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Abstract: We report the dielectric characterization of three commercially available, high-permittivity
Rogers laminates in the sub-terahertz range, by means of terahertz time-domain spectroscopy mea-
surements in reflection mode. A transmission-line model is developed to obtain the reflectance spectra
as a function of the frequency-dispersive complex relative permittivity of the substrates. The latter is
fitted through optimization to a single Lorentzian term, which is shown to accurately reproduce the
measured reflectance spectra. The substrates RO3010 and RT/duroid 6010.2LM exhibit significant
frequency dispersion of both their relative permittivity and loss tangent. Conversely, the thermoset
microwave laminate TMM10i is characterized by both a lower frequency dispersion and overall
dielectric losses, thus making it a promising candidate for the design of low-profile and broadband
components for novel terahertz applications. Owing to the simple Lorentzian dispersion model used
for the description of the relative permittivity, the presented results can serve as a reference, and
they can be directly introduced in design and optimization workflows for novel devices in emerging
terahertz applications.

Keywords: high-permittivity substrates; Rogers laminates; terahertz time-domain spectroscopy;
dielectric material characterization; dielectric dispersion

1. Introduction

At microwave and millimeter-wave frequencies, printed circuit board (PCB) tech-
nology is extensively used for its versatility, the commercial availability of the employed
materials, and the relatively low-cost and simple fabrication process in the design of planar
waveguiding and radiating devices, e.g., filters, polarizers, and antennas [1].

Although there exist a large variety of laminates, those commonly employed in PCB
technology consist of ceramics, polytetrafluoroethylene (PTFE), and epoxy resin composites
sometimes reinforced with glass fibers to gain in stability. The dielectric properties of these
materials may vary a lot from one type to another (for instance, FR-4 are usually lossier and
cheaper than Rogers substrates [2]), but they almost all exhibit relatively low frequency
dispersion of both the relative permittivity and the loss tangent, which are usually provided
by the manufacturer at 1 GHz and/or 10 GHz. Thus, the dielectric characterization at
these frequencies can be safely interpolated over a relatively large frequency range with a
constant fit.

However, the ever-increasing needs for high data rates and lower latencies [3–5]
required by modern applications, such as next-generation wireless communications, call
for components featuring bandwidths in the order of tens of GHz that are not available in
the current 5G band allocations [5,6]. Therefore, these needs require a shift in the usage of
the frequency spectrum, from the more conventional microwave domain to the millimeter-
wave and sub-terahertz (THz) frequency range where IEEE has recently released a standard
for mobile communications, namely the IEEE standard 802.15.3d-2017 [7].
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At such high frequencies, the dielectric properties of widely employed PCB materials
can significantly change from those provided by the manufacturer at lower frequencies,
thus calling for an accurate characterization, which is also capable of dealing with the
possible non-negligible frequency dispersion of the generally complex-valued dielectric
constant. This aspect is of key importance for the design of future components, whose per-
formance can be dramatically influenced by the frequency dispersion of both the dielectric
permittivity and loss tangent.

That said, commercial laminates such as those from Rogers and Taconic are potential
candidates for applications in millimeter-wave or (sub-)THz frequencies [8]. However,
only few works [1,9–11] reported thus far a characterization of the dielectric properties of
common laminates at millimeter-wave and/or sub-THz frequencies. In [1], Rogers and
Taconic substrates were characterized in the W-band (namely, 75–110 GHz) through a
voltage network analyzer (VNA) approach: the dielectric properties were extracted from
the S-parameters of a substrate-integrated waveguide (SIW) resonator. In [11], Rogers
substrates were characterized through THz time-domain spectroscopy (TDS) at higher fre-
quencies (viz., 0.2–1.8 THz), whereas the works in [9,10] compared and complemented the
THz-TDS measurements of low-temperature cofired ceramics [9] and Rogers substrates [10]
with VNA measurements. Indeed, THz-TDS measurements cannot provide accurate results
at frequencies below 300 GHz where there is not enough dynamic range with respect to the
noise floor. Conversely, VNA measurements provide accurate results below 300 GHz but
extensions are available only up to 1.5 THz (with a substantial increase of equipment cost).
The two approaches, namely THz-TDS and VNA, can thus be seen as complementary, yet
they produce comparable results [12].

Notwithstanding, most THz-TDS measurements are performed in transmission mode
(see, e.g., [13]), and only in few cases the reflection mode [14–17] has been exploited; in
none of these cases the properties of the Rogers materials have been characterized. How-
ever, as recently emphasized in [17], the reflection mode not only represents a powerful,
effective technique for retrieving the complex-valued frequency dispersion of the dielectric
properties of moderately reflective and lossy materials, but it also represents a natural
environment (as opposed to the transmission mode) for backmetallized substrates. The lat-
ter represents a key component in systems such as THz antenna [18–20] and static or
reconfigurable reflective metasurfaces for THz-wave manipulation, e.g., absorption [21,22]
or beam steering [23].

For this purpose, we report here for the first time a THz-TDS characterization in
reflection mode of three types of high-permittivity Rogers laminates (RO3010, RO/duroid
6010.2LM, and TMM10i), representative of different product series, in the sub-THz range
(namely, from 0.3–1 THz). The frequency dispersion of their complex dielectric permittivity
is described by a single standard Lorentzian term, which is shown to accurately reproduce
the experimentally measured reflectance spectra through a fitting optimization procedure
based on an analytical transmission-line model.

Despite the fact that all three materials have similar nominal properties in the mi-
crowave X-band, the study clearly demonstrates their different dielectric properties in the
investigated sub-THz spectrum. It is shown that RO3010 and RO/duroid 6010.2LM exhibit
significant frequency dispersion, which cannot be neglected in the design of broadband
THz components. On the contrary, TMM10i is characterized by both a low frequency
dispersion and overall lower dielectric losses. Combined with its high permittivity, which
allows for denser circuit integration and/or lower thickness profile, these results highlight
the potential of thermoset laminates (such as TMM10i) for the design of novel devices for
emerging THz applications. Thanks to its simplicity, the retrieved Lorentz frequency disper-
sion of the complex permittivity for the three materials can provide a benchmark reference
and it can be directly embedded in component design processes involving (semi-)analytical,
frequency- or time-domain methods.



Appl. Sci. 2022, 12, 8259 3 of 9

2. Terahertz Time-Domain Spectroscopy of High-Permittivity Substrates
2.1. Materials

The materials characterized in this work are three of the most popular high-permittivity
microwave substrates, made commercially available by Rogers Corporation: RO3010™,
RT/duroid 6010.2LM™, and TMM10i™ [24]. The first two are ceramic-filled PTFE com-
posites for use in commercial microwave and RF applications. RO3010 exhibits negligible
permittivity dispersion up to 50 GHz and an almost copper-matched coefficient of ther-
mal expansion (CTE). The third one is a thermoset microwave laminate with low ther-
mal coefficient and low frequency dispersion of dielectric permittivity (in the microwave
range), copper-matched CTE, and high thermal conductivity facilitating heat dissipation
and removal.

Table 1 summarizes the main material and dielectric properties of the three investigated
samples. It is stressed that in all cases, the values of their relative permittivity ε′r and
loss tangent tan δ (εr := ε′r(1− j tan δ) being the complex-valued relative permittivity),
as provided by the manufacturer at 10 GHz, are very similar: ε′r ' 10 and tan δ ' 0.002.
However, it has been shown in scarcely available literature data that the dielectric
properties of standard microwave substrates can significantly differ in the sub-THz
spectral range [10,11]. Moreover, the dielectric permittivity and loss tangent values
are usually extracted by inversion algorithms that produce a discrete set of frequency-
dependent values that do not necessarily satisfy the Kramers–Kronig relations, essential
to preserve causality in the frequency-domain dielectric function [25]. In this work, we
investigated the dispersion of the complex permittivity of the three benchmark materials
via THz-TDS by accurately fitting to a single-term Lorentzian model [25], which provided a
readily available analytic and consistent expression to be used both in frequency- and time-
domain simulations, such as the broadly used finite-difference time-domain method [26,27].

Table 1. Properties of the investigated high-permittivity substrates. Relative dielectric constant and
loss tangent values were provided by Rogers Corporation at 10 GHz.

Name Composition Thickness (mm) ε′r tanδ

RO3010 Ceramic-filled PTFE composites 1.270± 0.051 10.2± 0.25 0.0022

RT/duroid 6010.2LM Ceramic-filled PTFE composites 1.905± 0.102 10.2± 0.25 0.0023

TMM10i
Ceramic, hydrocarbon, thermoset

polymer composites 1.270± 0.038 9.8± 0.245 0.002

2.2. Methods

First, the samples were prepared for the measurement by etching the 35 µm electrode-
posited copper film from one side of the substrates. This was done by depositing a 15 µm
thick resin FP415 by ElgaEurope using a low temperature (120 ◦C) lamination technique
(Bungard RLM 419P) as a protection layer. Then, the exposed copper side was etched by
immersing the samples in a copper wet etching solution (100 mL H2O, 60 ml HCL, 20 mL
H2O2) at 25 ◦C for 4 min. A dry resin stripper was then applied for 3 min to remove the
resist and finally the sample was rinsed in isopropanol and deionized water.

The processed Rogers substrates with a bare top side and a backmetallized side were
investigated in reflection mode using TeraFlash Pro [28], a THz-TDS instrument which
allows the broadband characterization of the samples in the sub-THz range. The mea-
surement procedure has been recently presented in detail [17] and its main aspects are
briefly reported next for the readers’ convenience. The schematic of the employed standard
reflection-mode configuration of the THz-TDS setup is shown in Figure 1a. The laser
source of the instrument is the FemtoFErb THz FD6.5 laser, which generates 50 fs pulses at
1560 µm with a repetition rate of 100 MHz [28]; optical fibers bring these laser pulses to the
emitter, which radiates an electromagnetic THz signal through a photoconductive antenna.
The terahertz wave impinges on the sample at a fixed oblique angle of θi = 8◦. A photo of
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the THz wave propagation module of the setup with a sample placed for measurement is
shown in Figure 1b. In all cases, we averaged 100 pulses for each time-domain pulse trace
s(t) over a 200 ps time window (see Figure 2a) to obtain a spectral resolution of 10 GHz.
We then analyzed the frequency-domain reflection spectra over the range 0.3–1 THz (see
Figure 2b), which ensures more than 80 dB of dynamic range with respect to the noise floor.

Figure 1. (a) Schematic of the employed THz-TDS setup, configured for sample characterization in
reflection mode. The setup consists of an fs-pulse, near-infrared laser, photoconductive transmit (Tx)
and receive (Rx) antennas, an optical delay line, a set of mirrors, and the sample under test placed on
a metallic baseplate. The optical beam path is marked with red arrows and the THz wave path by
red-shaded elements. (b) Photo showing the THz-wave propagation module of the TDS setup with a
sample placed on the metallic baseplate.

We started from a preliminary analysis of the signal in the time domain. Here, we esti-
mated the thickness of the substrates from the arrival times of the zeroth-order echo (reflec-
tion from the top side of the substrate) with the formula provided in ([17], [Equation (1)]).
Results were consistent with the nominal thickness values and their tolerance, as provided
by the manufacturer and summarized in Table 1.

However, we were interested in an accurate material characterization of the substrates,
which took into account the losses and frequency dispersion. To this aim, in analogy
with the procedure carried out in [17], we developed an equivalent circuit model (see
Figure 3) to derive a theoretical amplitude reflection coefficient Rth (a time dependence
exp(jωt) of the fields was assumed) at the air–substrate interface, viz., z = 0. Thus,
by definition (see, e.g., [29]) we had Rth = |Yc − Yin|/|Yc − Yin|, where Yc and Yin are
the characteristic admittance at z = 0+ and the input admittance looking downwards at
z = 0−, respectively. According to Figure 2b, Yc = Y0, Y0 is the wave admittance in the
air, and Yin = −jYε cot(kzεd), Yε and kzε are the wave admittance and the propagating
wavenumber in the dielectric substrate of thickness d. The amplitude reflection coefficient
finally reads:

Rth =

∣∣∣∣∣∣∣∣
cos θi − j

√
εr − sin2 θi cot

(
k0d
√

εr − sin2 θi

)
cos θi + j

√
εr − sin2 θi cot

(
k0d
√

εr − sin2 θi

)
∣∣∣∣∣∣∣∣ (1)

where k0 is the vacuum wavenumber.
Rth was then compared with that of the measured amplitude reflection coefficient

Rmeas, which was obtained from the frequency-domain measurements as the ratio between
the amplitude of the reflection spectrum |S( f )| from the substrate over the reference
measurement in its absence. Figure 2b shows a couple of indicative power spectra |S( f )|2,
reference and sample, measured for the substrate RO3010. For the calculation of Rth, we
considered that the substrate relative permittivity was described by a standard single-term
Lorentz model [25]:

εr( f ) = ε∞ +
(εs − ε∞) f 2

0

f 2
0 − f 2 + j

f
2πτ

(2)
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where εs, ε∞ are the relative permittivity values at DC and infinite frequency, respectively,
and f0 and τ are the Lorentz resonant frequency and decay time, respectively. These four
parameters were introduced as free variables in a standard optimization process based
on the Nelder–Mead simplex method implemented in MATLAB©, which minimized the
`2-norm of the difference Rth − Rmeas over the 0.3–1 THz spectral window of investigation.
In other words, the four-dimensional (4D) optimization problem consisted in seeking the
optimum values of εs, ε∞, f0, τ such that:

min
{εs, ε∞ , f0, τ}

(√∫ fmax

fmin

|Rth − Rmeas|2d f

)
(3)

where fmin = 0.3 THz and fmax = 1 THz. This minimization process provided a 4-tuple of
optimum values to be applied into (2) to get the best fit of Rmeas. In Section 2.3, these values
are provided for all Rogers substrates analyzed here, namely the RO3010, the 6010.2LM
and the TMM10i.

Figure 2. (a) Time-domain signal s(t) measured for the reference (reflection from the metallic
baseplate) and in the presence of the RO3010 substrate. The pulse around 1200 ps (light blue curve)
preceding the reference one stems from reflection from the top surface of the substrate. A zoomed
inset is reported at the top-right corner to better show the shape of the pulses. (b) Fourier transformed
power spectra of the time-domain signals. The three major dips in the reference spectrum are due to
water absorption.

z

e0er

e0

-d

0

Ground plane

º

(a) (b)
z

yx

Substrate

Short circuit

e0er

e0

-jYe cot(kze d)

Y0

Figure 3. (a) One-dimensional section of the backmetallized substrate under test and (b) its
transmission-line equivalent model.

2.3. Results

The methodology described in the previous subsection was applied to the dielectric
characterization of the three investigated Rogers substrates. The obtained results are
summarized in Figure 4, where the first two columns report the relative permittivity and
loss tangent frequency dispersion, as per the optimized fit to the Lorentz model, and the
third column shows a comparison between the measured and theoretical fit of the power
reflectance coefficients |Rmeas|2 and |Rth|2. The Lorentz parameters for the three materials
are summarized in Table 2. We highlight here that the dispersion model in this study is
phenomenological, aiming to accurately describe the dielectric frequency dispersion of the
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three investigated materials with a minimum number of terms so as to facilitate its use in
the design flow of THz components.

Figure 4. Relative dielectric permittivity, loss tangent, and comparison between measured and
simulated spectra based on the Lorentz-fitted permittivities of the three investigated substrates:
(a) RO3010, (b) RT/duroid 6010.2LM, and (c) TMM10i. The insets in the second column show photos
of the characterized samples with an area of approximately 5× 5 cm2. In (a), results are compared to
the data provided in [11].

Table 2. Lorentz model parameters calculated for the investigated Rogers high-permittivity substrates.

Name ε∞ εs f0 (THz) τ (ps)

RO3010 3.223 11.464 1.663 0.779

RT/duroid 6010.2LM 1.001 13.502 2.083 0.654

TMM10i 7.923 10.611 2.008 0.424

In the case of RO3010 in Figure 4a, we also included the tabulated data for the mea-
surements reported in [11], showing good overall agreement. We note that the simulated
reflectance spectra based on the reference data do not accurately reproduce our measure-
ments, as shown in the right panel of Figure 4a. A comparison of the complex relative
permittivity data for RO/duroid 6010.2LM is also in line with available literature informa-
tion [10].

In the reflectance spectra one can notice an oscillating part with a diminishing ampli-
tude towards the higher frequencies. This effect stems from the Fabry–Perot (FP) multiple
reflections of the THz wave that enters and propagates in the substrate. The periodicity of
these oscillations, also known as free spectral range (FSR) [30], can be estimated at a first
approximation by the following formula:

FSR =
c0

2d cos θi
√

ε′r
(4)

The position of the FP maxima/minima depends directly on the thickness and relative
permittivity, whereas the modulation depth depends on the loss tangent of the substrate.
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Thus, the oscillating spectrum contains the necessary information for the dispersion model
fitting. At higher frequencies the reflectance converges towards a constant value, which
corresponds to the part of the THz wave that is reflected from the top surface of the
substrate and depends also on its relative permittivity. It can be noticed that the measured
high-frequency reflectance is a bit lower than the theoretical prediction. This is attributed
to defocusing effects due to the substrate thickness, and considering its high permittivity
and operation in reflection mode, which doubles the wave path distance. Indeed, the effect
is more noticeable in the case of RO6010.2LM, which is thicker than the other two samples
studied. Nevertheless, in the investigated examples the important information in the
reflection spectra is contained in the lower-frequency part, which is very well reproduced
by the theoretical model, so relevant correction techniques were not applied [31].

The results revealed different trends for the three materials, despite the fact that their
dielectric properties were almost identical at the microwave frequency of 10 GHz, as sum-
marized in Table 1. RO3010 and RO/duroid 6010.2LM show a significant frequency
dispersion with their relative permittivity (loss tangent) approximately in the range of
12–16 (0.02–0.1) and 14–17 (0.02–0.07), respectively, in the investigated spectral window.
Such a level of frequency dispersion needs to be taken into account in the design of compo-
nents as it might significantly impact their performance. On the contrary, the thermoset
laminate TMM10i shows a significantly lower frequency dispersion (10.7 ≤ εr ≤ 11.4) and
lower values of loss tangent (0.008 ≤ tan δ ≤ 0.03), both highly desirable properties for
high-performance and broadband devices. Overall, the retrieved Lorentz dispersion mod-
els accurately reproduce the measurements and constitute a reference for the engineering
of novel, low-profile components in emerging applications in the sub-THz spectrum.

3. Conclusions

To sum up, we characterized three popular high-permittivity substrates (RO3010,
RO/duroid 6010.2LM, and TMM10i), commercially available from Rogers Corporation,
in the sub-THz range based on THz-TDS measurements in reflection mode. It was shown
that by fitting the complex relative permittivity of the substrates to a single Lorentzian
term, the theoretically calculated reflection spectra accurately matched the measurements.
The substrates RO3010 and RT/duroid 6010.2LM showed a significant dispersion in the
investigated frequency range, which has to be taken into account in THz component design.
In comparison, the substrate TMM10i showed both a lower dispersion and significantly
lower loss tangent, both highly desirable properties. Thanks to the standard Lorentzian
dispersion model used for their fitting, the presented reference data can be directly incor-
porated in design and optimization workflows of devices for emerging THz applications,
including time-domain simulation methods or semianalytical algorithms.
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