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Abstract— As many emerging technologies require the use of
high-speed signals, the understanding of dielectric properties of
materials used in manufacturing printed circuit boards (PCBs)
is an essential aspect for accurate high-speed circuit designs,
especially at millimeter-wave (mm-wave) frequencies. This work
demonstrates a methodology for extracting complex relative
permittivity of dielectric substrates covering mm-wave frequen-
cies. For this purpose, low-temperature cofired ceramic (LTCC)
substrate was measured up to 85 GHz and its complex relative
permittivity was extracted. The approach used in this work
is based on multiline thru–reflect–line (TRL) calibration for
measuring the propagation constant and electromagnetic (EM)
simulations to estimate the losses contributed by the conductor
while accounting for surface roughness. An estimate of complex
relative effective permittivity is obtained, from which the actual
relative dielectric constant and the loss tangent of LTCC substrate
are extracted. The estimated values for the relative dielectric con-
stant and the loss tangent show an excellent agreement compared
with the results obtained via split cavity resonator measurements.

Index Terms— Electromagnetic (EM) simulation, low-
temperature cofired ceramic (LTCC), permittivity, roughness,
transmission line.

I. INTRODUCTION

W ITH the increasing usage of higher frequencies in
modern communication systems, it becomes necessary

to have broadband measurements of complex relative per-
mittivity of dielectric substrates used to manufacture printed
circuit boards (PCBs). Though there are industry standards on
measuring the permittivity of substrates [1], [2], none of them
is ideal for wideband measurements covering the millimeter-
wave (mm-wave) frequency regime [3].

There are several methods to measure permittivity at high
frequencies. Most of the methods are usually based on
measuring a material sample directly via guided wave mea-
surements [4]. These methods can be generalized into two cat-
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egories: resonant method [5], [6] and transmission/reflection
method [7], [8]. In the resonant method, permittivity is esti-
mated from the S-parameters at resonance frequencies. As a
result, the resonant methods can only provide permittivity
measurements at sparse frequencies. It is, however, considered
very accurate for the measurement of low-loss materials [6].
On the other hand, the transmission/reflection method is
based on placing a sample between two waveguides, where
the permittivity of the sample is estimated from the mea-
sured transmission and reflection coefficients. This approach
can be applied in various ways: free-space [9], rectangular
waveguide [8], and coaxial line [7]. The free-space method
has the advantage of not requiring the sample to have the
same cross section shape as the waveguide or coaxial line.
However, the sample does require to be flat and sufficiently
large. In this way, the impact of diffraction effects at the edges
of the sample is minimized.

Apart from that, the transmission/reflection method demon-
strated in [10] uses a guided Gaussian beam, which can be
thought of as a hybrid between free-space and waveguide
methods. This approach can ease the restriction on the shape
and size of the sample. Generally, the transmission/reflection
method is considered broadband. However, the frequency
range it can cover is limited by the waveguide/fixture structures
used in the setup. For example, the method demonstrated
in [10] can generally cover frequencies in hundreds of giga-
hertz range. However, these measurements must be done in a
frequency banded way. For example, the WR-12 waveguide
can only be used for frequencies in the range of 55–90 GHz.
Cascading measurements from different waveguides can intro-
duce inconsistencies in the measurements across the frequency
if the waveguides and fixtures are not machined with the same
accuracy.

Many authors forget to mention one drawback when pre-
senting waveguide methods for PCB substrate measurements:
these measurements are of the substrate before metallization
layer is applied on it. That is, the metallization process could
affect the dielectric properties of the substrate, especially if
chemical processes are involved.

A promising method to measure the permittivity of a
substrate is based on planar transmission lines, which are man-
ufactured on the measured substrate through a metallization
process. For example, the differential phase length method [3]
or the multiline thru–reflect–line (mTRL) calibration [11], [12]
is used for such characterization purposes. They estimate the
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propagation constant γ which describes the losses and the
phase velocity of the wave traveling along the line. The planar
transmission line methods have the advantage of providing
broadband measurements covering frequencies from mega-
hertz up to terahertz, possibly in one frequency sweep, as most
planar transmission lines operate in the quasi-TEM mode.
In addition, since these lines are manufactured on the same
substrate, they share the same manufacturing tolerances.

The challenge in the planar transmission line method is the
inability to obtain an accurate estimate of the characteristic
impedance Z0 of the line. This parameter, in addition to γ ,
is needed to describe a transmission line fully. By knowing
both γ and Z0, we can obtain the fundamental per-unit-length
circuit parameters resistance (R), inductance (L), conductance
(G), capacitance (C) (RLGC) of the line, by which we can
achieve a separation between the conductor and dielectric loss

γ 2 = (R + jωL)(G + jωC) (1)

Z 2
0 = (R + jωL)/(G + jωC). (2)

The per-unit-length RLGC parameters presented in (1) and (2)
relate directly to the material properties of a transmission line.
They are assumed to be frequency-dependent. The resistance
R and inductance L describe the conductor, while the conduc-
tance G and capacitance C are associated with the properties
of the dielectric material. Therefore, by knowing these para-
meters, one can separate the influence of the conductor from
the dielectric substrate. Thus, we can map C to the relative
dielectric constant � �

r and G to the loss tangent tan δ of the
substrate.

Given that γ is estimated by mTRL calibration, Z0 remains
to be determined. There are several methods to estimate Z0,
e.g., [13], [14]. However, these methods demand specific
requirements for their applicability. For example, [13] can only
be applied to transmission lines with lengths smaller than a
quarter-wavelength of the maximum frequency. In addition,
probing fixtures used to measure the line will significantly
influence the measurement by imposing short transmission
lines. Thus, such measurement conditions could falsify the
results. Another method to estimate Z0 is the calibration
comparison method presented in [14]. This method can give
an accurate estimate of Z0 even with high shunt fixture capac-
itance and conductance. However, it fails when the fixtures are
inductive. Unfortunately, this is almost always the case in PCB
designs. Therefore, the calibration comparison method in [14]
is only practical for miniature structures, e.g., semiconductor
designs.

An alternative approach to estimate Z0 is by calculating it
from γ . If either R + jωL or G + jωC is known, Z0 can be
derived by

Z0 = R + jωL

γ
= γ

G + jωC
. (3)

In many works, e.g., [15], [16], they assume that the loss
tangent tan δ of the dielectric is very low, thus allowing them
to neglect the term G/(ωC). In addition, they would assume
that the distributed capacitance C is frequency-independent,
thus measuring its value in the quasi-static sense [17]. These
assumptions are generally valid if we discuss near-lossless

materials and TEM propagation. However, such assumptions
are usually not applicable in lossy materials and non-TEM
transmission lines. For example, in the case of microstrip
lines, the propagation mode is quasi-TEM, forcing the
capacitance C to change with frequency. This behavior is
observed due to the change in the E-field distribution with
the increase in frequency.

We should also mention that other methods to characterize
a dielectric substrate are based on model optimization,
e.g., [18]. In such cases, the objective is to fit the frequency-
dependent RLGC model to S-parameter measurements.
However, such approaches are limited in applications to the
low mm-wave regime. Such methods require that the model
captures the waves’ dynamics over the full investigated
spectrum. However, this is not simple to come by, as not
all planar transmission lines behave similarly and obey the
generic frequency-dependent RLGC models. Even worse,
the observed transmission line behavior gets more complex
the higher the frequency gets.

The conductor surface roughness adds another layer of
complexity. The added losses due to conductor roughness are
most prominent when skin depth is in the range of roughness
depth. However, the impact of roughness is a reasonably
well-studied topic, and many good models already exist.
For example, the physical model by Huray et al. [19] and
Bracken [20] showed to predict the additional losses at mm-
wave frequencies with reasonable accuracy. In addition, the
recent “gradient model” from [21], which is based on the
concept of frequency-dependent effective conductivity, agrees
well with measurements at mm-wave frequencies.

Our approach in this article starts by measuring several
similar microstrip lines of different lengths and performing an
mTRL calibration [11] to extract the propagation constant γ .
After that, we simulate the term R+ jωL while accounting for
roughness. However, the goal is not to estimate Z0 from the
simulated R + jωL, but to estimate the conductor dispersion
factor R/(ωL). By knowing R/(ωL), it is possible to calculate
the effective dielectric constant and loss tangent from the
propagation constant, from which the actual parameters of the
substrate can be derived. The reasoning and theory for this
approach are explained in Section II.

After that, Section III addresses surface roughness influ-
ence and how to account for it. In Section IV, we explain
the process of mapping complex effective permittivity to
the actual complex permittivity of the substrate. Finally,
Section V and VI present the conducted experiment and finish
with a conclusion.

II. EXTRACTING THE EFFECTIVE MATERIAL PROPERTIES

As mentioned in the introduction, the per-unit-length
frequency-dependent RLGC parameters of a transmission line
relate directly to the medium’s properties, in which the wave
propagates. With the help of mTRL calibration, we can esti-
mate the propagation constant γ . However, we also require
Z0 to compute the RLGC parameters

R + jωL = γ Z0 (4)

G + jωC = γ /Z0. (5)
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To extract the complex permittivity of a dielectric substrate,
we care primarily for C and G, as they relate directly to the
dielectric properties. Therefore, if we perform an electromag-
netic (EM) simulation to obtain an estimate of R+ jωL, then it
is possible to compute G + jωC using γ obtained via mTRL
calibration

G + jωC = γ 2
mTRL

Rsim + jωLsim
. (6)

The reason that allows us to simulate R and L while not
fully knowing ��

r and tan δ of the dielectric substrate is because
of the weak dependency of L and R on � �

r and tan δ in a quasi-
TEM propagation. We can further elaborate on this by writing
the RLGC parameters in terms of field components, which
were derived in [22] and [23] as

R = 1

|I (z)|2
��

ωμ��|Ht(x, y, z)|2 + σ |El(x, y, z)|2 dxdy

(7)

L = 1

|I (z)|2
��

μ�|Ht(x, y, z)|2 − � �|El(x, y, z)|2 dxdy

(8)

G = 1

|V (z)|2
��

σ |Et(x, y, z)|2 + ωμ��|Hl(x, y, z)|2 dxdy

(9)

C = 1

|V (z)|2
��

� �|Et (x, y, z)|2 − μ�|Hl(x, y, z)|2 dxdy

(10)

where

E(x, y, z) = Et (x, y, z) + El(x, y, z) (11)

H(x, y, z) = Ht(x, y, z) + Hl(x, y, z) (12)

are the solutions to Maxwell’s equations for the single-
mode propagation. The subscripts “t” and “l” denote transver-
sal (xy-plane) and longitudinal (z: propagation direction)
components, respectively. The complex material properties
� and μ are defined as

� = �� − jσ/ω (13)

μ = μ� − jμ�� (14)

where the real parts describe the energy storage and the
imaginary parts the losses. Both (13) and (14) are spatial-
dependent in the transversal domain, i.e., xy-plane. Therefore,
� and μ describe both the dielectric and the conductor as
a piecewise function. Furthermore, we assume an isotropic
material, i.e., � and μ are not tensor quantities.

Equations (7) and (8) are general descriptors for R and L
for a single-mode propagation described by (11) and (12).
However, for a broad class of applications, we can simplify
the expressions in (7) and (8) by limiting our analysis to
TEM propagation and nonmagnetic medium, i.e., μ� = μ0 and
μ�� = 0. By TEM mode, we refer here to the lossy TEM mode.
Under the assumption of TEM propagation, all external lon-
gitudinal components are zero, that is, El(x, y, z) = 0 for any
x, y points outside the conductor area. The only longitudinal
components that remain are the ones inside the conductor due

to its finite conductivity. Therefore, (7) and (8) simplify to

R = 1

|I (z)|2
��

Conductor
σ |El(x, y, z)|2 dxdy (15)

L = μ0

|I (z)|2
��

|Ht(x, y, z)|2 dxdy

− 1

|I (z)|2
��

Conductor
� �|El(x, y, z)|2 dxdy. (16)

The only integral covering the external fields in the
dielectric is the first term in (16). Yet, this integral does
not depend on the dielectric properties of the substrate
(assuming μ� = μ0). In conclusion, both L and R are inde-
pendent of the dielectric properties of the substrate for TEM
propagation and nonmagnetic materials.

Although we showed that simulating R and L is a valid
approach to obtain estimates for their values, the problem
in trying to simulate R and L is the uniqueness of their
values, as both the quantities depend on the z-component
normalization, i.e., I (z). The uniqueness issue stems from
the definition of the characteristic impedance, which can be
written in three ways [24]

Power–Current Z0 = P(z)/|I (z)|2 (17)

Power–Voltage Z0 = |V (z)|2/P∗(z) (18)

Voltage–Current Z0 = V (z)/I (z) (19)

where (·)∗ denotes the complex conjugate operator. For the
discussion below, we drop the z dependency for notational
simplicity. The uniqueness issue of Z0 arises when P �= V I ∗,
which leads to the three expressions for Z0 not being equal.
In fact, this is the case for non-TEM propagation. If we take
a microstrip line as an example, which supports a quasi-TEM
mode, the value of V is dependent on the choice of the
integration line, over which the E-field is integrated. However,
depending where this line is chosen, different values for V will
be obtained, thus leading to different values for Z0. Therefore,
as a consequence, the values for R and L are also not unique.
It should be noted that the propagation constant γ is unique
for each propagation mode, even for non-TEM modes. The
uniqueness issue appears only in the magnitude of Z0.

The question on hand becomes: which definition of Z0 is
the correct one for a microstrip line? Brews investigated
this question in [24], where he concluded that all the def-
initions of Z0 become equal if P = V I ∗ is enforced.
However, Brews also concluded that even after imposing
P = V I ∗, the uniqueness issue of Z0 does not disappear,
because the magnitudes of I and V are still arbitrary and
depend on their definition, but their relative phase remains
unchanged.

Therefore, finding a unique Z0 for a microstrip line should
not be the objective. As a matter of fact, for the sole purposes
of extracting the material properties of a dielectric substrate,
we do not need to know Z0 fully. We only need to know its
phase. To elaborate on this, we rearrange (1) and (2) to equal

γ 2 = ω2LC

�
R

ωL
+ j

��
G

ωC
+ j

�
(20)

Z 2
0 = L

C

�
R

ωL
+ j

���
G

ωC
+ j

�
. (21)
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The quantities R/(ωL) and G/(ωC) are the effective dis-
persion factors of the conductor and the dielectric substrate,
respectively, and the term LC equals the effective dielectric
constant. The interesting part about these quantities is that they
are normalization-independent. That is, regardless how V and
I are defined, R/(ωL), G/(ωC), and LC are unaffected [23].
However, the same does not apply to L/C . Nevertheless, for
the sole purpose of extracting the complex permittivity of a
substrate, we only need to know LC and G/(ωC), which map
directly to � �

r and tan δ, respectively. The mapping of these
quantities is discussed in Section IV.

The values for R/(ωL), G/(ωC), and LC can be obtained
in the following order.

1) Estimating R/(ωL) through EM simulation of the con-
cerned transmission line. From the simulated Z0 and γ ,
R/(ωL) is calculated as

R

ωL
= Re

�
γsim Z0,sim

�
Im
�
γsim Z0,sim

� . (22)

2) After obtaining an estimate for R/(ωL) via (22),
we determine G/(ωC) from mTRL measurements of γ
via a reformulation of (20) to solve for G/(ωC)

G

ωC
= M − R/(ωL)

M R/(ωL) + 1
(23)

where M = −Im
�
γ 2

mTRL

�
/Re

�
γ 2

mTRL

�
.

3) The final step is to compute LC . This factor can be
derived by rearranging (20) to solve for LC

LC = |γ 2
mTRL|

ω2

�	

R

ωL

�2 + 1
�	


G
ωC

�2 + 1
� . (24)

III. ACCOUNTING FOR SURFACE ROUGHNESS

The impact of surface roughness on losses is most promi-
nent when skin depth is in the range of roughness depth.
Essentially, roughness causes an increase in losses due to the
finite conductivity of a conductor. As a result, this makes
the distinguish between dielectric and conductor losses more
difficult. Generally, the losses of a conductor can be divided
into two mechanisms: skin loss, which is proportional to√

f , and roughness loss, which is proportional to f [21].
Considering these relationships, we can deduce the following
observation.

1) Losses due to roughness start at frequencies at which
skin depth is in the same range of rms roughness depth
(commonly in the lower μm regime).

2) It is known that the dielectric loss due to polar-
ization (i.e., loss tangent) increases with frequency
(e.g., Djordjevic–Sarkar model [25]). At the lower end
of the spectrum, transmission line losses are primarily
due to the conductor. However, at higher end, both the
dielectric and conductor contribute to the losses.

From the above observations, we can conclude that
the effects of conductor roughness can be separated from
the dielectric loss at lower frequencies, where skin depth
approaches roughness depth. We can further analyze the

Fig. 1. Hammerstad roughness model as a function of the ratio of roughness
depth to skin depth �/δ.

impact of roughness quantitatively by referring to the empirical
roughness model by Hammerstad and Jensen [26]

KHamm = αrough

αsmooth
= 1 + 2

π
arctan


1.4

�
�

δ( f )

�2
�

(25)

where αrough and αsmooth are the losses per unit length of a
transmission line with a rough and smooth conductor surface,
respectively. � is the rms roughness depth, and δ( f ) =
1/(πσμ f )1/2 is the skin depth.

A plot of (25) is shown in Fig. 1, where we can observe that
the added loss due to roughness increases dramatically when
roughness depth starts to approach skin depth. For example,
when the skin depth equals roughness depth, i.e., �/δ = 1,
the additional losses due to roughness reach 60%.

In the case of low-temperature cofired ceramic (LTCC)
measurements presented in Section V, the copper roughness
is estimated to be around 0.7 μm. Therefore, the added loss
due to this roughness is expected to be notable between
frequencies 4 and 8 GHz, where the skin depth is in the range
of 1.2–0.72 μm. In addition, we also know from a separate
measurement that the dielectric loss of LTCC is negligibly
small in this frequency range, i.e., up to 8 GHz losses observed
in measurements are primarily due to skin and roughness
losses.

It should be noted that (25) is not entirely accurate at mm-
wave frequencies. It saturates reasonably quickly and provides
a maximum correction of 2, which has been shown in many
publications to be not the case. In [27], a scaling factor
was introduced to increase the limit beyond 2. Even with
the inclusion of the correction factor, the Hammerstad model
is fundamentally unable to accurately predict roughness loss
at higher frequencies, as it was derived based on heuristic
methods. Therefore, in this article, we use the causal Huray
model [20], which is given by

KCH = 1 + 3

2

N

Aflat

4πa2

1 +


2 j

�
a

δ( f )

�2
�−1/2 (26)

where N is the number of stacked snowballs (spheres) cov-
ering a flat area Aflat, and a is the radius of the snowball.
As (26) is already implemented in the full-wave EM simulation
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Fig. 2. Simulated attenuation per-unit-length of a microstrip line for a range
of values of ��

r , while maintaining tan δ = 0.

software Ansys high frequency structure simulator (HFSS),
the goal is to fit the simulation data to the measurements
at the low-frequency regime. At this regime, the losses due
to roughness are present, while the losses due to dielectric
substrate are negligible.

Since we can estimate the propagation constant γ via mTRL
calibration, we have access to the total attenuation per unit
length α = Re{γ }. One possible way to obtain the needed
parameters in (26) is by fitting the simulated attenuation αSim

to the attenuation from mTRL measurements αmTRL. However,
this approach can lead to inaccurate fitting because α depends
as well on � �

r , i.e., the dielectric constant of the substrate,
which, at this point, is still unknown. To elaborate on this,
we can express α as a function of RLGC parameters, which
can be derived from (20) to give

α2 = ω2LC

2

⎡
⎣ R

ωL

G

ωC
− 1 +

��
R2

ω2 L2
+ 1

��
G2

ω2C2
+ 1

�⎤⎦
(27)

where the terms R/(ωL) and G/(ωC) are the effective dis-
persion factors of the conductor and the dielectric substrate,
respectively. They describe the associated losses. The term LC
is inversely proportional to the square of the speed of light in
vacuum c0. The proportionality factor is the relative effective
dielectric constant � �

r,eff if the material is nonmagnetic

LC = μ�
eff�

�
eff

μ�
eff =μ0−−−−→ LC = μ0�0�

�
r,eff = � �

r,eff

c2
0

. (28)

In conclusion, we can see from (27) and (28) that even
if we assume that the dielectric material has zero losses,
i.e., G/(ωC) = 0, we still have the factor LC amplifying the
conductor losses, as demonstrated in (27). Hence, LC intro-
duces a dependency of the conductor losses on the dielectric
constant. That is, the higher the dielectric constant, the higher
the losses. It should be noted that when R/(ωL) = G/(ωC) =
0, then α = 0. Thus, the dielectric constant only influences
the losses when at least R/(ωL) or G/(ωC) is nonzero. The
plot in Fig. 2 visualizes the influence of the substrate dielectric
constant on α, even if the loss tangent of the substrate is zero.

Therefore, the use of α for estimating the model parameters
of the roughness model is not practical due to the dependency
on � �

r . Instead, we define the ratio of the imaginary part γ 2 to
its real part, which is given by

−Im
�
γ 2
�

Re
�
γ 2
� =

�
R

ωL
+ G

ωC

���
1 − R

ωL

G

ωC

�
. (29)

The expression in (29) is only dependent on the loss terms,
which is more suitable for finding the optimal parameters for
the roughness model. Suppose G/(ωC) ≈ 0 in the frequency
range between f1 and f2, we formulate the optimization
problem to estimate the best parameters of the roughness
model in (26) as

argmin
σdc

N/Aflat
a

f2�
f = f1

�����−Im
�
γ 2

mTRL

�
ω

Re
�
γ 2

mTRL

�
c0

− −Im
�
γ 2

Sim

�
ω

Re
�
γ 2

Sim

�
c0

�����
2

. (30)

The minimization problem in (30) is used to find the best
parameters for the roughness model in (26), i.e., N/Aflat and a,
while also estimating the dc conductivity σdc of the conductor.
Generally, the inclusion of σdc in the optimization is not
necessary, if σdc is already known via another measurement
method. Furthermore, the objective function in (30) is scaled
by ω/c0 to eliminate frequency normalization and to scale up
the values.

IV. MAPPING FUNCTIONS

The general way to map the quantities LC and G/(ωG) to
� �

r and tan δ is to find mathematical models that relate these
quantities to each other. One way is to use well-known formu-
las from the literature. For example, the relationship for � �

r,eff
of a microstrip line by Kirschning and Jansen (K&J) [28] has
broad applicability and promises accuracy better than 0.6%.
However, such models were derived for lossless transmission
lines and were verified for limited frequency range. Generally,
these models only provide an approximation and are meant to
be used as synthesis equations for design purposes.

A more accurate way to obtain a mapping function is to
generate a mathematical model for a specific geometry via
EM simulations. The principle is to fit simulation data to a
polynomial of N th order. This gives the advantage to model
arbitrary geometry, e.g., microstrip line, slotline, (grounded)
coplanar waveguide, and stripline. In the below discussion,
we simplify notation by defining

� �
r,eff = c2

0 LC (31)

tan δeff = G/(ωC). (32)

We begin the discussion by modeling ��
r,eff as a polynomial

of N th order

� �
r,eff =

N�
n=0



� �

r

�n
an (33)

where the coefficients an are frequency-dependent. To find
the coefficients an, the simulation data for � �

r,eff are generated
for different values of � �

r. After that, the coefficients are
determined via least-squares solution at every frequency point.
To illustrate this, we assume N = 2, and M simulation data
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points were generated, where M > N . Then the corresponding
equation system can be composed as⎡

⎢⎢⎢⎣
� �

r,eff [1]
� �

r,eff [2]
...

� �
r,eff [M]

⎤
⎥⎥⎥⎦

� �� �
b

=

⎡
⎢⎢⎢⎣

1 � �
r[1] (� �

r)
2[1]

1 � �
r[2] (� �

r)
2[2]

...
...

...
1 � �

r[M] (� �
r)

2[M]

⎤
⎥⎥⎥⎦

� �� �
A

⎡
⎣a0

a1

a2

⎤
⎦

� �� �
x

(34)

where � �
r[1] ≤ � �

r ≤ � �
r[M], that is, the model is valid within the

simulated range of values for � �
r . The solution for x is found

by taking the pseudo-inverse of A

x = 
AT A
�−1

AT b. (35)

After solving for the coefficient an, the relative dielectric
constant � �

r can be derived by solving the quadratic equation
using the estimated ��

r,eff from mTRL measurements as detailed
in Section II

� �
r = 2(a0 − � �

r,eff)

−a1 −
�

a2
1 − 4a2(a0 − � �

r,eff )
. (36)

The solution in (36) is expressed using the alternative form
of the standard quadratic formula [29]. This formula is robust
against degenerate cases, e.g., if a2 = 0, which means the
model reduces to a linear order.

To illustrate the accuracy of the polynomial model for
different orders, a microstrip line, as depicted in Fig. 3,
is simulated for values of ��

r in the range � �
r ∈ [4, 10]. The

coefficient an is extracted for the polynomial orders N =
{1, 2, 3}. Then, the same microstrip line is simulated again
while � �

r is set to random values in the range � �
r ∼ U(4, 10)

across the simulated frequencies. The simulation was done
in Ansys HFSS, where only the wave ports were simulated,
i.e., 2-D simulation. Since we only need Z0 and γ from the
simulation and not the S-parameters, it is sufficient to only
simulate the wave ports. In addition, by only simulating the
wave ports, we reduce the simulation time significantly as
only 2-D meshes are considered. The definition of Z0 chosen
in this simulation example was the power current, as given
by (17). However, other definitions of Z0 could be used,
as the quantities G/(ωC), R/(ωL), and LC are normalization-
independent (see Section II).

Fig. 4 depicts the result of the model for different polyno-
mial orders. In addition, the K&J model [28] is included for
comparison. The figure shows that the K&J model has a higher
error than the proposed polynomial approach. However, the
result of the K&J model does agree with its claim of accuracy
better than 0.6%. The first-order polynomial seems to behave
similar to the K&J model at higher frequencies. In contrast,
the second- and third-order seem to give the same results,
which indicate that there is no need to increase the model
order beyond the second-order in this example. It should also
be noted that the required polynomial order depends on the
range of � �

r values being considered, as well as the geometry
of the transmission line.

To demonstrate the invariability of R/(ωL) with respect
to the change in the dielectric constant of the substrate,
we plotted R/(ωL) in Fig. 5 using the same random � �

r , as well

Fig. 3. Microstrip line simulated in Ansys HFSS. This is a 2-D simulation,
where only the wave ports were simulated to extract Z0 and γ of the microstrip
line.

Fig. 4. Example of mapping ��
r,eff to ��

r using the polynomial model with
different orders and comparing it with the K&J model.

as a constant � �
r = 8. We can see from Fig. 5 that even

with abrupt change in � �
r , negligible influence can be seen

in R/(ωL).
Regarding loss tangent modeling, there is less work found

in the literature. However, it is common to derive the loss
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Fig. 5. Demonstrating the invariability of R/(ωL) with respect to the change
in ��

r of the substrate.

tangent using the models of effective dielectric constant. The
concept follows the idea of expressing the complex relative
effective permittivity as a weighted sum of the two dielectric
materials as

�r,eff = �rq + (1 − q)�r2 (37)

where �r2 = 1 if the top dielectric is air, and q is called
the filling factor, which describes the percentage of the field
contained in the lower substrate. In many textbooks, the con-
cept of the filling factor is discussed primarily in the context
of development of analytical models for the static effective
dielectric constant. In these cases, the parameter q is assumed
to only depend on the transmission line’s geometry [30].
However, if we already know ��

r,eff and � �
r, the filling factor

q can be expressed as

q = � �
r,eff − 1

� �
r − 1

. (38)

Then, the loss tangent tan δ is determined by inserting (38)
in (37) and reformulating it in terms of tan δeff , � �

r,eff , and � �
r

tan δ = � �
r,eff

� �
rq

tan δeff = � �
r,eff

� �
r

� �
r − 1

� �
r,eff − 1

tan δeff . (39)

We can also develop a model for tan δeff based on a
polynomial approximation, similar to (33)

tan δeff =
N�

n=0

(tan δ)nbn (40)

where bn is dependent on both the frequency and �r. There-
fore, when computing the coefficients bn using least-squares
solution, the simulation to generate values for tan δeff must be
performed using � �

r obtained from (36). That is, the process
must be sequential; first estimate � �

r and then tan δ. For the
quadratic case, the solution for tan δ is calculated similar
to (36) as

tan δ = 2(b0 − tan δeff)

−b1 −
�

b1
2 − 4b2(b0 − tan δeff)

. (41)

Fig. 6 shows the results of simulating a microstrip line with
random values of tan δ across the frequency. This progression
is approximated by the polynomial model with different orders

Fig. 6. Example of mapping tan δeff to tan δ using the polynomial model
with different orders and comparing it with (39).

and expression (39). For the latter case, � �
r was computed

from (36), or it was evaluated from the K&J model [28].
Interestingly, using (39) with ��

r computed from the K&J
model [28] shows a similar result to the case when ��

r
was computed by (36). However, the polynomial models
outperform (39). Furthermore, it appears that a first-order
model is sufficient to capture the values of tan δ in this
example.

The uncertainty propagation of the presented models can be
accomplished following the guidelines in [31] and [32].

V. EXPERIMENT AND RESULTS

A. mTRL Calibration

The goal of performing an mTRL calibration is to esti-
mate the propagation constant of the line standards used in
calibration. Therefore, we only need the line standards for
this purpose. The reflect standard is only necessary if the
calibration coefficients are required as well. The error box
model of mTRL is given by

Mi = A
�

e−γ li 0
0 eγ li

�
B (42)
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Fig. 7. Dimensions of the Thru standard of the mTRL kit (unit: mm). The
reference plane is defined in the middle of the structure and all other lines
are referenced to this plane.

where A and B are the left and right unknown error boxes,
respectively (i.e., the calibration coefficients), li is the length of
the i th line, and γ is the propagation constant. All the matrices
are given in terms of cascade parameters (T -parameters). The
principle of mTRL calibration is to form pairs of lines of
different length, where one line is common among all the pairs.
Finally, we form the following eigenvalue problem for each
line pair:

Mi M−1
j = A

�
e−γ (li −l j ) 0

0 eγ (li −l j )

�
A−1. (43)

After solving the eigenvalue problem above for the consid-
ered line pairs, the final result for the propagation constant is
derived through a weighted sum based on the Gauss–Markov
method [11], [12]. It should be noted that for the error box
model given in (42) and (43), we assume that the isolation
terms of the vector network analyzer (VNA) are negligible,
which is generally true in modern VNAs. Also, we assume
that the switch terms were already accounted for, which can
be directly measured from a four-receiver VNA.

The experiment we conducted consists of measuring mul-
tiple microstrip lines with different lengths fabricated on an
LTCC substrate using the fixture structure depicted in Fig. 7.
The fabricated microstrip lines were designed to have 50 

characteristic impedance, which resulted in a strip width of
125 ± 3 μm and a thickness of 15 ± 5 μm. The LTCC
substrate was 110 μm thick with ��

r = 7.9 and tan δ =
0.0015 at 79 GHz. These values were obtained from a separate
split cavity resonator measurement for a different substrate
thickness and before metallization was applied.

The experiment we conducted was done on a probe station
using 150 μm pitch ground-signal-ground (GSG) RF probes
connected to a VNA. Since we are working with GSG probes,
the microstrip lines were tapered to a grounded coplanar
waveguide interface. The dimensions of the Thru standard are
shown in Fig. 7. The length of the lines is referenced to the
middle of the Thru standard, i.e., the reference plane indicates
the line length of zero.

The lengths of the microstrip lines we considered are
{0, 0.35, 1.5, 7, 31} mm. The measurement was conducted
in the frequency range of 0.2–85 GHz. We first performed an
line-reflect-reflect-match (LRRM) calibration on an impedance
standard substrate (ISS) to shift the reference plane to the tips

Fig. 8. Experiment hardware: probe station, VNA, RF probes, and LTCC
microstrip lines.

of the probes. The LRRM calibration process is automated by
our semiautomated probe station. The initial LRRM calibration
is generally not required, but as the probes themselves were
manually controlled (the chuck is automated), we had to
realign them manually every time we measured a new line
standard. Therefore, having the reference plane at the probe’s
tips helps us align the probes accurately. In Fig. 8, we show
the corresponding measurement setup.

B. Parameters Extraction

In the first step, we measured the S-parameters of the
microstrip lines and evaluated the propagation constant γ
by applying mTRL calibration. Subsequently, we performed
a 2-D full-wave EM simulation of the microstrip line using
Ansys HFSS while enabling the causal Huray roughness model
(the simulation setup is the same as in Fig. 3). In EM
simulation, we set tan δ = 0. Then, optimization was per-
formed according to the objective function in (30) up to
8 GHz. By this process, we obtained a sphere (snowball)
radius of 0.4 μm with 50 spheres covering a flat area of
100 μm2 as the parameters for the causal Huray roughness
model. The measured and simulated data are summarized
in Fig. 9.

For the second step, we compute � �
r,eff and tan δeff based

on (23) and (24), where R/(ωL) is known from EM
simulation. The results for ��

r,eff and tan δeff are shown in
Fig. 10.

In the final step, we map both ��
r,eff and tan δeff to � �

r and
tan δ, respectively, using a second-order polynomial approx-
imation as discussed in Section IV. The results for the
frequency-dependent ��

r and tan δ are depicted in Fig. 11.
In addition, we summarized our result at two frequencies in
Table I. We can see a strong agreement between our results
and the split cavity resonator data. However, we can recognize
a slight discrepancy in tan δ between the cavity measurements
and our estimate, which is likely due to the metallization
process which is not accounted for in the cavity measurements.
In addition, it is clear to see that at low frequencies tan δ is
negative. This behavior is an artifact caused by the assumption
that tan δ is zero at these frequencies when performing the
optimization problem to find the parameters of the roughness
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Fig. 9. Fitting EM simulations to the measurements at lower frequencies to
obtain optimal parameters for the causal Huray roughness model.

Fig. 10. Estimated effective dielectric constant ��
r,eff and effective loss tangent

tan δeff .

TABLE I

COMPARISON OF THE EXTRACTED DIELECTRIC PROPERTIES OF THE LTCC
SUBSTRATE AT 60 GHz AND 79 GHz

model. Therefore, the negative values can be validly set to
zero.

VI. DISCUSSION AND CONCLUSION

As alluded to in Section I, the methods to measure complex
permittivity of dielectric substrates are hard to generalize at
mm-wave frequencies. Moreover, some methods presented in
the literature impose specific requirements, e.g., near-lossless
dielectric behavior. The technique described in this article
is no exception. However, the steps conducted in this work
are carefully executed, and their validity is well-explained.
For example, for estimating the impact of surface roughness,

Fig. 11. Frequency-dependent estimation of ��
r and tan δ with their uncer-

tainties, compared with split cavity resonator measurements.

we discussed that this should be achieved at low frequencies.
At this regime, the skin depth is in the same range of roughness
depth. In addition, at these frequencies, the dielectric loss is
very low. However, this limitation already implies that estimat-
ing the losses due to roughness for lossy substrates at low fre-
quencies is not practical. Fortunately, most dielectric substrates
used in RF applications meet this criterion at low frequencies.

Another aspect we discussed is the validity of using EM
simulations to obtain R and L while not fully knowing
the complex permittivity of the dielectric. We highlighted
that simulating R and L for the TEM propagation is fully
valid even without knowing the permittivity of the dielectric
substrate for nonmagnetic materials. We also showed that these
quantities are individually not unique in non-TEM modes,
e.g., quasi-TEM. However, the quantity R/(ωL) is unique and
can be determined from EM simulation. In this way, we can
estimate the effective dielectric constant and effective loss
tangent.

In the last step, we introduced mapping functions to convert
the effective quantities to the actual parameters of the sub-
strate. We generalized these functions as polynomial functions
of N th order, where the coefficients are frequency-dependent
to capture the dynamics of microstrip’s quasi-TEM mode.
In conclusion, the approach presented in this work provided
consistent results for � �

r and tan δ, which agreed well with split
cavity resonator measurements.
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