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1.1 Introduction

Recently extensive researches have been done on microwave materials such as dielec-
tric resonators (DR), electromagnetic interference (EMI) shielding materials, tunable
dielectrics, high-temperature cofired ceramics (HTCC), low-temperature cofired ceramics
(LTCC), polymer or rubber—ceramic composites, dielectric inks, microwave ferrites, etc.
The number of papers published in the area of microwave materials and applications has
increased considerably over the years, as shown in Figure 1.1.

In 1897, Lord Rayleigh demonstrated that an infinitely long cylindrical rod made up of
dielectric material could serve as a waveguide [1]. In 1939 Richtmeyer theoretically pre-
dicted that a suitably shaped dielectric piece can function as a microwave resonator [2].
However, it took about 20 years to test Richtmeyer’s prediction experimentally. In the early
1960s Okaya and Barash experimented [3, 4] with rutile single crystals and measured the
relative permittivity in the microwave frequency range. In 1965 Cohn first reported [5] a
dielectric resonator-based device — the filter. A dielectric resonator (DR) is a solid puck,
usually ceramic, which can function as a resonator in the microwave and millimeter wave
bands. The resonance is similar to that of a circular hollow metallic waveguide except for
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Figure 1.1 Plot of number of papers published versus year (as per scopus.com using the
keyword microwave materials).

the boundary being defined by a large change in permittivity rather than by a conductor. The
resonant frequency is determined by the overall physical dimensions of the resonator and
the dielectric constant of the material. As the dielectric constant increases, the resonant fre-
quency decreases. Dielectric resonators are extensively used in the fabrication of oscillators
(DRO), bandpass and bandstop filters, dielectric resonator antenna, etc. In the microwave
frequency range, the dielectric properties of materials are obtained by analyzing the behav-
ior of electromagnetic waves that pass in the dielectric resonator (DR). Traditionally DRs
are made from ceramic materials with high permittivity and high Q factor or low dielectric
loss in the microwave region. These DRs are usually prepared in appropriated form by the
solid-state ceramic route. They are much smaller in size compared to their metallic coun-
terparts. The three important characteristics of an ideal DR are high relative permittivity
(g, for resonator applications and low &, for millimeter wave and substrate applications,
low dielectric loss (loss tangent), and low coefficient of temperature variation of the res-
onant frequency (7). The dielectric properties of different types of microwave materials
such as DRs, HTCC/LTCC sheets, polymer—ceramic laminates, EMI shielding materials,
microwave ferrites, etc., are measured by different techniques depending on their geometric
shape, size, and properties [6, 7]. The present chapter elaborates the different techniques
used for measuring the microwave dielectric properties.

1.2 Permittivity (¢,) and quality factor (Q)

The relative permittivity (g,.) is the physical property of a material that is associated with its
energy storing capacity when a potential is applied across it. It is related to the macroscopic
properties like polarization or capacitance. The miniaturization process of some devices or
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circuits is usually made easier by employing a high €, material. A high &, facilitates circuit
miniaturization because the wavelength inside the DR is inversely proportional to the square
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root of its permittivity, as given by

where

A4 = wavelength in the dielectric
Ay = wavelength in air (actually in vacuum)

€, =real dielectric permittivity

The dimension of the dielectric sample must be an integral multiple of half-wavelength
in the dielectric to resonate in the simplest fundamental mode [8]. If that wavelength is
reduced, then the physical dimensions of the resonator must be reduced as well. The per-
mittivity of a material determines the relative speed that an electrical signal can travel in it.
A low permittivity will result in a high signal propagation speed. When microwaves enter
a dielectric material, they are slowed down by a factor roughly equal to the square root of
the permittivity, which implies that the wavelength decreases by the same amount and the

frequency is unaffected, as shown in Figure 1.2.

The signal propagation is one of the most important aspects in electronic packaging. This
is a direct function of the relative permittivity. In the case of ceramic packages, the relative
permittivity of the ceramic over and within the metal lines is deposited or embedded governs

the propagation delay, #;, which is given by [9]

ly/€,
1, =
d C
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Figure 1.2

The wavelength is reduced by a factor of /e when the wave enters the dielectric.
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Figure 1.3 Frequency dependence of polarization processes and peak power losses.

where [ is the line length, €, is the relative permittivity of the substrate, and c is the speed
of light. Thus substrates with low relative permittivity are required to increase the speed of
the signal [10].

By definition, the &, is related to the refractive index n (g, = n?). The dielectric per-
mittivity is frequency dependent, and it is very rare that the square of the refractive index
measured at optical frequencies is the same as permittivity measured at microwaves. In
some materials following this rule, like diamond (g, = 5.68, n= 5.85) or germanium
(¢, = 16, n?= 16.73) [11], the same polarization processes are excited by both optical
and microwave (or RF) frequencies. In other materials, this rule is not valid since dipo-
lar polarization processes that occur at lower frequencies do not usually occur at higher
optical frequencies, that is, the polarization processes are not the same in both frequency
ranges. In the microwave frequency region, ionic and electronic polarization mechanisms
contribute predominantly to the net dipole moments and the permittivity as depicted in
Figure 1.3.

The dielectric loss tangent (tan 6) of a material is associated with dissipation of the elec-
trical energy due to different physical processes such as electrical conduction, dielectric
relaxation, dielectric resonance, and loss from non-linear processes [12, 13]. Another con-
cept of dielectric loss is explained by the delay between the electric field and the electric
displacement vectors [14]. The dielectric loss of the material is the total sum of intrinsic
and extrinsic losses presented by a material. Gurevich and Tagantsev developed a complete
theory of intrinsic dielectric losses and these dielectric losses are the losses in the perfect
crystals that depend on the crystal structure and can be described by the interaction of the
phonon system with the AC electric field [15, 16]. The equilibrium of the phonon system is
changed when an AC electric field is applied and a relaxation is observed that is associated
with energy dissipation [15, 17]. The dielectric relaxation occurs at low frequency and the
phonon frequency is much higher than the microwave frequency. Hence the heat dissipation
observed in this relaxation in the ideal lattice should be of anharmonic origin. The dielectric
losses are related to the crystal symmetry, AC field frequency, and temperature (intrinsic
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features) and these intrinsic losses fix the lower limit of losses in defect-free single crystals
or ideal pure materials.

The imperfections in the crystal lattice such as impurities, microstructural defects, grain
boundaries, porosity, microcracks, order—disorder, random crystallite orientation, disloca-
tions, vacancies, dopant atoms, etc. (extrinsic features), can also lead to losses. These extrin-
sic losses can be, in principle, minimized by proper material processing. The losses due to
different types of defect show different frequency and temperature dependence. The crys-
tals belonging to different symmetry groups have very different temperature and frequency
dependences of dielectric loss [15].

In the microwave frequency range, dielectric ceramics often use the term “quality factor”
for the reciprocal of tan 6. The quality factor, or Q, is a measure of the power loss of a
microwave system that is defined as

Maximum energy stored per cycle

=2 1.3
Q=2m Average energy dissipated per cycle (1.3)

Some losses for a microwave resonator are described as: (a) dielectric, (b) conduction,
(c) radiation, (d) external [8]. The dielectric Q,, conduction Q,, and radiation Q, quality
factors and these losses are given by

Wi wogW; wo Wy wo Wy

PT P, T P, TP

Cc r

where W, is the total stored electric energy in the resonator, @y is the angular resonant
frequency, P, P, and P, represent the power dissipated in the dielectric, conductor, and
radiation, respectively, and
2
T=2"

@

The unloaded quality factor Q, is related as the sum of the other Q-factors by the
relation

1 1 1 1

0.~ 0, + 0. + 0, 1.4
where 1/Q; is dielectric loss, 1/Q,. is the loss due to conductivity of the metallic plates, and
170, 1s the loss due to radiation. The radiation loss can be ignored in most resonant cavities
because these are completely shielded and so there is no radiation effect.

External losses (1/Q,,,) arise due to coupling between the resonator and feed. To intro-
duce an electromagnetic field in the resonator, microwave conducting probes are brought
close to it (few millimeters of separation) — the higher the €, of the resonator, the closer the
probe must be to it. The electromagnetic fields around them induce electromagnetic fields
in the dielectric ceramic, and so they are coupled. However, the presence of conducting
probes in the electromagnetic field lines of the resonator leads to additional loss. The total
or loaded Q-factor is defined as [8]

1 1 1 1 1

0. "0 0.0 " o

where 1/Q; is the total loss of the system and 1/Q,,, is the loss due to external coupling.

(1.5)
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Figure 1.4 The TE,,; resonant peak and associated parameters.

Q; is determined experimentally from the shape of the resonance peak, as illustrated in
Figure 1.4. A bandwidth (BW) is defined as the width of the resonance curve at half power
points (3 dB down from the peak). The peak frequency (resonant frequency) f divided by
the 3 dB width is equal to Q; .

The loaded Q; is obtained from the measured resonant frequency f and half power
(-3 dB) bandwidth Af of TE;; mode resonance:

f

= (1.6)

0r
In practice, resonators are often used with adjustable couplings that allow such approxi-
mation without the need for measuring coupling coefficients. If conduction, radiation, and
external losses are negligible, then Q; = 1/tan 6. When we measure the dielectric loss, at a
particular frequency, we get the total loss tangent and we cannot distinguish the contributing
factors.

If all conduction, radiation, and external losses are negligible, then the loaded Q-factor
depends on dielectric losses in the resonant structure. If the resonant structure contains sev-
eral (N) dielectrics (one of them is the sample under test) then the Q-factor due to dielectric
losses is related to the dielectric losses in particular dielectric regions by the following
formula [14]:

. N
— = ) P, tang; (L.7)
Qd i=1

=
where P,; is the electric energy filling factor for the ith dielectric region and is defined by

M., & EPdv

0= (1.8)
1., € 0 |E*dv
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where V, is the volume of the dielectric resonator, v, is the volume of the whole resonant
structure, £(v) is the spatially dependent permittivity inside the whole resonant structure,
and ¢; is the permittivity of the ith dielectric region.

In most practical structures conductor losses appear and this must be accounted for in
order to determine the Q-factor due to dielectric losses (Q,;) from measured values of the
loaded Q-factors:

_ & 1.9
0°-C (1.9)

The geometric factor G is defined as [14]

G wff/w pol H|dv
[ |H[Pds

where p is the permeability of the resonator.
The coupling losses (1/Q,,;) are usually determined experimentally and are given by
IS S SR U VS

Qu Qd Qc Qr 1 +ﬂcl +ﬁ62

where fic; and fc, are coupling coefficients for a resonator with two coupling ports. The
radiation loss is negligible when the sample is kept in a closed cavity.

(1.10)

(1.11)

1.3 Measurement of Microwave Dielectric Properties

The knowledge of dielectric properties in a different frequency range is important for char-
acterizing the dielectric materials for different practical applications. The precise measure-
ment of the dielectric properties is essential for predicting the device performance. Several
methods have been developed and employed for measuring permittivity and permeability
of materials in the high-frequency region. The resonant cavity method has been used as
the most accurate measurement technique. However, this method has the disadvantage that
the measured results are applicable only over a narrow frequency band. Electrical prop-
erties of material over a wide range of frequencies can be measured with less accuracy
using the transmission line methods. The transmission and reflection methods are used
to evaluate the dielectric properties of medium- and high-loss materials as a function of
frequency [14, 18].

There are various methods that enable measurement of the quality factors of low-loss
dielectrics [18-25], but none of them consider the practical effects like noise, crosstalk,
coupling losses, transmission line delay, and impedance mismatch. Inadequate accounting
of these effects may lead to significant uncertainty in the measured Q-factor. Determination
of the complex permittivity and other electromagnetic properties require precise measure-
ments of the resonant frequencies and Q-factors. For some measurement techniques, these
parameters have to be measured in the presence and absence of the test sample, but for
other techniques only once in the presence of the test sample is needed. Once the resonant
frequencies, Q-factors of the resonant structures, and dimensions of the test samples are
measured, computations have to be performed to obtain ¢, and tan §.
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Conducting plate

Figure 1.5 Schematic sketch of the Courtney setup for measuring the dielectric constant under
an end shorted condition.

1.4 Methods of Measurement

1.4.1 Hakki and Coleman (Courtney) Method
1.4.1.1  Permittivity

The complex permittivity of the material of the dielectric resonator is often measured using
the method developed by Hakki and Coleman [19] and modified by Courtney [20] in which
a cylindrical resonator of material is inserted between two mathematically infinite con-
ducting plates, as shown in Figure 1.5. The end plates are usually made of well-polished
copper plates coated with silver or gold. Consider the cylindrical resonator with relative
permittivity €,, length L, and diameter D placed between the end metal plates (see Fig-
ure 1.5). The diameter of the conducting plates should be much larger than that of the
dielectric puck. The dielectric properties are obtained by TE;; mode analysis. The dielec-
tric puck diameter to height ratio should be about 2 to get wide mode separation, so that the
TE;; mode is not disturbed by other adjacent modes. If the dielectric material is isotropic
then the characteristic equation for such a resonant structure for the TE,,; mode is [19]
given by

, - (1.12)
Ji(@) K, (B)

where Jy(a) and J;(«) are the Bessel functions of first kind of order zero and one, respec-
tively. Ky(f) and K, () are the modified Bessel functions of second kind of orders zero and
one, respectively. The parameters a and § depend on the geometry, the resonant wavelength
inside the dielectric resonator, and dielectric properties. Thus

T 0
a=—1>0€, - — 1.13
/10 ! <2L> ( )

_aD | (14 : 1 v 114
=52\ (52) - -
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where

| =longitudinal variations of the field along the axis
L =length of the DR

D = diameter of the DR

Ay = free space resonant wavelength

The real part of the permittivity of the resonator can be calculated using the mode chart
parameters (a; and f), the resonant frequency (f), and the dimensions of the dielectric
puck using the equation

2
g,=1+ [ﬂ%] (a7 +57) (1.15)

Hakki and Coleman [19] used an iris coupling from a waveguide to couple a microwave
to the DR. Later Courtney [20] modified the method by using two horizontally oriented
E-field probes for coupling the microwave to the dielectric resonator. This enabled a wide
range of frequencies to be spanned, since there is no cut-off frequency for coaxial lines.
The TE;;; mode is used for the measurements since this mode propagates inside the sam-
ple but is evanescent outside the dielectric resonator sample. Therefore a large amount of
electrical energy can be stored in high Q dielectric resonators [25]. In the end shorted con-
dition the E field becomes zero close to the metal wall and electric energy vanishes in the
air gap [21]. The TE and TM modes do not contain electric and magnetic fields in the
axial (z) direction. The TE);; mode is chosen for measurement because for this mode only
azimuthal component of the electric field exists and the error due to the air gap is practically
eliminated [26]. For a cylindrical resonator, TE and TM modes exist only if the azimuthal
mode index m = 0; otherwise all other modes are hybrid; that is, they have all six electro-
magnetic components. Hybrid modes are usually divided into two mode families: HE and
EH. They are only occasionally used in measurements of dielectrics (uniaxially anisotropic
crystals).

Figure 1.6 shows the frequency response of the TEj;; mode resonator. By knowing the
diameter D and length L of the sample, f is calculated using Equation (1.14). The per-
mittivity €, is calculated using Equation (1.15). To avoid the error due to surface rough-
ness the sample should be well polished. In this method, the accuracy is limited by pre-
cision of the measurement of the resonant frequency and the dimensions of the sample.
The possible error in the measurement of permittivity is of the order of 0.3%. Such an
error is possible when dimensional uncertainties of the samples are of the order of 0.15%.
The simple measurement setup is the advantage of this method. This is one of the fairly
accurate and the most frequently used techniques for measurement of permittivity and this
method is proposed as one of the international standards IEC techniques [27] for measure-
ments of the complex permittivity of low-loss solids. In the Courtney method, the €, is
measured only at one resonant frequency corresponding to the TE;;; mode. By identify-
ing other resonant TE modes such as TEy,|, TEg3;, TEq4, etc., it is possible to measure
€, in a range of frequencies. The quasi-TM modes and TM modes are not suitable for €,
measurements due to the fact that a minute air gap between the dielectric sample and the
metal plate considerably alters the resonant frequency, which affects the accuracy of e,
measurement [23, 28].



JWST791-c01 JWST791-Sebastian January 13, 2017 8:41 Printer Name: Trim: 244mm X 170mm

10 Microwave Materials and Applications

10 courtesy of LOCEM
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204 €'=98
D= 25 mm
L=12.5mm

Return Loss (dB)

Frequency (GHz)

Figure 1.6 The TE,;, resonance of a ceramic puck with e, = 9.8 under an end shorted
condition.

1.4.1.2  Measurement of Loss Tangent

The quality factor for the TE(;; mode can be measured using the Hakki and Coleman
method [18-21, 23, 29-31]. The quality factor measured by this method will be low since
loss occurs due to the conducting plates and radiation effects. However, correction to con-
ductor losses can be applied knowing the surface resistance of the conducting plates. The
unloaded Q,, is obtained from the measured resonant frequency f and half power (-3 dB)
bandwidth Af of TE(;; mode resonance given by (1.6).

The tan 6 can be calculated [18-21, 23, 29-31] from

tan5=i—BRs =A[i—£]=i[i_i]
0 0, A/B P, 10, O.

u e

(1.16)

A=1+%.p= <@>3< e >;W= 2 (@) Ko (B) K> (B) = K, (B)
A 30m%¢,l K2 (B) 12 (B) = Jo (@) J, (@)

g
where Q, is given by Equation (1.9) and G = A/B and P, = 1/A. R, is the surface resistance
of the conducting plates and is given by [29]

R, = \/”f—” (1.17)
(o2

o = conductivity of the conducting plates
u = permeability for a non-magnetic metal = 4z x 10~/ H/m

&y

where
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Ag =resonant wavelength

Ag=2L/1(1=1,2,3,...)

A, = guiding wavelength of an infinitely long dielectric rod wave guide,
W =ratio of electric field energy stored outside to inside the rod [22, 29]

Kobayashi and Tamura [29] has reported a method of measuring the value of R using
two rod samples cut from a dielectric rod that have the same diameters but different lengths.
One of the rods for a TE ), mode resonator is p times as long as the other for a TE;;; mode
resonator where p > 2. The modes have almost the same resonant frequency but differ in
observed unloaded quality factors because of different conductor loss contributions in the
two cases. Since both rods have the same tan 6, the following equation can be obtained:

e,+Wp[1 1]

L+ Wp=1[0n Ou

where 0, and Q,,, are measured unloaded quality factors for TEj;; and TE,,, modes,
respectively.

R, =307%[A,/ 4o]

(1.18)

1.4.2 TE s Mode Dielectric Resonator Method

The Q-factor of a dielectric resonator sample measured by the Hakki—Coleman or Courtney
method can be affected by the conductor and radiation losses. These effects can be avoided
by using the cavity method in which the DR is kept on a low-loss single crystal quartz or
Teflon spacer inside the cavity. The quality factor (Q), permittivity (¢,), and 7, of the DRs
can be measured using a transmission mode cavity proposed by Krupka et al. [14, 32].
Figure 1.7 shows the cavity setup for the measurement of the Q-factor.

The DR is placed inside a cylindrical metallic cavity usually made of copper and the inner
surfaces are finely polished and usually gold or silver coated and the cavity is closed after
loading the DR sample. The cavity is fed using loop coupling. The cavity has an infinite
number of modes when excited with a microwave spectrum of frequencies. Usually a D/L
ratio of about 2 is maintained to get maximum mode separation and to avoid interference
from other adjacent modes. For high-permittivity materials, the first mode is the TE; 5

/ Cavity

DR —

Adjustable plate \%
% |7 2

O (e} Probe
/
Probe Low loss
substrate

Figure 1.7 The cavity setup for the measurement of Q-factor.
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Figure 1.8 Microwave resonance spectra of Ba(Mg,,Ta,;)O; ceramic with €, = 24:
(a) reflection and (b) transmission configuration.

mode but for low-permittivity materials a few modes may appear before the TE;; ; mode.
The resonant frequency, quality factor, and 7, are dependent on the resonator surroundings.

The electric field is symmetric with the geometry of the sample and the cavity, which
helps to reduce the sources of loss due to cavity. In the TE;; cavity method, the field
confinement is not complete in the z direction and hence the TE;; mode is designated as
TEg; 5. As seen in Figure 1.7, the sample is isolated using low-loss substrate (a quartz or a
Teflon spacer), from the effects of losses due to the finite resistivity of the metallic cavity.
Figure 1.8 shows the typical resonance spectra of Ba(Mg,/;;Ta,/3)O5 ceramic (g, = 24).
One can assume that the unloaded Q-factor is equal to the loaded Q-factor if the coupling
is weak. The TE;; ; mode frequency is noted and the unloaded Q-factor is measured.

After identifying the mode, the resonant frequency and 3 dB bandwidth are determined.
From this, the coupling coefficient fc; and fc, for the coupling ports are determined using
the relations fc; = (1 -8, /(S| + Sy) and fcy = (1 = Sy)/(Sy; + Sp,), where S}, and S5,
are reflection coefficients of port 1 and port 2 in magnitude [33].

From the measured Q;, Q, can be calculated using Equation (1.11). Sometimes, the
desired mode (the TE; s one) may be close to other modes. In such cases the cavity volume
can be slightly changed by rotating the top screw, which moves the top plate up or down that
separates the modes. The ability to tune the frequency is very useful for the identification
of the desired resonant mode and to allow it to measure samples of various dimensions.
Figure 1.9 shows a typical test fixture manufactured by QWED. Rigorous electromagnetic
analysis must be performed to evaluate permittivity and the dielectric loss tangent of the
sample under test. The Rayleigh—Ritz method has been used in a computer program for a
typical test fixture manufactured by QWED.

The TE,), s mode method is one of the most accurate techniques for measuring loss tan-
gent and permittivity of isotropic low-loss materials [32, 34]. Assuming that all parasitic
losses can be neglected (that are small for TEy; s mode if permittivity of the sample is large)
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Figure 1.9 The cavity manufactured by QWED for the quality factor measurement.

and assuming that the electric energy filling factor is equal to unity, the inverse of the mea-
sured unloaded Q-factor is approximately equal to the dielectric loss tangent. Moreover,
these assumptions are not valid for very low-loss dielectric materials (in this case conduc-
tor losses must be rigorously taken into account) and for low-permittivity materials (the
electric energy filling factor in the sample is substantially smaller than 1).

The cavity method using the TE(; s mode has several advantages, such as easy mode
identification, small parasitic losses, and lack of mode degeneracy [14]. However, the eval-
uation of &, and tan § requires advanced numerical computations (this can only be done
by employing dedicated computer programs) because of the absence of exact solutions of
Maxwell’s equation. For this reason the Hakki and Coleman method is still used as it allows
relatively easy determination of permittivity.

The uncertainty in dielectric loss tangent using the TE,; ; mode cavity method with opti-
mized enclosure is of the order of + 2 x 107 or 0.03 tan § (whichever is larger) and uncer-
tainty of £, measurements is Ae/e = + A dim/dim (where dim = dimensions of the test
sample). The measurement frequency depends on the size and permittivity of the test sam-
ples. Measurements at higher frequencies are possible by using smaller cavities and smaller
test samples or by using several higher order quasi-TE,,, modes [35].

The presence of resonator support and the coupling loop can perturb the electromagnetic
field and this may lower the Q value and shift the resonant frequency [36]. In order to
minimize this perturbation caused by the support and coupling loop, the test cavity should
be large. However, on increasing the size of the test cavity, the resonant modes of the
cavity move to lower frequencies. When ¢, of the dielectric resonator is larger than about
20, the TE(; s mode of the dielectric resonator shifts to below the first test cavity mode
(TMy;(). Valant et al. observed that the electromagnetic field could penetrate into the
conducting walls of the test cavity (skin effect) lowering the measured Q value of the
dielectric resonator [36]. The test cavity size should be large in order to avoid the skin
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Figure 1.10 Variation of Qf with ratio of the cavity diameter/sample diameter.

effect. The quality factor decreases when the cavity diameter/puck diameter ratio is smaller
than 3, as shown in Figure 1.10.

Normally, the size of cavity used is 3-5 times of the test sample. The contribution of
the surface resistance of metals of the cavity can be calculated from the quality factor of
the TE,;; resonance of the empty cavity before calculating losses by conduction of the
cavity walls. This value can be applied to correct the measured Q of the sample [8]. One
can measure ¢, and tan ¢ at low frequencies by the parallel plate capacitor method using an
LCR meter for new materials. This will give an approximate idea of ¢, and tan § and in turn
will help to calculate the approximate resonant frequency of the DR using the following
equation [37]:

(1.19)

VA€,

where v, is the volume of the DR.
Knowledge of the value of the resonant frequency will further help to find the size of the
DR at a given frequency or the size of the cavity required to measure the Q-factor.

1.4.3 Measurement of the Quality Factor by a Strip Line Excited Using the
Cavity Method

In the microstrip line excited cavity method, the dielectric resonator is magnetically coupled
to a 50 ohm microstrip line, as shown in Figure 1.11, along with the equivalent circuit [38].
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Figure 1.11 Schematic diagram of a DR coupled to (a) a microstrip line and (b) an equivalent
circuit. (After Khanna and Garault [38]).

The ratio of the resonator coupled resistance R at the resonant frequency to the resistance
external to the resonator is called the coupling factor f.:

R _ Sio (1.20)
Rext S210

ﬁc:

where Sy and S,;, are the real quantities representing the reflection and transmission
coefficients, respectively, at the resonant frequency.

Under critical coupling (8, = 1), the power dissipated in the external circuit is equal to the
power dissipated in the resonator (P,;), which is equally divided into the power reflected to
the generator (P, = S},,2) and the power transmitted to the load (P, = S ;). In the shielded
resonator configuration, from the conservation of energy, power dissipated in the resonator
is given by

Py=1-1801* = Sy0l? (1.21)

The coupling factor g, is a function of the distance between the dielectric resonator and
the microstrip line under fixed shielding conditions. The expression for the unloaded voltage
transmission coefficient S,;, derived by Khanna and Garault is given by [38]

2
So1u = S2104 | T (1.22)
“ (1+8510%)

where §,,, corresponds to the voltage transmission coefficient of the unloaded resonator.
The frequencies f] and f, corresponding to S,;, given by Equation (1.22) is obtained
from the network analyser (Figure 1.12). The difference in frequencies (f; — f;) is Af. The
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Figure 1.12 Typical resonant curve of a DR coupled to a microstrip line used in determining
the quality factor by the strip line method.

frequency corresponds to the peak of the S,; curve is the resonant frequency. Knowing
the resonant frequency f and Af, the unloaded quality factor, Q,, is calculated using
Equation (1.6).

Figure 1.13 shows the experimental setup for the Q measurement by the microstrip line
excited cavity method. A 50 © microstrip line of width 3 mm is etched on RT-Duroid 5880
(g, ~ 2.2 and thickness 1.9 mm) and kept at the bottom wall of a rectangular cavity made of
copper. The cavity is excited using 3.5 mm microstrip edge connectors as shown in Figure
1.13. The dielectric resonator is placed near the microstrip line and the resonance spectra
is observed on the network analyzer.

The TE, s mode is identified from among the different modes. Set the central frequency
as the resonant frequency and reduce the span to enhance the frequency resolution. Then
the network analyzer is calibrated for S;; THRU by connecting an identical microstrip

Figure 1.13  The experimental setup for measuring the quality factor by the strip line method.
The DR is coupled to the strip line.
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transmission line used in the cavity. Then connect it to the cavity with DR and measure
the resonant frequency f. The transmission coefficient S, corresponding to f'is taken. The
factor S,;, is calculated using Equation (1.22). From the width Af corresponding to S5y,
and f, the unloaded quality factor is calculated.

1.44 Whispering Gallery Mode (WGM) Resonators

The TE; 5, TMq; 5, or HE ;5 modes are the main modes used in dielectric measurements
by the Courtney, TE; 5, or strip line methods [19, 20, 30, 34] and the Q measured by these
methods depends on dielectric loss of the material as well as on the radiation and conductor
losses of the cavity. Hence a simple measurement of the quality factor by the Courtney,
TE; 5, or microstrip line methods is not sufficient to determine accurately the dielectric
loss of low-loss dielectric materials.

It was reported [39—45] that Whispering Gallery modes (WGMs) would confine the entire
fields within the resonator, which in turn give negligible radiation and conductor losses at
microwave frequencies. The quality factor of the WGM dielectric resonator is limited only
by the intrinsic losses in the dielectric material. The measured WGM Q-factor is approxi-
mately equal to 1/tan 6.

In WGM resonators, most of the electromagnetic energy is confined to the dielectric
near the perimeter of the air—dielectric interface, which in turn reduces the radiation and
conductor losses [41, 43]. The WGM technique allows measurements of two permittiv-
ity components of uniaxially anisotropic materials (several single crystals exhibit uniaxial
anisotropy). Permittivity components can be determined from measurements of resonant
frequencies and Q-factors of two modes belonging to different mode families employing
rigorous numerical analysis, for example, mode-matching. The electrical energy filling fac-
tors for E (quasi-TM mode) and H (quasi-TE mode) modes are given by [41, 44, 45]

P =2af6l _ 0fﬂ

— = =2 1.23
€1 0£J_ f ell aEH f ( )

The dielectric loss tangent for the dielectric can be solved [43, 44] using the equation:
Q' =tané(P,, + P, ) +R,/Gg (1.24)
Q' =tand(P,, + P,)) +R,/Gy (1.25)

where

R, = surface resistance of the cavity enclosing the DR
ell = permittivity parallel to the anisotropic axis
€ = permittivity perpendicular to it

The conductor losses decrease as the surface resistance becomes smaller and as the geo-
metric factor (G) increases [45]. The geometric factor G is significantly large and the effect
of losses due to cavity walls can be ignored when compared to the loss tangent. The energy
filling factors (WGM modes) of DR for all these modes are close to unity and will have high
quality factors. In effect, acting on these modes, radiation losses are negligible. The WGM
method offers good suppression of spurious modes because the propagation constant along
the z axis is very small and unwanted modes leak out axially. The WGM modes offer a
high level of integration. The WGM dielectric resonators are classified as either WGE, ,, |
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in which the electric field is essentially transverse or WGH,, ,, |, for which the electric field
is essentially axial. The integer n denotes the azimuthal variation, m radial variation, and 1
the axial ones. WGMs are periodic according to the azimuthal number, and the number of
modes in a bandwidth increases with the diameter of the DR. Therefore, for a small diam-
eter of the resonator, the frequency interval between two successive modes will be large.
Dielectric resonators acting on their WGMs can be excited in different ways. In the low-
frequency range, one can use an electric or magnetic dipole. However, this type of excitation
is stationary and traveling WGM cannot be excited. In the millimeter wave region either
dielectric image waveguides or microstrip transmission lines are used to excite traveling
WGMs.

1.4.5 Split Post Dielectric Resonator (SPDR)

The split post dielectric resonator (SPDR) provides an accurate method for measuring the
complex permittivity and loss tangent of substrates and thin films at a single frequency
point. The sample should be in the form of a flat rectangular piece or a sheet [46—50]. The
SPDR uses a particular resonant mode, which has a specific resonant frequency depend-
ing on the dimensions and the dielectric constant of this resonator. This method does not
have flexibility in the measurement of frequency and dimensions as the samples need to
be prepared in the form of thin sheets. In this method, flat samples of the test material are
inserted through one of the open sides of the fixture. The laminar dielectric under test is
placed between two low-loss dielectric rods or resonators kept in a metallic enclosure, as
shown schematically in Figure 1.14. The sample must be very thin with parallel faces. The
air gap between the sample and the dielectric resonator does not affect the accuracy of the
measurement. The required thickness of the sample also depends on the €, of the material.
Materials with high €, must have less thickness.

The setup for the SPDR method consists of a pair of dielectric resonators and a metal
enclosure of relatively small height. This configuration allows formation of an evanescent
electromagnetic field, not only in the air gap between the dielectric resonators but also in the

Dielectriciresonator

J Dielectriciresonator —|—‘

Coupling loop Metal enclosure
z

v

Sample

Figure 1.14 Schematic sketch of SPDR.
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cavity region for radii greater than the radius of the dielectric resonator. This simplifies the
numerical analysis and reduces possible radiation effects. Although different modes of the
resonator can be identified and used for the microwave characterization, the TE; ; mode is
preferable since this mode is insensitive to the presence of air gaps perpendicular to the z
axis of the fixture. The thickness of the sample needs to be measured and is provided as a
parameter to evaluate the dielectric properties.

The complex permittivity can be calculated based on the rigorous electromagnetic mod-
eling of the split post resonant structure using the Rayleigh—Ritz technique [47]. The real
part of the complex permittivity can be computed from the measured resonant frequencies
and thickness of the sample using the following equation [47]:

e =1+ M (1.26)
: hfyK, (g’r , h)

where £ is the thickness of the test sample, f;, is the resonant frequency of the empty SPDR,
[, 1s the resonant frequency of the SPDR with the dielectric sample, and K, is a function of
5; and 4 has to be evaluated for a number of €, and £ using the Rayleigh—Ritz technique [47].
The iterative procedure is used to evaluate subsequent values of £; from Equation (1.26).
The loss tangent of the test sample is calculated from the measured unloaded Q-factors of
the SPDR with and without the dielectric sample based on

tan§ = <i—L—i> /P, (1.27)

where QB}e and QC‘1 denote losses of the metallic and dielectric parts of the resonator,
respectively, and P, is the electric energy filling factor of the sample given by Equation
(1.8). Uncertainty of the dielectric measurements of a sample of thickness % can be esti-
mated as Ae/e = + (0.0015 + Ah/h) and A tan 6 = 2 x 1075 or + 0.03 tan & for dielectric
permittivity and uncertainty in loss tangent measurements, respectively.

The dielectric properties measured by SPDR methods are obtained for only one fre-
quency determined by dimensions and dielectric permittivity of the resonator. Thus each
SPDR is designed for a particular nominal frequency and the actual measurement is taken
close to the nominal frequency; this determines the requirements for the size of the sample.
For example, for SPDR of nominal frequency 5-6 GHz, the minimum sample size should
be 30 x 30 mm and thickness 2.1 mm. QWED manufactures SPDRs with dedicated soft-
ware for the evaluation of permittivity and loss tangents. SPDR has superior accuracy as
compared to the reflection-transmission methods. The method is convenient and quick to
measure low-loss laminar dielectrics such as substrates or LTCC, printed circuit boards,
and even thin films and is not suitable for dielectric resonators. Classically, the most pre-
cise measurements with resonators have been performed employing network analyzers.
Recently QWED developed an inexpensive computer-controlled microwave oscillator
system (microwave frequency Q meter), which enables quick and automatic measurements
with a dedicated SPDR [48]. Figure 1.15 shows the general view of a microwave frequency
Q meter connected to the SPDR and to the computer manufactured by QWED. The hard-
ware part of the Q meter consists of the PLL-stabilized microwave source with DDS gen-
erated reference controlled by a fast 32-bit ARM microcontroller. A wideband logarithmic
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Figure 1.15 Photographs of SPDR connected to a Q meter and computer. Source: Repro-
duced with permission from QWED, Poland.

power detector is used to measure the transmitted power level through the resonator. A mul-
tipoint resonance curve-fitting algorithm enables the Q-factor to be accurately calculated.
The only external information required is the thickness of the sample under test. The good
hardware simplicity as well as the use of a computer screen for presentation of the results
leads to a significant cost reduction to start exploration of electromagnetic properties of
materials with SPDR. The microwave frequency Q meter can be connected to the computer
via a USB port. The relative permittivity and dielectric loss tangent can be easily measured
with dedicated SPDRs. These Q meters are available in the frequency range up to 5.2 GHz
(type: 4.4 GHz + 5.2 GHz; type II: 1.4 GHz + 2.6 GHz; type II: 0.7 GHz + 1.3 GHz).

1.4.6 Cavity Perturbation Method

The cavity perturbation technique was a method used to obtain approximate solutions but
its applications were limited not only to low-permittivity samples but also to specific modes
and specific samples. The cavity perturbation technique is widely used for the determina-
tion of the dielectric characteristics of thin sheet samples of low and medium dielectric loss
[18, 51]. In the cavity perturbation technique, a small piece of the material, usually in
the form of a disk or sheet, is placed in a metallic resonant cavity operating in a known
mode. The material characteristics are estimated from the shift in the resonant frequency
and change in the Q of the system [52-55].

This technique was developed by Slater [55] and is used to measure the dielectric prop-
erties of materials with permittivity less than 10. The cavity perturbation method provided
frequencies determined by cavity and DR dimensions and hence it is not a swept frequency
measurement. The cavity is excited with optimum iris coupling; typically the diameter of
the iris is equal to the shorter dimension of the waveguide (WG)/2.2 and can be used for
the measurement of dielectric properties of the samples.
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The resonant frequency and quality factor of the empty cavity is determined for differ-
ent cavity modes. After measuring frequency and quality factor the thin sheet sample is
inserted and positioned at the E-field antinode. If the sample is purely dielectric the max-
imum electric field can be easily determined by simply moving the sample across the slit.
The mode will shift to the low frequency side and retraces from there. The sample is kept at
the retracing position where the electric field is maximum. If the sample is slightly magnetic
the permittivity can be measured only for the odd modes by keeping it at the middle of the
cavity. The new resonant frequency and Q of the sample is again measured. The complex
dielectric constant of the sample is calculated [18, 51, 56] using the following equations:

gy [ Yot
e =1 +[ W7 ] (1.28)
” (5/ -1 fs [ 1 1 ]
= _— - 1.29
“E T G- lo o (129
tané = i—r/ (1.30)

where

Jfo =resonant frequency of the empty cavity

[, =resonant frequency of the cavity with sample
V. = volume of the cavity

V, = volume of the sample

0, =quality factor of the empty cavity

Q, = quality factor of the cavity with sample

The experimental error is found to be less than 2% in the case of permittivity and 1.3% in
the case of dielectric loss. Here also the measured Q, and Q, can be corrected by measuring
S11 and S5, as mentioned earlier, by proper calibration of the network analyser. The main
advantage of this method is the easiness of determining the permittivity and loss using a
simple device with moderate accuracy.

1.4.7 TM,, Mode and Re-entrant Cavity Methods

The microwave dielectric properties can also be measured in the frequency range 2—-10 GHz
using the TM,,, mode cavities with rod dielectric samples [57, 58]. In the frequency range
50 MHz to 2 GHz a re-entrant cavity method can be employed [59, 60] to evaluate the
dielectric properties. Both TMy;, and re-entrant cavities are closed with a lid after insertion
of the samples. For the TM);, mode cavity, a transcendental equation is known only if the
height of the sample is equal to the height of the cavity. For a re-entrant cavity, the exact
solution for a transcendental equation in a closed form does not exist. It can be solved
using rigorous mode-matching methods [60]. Karpova [61] was the first to present a mode-
matching numerical technique to solve Maxwell’s equation for a re-entrant cavity. Since the
electric energy filling factor in the re-entrant cavity is close to unity, resolution in the loss
tangent measurement is of the order of 5 x 107>. A similar resolution in the loss tangent
is possible for the TM;, mode cavities provided the test sample has a sufficiently large
diameter. The uncertainty in a real permittivity measurement is about 0.5-2% for the TM,
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Figure 1.16 Cylindrical cavities containing (a) a dielectric rod and (b) a dielectric disk.

mode cavity and about 1-3% for the re-entrant cavity. The loss tangent and permittivity can
be measured as a function of frequency by employing higher-order TM,,, modes.

148 TE, Mode Cavities

Complex permittivity and Q-factor of low-loss disk samples (Figure 1.16) can be measured
by the TE;, mode method [62-64]. Normally, the operating frequency range for these
cavities is in the range 8—40 GHz. The TE,;;,, mode in the cavities have a circumferential
electric field distribution, which is tangential to a cylindrical sample kept symmetrically in
the cavity [14]. Hence, the electric field is continuous across dielectric—air interfaces that
allow an air gap omission without degradation of measurement uncertainties. The physical
contact between the lateral surface and the cavity bottoms is not important since the surface
currents in the metal cavity walls are circumferential.
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Figure 1.17 Variation of resonant frequency with an imaginary part of permittivity for the
TE,;; mode cylindrical cavity with a dielectric disk sample. Dotted line corresponds to the
TE,;, mode frequency of the empty cavity. Source: Adapted from Krupka 2006 [14].
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Figure 1.18 Variation of Q-factor due to dielectric losses as a function of the imaginary part of
permittivity for the TE,;; mode cylindrical cavity containing a dielectric disk sample. Source:
Adapted from Krupka 2006 [14].

The variations of resonant frequency and Q-factor due to dielectric losses versus the
imaginary part of permittivity for the TE;; mode cylindrical cavity containing the dielectric
sample are shown in Figures 1.17 and 1.18. The resonant frequency is smaller than that for
the empty cavity (Figure 1.17) in the low-loss dielectric region. The resonance frequency
displacement (f, — f) depends on the real permittivity and thickness of the sample. The
quality factor due to dielectric loss in this region is given by Equation (1.9) and depends
linearly on the dielectric loss tangent.

The real part of the complex permittivity can be determined from the measured reso-
nant frequency and the simplified transcendental equation in the low dielectric loss region,
where both complex permittivity and complex angular frequency have imaginary parts
equal to zero. The surface resistance in a closed cavity can be determined from the measured
Q-factor of the empty cavity and then scaling up to the frequency of the cavity containing

the sample using the formula
w
Ry(w) = Ry(wp){ [ — (1.31)
@

where @y, is the resonant angular frequency of the empty cavity.

When the imaginary part of permittivity becomes very large (see Figure 1.18), then both
the resonant frequency and the Q; depend on the imaginary part of the permittivity. In this
case only the imaginary part of permittivity can be determined. For low-loss materials the
TE(; , mode cavities method can be employed using thicker samples. The ideal thickness of
the sample is a half wavelength or its multiple [14]. The electric energy filling factors in the
dielectric sample become relatively large and a higher resolution loss tangent measurement
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(5 % 107%) can be achieved. The uncertainty in the permittivity measured using TE;,, mode
cavities is of the order of 0.5% [14]. At lower frequencies, < 8 GHz, the dimensions of the
TE;,, mode cavities and samples become too large for practical applications.

1.4.9 Thin Samples and Free-Space Methods

The microwave dielectric properties of thin samples can be measured using the Kent [49]
method, the Yu—Cullen [65] method, and the free-space method [18, 66—68]. The size of
the sample should be larger than the wavelength of the electromagnetic wave. To further
minimize the effects of the scatterings from the sample boundary, the sample size should
be twice larger than the wavelength. The wave that is incident in the sample must be planar,
for this condition the separation between antenna and sample (d) must fulfill the relation

202
A

where A is the wavelength of the operating electromagnetic wave and D is the largest dimen-
sion of the antenna aperture. The measurement results may be affected by the environment
[69]. At lower frequencies, the effects of the environment are more serious. To minimize
these effects, it is recommended to conduct free-space measurements in an anechoic cham-
ber. Meanwhile, one can also use time-domain gating to eliminate the unwanted signal
caused by environment reflections and multireflections.

d>

1.4.9.1 Free-Space Methods

Free-space techniques for the study of magneto-dielectric material properties measurements
have several advantages. In the traditional techniques, some problems associated with inter-
faces (materials/air/hollow metallic waveguides), such as the inhomogeneity of dielectric
material, contactless, and air gaps, can promote unwanted higher-order modes excited in
the measurements, but this problem does not exist in free-space measurement.

Free-space measurements are realized by reflection methods like short-circuited reflec-
tion (Figure 1.19) and metal-backing and bistatic reflection (Figure 1.20). The basis of these
methods is measuring the reflection caused by a metal plate kept close to the sample and
the interference caused in this reflection due to the dielectric properties of the sample.

Metal plate

% 2,

Figure 1.19 Setup for free-space by the short-circuited reflection method.
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Transmit Antenna

Sample

Metal plate

Receive Antenna

Figure 1.20 Setup for free-space by metal-backing and bistatic reflection.

The measurement of permittivity is given by

_ jztan(fd) — 1 1 _2n N (1.32)

0= g+ 10 < N =3
where z is the wave impedance of material normalized to the wave impedance of free space
and f is the phase constant of the material. However, the permittivity of the sample cannot
be expressed explicitly in terms of S;; and d, and numerical methods are often used in the
calculation of dielectric permittivity.
It is possible to make accurate free-space measurements at microwave frequencies by
using precision horn lens antennas that have far-field focusing ability. The typical mea-
surement setup consists of two antennas and a sample holder as shown in Figure 1.21. The

Sample

0(

Figure 1.21 Accurate setup for free-space measurements.
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transmission and reception antennas are spot-focusing horn lens antennas. The effects of
sample boundaries and the measurement environment are minimized by using focusing
antennas. A specially fabricated sample holder is placed at the common focal plane for
holding planar samples. The microwave signal incident to planar samples can be taken as
plane waves, and the properties of the sample under test are obtained from the reflection
and transmission through the sample. The dielectric and magnetic properties are obtained
by relations of S parameters obtained by reflection and transmission of horn lens antennas
in a free-space setup:

S _ra-71%
e
14 (1—F)

g, =—|—=
]/0 1+F

S _T(1-T?)
2 oy
_L<1+_F)
Hy Yo \1-T

where

Si1 and S,; are S parameters for reflection and transmission, respectively

T and I" reflection coefficients and transmission, respectively

u, = relative permeability

g, = relative permittivity

y and y, are propagation constant of the sample and of free space, respectively

The free-space measurements are commonly accompanied by a precise mathematic algo-
rithm; the Nicolson—Ross—Weir (NRW) algorithm, for example, is very much utilized in the
measurements of free space.

1.4.9.2  Sheet Resonator or Kent method

The dielectric properties of microwave substrates can be measured by the method proposed
by Kent [49]. The sheet sample is kept between the flat flanges of the two metal circular
waveguides as shown in Figure 1.22. The dielectric properties of the sheet can be calculated
from the resonant frequency and the quality factor of the TE modes excited in the waveg-
uide. The transmission through the sheet sample of the TE mode reaches its maximum at a
frequency below the cut-off frequency of the waveguides and above the cut-off frequency
of the cylindrical portion of the sample. The frequency of these TE modes can be obtained
from the waveguide radius, thickness, and the dielectric constant of the sheet sample.
For the TE;; mode, the reciprocal of the unloaded quality factor is given by

1"yt 5 0./6 2U
QLO _ (Er/8,)+f-:tg( /60) (133)
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Figure 1.22 Schematic for dielectric measurement by the Kent method.

where 6 is the skin depth of the waveguide wall, (e’r - je’r ") is the relative complex permit-
tivity of the substrate, a is radius of waveguide and [49]
' cos36

e U= - ;
r (@ + sinf cos ) sin @

(1.34)

where the quantity U is the ratio of the electric energy in the waveguide to that in the
substrate. The value of U increases when the resonant frequency f, approaches the cut-off
frequency f, and the dielectric constant ¢ decreases.

1.4.9.3  Open Resonator Method (Yu—Cullen Method)

The use of the cavity resonator can be difficult in the microwave frequency range. This
is due to the fact that the resonator size is directly proportional to the wavelength and the
quality factor of a cavity resonator varies with the wavelength as A¥2. The decrease is rather
rapid as the wavelength decreases. Hence, at high microwave frequencies the measurements
in cavity resonators can be difficult [70].

This difficulty can be overcome by using the open resonators [71]. The important feature
of an open resonator is that the number of modes is proportional to the length rather than
the volume of the resonator. This method usually works in the frequency range of 10 to
200 GHz. Using the open resonator method, flat disk-shaped solid samples can be measured,
and liquids or powders can be measured provided they are restrained within a solid annulus,
which is outside the microwave beam area and covered by plates with a low dielectric
constant and a low loss tangent.

Yu—Cullen [65] used a biconcave open resonator and the measurement configuration is
shown in Figure 1.23. A parallel plane-sided slab of dielectric material with thickness ¢ is
placed midway between two identical spherical mirrors with radius R,. The total length of
the resonator is L = 2d and the distance between the sample plane and the spherical mirror is
d. There are two techniques for the measurement of materials properties. In one technique,
the length of the cavity is fixed and the resonant frequency is measured with and without
the sample. In the other technique, the length of the cavity is adjusted to establish resonance
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Figure 1.23 Schematic for dielectric measurement by the Yu-Cullen method.

with and without the sample at the same frequency. Here, we discuss the basic algorithms
for these two techniques, and more detailed discussions can be found in references [65]
and [70]. It should be noted that in an open resonator method for materials property charac-
terization, usually the refractive index » is used. For a dielectric material, the relationship
between the refractive index and dielectric permittivity is given by

n= \/:' (1.35)

The relations for measurements of dielectric properties of a sample by the two techniques
are shown below. For symmetric modes the variation of frequency is given by

n2

A= . (1.36)
n2sin”(nkt — @) + cos2(nkt — )

For assymetric modes:

2
= - (1.37)
n2cos2(nkt — ®) + sin”(nkt — )
For the second technique the solution is
tn—A
dtt=dy—p+ =B 3 (1.38)

n? kzwt2 4Kk2R,,

The rest of the calculation follows along the same lines as the frequency-variation method,
solving the transcendental equation for n and iterating if necessary.
The dielectric loss is calculated by equations for symmetric and asymmetric modes:

2nk(d + tAy)
Ol2nktA; + A sin 2(nkt — @)

tano = (1.39)

2nk(d + tA,)
tané = - (1.40)
Ql2nktA, — A, sin2(nkt — @)
where k is number wave; ¢ is sample thickness; @ is an angle of the beam with the axis of
the resonator.
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Figure 1.24 Diagram for the S parameter in the network analyzer.

1.5 Measurement of EMI Shielding Effectiveness

The EMI shielding measurements are performed by the waveguide method using a vector
network analyzer. It is a non-resonant method in which the material under test is inserted
into a segment of the transmission line and the properties of the materials are deduced on
the basis of the reflection from the material and the transmission through the material.

Since the incident and reflected waves have both magnitude and direction, the S param-
eters are complex numbers. A signal flow graph of a two-port device using S parameter
notation is shown in Figure 1.24. In the notation S ;,, the first number represents the
output port and the second number represents the input port.

For a two-port network, the relation between the incident and reflected waves are
expressed in terms of S;;(w), Sy (w), SiH(®), and Sy;(w), where S1;(w) is the response
measured at port 1 with the stimulus applied at port 1, Sy,(®@) is the response measured
at port 2 with the stimulus applied at port 2, S;,(w) is the response measured at port 1
with the stimulus applied at port 2, and S,;(w) is the response measured at port 2 with
the stimulus applied at port 1. Thus S parameters represent the frequency domain response
characteristics.

1.5.1 Waveguide Method

In electromagnetic and communication engineering, the waveguide is any linear structure
that guides the electromagnetic waves. The dimensions of the waveguide determine the
frequency it can support. Waveguide transmission lines are used as a sample holder in this
method. The sample is kept inside the wave-guide sample holder coupled to the network
analyzer through coaxial waveguide adapters and cables, as shown in Figure 1.25.

In a waveguide, radiated waves undergo reflection, absorption, and transmission. The
complex scattering parameters that correspond to the reflection (S;; and S,,) and trans-
mission (S,; and S,) in the samples are measured using the network analyzer. The EMI
shielding effectiveness (EMI SE) as well as reflection (SEy) and absorption (SE ) shielding
effectiveness are calculated from these scattering parameters [72]. If the power fed at port
1 is P;, power reflected at the same port is P,, and the output power at port 2 is P, then the
losses by reflection and absorption is given by the equations

SEg = 10log [P;/(P; = P,)] = 10 log [1/(1 = ;)] (1.41)
SE, =101og [(P; — P,)/P,] = 10 log [(1 — S;1)/(S1)] (1.42)
EMI SE = SEj + SE, (1.43)
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Figure 1.25 Schematic for the waveguide method.

Full two-port calibrations were initially done on the test setup in order to remove errors
due to directivity, source match, load match, isolation, etc., in both forward and backward
directions. The error associated with this measurement is less than 2%. This method has the
advantages of easy sample preparation due to the rectangular shape of the sample as well
as error due to the air gap can also be avoided. Figure 1.26 shows the measurement setup
used in the present example.

Figure 1.26 Measurement setup used for cavity methods.
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1.6 Terahertz and Millimeter Wave Measurements

The millimeter wave spectral range is a link between the conventional radio frequency (RF)
techniques that work up to approximately 300 MHz. The microwave frequency range (MW)
is considered from 300 MHz up to 30 GHz. The millimeter wave range (mm) is considered
in between 30 GHz up to 300 GHz. The THz range is generally considered to be 0.3—
30 THz. Above 300 MHz stray capacitances and cable length effects lead to errors in the
measurement of the components of the electrical impedance, because of the decreasing
source intensity and problems associated with finite sample size effects. This frequency is
the limit of the THz range. The availability of appropriate sources and detectors, and the
development of new experimental measuring configurations lead to the increased impor-
tance of the THz range in the study of materials.

1.6.1 Backward Wave Oscillator (BWO)

A backward wave oscillator (BWO), also known as a carcinotron or backward wave tube,
is a vacuum tube that is used to generate millimeter waves up to the terahertz range. It is
a traveling wave tube. It is an oscillator with a wide electronic tuning range and operates
in the range of 4 ~ 3-0.3 mm (100 GHz-1 THz). The study of dielectric and conductive
properties of crystals, ceramics, glasses and polymers, powders, composites, liquids, films,
and fibers are reported in the literature. The experimental setup for studying the dielectric
properties of materials is basically an optical experimental setup measuring channel. In this
technique the radiation is normally incident on the sample, which is in the form of a plane-
parallel plate. The experiment can either be in a transmission geometry (coefficient 7)) and
phase shift (¢) of the transmitted wave or in reflection geometry (coefficient R) and phase
shift (¢) of the reflection coefficient, which are related to the materials characteristics &’
and £”’ [73]:

S (1 = R)? + 4Rsin*y (L44)
(1- Re—47rkd//1)2 4 4Re—47kd/Agjn?2 (27[/{1(1 + W)
Re—47kd/ 4 gin2 (27md +
k(n® + k> -1 = twv
= 22nd. _ 4 rctan % + arctan d (1.45)
(k= +n)2+n)n 1 — Re—47rkd/ﬂ cos2 (27[}:1(1 + l[/)
—1)2 k2
- En 1;z_+ 2 ¥ = aretan <#kzl> & =nt =i e = onk (1.46)
n+ + n< + —

where d is the sample thickness, and n and & are the refractive index and extinction coeffi-
cients, respectively, that is, the optical parameters of the material. One can use 7, ¢R, and
¢ to calculate ¢’ and '’.

The quasi-optical BWO spectroscopy is a powerful technique to study the dielectric
response of solids in the terahertz to subterahertz ranges. In reality, spectroscopic stud-
ies of a variety of materials, ranging from dielectrics to conductors and superconductors,
and components like filters and polarizers to food products, are reported in the literature
[74-82]. The BWO spectrometers are associated with a wide range of operation (30 GHz
to nearly 1.5 THz), high-frequency resolution (Av/v ~ 107>), and a wide dynamic range
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(40-50 dB). The possibility of continuous frequency tuning and the direct measurement of
dielectric response spectra are strong characteristics of this technique.

Studies of BWO spectroscopy for biological systems in the millimeter waves and tera-
hertz range are also reported in the literature [83, 84]. In reference [85] a study of tumor-
ous and non-tumorous breast tissues using the backward-wave oscillator-based free-space
quasi-optical spectroscopy was employed to obtain transmission data from 30 to 120 GHz.
This high-precision experimental technique yields dielectric data with a sensitivity of 107°,
with high accuracy and resolution [86-90]. The results show different characteristics of
breast tissues with tumorous and non-tumorous tissues. The technique shows good possi-
bilities for applications for in vivo breast cancer detection and diagnostics [85].

1.6.2 Terahertz Time-Domain Spectroscopy (THz-TDS)

The THz range is generally considered to be 0.3-30 THz, where in the literature differ-
ent definitions can be found. A high interest in this frequency region led to the devel-
opment of new sources and experimental techniques have been developed to access the
THz range [90]. Because of the difficulties in the availability of solid-state THz sources,
the research community have focused on all optical techniques producing THz radiation,
employing visible/near-IR femtosecond pulsed lasers. This development of broadband THz
time-domain spectroscopy (THz-TDS) [91, 92] has led to an increase in the study of the
properties of the materials in this region of the spectra. The coherent THz-TDS spectroscopy
technique opens the possibility to study the electrical properties of materials, demonstrating
the potential use of THz radiation for spectroscopy in a number of application areas. The
solid-state THz semiconductor laser and the quantum cascade laser present an active new
frontier in the THz area of research [93, 94].

Terahertz time-domain spectroscopy (THz-TDS) is a spectroscopic technique that oper-
ates with electromagnetic transients generated using optical femtosecond (I fs = 1013 s)
laser pulses. These THz transients are electromagnetic pulses of duration around 1 ps dura-
tion. Their spectral bandwidth varies from frequencies below 100 GHz to 5 THz. The optical
detection gives the terahertz electric field with a time resolution of a fraction of a picosec-
ond. From the experimental results the real and imaginary parts of the dielectric function
of the material can be obtained. The THz-TDS experimental setup is composed of a fem-
tosecond laser source, a beamsplitter, a THz transmitter, focusing and collimating optics,
the sample, a THz detector, and a variable delay line, as shown in Figure 1.27. A com-
puter controls the variable delay line and displays the detector photocurrent versus path
length.

The THz switch operates when a laser pulse with photon energy higher than the pho-
toconductor’s bandgap energy is focused on the gap of the transmission line. Figure 1.28
shows a photoconductive switch integrated in a microstrip transmission line. In this case,
by measuring this signal as a function of the time delay between the arrival of the THz and
probe pulses at the electro-optic crystal using a variable delay line, the electric field of the
THz pulse in the time domain can be obtained, and the Fourier transform analysis gives the
frequency spectrum of the THz radiation pulse. From this measurement, both the real and
imaginary parts of the dielectric function of the medium under study may be extracted. The
analysis of the transmission and reflection analysis of the THz pulses in thick samples could
be done using the measurements of ¢’ and £’’. In general, broadband THz radiation can be
generated either in an optoeletronic manner involving photogenerated transient currents in
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Figure 1.27 Experimental optical arrangement of a THz system.

photoconductive antennas [95] or in an optical manner involving optical rectification in EO
materials [96].

On the other hand, many groups are looking for new materials such as amorphous
electro-optic polymers (EO) that could generate and detect broadband terahertz radiation
(0.3-30 THz) [97]. Recently a ~12 THz, spectral gap-free THz system based on a polymer
emitter—sensor pair has been reported in the literature [97]. The THz properties of materials
were explored for sensing and identification of explosives, drugs, and controlled materials
[98]. Dispersive Fourier transform spectroscopy (DFTS) is another alternative used to study
dielectric data of materials in this range of 400 GHz to 1.2 THz [99]. This technique can be
used in several interferometer configurations and to study liquids, powders, and gases [99].
In reference [99] the technique was used to study powders of flour, dry milk, corn starch,
pesticides, baking soda, and talc.

The refractive index and the real part of the dielectric permittivity were found to be
the most reliable for identification and detection purposes. Studies of liquids like ethanol,
gasoline, and mixtures are reported in the literature [100], where the frequency-dependent
permittivity of mixture solutions provides information concerning the relaxation process
in solvent and solute molecules. In this study the dielectric properties of ethanol/gasoline
mixtures in the terahertz spectral region are investigated [ 100]. The relaxation study of both
liquids (gasoline and ethanol) are modeled using the Debye model in the THz frequency
region.

Laser Beam

Figure 1.28 A photoconductive switch integrated in a microstrip transmission line.
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1.7 Measurement of Dielectric Properties of Powder Samples

Dielectric ceramic powders with low loss are extensively used to improve dielectric prop-
erties of polymers. In the last 10 years interesting polymer—ceramic composites have been
introduced enabling free adjustment of permittivity of devices in several wireless commu-
nication applications [101]. In addition, inks based on low-temperature curing polymers
with embedded dielectric ceramic particles are used in advanced printed electronics. In
these cases it is crucial to know the dielectric properties of powder particles, which can
differ significantly as compared to bulk properties. The microwave dielectric properties of
powder samples were measured by different techniques [102—108]. Recently Tuhkala ef al.
[106, 109, 110] reported an indirectly coupled open-ended coaxial cavity resonator method
operating in TEM mode at 4 GHz to estimate the relative permittivity and loss tangents
of powder samples. In this method the open-ended coaxial cavity with optimized dimen-
sions and conductivity is first filled with powder samples. The effective dielectric constant
and loss tangent are then determined by the shift in the resonant frequency and change in
Q-factor between an empty resonator and a powder sample filled resonator. A schematic
setup for the measurement is shown in Figure 1.29.
For a completely filled cavity, the effective dielectric constant is given by

& =arsy

where c is the speed of the light in vacuum, L is the resonator length, and fis the resonant
frequency.

The dielectric constant of powder samples can be obtained from a measured resonator
response, volume fractions of each phase (powder, air, and different phases), and calculating
the effective dielectric constant using Bruggeman symmetric [111] and Looyenga [112]
mixing rules.

Center conductor

of probe
MUT + air

Figure 1.29 Schematic for dielectric measurements of powder samples. Source: Tuhkala et al.
2013 [106]. Reproduced with permission of AIP.
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In the same manner the effective loss tangent can be obtained from the following equa-
tion, which utilizes general mixing rules:

1 1

o Qﬁlled Qempty

The method expects careful estimation of the volume fraction of the powder, homoge-
neous distribution of the powder throughout the cavity, management of the measurement
environment (mainly humidity), and probe coupling, which should be loose enough not to
disturb the measurement itself and to produce a symmetric resonance peak. Tuhkala et al.
[109, 110] estimated the microwave dielectric properties of several materials with reason-
able accuracy using this technique. They also reported an estimation of the humidity level of
the powders [110], the effect of surfactant treatment [113], and an evaluation of the amount
of two powder phases [109] using the above method [106].

tané

1.8 Estimation of Dielectric Loss by Spectroscopic Methods

The intrinsic losses in the dielectric material can be obtained by spectroscopic methods
using a combination of far-infrared and submillimeter (or THz) spectroscopy [15]. This will
give an idea of the lowest possible loss in the sample. It is possible because the intrinsic
microwave losses are fully determined by the multiphonon absorption of the ideal (but
necessarily anharmonic) crystal and the polar lattice vibration (optic phonons).

The far-infrared reflection spectra can be analyzed by the Kramers—Kronig relation and
classical dispersion theory [114-116]. The K-K relationship between r and the phase of
reflected wave @ is given by [114]

2v r Inr(v')
o( )_;/‘/2 Vzd
0
r=vVR
R(v) = |r(v) exp(it?(v))|2 (1.47)

The K-K integration requires data from zero to infinite frequency. The accuracy of the
analysis is affected by extrapolation of experimental data taken in the finite frequency
range 0 and to infinite frequency. The combination of K-K and classical dispersion the-
ory proves [117] to be a better and more reliable analysis. The optical parameters n and k
can be determined from the reflected intensity R and the phase angle ® using the following
relationships [117]:

n = 1-R (1.48)
14+ R —2v/Rcos®
—24/2Rsin®
k= - (1.49)
1+R- 2\/§R cos®
e =n’k? (1.50)

e" = 2nk (1.51)
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where

n = refractive index
&' and &'’ =real and imaginary parts of the dielectric constant, respectively
K = extinction coefficient

The analysis involves four steps:

(a) The K-K analysis allows the phase angle ®(v) spectrum to be calculated from the exper-
imental reflectivity spectrum R(v).

(b) Calculation of real and imaginary parts of the complex index of refraction using
Equations (1.48) and (1.49).

(c) Calculation of real and imaginary parts of complex permittivity using Equations (1.50)
and (1.51).

(d) Finally the complex permittivity is fitted by means of a suitable model.

The complex permittivity spectra for both components can be expressed as a sum of
quasi-harmonic damped oscillators and £’ and &'’ are then given by [114]
vi—?
V) =¢ey+ Z 4xpv; L (1.52)
J (vj2 - v2) + yJ.2v2

vV

e’ (v) = 2 4xpv} (1.53)
J

2
2_ 2 2,2
(vj v) +ij

This sum is all over j resonances (i.e., oscillators describing phonons) in the spectrum. The
dispersion parameters are 4z p; = Aejvjz is the strength of the oscillator, where Ae; marks
the contribution of the jth mode to the static permittivity, y; = width (phonon damping), and
v; = resonant frequency (phonon eigenfrequency). For the v < v; condition (microwave
region) Equations (1.52) and (1.53) can be written in the form:

e = ey, +4np; forv<y, (1.54)
drp.y;
VvV = (1.55)
: VvV
J J

This means that the permittivity is independent of frequency and the dielectric loss €'’ is
proportional to frequency at frequencies much below the phonon frequencies v;, which lies
in the THz range. The € is the permittivity caused by electronic polarization at higher fre-
quencies and can be obtained using the frequency independent middle-infrared reflectivity

by the equation [118]
2
_(+VR)

© 5 (1.56)
(1-VR)
The normal incidence of reflectivity is given by Fresnel formula:
-1 2 k2
R= 1z +k (1.57)

n+ 12> +K2
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The phonon parameters can be obtained by K-K analysis. Each peak in the plot &'’ versus
frequency obtained by the K-K analysis corresponds to a phonon frequency v; and y; is
given by the frequency half-width of the gj’.’ peak. The oscillator strength is determined by:

1
Vi€
dzp, = ~L (1.58)

Yi

Complex permittivity can be calculated by direct fitting of the experimental reflectivity
spectra using the formulas in Equations (1.53) and (1.54) and

2

(ve-1)

R=|— 7 (1.59)

(V&)

The simulation process is done in the following way:

(a) Fix v; and y; and adjust p; to give the correct width of the reflection band.
(b) Fix v; and p; and adjust y; to give the correct maximum reflectivity.

(¢) v; is adjusted to align the fitted curve with the experimental.

Once the best fit is obtained, tan § can be determined:

247[/)\/2L
1" J 7 (v,z —vz)z +}'].2v2
tané = — = ' — (1.60)
& ) Vj —v2
€ + E47rpjvj —
j (vj —v2) +yj2\/2
At low frequencies v < v [117] we obtain
Yiv
247[/)1-#
Jj J
tand = ————— 1.61
£ + X 47p; (1eh)
J

Equation (1.61) shows that tan 6 is linearly frequency dependent.

The far-infrared spectroscopy (FIR) and terahertz transmission spectroscopy are useful
methods used to estimate the intrinsic losses [119, 120]. It was reported as early as 1962
that experimental €’/ is proportional to the frequency well below the phonon frequencies
(f< 10'2 Hz) [121]. The lattice absorption is the dominant loss mechanism at high frequen-
cies [121, 122] and several authors extrapolated the data at high frequencies obtained by FIR
and SMM to the microwave frequency range [120, 123]. Several authors [116, 118, 124—
129] estimated the dielectric constant and dielectric loss tangent of materials by analyzing
the FIR reflectivity data using the K-K analysis and classical dispersion theory. They found
reasonable agreement between the ¢, obtained by the spectroscopic method with that mea-
sured by microwave methods. However, the loss tangents measured by microwave methods
were found to be higher than those obtained by the far-infrared method. In the loss tan-
gent obtained by microwave methods is the sum of intrinsic and extrinsic dielectric losses.
The presence of porosity and crystal defects contribute to the loss factor and the spectro-
scopic methods give only the intrinsic loss factor. Thus it is possible by the far-infrared and
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SMM method to find the lowest loss factor in a particular material, which in turn is helpful
when optimizing the ceramic preparation to get a low-loss material and to reduce extrinsic
losses. The relative influence of defects on losses decreases with increasing frequency [126].
Hence their influence cannot be measured in the optical frequency range. This enables one
to estimate the order of magnitude of intrinsic microwave losses from IR reflectivity on
new materials without much processing. Unlike the microwave losses, the IR reflectivity of
dense ceramics is less sensitive to sample preparation (i.e., extrinsic losses contribute only
slightly to IR spectra). Hence the IR spectroscopic method can be successfully and simply
used for estimating the intrinsic microwave losses and dielectric constants of new materials
[120, 124, 126]. Nevertheless, it should be stressed that the accuracy of the far-IR (FIR)
experiment is rather limited. Therefore it is necessary to combine FIR reflectivity studies
with SMM or THz measurements, which are more sensitive than FIR reflectivity on small
dielectric losses below phonon frequencies.

The fundamental loss mainly corresponds to the absorption of the energy quantum of
the electromagnetic field iw (w = 2zv is the AC field frequency) in a collision process
with thermal phonons, which have much higher energies [15]. Under such a situation, the
absorption of Ziw of energy corresponds to three fundamental loss mechanisms: three quan-
tum, four quantum, and quasi-Debye mechanisms. The three quantum process involves an
hw quantum and two phonons [15, 130, 131]. The four quantum mechanism corresponds to
the field quantum absorption processes involving three phonons. The application of a DC
field to a centrosymmetric crystal breaks its central symmetry and therefore gives rise to a
quasi-Debye mechanism [15, 130].

In centrosymmetric materials, the crystalline symmetry permits only three quantum and
four quantum mechanisms. However, in non-centrosymmetric materials all the three mech-
anisms are allowed and the quasi-Debye mechanism is dominant for the intrinsic loss.
As the €, increases, the dielectric loss also increases. For the intrinsic loss mechanism in
cubic centrosymmetric crystals, the real € and imaginary €'/ are related by &'’ o £, where
x = 2.5 to 5 [130]. The role of intrinsic losses at microwave frequencies increases with
increasing €,.

Petzelt and co-workers [120, 123-126, 129, 132, 133] made measurements on many
microwave ceramic materials in the IR and SMM (submillimeter) range using FTIR and
a backward wave oscillator (BWO) and/or time-resolved THz spectroscopy. The extrapo-
lated losses from the THz to MW range (using €/’ « w) were compared with those mea-
sured directly by microwave methods. It was found in many cases that the extrapolated loss
factors were much lower than those measured by microwave methods, indicating that the
proportionality €’/ o w is not satisfied. The microwave measurements are very sensitive to
extrinsic loss depending on the ceramic processing, whereas the spectroscopic methods are
not (i.e., extrinsic losses contribute only slightly into dielectric losses in the THz range).
The difference in loss factor between those extrapolated from SMM and the microwave
methods is attributed to the extrinsic loss factor.

For well-processed ceramics, the model predicts the simple proportionality for intrin-
sic losses £'’ox w (or Of is a constant), which is usually obeyed, due the minimization of
extrinsic losses. However, is not usual to use the extrapolation of the damped harmonic
oscillator models down to the microwave range, because it assumes frequency-independent
phonon damping, which is not necessary. This is explained by microscopic phonon trans-
port theory [15, 126, 134], which indicates that the simple damped oscillator model with
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frequency-independent damping is valid only in the vicinity of phonon eigenfrequencies
and the microwave frequencies lie 3—4 orders of magnitude below the phonon frequen-
cies. Nevertheless, far-infrared spectroscopy was used frequently (together with THz spec-
troscopy) [128, 133, 134] for estimation of intrinsic microwave dielectric losses, and it was
shown that the linear extrapolation from the THz to MW range works quite well, although
there is no exact detailed theoretical reason for it.

The temperature dependence for dielectric losses of two phonon difference decay pro-
cesses dominate at room temperature and near the Debye temperature (77) in the microwave
range far below the eigenfrequencies and therefore '’ « wT?. At low temperatures, the £’/
temperature dependence is very strong, which differs from the classical damped oscillator
model €’/ « wT. The difference is attributed to the presence of extrinsic sources of losses
that are strongly frequency dependent [120, 126].

1.9 Factors Affecting Dielectric Loss

The presence of moisture or humidity affects the tan 6 [20, 135]. The microwave measure-
ments are usually done in an air-conditioned room in order to minimize its effects and the
samples should be heated in an oven to remove the moisture before starting the experi-
ments. The material should also contain the lowest possible concentration of dipoles and
charge carriers with the lowest possible mobility to possess low loss [136]. Several techni-
cally important insulating materials are far from high purity and often contain deliberate or
accidental admixtures of substances that are necessary for their processing. These impuri-
ties may cause disordered charge distributions in the crystal lattice, leading to loss [136].
Schlomann [136] reported that in ionic non-conducting crystals, the loss tangent increases
when the ions are distributed in such a disorderly way that they break the periodic arrange-
ment of atoms in the crystal. The loss tangent depends strongly on the spatial correlation
between charge deviations. Further, Schlémann reported that the loss tangent is negligible
if the disordered charge distribution in the crystal maintains the charge neutrality within a
short range of the order of lattice constant. The intrinsic quality factor (Q; = 1/tan 6) of
any given material will vary with the frequency of measurements. For many materials, the
dielectric loss tangent almost linearly increases as the frequency increases. Hence often the
intrinsic quality factor (1/tan 6) is reported as (Q, f = fitan &, in GHz) since this value is the
first approximation constant. The assumption that the value of Q; fis constant is satisfied
for the well-densified ceramics in a certain limited frequency range. In practice, samples
measured at higher frequencies (5-12 GHz) always give higher Q,f values than the same
material measured at lower frequencies of 1-3 GHz. Recently Li and Chen reported [137]
that the product Qf is frequency dependent and increases with frequency. The frequency
dependence of the Qf value is attributed to the presence of defects-induced extrinsic dielec-
tric loss. It may be noted that larger samples resonating at lower frequencies statistically
contain more imperfections than smaller ceramic disks resonating at higher frequencies.
This difference may be related to ceramic processing. The presence of porosity decreases
the quality factor due to the presence of moisture in the pores. Hence porous samples show
an increase in Q;f on warming up due to the escape of moisture.

Gurevich and Tagantsev [15, 16] investigated the fundamental theory of intrinsic losses
and reported that the lower limit of intrinsic losses are found in pure defect-free single
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crystals. Several phonon processes contribute to intrinsic losses in a dielectric and their
importance depends on the AC field frequency, temperature range. and symmetry of the
crystal under consideration. The loss mechanisms are different for a crystal with and
without a center of symmetry. Guvevich et al. [15, 16] analyzed the lattice anharmonic-
ity for various crystal symmetries and obtained numerical estimates of tan 6 of ideal
crystals.

For hexagonal symmetry and T < T}, (T, = Debye temperature),

kT
tan§ = L)z (1.62)
£,pVH2(kTp)
and for rhombohedral or cubic symmetry,
2 T 4
tang = 12U (1.63)
£,pv3h(kTp)

where 7 is a dimensionless anharmonicity parameter ranging between 1 and 100, w is the
angular frequency, k = Boltzmann constant, 7 = absolute temperature, v, = sound velocity,
T = Debye temperature, and p is the density.

For the hexagonal symmetry, tan 6 decreases rapidly with a decrease of temperature as 7°
and in centrosymmetric crystals as 7*. The decrease in tan 6 as a function of temperature in
the range 3.5 to 300 K was verified experimentally [17] for three hexagonal sapphire sam-
ples of different defect concentrations, as shown in Figure 1.30. The curve (a) is for a sample

10sup(-6)

10sup(-7)

Tan Delta

10sup(-8)

10sup(-9)

1 10 100 300
Temperature (K)
Figure 1.30 Variation of tan 6 of three different sapphire crystals as a function of temperature

on cooling: (a) crystal with disorientation, (b) crystal grown at the rate of 8 mm/h, and (c)
crystal grown at the rate of 4 mm/h. Source: Adapted from Braginsky et al. 1987 [17].
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that contained a block structure with a disorientation of 1°, the curve (b) corresponds to a
sample grown at the rate of 8 mm/h, and curve (c) at the rate of 4 mm/h. It is observed that
curve (a) shows a higher loss due to the larger defect concentration. It is also observed in
Figure 1.30 that tan 6 decreased with decreasing temperature. All samples showed a linear
section in the temperature range 50 to 300 K, where tan 6 ~ 7% (a = 4.75). This value is
reported as the lower limit of the dielectric losses at a given frequency, which is independent
of the variation of the defect structure and is of fundamental origin [17]. At temperatures
T < 50K, the value of tan ¢ is greatly affected by the level of crystal perfection. Bragisnsky
et al. [17] extrapolated from the experimentally obtained tan 6—temperature plot (Figure
1.30) to predict a tan 6 ~ 5 x 1015 at 4 K at 10 GHz for a defect-free crystal. This corre-
sponds to a Q value of about 2 X 10'#, which can be considered as the upper limit of the
quality factor in a perfect sapphire crystal. There is no predictive theory to account for the
microwave loss in dielectric ceramics. Hence the approach to find new dielectric resonator
materials is largely done by the trial and error method involving preparing and testing a
large number of samples.

1.10 Measurement of Temperature Coefficient of Resonant Frequency

The temperature coefficient of resonant frequency (zy) is the parameter that determines the
thermal stability of the resonator. The 7, indicates how much the resonant frequency drifts
with a change in the temperature. The electronic devices based on microwave resonators are
required to have 7, values close to zero. Microwave circuits will normally have some low
characteristics 74, so the resonator components that are introduced into them are required
to compensate for the inherent drift. For this reason the 7, values of resonators are typically
non-zero but have some low finite values. The origin of 7, is related to the linear expansion
coefficient a; of the resonator and its dielectric constant variation with temperature [8].
Mathematically the relationship is

o= - (1.64)
where 7, is the temperature coefficient of the permittivity and a; is the linear thermal expan-
sion coefficient of the dielectric material, which is usually positive.

In practice, the Equation (1.64) is valid for 100% electric energy storage in the sample
and the thermal expansion of the metal cavity enclosing the DR is negligible. For an ideal
resonator the temperature coefficient of resonant frequency (z,) should be near zero. Hence
from Equation (1.64) for a zero 7, 7, should have twice the value of a; and should be
negative. Since resonators are used in communication systems, temperature stability is an
important factor and should be close to zero. For most of the electronic ceramic materials
ay, is about +10 ppm/°C, indicating the significant influence of 7, on 7.

Experimentally 7, is measured by following the drift in the resonant peak frequency f
as the temperature is slowly varied. In order to measure 7, the dielectric resonator is kept
end-shorted between two copper plates under the Courtney setup. This is then kept inside a
temperature-controlled oven. The E-field probe is kept near the DR in such a way as to get
resonance. The TE,;; mode is identified and the setup is then slowly heated (~ 1 °C/minute)
in the range 25 to 80 °C. The probe of the thermocouple is kept just inside the oven so that
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it does not disturb the resonant frequency. Shift of the resonant frequency as a result of
heating in the reflection mode is noted using a network analyzer when the temperature is
steady. The variation of resonant frequency is plotted as a function of temperature. The 7,
is calculated from the slope of the curve using
o= fso—fs  _ l£x106 (1.65)
fo5 (80 =25))  f AT

The 7/ is expressed as parts per million per degree Celsius (ppm/°C).

The 7, can also be measured by the cavity method used for measuring the quality factor.
The thermal expansion of the cavity during heating limits the accuracy of the method. How-
ever, use of a cavity made of invar can minimize the inaccuracy. In fact, thermal expansion
of the cavity is negligibly small for whispering gallery modes and also for a TE(;5; mode
resonant structure if permittivity of the sample is large and the sample is situated away
from all cavity walls. The 7/ is related to thermal expansion and relative permittivity by the
relation (1.64). The temperature coefficient of the dielectric constant 7, is of considerable
interest to users of dielectric substrates. This can be obtained by the parallel plate capacitor
method using an LCR meter at low frequency (e.g., 1| MHz) and heating the sample. From
the €, noted at different temperatures the 7, can be obtained. At microwave frequency, one
can obtain 7, from the value of 7y and a; and using Equation (1.64). The temperature coef-
ficient of resonance frequency and the Q-factor are quantities that characterize the resonator
and depend not only on the properties of the ceramic sample but also on the properties of
other parts of the resonance system.

The high dielectric loss ceramics cannot enable the measurements of 7, due to the fact that
monitoring the TE;; mode is not possible. Ceramics with a high dielectric loss do not have
the TE;; mode clearly detectable, which leads to difficulties of taking the measurements of
7, of this kind of material. For these kinds of materials another method for 7, measurements
was developed by Silva et al. [138]. This new procedure uses an experimental setup where
the dielectric loss would not affect the mode identification. The experimental setup for a
dielectric resonator antenna (DRA) showed it to be an ideal setup for this measurement,
where the peaks are very well defined modes and the high dielectric loss would not affect
the mode identification. The experiment setup consists of a DRA, fed laterally by an SMA
probe, coupled to a ceramic oven, as shown in Figure 1.31.

The dominant mode for this DRA is the HE;;; mode and the measurement of 7 of any
sample is made to accomplish the shift of the resonant frequency of HE;;; mode with
increasing temperature (see Figure 1.32). For samples that have a high dielectric loss, the
traditional measurements for the Hakki—Coleman setup do not allow the TE;;; mode visu-
alization to be obtained, due to the convolution of the TE);; mode with adjacent modes (see
Figure 1.33). In this case the 7, could not be obtained. Figure 1.33 shows a measurements
of a high dielectric loss ceramic by the SFS method [138], where the new methodology to
enable measurements for this kind ceramic can be seen.

1.11 Tuning of the Resonant Frequency

The resonant frequency of a resonator depends on the resonator surroundings, relative
permittivity, and the sample dimensions. It is possible to tune the frequency of a particular
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Figure 1.31 Experimental setup for ; measurements by an HE,; frequency shift.

resonator [139-142] by a tuning plate, dielectric plug, or a dielectric disk, as shown
in Figure 1.34. The dielectric plug or dielectric disk tuning may decrease the quality
factor only by less than 5%, whereas plate tuning leads to a considerable decrease of the
Q-factor. When a metallic tuner is introduced, the resonant frequency will increase as
the tuner approaches the DR, but if a dielectric tuner is used then the resonant frequency

will decrease. By these methods, a change in resonant frequency up to about 15% can be
achieved.

=
[=5]
@]
)
leﬁ o ]
.- [
‘??% \ - °
2 = w
W & 5 . g
A
§F R EY S
= o 52 ;‘ %
) €838 E
0538 £z
” 5069 48 iF
m} o] ) 4
o 30°C Er Cgo ::\,3 srir g
© 40°C g % &
& 60°C g &
w gec
+  100°C
. , . T .
1.85 1.90 1.95 2.00

Frequency (GHz)

Figure 1.32 The frequency displacement of HE,;; mode frequency as a function of tempera-
ture variation.
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Figure 1.33 The frequency profile of Hakki-Coleman measurements of a high dielectric loss
ceramic in comparison with the measurements using the SFS method.

However, when using a metallic plate tuner, the tuning range may be limited to only a few
percent in order to avoid serious degradation of the Q-factor and 7. Another way to tune
the frequency is by changing the physical size of the DR by machining and reducing the
thickness or diameter of the DR. It is also possible to tune the frequency by increasing the
size of the resonator by attaching a small piece of low-loss ceramic to the DR using low-loss
glue. The resonators can be mounted to a ceramic substrate using a small drop of low-loss
adhesive such as cyanoacrylic. Recently Petrov and Alford [143] reported fast resonant
frequency tuning in dielectric resonators by incorporating a thick film of Ba;_,Sr, TiO;.

I-I::I.I: 1:gr|1::enna

2. Plug
3. Plate
4. Disc

Plug Tuning Plate Tuning Disc Tuning
(a) (b) (c)

Figure 1.34 Schematic diagrams showing tuning of the resonant frequency: (a) plug tuning,
(b) plate tuning, and (c) disk tuning.
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