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ABSTRACT This work describes the design of sub-Terahertz lens antennas that are coupled in the near
field. The lenses have a flat interface, making them suitable for material characterization under plane wave
incidence. A waveguide-based leaky-wave antenna feed illuminates the lenses efficiently with a Gaussian
pattern over a bandwidth of 140 to 220 GHz. Then, a large permittivity hyperboloid lens converts the feed
pattern into a plane wave with high Gaussicity. The use of dense dielectric materials significantly reduces
field spreading effects when compared to setups with free-space propagation. Furthermore, the final lens
architecture presents a flat interface, enabling direct lens-to-lens coupling for 2-port measurements with only
−3 dB of coupling loss. This way, a quasi-optical Thru-Reflect-Line calibration can be performed, thereby
making accurate extraction of material properties via full S-parameter matrix possible. Two materials were
studied with this technique in a full-wave simulation, showcasing errors below 1 percent for permittivity and
2 percent for loss tangent, using a standard plane-wave propagation model.

INDEX TERMS Antennas, flat interface, material characterization, plane-wave generation, sub-THz, WR-5
waveguide.

I. INTRODUCTION
Material characterization in the sub-terahertz frequency spec-
trum presents promising new opportunities. Accurate, non-
invasive material parameter extraction in this frequency
band enables a variety of different applications, with ex-
amples including security, industrial material quality and
defect detection, and air quality detection [1], [2], [3], [4].
Furthermore, accurate material characterization is key to de-
signing and optimizing Radio Frequency (RF) systems, as
their performances rely heavily on the properties of the
involved materials. For these reasons, material characteri-
zation in these bands is met with growing interest, and
a variety of different measurement techniques have been
proposed.

At frequencies < 300 GHz, a popular approach is to use
a Vector Network Analyzer (VNA) for material character-
ization. Here, frequency-domain S-parameter matrices are
compared to an analytical model for extraction of complex
permittivity values [5]. Rectangular waveguides in partic-
ular offer a controlled single-mode environment, in which
a highly accurate Thru-Reflect-Line (TRL) calibration can
be performed [6], [7], [8]. Unfortunately, the technique is
no longer non-invasive, as the Material-Under-Test (MUT)
needs to be adjusted to fit in the waveguide assembly. This
becomes increasingly difficult at higher frequencies, where
the waveguide dimensions are smaller. Free-space material
characterization techniques are therefore preferred for their
flexibility [9].
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FIGURE 1. (a) Conventional free-space quasi-optical approach using
focused Gaussian beams, relying on a narrow Depth-of-Focus (DoF). (b)
Proposed quasi-optical material characterization system. The
Material-Under-Test (MUT) is positioned in between the two
waveguide-fed hyperboloid lenses.

Above frequencies of 300 GHz, a commonly encoun-
tered technique for free-space material characterization is
terahertz Time-Domain Spectroscopy (TDS) [10], [11], [12],
[13]. It uses a wide-bandwidth system to obtain the sample
permittivity, by extracting the time-domain propagation delay
through the sample. However, TDS systems do not provide
full S-parameter matrices, and can therefore not be used in
high-accuracy calibration techniques (e.g., TRL). Therefore,
many recent works have explored sub-THz (100 - 300 GHz),
VNA-based free-space measurement setups [2], [9], [14],
[15], [16], [17], [18], [19].

However, contrary to the use of rectangular waveguides, in
free-space measurement setups there is no well-defined mode
with a single direction of propagation. This causes a limitation
in accuracy when extracting the complex permittivity using
analytical models, since they rely upon the assumption of a
plane-wave incidence on the dielectric sample.

Therefore, efforts have generally focused on developing
Quasi-Optical (QO) measurement setups, where the fields
approximate the plane-wave condition using Gaussian beam
optics [2], [9], [14], [15], [16], [17], [18], [19]. This well-
known concept is illustrated in Fig. 1(a). However, the
plane-wave condition is met only at the Gaussian beam waist
for a limited Depth-of-Focus (DoF), where the phase front re-
sembles a plane wave. Large F-number optics, which require
careful alignment in position and orientation, are required to
enlarge the DoF [20]. This in turn requires the QO system to
trade off its compactness for a larger DoF.

To counteract these problems, recent efforts have also at-
tempted to adapt the analytical models to include the field
spreading effects [14], [17]. Nevertheless, the reliance on

low field spreading conditions complicates the modeling and
decreases the accuracy that such systems can achieve. In
addition, the use of standard horn antennas required further
calibration to account for the frequency dispersion of the
phase-center [14]. Other works utilized highly-efficient leaky-
wave antennas that generate plane-waves using elliptical
lenses [21], and were experimentally found to be suitable
for broadband material characterization [22]. Unfortunately,
the alignment of MUT and antennas was challenging, and
free-space spreading effects persisted.

To face these challenges, this work proposes a novel, com-
pact, leaky-wave lens design with a flat interface, that directly
generates a high-purity plane wave. Contrary to other works
found in literature, the lens directly generates a high-purity
plane wave in a dense dielectric medium with low amplitude
spreading and low phase dispersion, compared to free-space
propagation. This way, accurate free-space material charac-
terization using a VNA in the WR-5 band (44 % bandwidth)
can be achieved. The lens design is shown in Fig. 1(b),
and consists of a low-loss εr = 2.3 dielectric, and a high
density εr = 9.3 thermoplastic. The lenses can be mounted
on a WR-5 waveguide, and are calibrated using an accurate
TRL approach. We demonstrate the material characterization
with a standard plane-wave model, placing no emphasis on
additional compensation with analytical spreading models.
Furthermore, the flat interface allows the MUT to be clamped
in between the Tx and Rx antennas, thereby enabling a simple
assembly and a reduction in angular misalignment.

This work is structured as follows. Section II provides an in-
depth discussion on the used Gaussian propagation model, the
design of the flat lenses. Then, Section III provides a full-wave
simulation analysis of the designed lens, validating the claims
made in Section II. Finally, Section IV describes the method to
characterize materials using the established lens architecture,
and two example cases are demonstrated.

II. LENS ANTENNA DESIGN
This section describes the design and modeling process for the
lens architecture. It starts by modeling the electric field propa-
gation using Gaussian beam theory. Then, the leaky-wave feed
that illuminates the lens is analyzed, followed by the actual
hyperboloid lens design.

A. GAUSSIAN BEAM PROPAGATION
In the first step, some a priori information on the Gaussian
wave-front propagation is modeled. This helps us establish
a relationship between the lens aperture dimensions and the
MUT sample thickness.

As mentioned in the introduction, standard dielectric mea-
surements rely on a transmission line model that assumes
plane wave incidence. However, the generated plane wave will
diverge as a function of distance, developing an increasingly
large beam waist with a larger radius of phase-front curvature.
MUT samples with large thickness can therefore suffer from
increased electric field spreading and lower coupling.
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FIGURE 2. (a) Gaussian beam width w as a function of distance z. Two
values for permittivity are indicated, plotted against the WR-5 frequency
band. (b) The angular deviation from a plane wave, based on the radius of
curvature.

To assess the impact of such spreading effects, we model
the field propagation using a standard Gaussian model [23].
First, the Gaussian beam width can be modeled using

w(z) = w0

√√√√1 +
(

zλd

πw2
0

)2

, (1)

where λd is the wavelength in the dielectric medium, z is the
propagation distance, and w0 is the beam waist at z = 0. An
example w0 of 5 mm is used, corresponding to 3 λ0 at 180
GHz. Similarly, the radius of curvature is calculated using [23]

R(z) = z + 1

z

(
πw2

0

λd

)2

. (2)

From the radius of curvature then follows the phase deviation
from an ideal plane wave, defined by [24]

��(x, y, z) = kdρ2

2R(z)
, (3)

where kd is the wave number in the dielectric medium and ρ

defined as ρ =
√

x2 + y2.
Fig. 2(a) shows as an example the propagation of the Gaus-

sian beam as a function of distance z, whereas Fig. 2(b)
shows the phase deviation at ρ = w0 = 5 mm. A frequency
bandwidth of 140 GHz to 220 GHz is indicated. As expected,
diffraction effects cause the initial plane-wave fronts to di-
verge, creating a widening of the beam width (Fig. 2(a)). The
divergence also causes the wave-fronts to curve away from
the central axis, causing increasing phase deviation to occur
(Fig. 2(b)).

When comparing the spreading in vacuum (εr = 1) to that
in our proposed (εr = 9.3) medium, the former presents a
significantly larger spread over distance due to the factor

√
9.3

smaller electrical size of w0. This is especially true for the
lower frequency bound of the bandwidth (dashed line), where
the beam width is electrically smaller.

Based on this modeled behavior, it is apparent that by
confining the Gaussian beam within a medium of high εr ,
a significant decrease in spreading over distance can be
achieved. The distance z can be connected to the maximum

FIGURE 3. Elliptical lens antenna with leaky-wave feed, including a
corrugated annular ring ground plane, taken from [21].

MUT thickness, by estimation of the number of multiple
reflection required to reach convergence conditions. For ex-
ample, εr = 1 samples with a thickness of 3mm can be
analyzed with 26 ◦ phase deviation on the 5th back-and-forth
reflection (total 30mm). By comparison, the denser εr = 9.3
reaches an 11 ◦ phase deviation over the same distance. The
phase deviation can be further reduced by enlarging the lens
DL, thereby enlarging the Gaussian beam waist.

B. LEAKY-WAVE FEEDING ANTENNA
The lens feed is of critical importance to the generation
of the high-purity plane waves. Illumination of the two
lenses requires a high degree of rotational symmetry and low
cross-polarization levels (CX). The primary patterns should
introduce an amplitude taper to avoid significant diffraction
effects at the lens edges. In addition, for the generation of
plane waves over a wide bandwidth, a near-constant phase
center location is required. These already challenging prop-
erties must persist over a wide bandwidth, from 140 GHz to
220 GHz. Therefore, a specially designed feeding antenna is
required that meets these criteria.

Fortunately, such a feeding antenna was developed in
earlier work in [21], shown in Fig. 3. In that contribu-
tion, an elliptical εr=2.3 High-Density Polyethylene (HDPE)
dielectric lens is positioned above an open-ended circular
WR-5 waveguide. The two are separated by a λ0/2 cav-
ity. This structural combination enables the propagation of
nearly-degenerate TM1 and TE1 leaky-wave modes. The non-
dispersive TM0, which is associated with high CX levels, was
attenuated by the addition of circular corrugations around the
waveguide. The result was an antenna feed that enables highly
aperture efficient lens illumination, operating over the full
WR-5 bandwidth (140 GHz to 220 GHz).

The feeding antenna was analyzed whilst radiating in
an infinite HDPE medium, to obtain the feed performance.
Fig. 4(a) shows the normalized amplitude patterns of such
a feeding antenna. Indicated are the central frequency, and
the lower- and upper-bounds of the WR-5 bandwidth. Its
normalized E-fields are amplitude tapered towards a level of
around −20 dB at 40◦. Similarly, Fig. 4(b) shows the phase
stability of the feeding antenna as a function of observation
angle θ . Up to θ = 30◦, the phase φ remains constant between
−25◦ < φ < 15◦. Beyond θ = 30◦, the amplitude tapering of
Fig. 4(a) avoids the large impact of phase deviations on lens

VOLUME 6, NO. 3, MAY 2026 617



VAN ROOIJEN ET AL.: DESIGN OF NEAR-FIELD COUPLED LEAKY-WAVE LENS ANTENNAS WITH FLAT INTERFACES

FIGURE 4. Simulated primary patterns of the corrugated circular
waveguide with leaky-wave feed of [21]. (a) The normalized far-field
amplitude distribution for the E- and H-planes, including the D-plane cross
polarization. Three frequencies are included representing the WR-5
bandwidth. (b) The phase distribution using the same nomenclature as (a).

FIGURE 5. Simulated S11 of the open-ended corrugated waveguide of [21],
compared to the proposed hyperboloid lens. Both S11 curves are
normalized to the waveguide characteristic impedance (Zc = 456 �).

performance. Finally, the feeding antenna features a low S11
reflection parameter over bandwidth. The result is shown in
Fig. 5. The low S11 is key to reducing multiple reflections in
the lens setup.

C. HYPERBOLOID FLAT LENS DESIGN
Based on the knowledge of the feeding antennas and the Gaus-
sian beam model, a lens architecture with a flat interface could
now be designed. Given the εr = 2.3 of the leaky-wave feed,
the second material made of εr = 9.3 PREPERM PPE950
thermoplastic was chosen for two reasons. First, the material
was well characterized at high frequencies in [22], with a loss
tangent tan δ = 0.005 at the WR-5 frequency band. Second,
the material offers a good contrast from the HPDE, which is
needed to refract the RF wavefronts whilst limiting the lens
curvature. Limiting this curvature helps in implementing a
matching layer later on.

Once the material selection was made, the lens topology
was based on the available feed pattern and the flat interface
requirement. Because the wavefronts travel from an εr = 2.3
to a more dense εr = 9.3 material, a transition towards a
convex lens was required. Canonical hyperboloid lenses are a
well-known type of lens to convert an incoming Gaussian ra-
diation profile to parallel rays, e.g. a plane wave. The proposed

FIGURE 6. Geometry of the lens with flat interface. In blue, the convex
hyperboloid lens is made of dense thermoplastics. Below, the HDPE
concave lens that supports the leaky-wave propagations in its air-filled
cavity. The matching layer is located in between, indicated in cyan.

FIGURE 7. (a) Ray tracing for the hyperboloid lens. The rays emanate from
the phase center at z = 0. (b) Incident E-field amplitudes at the
hyperboloid surface Einc and at the flat lens-air interface Eout. The
reflection coefficient is indicated in dashed lines.

lens architecture is shown in Fig. 6. The convex hyperboloid
εr = 9.3 lens is positioned inside a concave cavity of the
εr = 2.3 HDPE lens.

To suppress multiple reflections within the lens design, a
Matching Layer (ML) is introduced between the interfaces of
the two lenses. The same εr = 4.6 synthesized material will
be used as in [22]. In this work, we assume the ML is made of
a homogeneous material with a thickness of λm/4, where λm

is the wavelength in the matching layer.
The hyperboloid lens topology can be modeled using stan-

dard hyperbola equations. The degree of lens curvature is
determined by the material eccentricity ec = √

er2/er1, which
is a function of the ratio of permittivities between the two
mediums.

The lens is parameterized using its lens truncation angle
θt and diameter D:. Angle θt = 45◦ was chosen to capture
the feed primary patterns with sufficient spillover efficiency,
whilst including a large amplitude taper to diminish diffrac-
tion effects at the lens edges (Fig. 4). Then, a lens diameter
DL = 10λ0 was chosen to have the same 10 mm waist as
was analyzed before, and to provide a good trade-off between
lens thickness and aperture size. For structural strength, a
sufficiently large hlens= 4.16 mm (2.5λ0) was needed, as the
PPE950 material can flex under mechanical stress.

After the lenses satisfy the above mathematical conditions
using the stated geometrical parameters, a ray tracing ap-
proach can be implemented to confirm that the feeding rays
refract to parallel outgoing rays. Fig. 7(a) shows the ray trac-
ing simulation, where the rays emanate from the hyperboloid
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lens phase center at z = 0. A collimated beam is the result.
Using the same technique, the phase errors across the εr = 4.6
matching layer were analyzed. The layer has uniform thick-
ness, and therefore does not provide the same λm/4 condition
for all angles θ . Using a simple ray tracing approach that com-
pares the path length differences between rays at the central
axis and at θ = 30 ◦, such errors were found to be limited to
6.1 ◦, 7.85 ◦ and 9.6 ◦ for 140, 180 and 220 GHz, respectively.

Fig. 7(b) shows the E-field amplitudes at the lens aperture.
For simplicity, the feed patterns are fitted using a simple
Einc(θ ) = cos6.5(θ ) power distribution to match the tapering
of the leaky-wave feed at the specified truncation angle θt , see
Fig. 4.

III. FULL-WAVE SIMULATIONS
So far, theoretical models have been used to shape the lens
design. However, such models do not, for instance, take
into account the multiple reflections that occur inside the
lens antennas. Such reflections might no longer satisfy the
plane-wave based analytical models and therefore require
time-gating to improve the accuracy of the lens setup.

Therefore, for a complete picture, full-wave simulations
were performed by exporting the lens geometry to CST Mi-
crowave Studio. For the simulation, a homogeneous matching
layer with εr = 4.6 is considered. All simulations include
dielectric and ohmic losses. For aluminum, a conductivity of
σ = 4 × 107 Sv/m was used. The HDPE has a loss tangent of
3.3 × 10−4, and finally the PREPERM is given a loss tangent
of 5 × 10−3.

A. STANDALONE LENS
First, we simulate the lens as a standalone element, radiating
inside a semi-infinite εr = 9.3 medium. Open-boundary con-
ditions were established at the outer edges to avoid reflections
in the simulation box.

Fig. 5 includes the full-wave simulated S11 of the lens under
the above-mentioned conditions. Because the matching layer
provides a good anti-reflection layer, a similar S11 behavior
is obtained when compared to the feeding antenna of [21]. At
140 GHz, the reflection coefficient is increased to -15dB. Most
likely, this is where the λm/4 condition is not sufficiently met.
A broader band unit-cell design of the matching layer [25]
could help resolve the issue.

The normalized E-field at 180 GHz is shown in dB in Fig. 8.
The top half represents the H-plane, whereas the bottom half
is the E-plane propagation (symmetry planes were used). The
planar wavefronts are clearly visible. The E-plane has slightly
higher spillover loss, caused by the asymmetry in the primary
pattern (Fig. 4).

To quantify the E-field quality on the lens interface at z =
12.5 mm of Fig. 8, the amplitude and phase distribution is
shown in Fig. 9. The E-field amplitude matches well to that
of the modeled Eout of Fig. 7(b), with amplitude asymmetries
up to 1 dB at 30 ◦ incidence angle, as expected from the feed
pattern of Fig. 4. The phase remains stable within 40 ◦ from

FIGURE 8. Simulated �|E| propagating in the H-plane (top half) and
E-plane (bottom half) at 180 GHz.

FIGURE 9. Simulated normalized E-field (a) amplitude and (b) phase
distributions across the lens aperture at z = 12.5 mm of Fig. 8. The
E-planes (left halves) and H-planes (right halves) of both figures are
compared over the frequency bandwidth. In (a), the modeled amplitude
distribution of Fig. 7(b) is included for comparison. The shaded blue region
represents the beam-waist at 180 GHz.

broadside within the beam waist. Such phase distortions arise
from both the feed pattern and length differences over angle θ

in the uniform matching layer.
To assess the impact of the feed assymetries or deviations

from the ideal Gaussian, we evaluate the Gaussicity ηG(z)
over distance, as in [18]. This metric is defined as the overlap
integral between the actual E-field and an ideal fitted Gaussian
beam over all the planes.

ηG(z) =
∣∣∫ Eco(x, y, z) EGauss(x, y, z) dx dy

∣∣2∫ |E (x, y, z)|2 dx dy · ∫ |EGauss(x, y, z)|2 dx dy
,

(4)
where Eco(x, y, z) is the co-polarized E-field under test,
E (x, y, z) is the total E-field (including cross-polarization) and
EGauss is the fitted ideal Gaussian E-field, defined using

EGauss(x, y, z) = A · exp

(
− ρ2

w0(z)2

)
. (5)

The fitting is obtained by minimizing the error function, de-
fined as the amplitude difference |Eco| and |EGauss|. Amplitude

VOLUME 6, NO. 3, MAY 2026 619



VAN ROOIJEN ET AL.: DESIGN OF NEAR-FIELD COUPLED LEAKY-WAVE LENS ANTENNAS WITH FLAT INTERFACES

FIGURE 10. (a) Simulated Gaussian efficiency in % of the E-field
propagating along the z direction, evaluated across the WR-5 band. (b) The
Gaussian beam waist w, fitted to the E-field data, as a function of
propagation distance z for various frequencies.

FIGURE 11. T (a) -R (b) -L (c) calibration procedure for the lens-to-lens
coupled antennas. In (b), a metal plate has been added in between the
reference planes, separated by distance t .

A is a normalization constant at ρ = 0. The beam waist w0(z)
is fitted per distance z.

Fig. 10(a) shows the evaluated ηG(z) as a function of
distance, sampled uniformly over the WR-5 bandwidth. As
expected, the frequencies outside the 160-215 GHz range have
worst ηG(z), attributed to the phase errors from the feed (up
to 25 ◦ phase error), matching layer path length errors (max
9.6 ◦). The truncation effects will be limited, since the lens
was tapered at -20dB amplitude levels. The frequency band
from 160 to 215 GHz shows ηG(z) > 95%, with a peak value
of 97.7 % at 200 GHz. As was expected from the Gaussian
beam modeling of Section II II-A, the Gaussicity does not
decay very rapidly over distance, implying that the use of
thick MUT samples is justified without large loss of accuracy.
Fig. 10(b) shows the fitted Gaussian beam waist, indicating
that the field does not significantly spread over distance, in
accordance to Fig. 2.

B. TRL CALIBRATION SET
The final full-wave simulations are a set of Thru-Reflect-Line
instances, shown in Fig. 11. These were simulated to extract
the 2-port S-parameter boxes. For the Reflect, a Perfect
Electric Conductor (PEC) plate was inserted between the Tx
and Rx antennas. The Line has an added εr = 9.3, tan δ =

FIGURE 12. Full-wave simulated S-parameters for the TRL simulations.
Losses have been included. In (a) the (self) coupling between the different
TRL components. In (b), the S11 parameters for the Thru and Line
components.

5 × 10−3, 90 ◦ phase shift transmission line, compared to the
direct connection of the Thru. The dielectric line has a mesh
cell size of λ/40, where λ is the wavelength in the associated
medium, for a phase resolution of around 9◦.

We first look at the simulated (self) coupling of the three
components, shown in Fig. 11(b). A roughly -3 dB coupling
is achieved for both the Thru and Line components. Dielectric
losses in the PPE950 are a significant part of this, with a total
dielectric loss of 2.2 dB (1.1 dB per lens). A different material
for the convex lenses, such as alumina, could further improve
coupling. The E-field propagation through the lenses was also
visualized in Fig. 1(b).

The simulated reflection coefficients of the Thru and Line
components are shown in Fig. 11(a). Both calibration stan-
dards maintain a < 10dB S11, even when coupled directly in
the near field. Compared to Fig. 5, some higher-order ripples
can be observed. However, due to the wideband lens design,
these can be filtered out using time gating techniques. This
topic will be further addressed in Section IV.

IV. MATERIAL CHARACTERIZATION USING THE LENS
SETUP
The simulations of Section III-B provided a set of three 2-port
S-parameters; ST, SR, SL, for the Thru, Line, and Reflect,
respectively, shown in Fig. 12. With these S-parameters, we
can now de-embed the lens setup from an MUT, positioned
between the reference planes shown in Fig. 11. This de-
embedding is done using the TRL algorithm explained in [26],
[27]. Once de-embedded, the material characteristics can be
extracted.

In this work, the relative permeability (μr) of all materials
is assumed to be 1 (i.e. non-magnetic). We electromag-
netically characterize the MUTs by their complex relative
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FIGURE 13. Simulated S-parameters of the case with vacuum in between
the reference planes. (a) The time-response of S11 and S21 . The time-gated
values are extracted from 0ns to 0.18 ns. (b) The resulting time-gated
frequency domain S-parameters, compared to the transmission-line
model. (c) resulting phase errors between the model and the simulated
S-parameters.

permittivity εr = ε′
r − jε′′

r , where ε′
r is the real component of

the permittivity and ε′′
r is associated with the dielectric loss.

Both terms allow for the calculation of the dielectric loss tan-
gent, obtained using tan δ = ε′′

r /ε′
r . The analytical model used

to fit the measured S-parameters to is explained in Appendix
A. This section demonstrates the validity of the method using
the dual-antenna setup using two simulated example cases.

A. CASE I: VACUUM
The first case investigates material characterization, where the
MUT is a 2.7 mm thick slab of vacuum. The TRL of sec-
tion III-B is applied to the simulated S-parameters, resulting
in Ssim. By doing so, the reference planes are shifted to the
MUT boundaries.

Fig. 13(a) shows the resulting Ssim
11 and Ssim

21 parameters
in time-domain. Beyond 0.3ns, multiple reflections with an
amplitude of at most -29dB are visible. However, due to the
large frequency bandwidth (80 GHz) of the antenna, such
reflections can be time-gated out, as indicated in Fig. 13(a).
The time gate is applied from 0ns to 0.18ns.

This time-gating affects the frequency-domain S-
parameters, shown in Fig. 13(b), by eliminating the ripples
caused by the multiple reflections. The resulting Ssim,tg

11 and

Ssim,tg
21 can then be compared to the Smodel

11 and Smodel
21 of (7)

and (8), respectively.
As presented in (9), this comparison for the objective func-

tion is performed in both amplitude and phase, and therefore,
Fig. 13(c) shows the simulated phase differences between
Ssim,tg and Smodel . As shown, the phase errors are limited to

FIGURE 14. Simulated extracted material characteristics in terms of
permittivity (a, b) and loss tangent (c, d). Two MUTs were characterized:
vacuum (a, c) and PPE950 (b, d). Dashed horizontal lines indicate the true
simulated values.

around −4 ◦ within the 150 to 210 GHz band. Outside this
band, the error is larger, possibly caused by the decay in Gaus-
sicity (Fig. 10), the increased S11, or the ringing effects of the
time-gating at the edges of the frequency bandwidth. Finally,
as visible in Fig. 13(c), the phase of the Ssim,tg

11 shows erratic

behavior when |Ssim,tg
11 | is going to zero at λ0/4 multiples of

material thickness. For this reason, the weight factor has been
introduced in (9) to suppress erroneous fitting.

The post-processed Ssim,tg can then be used to extract the
material parameters. Fig. 14(a), (c) shows the resulting per-
mittivity (top) and loss tangent (bottom) for the analyzed
vacuum material. For the permittivity, a roughly 1% error
is made. The loss tangent is more difficult for low loss and
electrically thin materials, and therefore suffers from larger
errors.

B. CASE II: REFLECTIONLESS SLAB
The second case involves the characterization of a layer of
2.7 mm thick PPE950, with true permittivity of 9.3 and loss
tangent of 5 × 10−3. The same TRL and post-processing
(including time-gating) procedure as in Section IV-A is per-
formed. The calibrated S21 is shown in Fig. 15(a), and
compared to the model, showing good agreement, apart from
some remaining oscillations. Fig. 15(b) shows the phase de-
viation, indicating a drifting phase error of up to +10 ◦. The
calibrated S11 is below -50dB due to the reflection-less inter-
face. This verifies that the TRL has worked well, since the S11
from the antenna setup has been successfully de-embedded.
For this reason, the transmission line model relies purely on
the S21 for characterizing the material, since the weight w


will be approximately zero.
Fig. 14(b) and (d) show the extracted material parame-

ters. The permittivity is retrieved within a 0.8% error, and
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FIGURE 15. Simulated S-parameters of the slab of PPE950 material,
calibrated and time-gated until its reference planes. (a) The time-gated
frequency domain S-parameters, compared to the transmission-line
model. (b) resulting phase errors between the model and the simulated
S-parameters.

is slowly drifting due to the drifting phase error. The loss
tangent oscillates around 5.1 × 10−3 with a standard deviation
of 1.4 × 10−3 (2% mean error).

C. DISCUSSION
While these two cases demonstrate the promising antenna
concept for material characterization, some notes on accu-
racy limitations in real-life implementation are necessary
for completeness. First, the antennas will be fabricated with
100 μm (λ0/16) tolerancing, presenting an upper-bound of
22.5◦ phase uncertainty. However, with sufficient SNR, such
errors could be calibrated out using the TRL approach. An-
other source of potential error is that the method relies on the
knowledge of the host material PPE950 permittivity. Calibra-
tion using an accurately known reference as a DUT is required
to extract this permittivity. Finally, while MUT alignment
errors are largely mitigated due to the flat interfaces of the
antennas, the method assumes that the MUT is homogeneous
in permittivity over the antenna aperture.

V. CONCLUSION
This work proposed a new lens architecture for high-
frequency material characterization purposes, using the direct
generation of high-purity plane waves. The plane wave prop-
agates in a dense dielectric material, thereby significantly
suppressing the field spreading effects, when compared to
standard free-space setups. The lens structure offers a flat
interface that offers great benefits when considering material
measurements, as samples can be clamped between the lens
interfaces.

Using a full-wave simulation approach, direct plane-wave
generation was found to have a Gaussicity of > 94 % was
achieved from 160 GHz to 215 GHz. A high port-to-port
coupling of up to -3dB was achieved. The wideband antenna
properties allow the usage of time-gating techniques to miti-
gate the impact of multiple reflections.

Using a TRL calibration technique, the reference planes
can be shifted to the interfaces of the material under test.
From there, the material complex permittivity can be extracted
using a transmission line technique. This was exemplified in

simulation two case studies, where the resulting errors were
limited to 2% in permittivity and 2% in mean loss tangent.

The lens design could also enable applications in other
fields, such as near-field telecommunications. The promising
design and numerical validation of the proposed concepts
opens the path for prototyping of this idea and performing
experimental measurement of different samples.

Future improvements include further increasing the Gaus-
sicity by shaping the lens design to better fit the feeding
antenna phase distribution, and changing the matching layer
towards a non-uniform topology for improved phase stability
over angle.

APPENDIX

Complex permittivity extraction is achieved by fitting the
measured scattering parameters Smeas

11 , Smeas
21 to the theoretical

model of wave propagation through a dielectric slab. However,
contrary to other works that involve a free-space measurement
setup, the MUT is embedded in a dielectric background of
relative permittivity εref = 9.3. Therefore, the measured S-
parameters are normalized to Zc = 377/

√
9.3.

The transmission line model, similar to [9], [14], is adapted
to include this dielectric background. To model Smodel

11 , Smodel
21 ,

we start by defining the reflection parameter 
 as


 =
√

εr − √
εref√

εr + √
εref

. (6)

From here, the modeled scattering parameters are a function
of the independent complex variable εr using

Smodel
11 = 
(1 − e−2γ d )

1 − 
2e−2γ d
, (7)

where γ = jk0
√

εref is the complex propagation constant in
the sample material, k0 is the wave number in free space, and
d is the thickness of the MUT. Similarly, the S21 transmission
parameter can be fit using

Smodel
21 = (1 − 
2)e−γ d

1 − 
2e−2γ d
. (8)

Next, the fitting of measurements and model is performed on
phase and amplitude separately, for both the S11 and S21. To
avoid large phase errors when the amplitude of either of the
two is small, weighting factors w
 and wT are included for the
S11 and S21, respectively. Given the measured S-parameters
Smeas

11 ( f ), Smeas
21 ( f ), the complex permittivity εr is obtained by

minimizing the objective function

min
εr

⎡
⎢⎢⎢⎣

w
 (εr )2
(
∠Smodel

11 (εr ) − ∠Smeas
11

)
w
 (εr )2

(∣∣Smodel
11 (εr )

∣∣− ∣∣Smeas
11

∣∣)
wT (εr )2

(
∠Smodel

21 (εr ) − ∠Smeas
21

)
wT (εr )2

(∣∣Smodel
21 (εr )

∣∣− ∣∣Smeas
21

∣∣)

⎤
⎥⎥⎥⎦ , (9)

where the weights are defined by w
 = |Smodel
11 | · |Smeas

11 | and
wT = |Smodel

21 | · |Smeas
21 |. The function is minimized for each

frequency point, using an iterative least-squares technique.
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