dielectric permittivity and (b) dielectric loss.
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Chapter 5 In-situ effective dielectric permittivity

measurement of transmission line

5.1 Introduction of chapter 5

“In-situ” dielectric permittivity measurement by the PBR method is demonstrated
in the frequency range up to 110 GHz in this chapter. Attenuator and mismatched
transmission line were used for the demonstration. The detail of the technique is
provided in “Paper VI: Jap. J. Appl. Phys., 57, 11UEO01 (2018)” and “Conference paper
VII: IFAAP 2018, (2018) [Awarded]”.

5.2  Measurement principle of probe-backside reflection method

Figure 5.1 (same with Figure 4.1(b)) shows a schematic illustration of the
principle of the proposed technique. As described in the Chapter 4, the proposed
technique utilizes two of the measurements, and take difference between the
measurements. Effective dielectric permittivity can be calculated by using the

equations (1) — (4).

Co

Arevalm = Frovam 6]

Leevati = Asevatm )

A <Le,m+1 - Le,m>2 _ (ALe,eval,m>2 3
’ Lpm+1 — Lpm ALpm

£o= frevalm+1 * frevalm )

2
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5.3 Methodology of demonstration

5.3.1 Measurement system and configurations

The dielectric measurement technique was demonstrated in the “100-GHz band”
in this chapter. Table 5.1 shows the configurations of the measurement systems. The
original probe station from Chapter 2 were used for the demonstration. The substrate
material of the ISS was alumina ceramics with the nominal dielectric permittivity of
9.8. Furthermore, the precision probing technique described in Chapter 4, was used to

improve measurement repeatability.

Table 5.1 System configurations

Frequency band 100 GHz
Measurement frequency 10 MHz-110 GHz
VNA E8361A
Extender N5250A
IF (Hz) 100
Probe Infinity-GSG-150
ISS 101-190

5.3.2 In-situ dielectric measurement by using actual common attenuator

As described in the Chapter 4, the proposed technique does not require to use any
resonator, but it generates the quasi-resonator on a normal transmission line. It is
therefore the technique should work not only for transmission line, but also for an
attenuator. In this time, a 6-dB attenuator and matched transmission line on the same
alumina substrate was used for the validation. Originally, the devices were fabricated
as verification devices to check accuracy of on-wafer measurement system 21, Figure

5.2 shows images of both devices. The length of transmission line was 2 mm. the
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attenuator was designed theoretically based on T-type attenuator. The dielectric
measurement was executed by using the feedline of the attenuator and the transmission
line. Since length of the feedline of attenuators was only 500 um, comparison of
dielectric permittivity was executed by shifting the probe from 350 pm to 500 um. The

permittivity was evaluated at 70 GHz in this case.

5.4  Comparison of effective dielectric permittivity

Figure 5.3 shows the comparison of the effective dielectric permittivity measured
using the matched transmission line and 6-dB attenuator. As shown in the figure, these
dielectric permittivity values agree with each other. This result indicates that the
proposed technique can be utilized even in an attenuator device. Therefore, the
proposed technique has a great potential for in-situ dielectric measurements. The
proposed technique provides breakthrough capabilities of dielectric property
measurements of circuit substrates at mmW frequencies. The PBR method is expected
as a powerful tool for investigation on local dielectric measurement in inhomogeneous
material because the method works even on the actual on-wafer device without any

resonator component.

5.5  Conclusion of Chapter 5

The in-situ effective dielectric permittivity of the transmission line and the attenuator
was demonstrated in this chapter. The effective dielectric permittivity exhibited good
agreement between the values obtained by using transmission line and attenuator. This
result validates the accuracy of the PBR method for an effective dielectric permittivity
measurement, which is insensitive to a used device. The PBR method can realize “in-

situ” dielectric measurement without preparing specific device, because the method
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doesn’t require to fabricate any resonator in a device. This unique feature allows to

investigate on inhomogeneity of substrate material just below actual devices.

5.6 Reference

[125] R. Sakamaki, and M. Horibe, “Development of Verification Process for On-
Wafer Measurement at Millimeter-Wave Frequencyn,” CPEM 2016 Conf. Dig.,
Ottawa, Jul. 2016.
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Figure 5.3  Comparison of the effective dielectric permittivity measured by
using the matched transmission line and the 6-dB attenuator.
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Chapter 6 Progress of dielectric measurement technique

for future communication technologies

6.1 Historical aspect of related technologies

6.1.1 Communication technologies

The world’s first wireless communication technology is mechanical semaphore
signal by telegraph developed in 18™ century at France. At that time, the semaphore
was communicated by direct observation using a telescope. In 19" century, Morse
signal was developed by using electrical signal by wire communication. In 1923, Yagi-
antenna have been developed. Thereafter, developments of wireless communication
technologies are raced on. In the early days of the development, the wireless
communications were limited in military uses. After the World War II, the wireless
communications were used in marine vessels and automotive. A shoulder-phone was
adopted for the phone in automotive. This shoulder-phone was primitive form of the
today’s mobile-phone. First PHS mobile communication became commercialized in
1995, which is referred as 1% generation communication today. After that, since
communication signal was digitalized, E-mail and internet access can be realized by
2" generation communication technologies. From 3 generation communication
technologies, international standardized organization of 3' generation partnership
project (3GPP) leads standardization of mobile communication system includes 5G
communication technologies. loT technologies was main frame of the 5G
communication technologies. On the other hand, Internet of Human (loH) and Internet
of Ability (IoA) are put forward for 6G communication technologies. Main feature of

the loH and IoA is a communication of tactile sense. For instance, people can receive
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lesson of professional pianist at far-off place by using high-speed communication and
wearable devices. Thus, developments of wearable devices are also required for the
improvement of 6G communication technologies. Sixth-generation communication
technologies make people recognizing the thing exists on site by combining virtual

reality technologies.

6.1.2 Transition of transmission line

In the past years, RF transmission lines are constructed by coaxial or waveguide
structures. Thus, few material such as polyethylene was considered for construction of
those transmission lines. However, requirements for miniaturization of electronics
devices and improvement of fabrication technologies of thin-film lead use of planar-
circuit as transmission line in 1950’s. Variety of substrate materials, such as alumina,
FR4, polytetrafluoroethylene, polyimide, SiOz, Si, and glass-alumina, were adopted in
nowadays. Use of planar-circuit leads diversity of material for the transmission line.
Furthermore, as described in the previous chapters, operating frequency of the devices
reaches to the mmW. Thus, wideband frequencies from high-frequency band to the
mmW should be considered in this research field. It is therefore, knowledges of
dielectric dispersion due to macro- and micro-structure of materials such as phonon
vibration become essentials for design of transmission lines. Thus, both knowledges of
material science and device engineering are required for development of transmission

line and related technologies.

6.1.3 Transition of social requirements to science and technologies

Figure 6.1 shows relationship between operating frequency of the communication
devices and years for starting development. The operating frequencies were drastically

increased in recent several years, which may relate to growing in use of internet. Thus,
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development speed is expected to be accelerated for catching up with it. However,
resource for the development such as human-resource is limited. Therefore, ours
society requires science researcher to comprehend more industrial needs of related

technologies than ever before.

6.2  Contribution of this study

As described in the section 6.1.2, knowledge of dielectric dispersion mode is
necessary for RF transmission line technologies. Direct measurement of dielectric
properties is necessary to construct accurate model of the dielectric dispersion.
However, the measurements in the mmW frequencies has a problem with regards to
non-ideal electrical field distribution. As shown in Figure 6.2, electrical field is
distributed in both of air and substrate for planar-circuits. Speed of transmitted
electrical signal in air and substrate are different each other. To accommodate this
difference, non-TEM mode signal have to propagate in the planar-circuit. Non-TEM
mode signal propagation causes a transmission line theory more complex, because
almost of the theories assumes single mode signal propagation. In this context, EM
simulation is powerful tool to investigate non-TEM mode signal propagation. Actually,
electrical behavior of planar-circuits can be estimated without detail knowledge with
regards to the transmission line theories by using the EM simulation. However, in the
300 GHz band, requirement for accuracy of simulation model is extremely increased.
This transition causes electrical properties of circuit difficult to be estimated even with
the EM simulation. It is therefore, detail knowledge with regards to transmission line
theories are required for this study. This study solved problems of material science by
using the novel mmW and sub-mmW transmission line theories. Thus, this study can
be positioned as a bridge between material science and device engineering. This study

includes contents which belong to several academic fields, such as electronic
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engineering, materials science, and metrology. The devices were designed by using
transmission line theory from electronic engineering. Some knowledges from material
science was used to analyze dielectric dispersion due to phonon of alumina substrate,
and uncertainty analysis method belongs to metrology.

Two of major achievements of the study are proposal of the dielectric
measurement in the 300 GHz band, and effective dielectric permittivity measurement
of a transmission line of actual devices. Former achievement provides more accurate
dielectric property data in the 300 GHz band. This improvement can accelerate speed
of RF device development. Latter achievement can realize investigation on difference
in transmission line properties due to fabrication process. Furthermore, this study is a
bridge of several research fields. A bridge work can encourage to understand wider
research back ground, and industrial needs of related technologies. For instance, this
study may lead material scientist understand requirements of mmW devices. Thus, it is

expected to accelerate development speed of mmW devices.

6.3 Future works

This study realizes dielectric measurement in the 300 GHz band, which is
frequencies range where optimal dielectric measurement method is not exist. Thus, a
broadband dielectric measurement can be realized by using the RSD method, and others
methods such as FT-IR, THz-TDS, and AC parallel capacitance method. The
broadband dielectric measurement is powerful tool for investigating dielectric
dispersion modeling such as phonon vibration and Debye relaxations, which is essential

for transmission line design as described in the section 6.1.2.

6.4 Conclusion
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Requirements of high-speed communication and lack of frequencies resources
cause the operating frequencies of RF communication devices reach to millimeter-
wave frequencies. Note that discussion about “Beyond-5G” communication
technology has been started and the operating frequencies up to 340 GHz are
considered as candidates of target frequencies. Dielectric permittivity of a ceramic
substrate is important information for circuit design. However, dielectric measurement

at mmW frequencies has some problems as follow:

1) Since conventional low-loss dielectric measurement technologies are based on
resonator-method, accuracy of mechanical working of a resonator limits range
of measurement frequency. It becomes programmatic especially at mmw
frequencies range of 100-300 GHz.

2) Conventional measurement techniques assume a homogeneous material. Thus,
inhomogeneity of substrate cannot be investigated in the mmW.
Inhomogeneity of substrate causes harmful impacts to reliability of RF devices.
Thus, in-situ dielectric measurement technique is required to address the

problem in the mmW.

This study addressed the problems described above. The combination of the PBR
method and the precision probing technique realized material characterization in the
frequencies ranging up to 300 GHz, because accuracy in size of the resonator can be
determined by the accuracy in probe positioner in the PBR method. Further, since the
PBR method does not require DUT having any resonator, it can be applied to common
feedline of RF devices. Thus, the measurement can be demonstrated even with the
attenuator. The PBR method can realized in-situ measurement. This unique feature

realizes to investigate on inhomogeneity of substrate material just below actual RF
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device. Thus, the in-situ measurement technique is considered as a useful tool for
circuit testing process for circuit fabricators.

As described above, the proposed techniques can address the problems. Thus, they
are considered to be powerful tools for development of millimeter-wave devices, which

are essential technologies for realization of “Beyong-5G” communication technologies.
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Figure 6.1 Relationship between operating frequencies and years for starting
development of the communication technologies.

Figure 6.2  Electrical field distributions of coplanar-wave guide.
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Chapter 7 Summary

The new dielectric measurement technique was developed to address following

two present problems of conventional technique.

1) Since conventional low-loss dielectric measurement technologies are based on
resonator-method, accuracy of mechanical working of a resonator limits range
of measurement frequency. It becomes programmatic especially at mmw
frequencies range of 100-300 GHz.

2) Conventional measurement techniques assume a homogeneous material. Thus,
inhomogeneity of substrate cannot be investigated in the mmW.
Inhomogeneity of substrate causes harmful impacts to reliability of RF devices.
Thus, in-situ dielectric measurement technique is required to address the

problem in the mmW.

The problems above are obstacles for development of “Beyond-5G”
communication technologies of which the operating frequencies up to 340 GHz are
considered to be assigned.

The proposed measurement technique utilizes on-wafer measurement system to
contact a probe at the middle of transmission line. Thus, impact of probe positioning
should be investigated to establish the measurement technique. Main achievements of

the study are summarized below:
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1)

2)

3)

4)

5)

The precision probing technique was developed to minimize variation in probe
position in on-wafer measurement. The variation was reduced to 1 pm, which
reaches 10 um in the conventional technique.

The precision probing technique was demonstrated with various devices, such
as the attenuator and the screen-printed transmission line. Measurement
repeatability was greatly improved by using the precision probing technique
in the all of measurements.

Material characterization was demonstrated by the proposed PBR method.
Further, accuracy of the measurement was investigated. The evaluated results
exhibited good correspondence to dielectric dispersion estimated from
conventional phonon mode model.

Effective dielectric permittivity measurement was demonstrated by using the
attenuator device, which does not have any resonator structure. The evaluated
effective permittivity was corresponded to value derived from matched
transmission line.

Measurement uncertainty analysis algorithm was developed to investigate on
impact of probe positioning to dielectric measurement. The analysis result
shows that accuracy of the positioning is a dominant uncertainty contributor
in the & measurement, but dimension of CPW was still dominant for tand

measurement.
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Supplemental TRL calibration

Detail of TRL calibration algorithm is described as follow:
As described in the chapter 2, TRL calibration requires 3 of calibration standards.
Each calibration result can be expressed by the equations, where Twvi means measured T-

parameter, and Tai means actual T-parameter of the standards (i=1,2,3).

TMl = TXTAlTY (S-1)
TM 2 = TXTAZTY (S-2)
TM 3= Tx TA3TY (S-3)

Asign THRU, LINE, and REFLECT standards to Al, A2, and A3, respectively.

Then,
U L S A o 4
thru_l 0’ thru — Al_o 1 (S')
0 e}'lz e’}’lz 0
SIine = L’AZ 0 :|a Tline :TAZ :|: O eﬂ2:| (S'S)
1—‘reflect =1 (S-6)

From the equations (S-1) and (S-2),

(TM 2Tl\ﬁ X =Tx (TAZT,’-;ll) (S-7)

Assuming:
M, T,,Tu (S-8)
CA = TAZTA_ll (5-9)

Then, the equation (S-7) can be rewritten as:
M,Ty =T,C, (S-10)

Assuming:
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m, m X, X
MA=|: 11 12j|\ -I-X :|: 11 12j| (S-ll)
m21 m22 X21 X22
T
TA2,11 0
C,= AL11 T (S-12)
0 A2,22
TA1,22
. TA2 11 TAZ 22
Substitute (S-11) and (S-12) to (S-10), and erase —=— and —=then,
AL11 Al,22
’ X
X
mn(iJ + (mzz —-my {Aj —-my, =0 (S-13)
X21 X21
’ X
X
mzl[iJ + (mzz - mll{ij —-m, = 0 (S‘14)
X22 X22

These equations give same solutions. The solutions

X X
L and —Z are expressed

X2 X22
as.
(ﬁj_ oM ey 15
=a= =€y -
X21 —& €
X
(iJ =b =gy (S-16)
X2
Generally, a > b in normal reflectometer. Thus,
X _ T~ (Mg, —my) + \/(mzz —myy)° +4mym, —o _ Gifn (S-17)
X1z 2my, " €
X2 h=_ (my, -my,)— \/(mzz -m;,)° +4m,m,, _ (S-18)
X2 2my, "

In same manner with the above, the error box Y also calculated as follow:

T, (Tl\; ]iTM 2 ) = (TA_llTAZ )TY

M 'A: Tl\;]]-.TM 2
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CIA = TATllTAZ

TYM IA= C'ATY

M :|:mlll m'12:| T :|:y11 y12:|
g m|21 m'22 ! yZl y22

{YH
2
mI21 [h] + (mlzz_mln{ij - mI12 =0
Y2 Y2

Y12

— Ay __ (m'y—m'y; ) + \/(mlzz -m'y, )2 +4m'y, m',

€ 2m'y,

(h] —d

Y2

_ - (m'22 _mlll ) B \/(mlzz _mlll )2 + 4m'21 m'12 _
2m',,

Next, executing reflect standards measurement at both ports.

_ib_rmx
€1 a_rmx

I

d-T,

1d-1,
€, C— me

3

Erase I3 from the equations (S-29) and (S-30) then,
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_eMb-S,, (S-31)
? e11 a-— Sllm
b-T_ c+I,, b-S
ell — eyll mx y 11m (S-32)
a-Ir d +1, a-S;,
From the equation (S-27),
b—a= €10€01 (S-33)
ell
c_d = 582 (S-34)
e22
€10€01 = en(b - a) (S-35)
€363 =€y (C - d) (S-36)
Here,
-ip=iZ=it 537
/4 ) . (5-37)
_d =St (S-38)
e22

Next, calculate e1oe32 and e2sepr from a THRU standard measured results,

€106, = SZlml(l_ ellezzeizﬂl kﬂl (S-39)

€23€01 = SlZml(l_ elle22e72ﬂ1 )37{1 (5-40)
Finally, calculate T-parameter of DUT from the equation (13) in the chapter 2.

T,=T,T,T,° (S-41)
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