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Low-THz Dielectric Lens Antenna with
Integrated Waveguide Feed

Konstantinos Konstantinidis, Alexandros P. Feresidis, Senior Member, IEEE, Costas C. Constantinou,
Member, IEEE, Edward Hoare, Senior Member, IEEE, Marina Gashinova, Michael J. Lancaster,
Senior Member, IEEE and Peter Gardner, Senior Member, IEEE

Abstract— A novel dielectric lens antenna with a broadband
integrated waveguide-based feed and an optimized tapered
extension is presented for low TeraHertz frequencies. The
antenna consists of an extended hemispherical lens fed by a
standard WR-3 rectangular waveguide fitted directly at the
bottom of the lens. The antenna has been designed for high
resolution imaging radar systems requiring very wide bandwidth
performance and highly directive beams. A novel matching
technique based on an air pocket etched off the lens dielectric is
employed to obtain broadband antenna operation covering the
entire dominant-mode bandwidth of the waveguide. In addition,
a new taper shaped lens extension is proposed for the first time
and optimized to achieve improved sidelobe level and gain
performance. The antenna is compatible with newly developed
waveguide-based automotive radar and communications systems.
The operating 3dB gain bandwidth is 30% (230GHz - 310GHz2)
achieving a maximum of 30dB measured gain. The measured Si1
is well below -14dB across the WR-3 band.

Index Terms— Integrated lens antennas, submillimeter wave,
imaging systems

. INTRODUCTION

ERAHERTZ (THz) frequencies have attracted significant
research interest in recent years due to the wide available
bandwidth that offers new opportunities. Possible applications
in THz include, but are not limited, to communications,
sensing and imaging systems [1-3]. Moreover, high-gain,
highly efficient and broadband antennas in the region of THz
have been subject of investigation over the past few years,
since they are required in a number of radar and
communications systems. In particular, employing high gain
antennas improves the overall system gain compensating for
the increased path loss at THz, and thus enhances the signal-
to-noise-ratio (SNR). Furthermore, narrow beams and broad
bandwidth can provide high spatial and range resolution
respectively which are vital characteristics for imaging
systems.
Low-THz (300GHz - 1THz) short-range radar imaging
systems are being developed for a number of applications
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including automotive, aerospace etc. Such systems impose a
number of requirements on the antennas, specifically, low
cost, light weight, vibration robustness and small size antennas
as well as the aforementioned performance characteristics.

Nevertheless the implementation of such antennas remains
a challenge. Current solutions in the submillimeter-wave band
include horn and lens antennas. Planar solutions have also
been reported at low-THz for high-gain and beam scanning
applications [4, 5]. However, due to the nature of such
structures, complex feed networks and fabrication tolerances
may cause excessive losses and frequency shift of the
operational band. Various implementations of lens antennas
have been reported operating at millimeter-wave [6-14] and
submillimeter-wave bands [15-28]. In [15, 16], lenses
incorporated in THz imaging systems based on CMOS
technology with real time capabilities are proposed. Moreover,
extended hemispherical lenses and their properties have been
extensively investigated [7-9, 17, 20, 21]. This lens shape
allows the integration of the primary feed which is a very
attractive feature. Multi-shell [11, 12] and arbitrary shape
lenses [13, 14] have also been reported. However, at sub-mm
wave frequencies the introduction of matching layers and
complicated shape designs respectively will demand higher
cost and more complex fabrication processes. As reported in
[9, 10, 21] extended hemispherical lens antennas with off axis
feeding, provide significant advantages in terms of beam
scanning applications.

Thus far, efficient illumination of lenses has been a
challenge, particularly in those implementations with an
integrated primary feed. Feeding techniques that have been
employed include dual slots and irises [17-18] as well as more
broadband primary sources such as log-spiral and log-periodic
feeding antennas [19]. Integrated lenses with waveguide based
feeding have been presented for mm-wave frequencies [11,
12]. At sub-mm wave frequencies a silicon lens antenna
combined with a half-wavelength Fabry-Perot air cavity has
been proposed [20]. However, due to the resonant type feeding
technique the operating bandwidth is limited.

In this paper, a broadband THz dielectric lens antenna is
proposed, operating from 230GHz to 310GHz, and directly
fed by a standard WR-3 rectangular open-ended waveguide.
To enable integration with the waveguide feeding source, an
extended hemispherical lens type has been chosen. This makes
the antenna compatible with newly developed waveguide-
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based automotive radar and communications systems [29].
Different dielectric materials with low dielectric constant
values have been considered to avoid the use of a matching
layer that significantly increases the fabrication complexity.
The antenna achieves broadband operation by means of a
novel matching technique based on an air pocket etched off
the lens dielectric directly in front of the waveguide aperture.
The antenna has been designed to produce highly directive
beams required for high resolution imaging radar systems. In
order to achieve high directivity over the large operating
bandwidth, a tapered extension layer is presented for the first
time and optimized for improved gain performance and low
sidelobe level. Full-wave simulations have been performed
using CST Microwave Studio™ [22] to evaluate the antenna
characteristics and demonstrate the effects of the proposed
geometries. A prototype of the antenna has been fabricated
using CNC milling and experimentally tested to validate the
simulated results. Good agreement between the expected and
measured performance has been obtained. The maximum
measured gain of the proposed antenna is approximately 30dB
with an operating 3dB gain bandwidth of 30% (80GHz).
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Fig. 1. (a) Initial geometry of extended hemispherical dielectric lens antenna
where ¢ the dielectric constant, D the lens diameter and L the length of the
extension layer. (b) Proposed antenna geometry incorporated with the WR-3
flange. A tapering of the extension is performed with a tapering angle «. In the
inset an air pocket is shown over the waveguide aperture, with the air
presented in blue for better visualization.

The paper is organised as follows: Section Il discusses the

initial lens antenna design procedure. The design of the
broadband waveguide-based feeding technique is presented in
Section Il1. In the same section different dielectric materials
are studied and their performances are taken into
consideration. Section IV presents the design of the tapered
extension layer and its effects on the antenna performance,
while Section V discusses the fabrication of the lens
prototype. Finally, measurements of the antenna are shown in
Section VI.

Il. LENS ANTENNA DESIGN

The initial geometry of the proposed antenna configuration
is shown in Fig. 1(a). It consists of a dielectric hemisphere
with diameter D and a cylindrical extension layer of the same
material and diameter and a length L. The dielectric material
that has been used is Rexolite (&=2.53) for reasons that are
explained in detail in the next section. The extended
hemispherical lens has been chosen to allow integration of the
feed antenna. The latter, is a standard WR-3 rectangular open-
ended waveguide.

The length of the extension layer is calculated considering
that extended hemispherical lenses can be approximated with
elliptical lenses [17]. Thus, the length is chosen such that the
focal point of the ellipse lies at the bottom of the layer. This
approach is an approximation that assumes a point source
excitation, which is not true in the case of a waveguide
extended aperture feed. Hence, a full wave study is carried out
in CST Microwave Studio™, taking into account the effect of
the primary source pattern in order to select the optimum
radius R and the corresponding extension length L. In Fig. 2
the simulated directivity at 290GHz is presented for three
different lens radii, as a function of L/R. As expected, the
directivity increases with R and obtains its maximum value for
L/R=1.1 for all three cases. This corresponds to an extension
length close to the one estimated from the ellipse equation.
However, for the case of the smaller lens diameter (R=2.5mm)
the variation of the directivity is relatively smooth and
becomes sharper as the lens size increases. Consequently for
larger lens diameters, careful selection of the extension length
is required. Inspection of the radiation patterns for R=5mm
and different values of L (Fig. 3) shows that when the feeding
is out of focus (i.e. when the extension length is not optimum),
high sidelobes occur. The same behavior is exhibited for the
lenses with R=2.5mm and 10mm.
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Fig. 2. Directivity as a funcion of the lens extension length at 290GHz for
different lens radii: R=2.5mm, R=5mm and R=10mm.
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Fig. 3. Simulated radiation patterns for different extension heights and
R=5mm at 290GHz (a) H plane, (b) E plane.

I1l. BROADBAND WAVEGUIDE — BASED FEEDING

As mentioned in the introduction, the primary feed of the
lens antenna is of great importance. The two main
considerations when deciding the feeding mechanism for our
antenna were firstly, that it can be integrated with our
waveguide-based system and secondly, that it produces a
broadband matching response. The return loss of the antenna

was investigated in CST Microwave Studio and it has been
shown that by simply attaching the WR-3 waveguide on the
lens extension, the direct interface of the waveguide aperture
and the dielectric leads to a poor matching of about —8dB
throughout the frequency range of interest (Case A in Fig. 4).
To address this issue, a new technique is introduced that
produces a broadband matching response.

This technique has been implemented by etching off an air
pocket at the bottom of the dielectric lens and directly over the
waveguide aperture, as shown in the inset of Fig. 1(b). An air
gap over a narrowband patch antenna feeding an extended
hemispherical lens has been proposed recently in [30] in order
to reduce the sensitivity of the patch impedance and improve
the free-space radiation from the primary feed. The proposed
matching technique in this paper is based on a rectangular air
pocket integrated into the lens, providing a broadband
impedance transformation that significantly improves the Si;
as shown in Fig. 4. Different depths of the air pocket with
lateral dimensions equal to those of the waveguide aperture
have been studied and are presented in Fig. 4. Cases B, C, E
correspond to depths 0.lmm (0.094), 0.3mm (0.271) and
0.2mm (0.18X) respectively, showing that the optimum depth
is the one of Case E. Finally Case D corresponds to depth
0.2mm, while the length x and width y of the pocket are
increased by 0.2mm. It is evident that the matching is
significantly improved in all four Cases (B, C, D and E) while
for the optimized pocket dimensions (Case E) the level of the
S11 response is below —20dB. It should be noted that a reduced
frequency range is presented in Fig. 4. This range is chosen to
decrease the computational time during the optimization
procedure and is also in line with the capabilities of our
measurement system (Section VI). Nevertheless, the proposed
technique produces a broadband matching covering the
complete operating band of the WR-3 waveguide as can be
seen in the following section (Fig. 10).

The investigation described above has been carried out
considering a Rexolite lens. However, different dielectric
materials have also been considered. The Si1 response for
Teflon (e=2.1), Rexolite, PEEK (&=3.2) and Quartz (¢=3.75)
is shown in Fig. 5. As it can be seen from the graph in all the
cases the S;1 is below -10dB. This demonstrates the
applicability of our proposed matching technique on a range of
materials that can be used for implementing the lens antenna.
However, the higher the permittivity of the dielectric lens the
higher the level of Si.

Fig. 6 shows the directivity and radiation patterns at
290GHz for all the materials under consideration. The
extension layer length for each material has been optimized
for maximum directivity performance for R=2.5mm. The
directivity and radiation patterns are not affected significantly
by changing the dielectric permittivity. The selection criteria
for the dielectric lens material are based mainly on the cost
and its mechanical and electrical properties at these
frequencies. Rexolite offers the required mechanical stability
and an extremely low dissipation factor. Moreover, another
advantage of Rexolite is that due to its low permittivity value,
internal reflections are less pronounced [23, 31]. Finally,
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investigations have demonstrated that for materials beyond
e=4, anti-reflection coatings are needed on the surface of the
hemispherical lens in order to achieve matching for various
primary feeds. This imposes significant complications in the
fabrication processes, particularly at THz frequencies, and
potentially higher cost.
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Fig. 4. Simulated input reflection coefficient for pocket thicknesses and
sizes.
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Fig. 5. Simulated input reflection coefficient for different materials.
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Fig. 6. Simulated radiation patterns for different materials at 290GHz (a) H
plane, (b) E plane.

IV. TAPERED EXTENSION DESIGN

So far the geometry of the lens antenna under investigation
was the conventional extended hemisphere with a ground
plane and an open-ended rectangular waveguide (Fig. 1a). In
this section, an optimization of the geometry is performed for
a lens with radius R=10mm. This radius is selected to achieve
a directivity of more than 30dB which is in accordance with
the requirements of our radar system. As explained below, the
new geometry shown in Fig. 1(b) derives from a tapering of
the extension layer with a certain angle a. At this stage, the
complete waveguide flange with its pins and screws is
included at the simulations to obtain more accurate results.

In Fig. 7 the directivity as a function of frequency is
presented, for several tapering angles at the optimum
extension length L/R=1.1 and R=10mm. Initially, in the case
of no tapering, i.e. for a=0°, approximately 1.5 dB fluctuation
is observed in the directivity response. This is attributed to
both the spillover effect due to the high extension length of the
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lens and the internal reflections [23, 30]. Recently,
modifications to shape of the extension have been reported
[32] in order to minimize the internal reflections in an
extended hemispherical lens, but the proposed design is
complex to manufacture and has been optimized for a
scanning array primary feed. In this paper we propose a new,
easy to fabricate linear tapering of the extension layer which
minimizes the gain fluctuations and increases the directivity
level (Fig. 7) over a wide range of frequencies. More
particularly, for a=—5.2° an inward tapering is performed
which results in a better performance and less ripples of the
directivity. Nevertheless, the inward tapering angle is
restricted from the actual flange dimensions, and it cannot be
further increased. Hence, an outward tapering is employed. In
the optimum case, which corresponds to an outward tapering
of a=10.4° the directivity is increased by more than 2dB
compared to the a=0° case. Moreover, the observed fluctuation
is significantly reduced. Finally, it should be noticed that for
larger tapering angles (a=24.6°) the directivity drops and
larger fluctuations are observed. Above a certain tapering
angle value, the condition for total internal reflection is not
satisfied for the most part of the primary radiation and this
leads to a spillover loss.

Another way of showing the benefits of the proposed
tapering technique in terms of reduction of the spillover effect
is inspecting the radiation patterns. The radiation patterns for
three different frequencies within the frequency range of our
measurement system are presented in Fig. 8, for the case of the
conventional lens (a=0°) and the optimized one (a=10.4°). It
should be pointed out that the operating bandwidth of the
proposed lens antenna is considerably larger than the one of
the radiation patterns measurement system, covering from
230GHz to 320GHz (see Fig. 10). It can be observed that for
the optimized case (a=10.4°) an improved sidelobe level is
exhibited. More specifically, significant improvement is
observed at angles higher than 5° in both planes. Furthermore,
the electric field magnitude inside the lens for the initial and
the optimum design are illustrated in Fig. 9 for both E- and H-
plane. It is evident that for the conventional extended
hemispherical lens there is spillover along the edges of the
extension layer. It is also worth noting that the hemispherical
surface is illuminated in its entirety contributing to the high
sidelobe levels. On the other hand, for the tapered design,
spillover occurs only at the upper part of the extension and
only a reduced part of the hemisphere’s upper surface is
illuminated.  Moreover, considering the surface of the
extension as a radiating aperture, tapering introduces a phase
gradient along the z-axis which has an optimum value in terms
of the maximum directivity as illustrated in Fig. 7.
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Fig. 7. Simulated directivity versus frequency for different tapering angles.
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(b)

Fig. 9. Magnitude of the electric field inside the lens with and without
tapering (a) E-planes and (b) H-planes.

The simulated realized gain and Si1 of the optimum tapered
lens antenna («¢=10.4°) from 230GHz to 310GHz is presented
in Fig. 10. It is clearly shown that the Si; is well below -17dB
over the whole frequency range, while the 3dB gain
bandwidth is 30% which corresponds to 80GHz bandwidth.
Both these characteristics of the proposed lens antenna are of
significant interest, especially for low-THz frequencies, since
to the best of our knowledge this is the first report of such
broadband lens antenna with integrated feeding in terms of
both high gain and return loss. Within the 3-dB gain
bandwidth, very smooth variation of the beamwidths at both
H- and E-planes is observed (Fig. 11). More particularly, the
H- and E-plane radiation patterns exhibit a variation of 0.8°
and 0.7° respectively from 230GHz to 310GHz. Stable
beamwidths with the frequency is an important feature of our
current imaging system. In this way, angular resolution will
remain constant across the operating bandwidth which will
improve the range resolution. The effect of the waveguide
flange integration in the lens has also been studied through
simulations and the resulting radiation patterns are shown in
Fig. 12. It is demonstrated that there is no negative effect from
the flange. In fact, the metallic screws contribute positively to
~2dB suppression of sidelobes for angles higher than 8° at
both planes.
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Fig. 10. Simulated S;; and realized gain of the optimum tapered lens design
(0=10.4°).
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V. FABRICATION
A prototype of the proposed lens antenna has been
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fabricated using CNC micromachining process. Before
starting the fabrication of the lens, a jig fixture was designed
and constructed from stainless steel. The fixture has been used
to hold the dielectric material rod in place. This essentially
resembled the waveguide flange and thus its top face was
complementary to the bottom face of the lens.

To create the jig, the first operation was to turn its main
body on a conventional lathe, ensuring all faces are parallel
and the front mating face of jig is true and flat. The second
operation was setting up the main body of the jig on the CNC
milling machine to drill two dowel peg holes and whilst in this
set up, drill and tap two more holes corresponding to the
flange’s precision screws. The last operation was to fix in two
pegs and screws into jig fixture so that it would be used later
to hold the lens in place.

Subsequently, the lens profile was constructed on
FeatureCAM software (Delcan package) [33], with a spline
tolerance of 0.015mm. This means that on the curved sections
of the lens, the CNC lathe machined around the curved forms
with a 0.015mm movement. When setting up the machining
data for the lathe, a skim cut over the dielectric material was
machined. The skimmed diameter was measured with a
micrometer, which is calibrated to 0.0lmm. When the lathe
completed machining the lens profile, a second check was
performed with a micrometer to verify the lens dome size.
Finally, the lens structure was polished with Autosol paste
which gives a transparent view of the lens without affecting
the profile. The air pocket on the base of the dielectric lens
was machined in the same setup when the holes for the
alignment pins and screws were drilled (and tapped) into lens.
Because this slot at the rear of the lens was only 0.2mm deep,
we were able to use a 0.2mm diameter cutter which left a
0.1mm radius in corners of the rectangular slot. This is
important since small micro-cutters have only a small cutting
flute length which restricts how deep the cutter can machine
to.

VI. MEASUREMENTS

A photograph of the fabricated lens antenna is shown in
Fig. 13(a). In the figure, the antenna is fitted on the WR-3
waveguide flange which enables incorporation of the antenna
structure to the waveguide based system available for the
measurements. Namely, the system is a Stepped Frequency
Radar (SFR). The drive source of the SFR is an Agilent
FieldFox portable Vector Network Analyser (VNA) operating
from 2 to 18GHz. The system has a frequency range from
282GHz to 298GHz. This is generated from the RF input of 2-
18GHz using a commercial mixer-based up-converter [33, 34].
Finally, the signal is mixed again to 2-18GHz using a
matching down-converter. The floor and vertical walls of the
room where the measurements were conducted were covered
by suitable carpets which have been proven to be the most
appropriate absorbers for low-THz frequencies [35].

In order to measure the antenna far field characteristics, the
antenna was mounted on the transmitter (Fig. 13b). The
module was placed on a metallic stage whose position can be
adjusted on y- and z-axis for alignment purposes. A schematic

of the measurement set up is shown in Fig. 13(c). A pyramidal
horn antenna with 25dB gain and nearly 10° beamwidth in
both planes, has been used as a reference antenna at the
receiver. The distance between the two antennas was set to
x=3.4m, while the minimum far field distance of the lens
antenna is ~1.1m. A linear positioner with 1mm accuracy has
been used to measure the radiation patterns. A horizontal
translation of the antenna under test (AUT) corresponds to a
particular angle, which can be easily calculated from the
expression ¢, =arctan(yn/x) (Fig.13c). The maximum scanning
range is limited by the length of the positioner which is about
2m. Thus, for the particular separation distance, Omax=16.3°.

Prior to the lens antenna measurement, the radiation
patterns of the reference horn antenna were measured using a
second identical pyramidal horn antenna. Due to the nature of
our system and according to Friis equation [36], the measured
radiated power is the product of the radiated power from each
antenna. Hence, the radiation characteristics of the horn are
calculated from the square root of the measured power.
Similarly, the radiation patterns of the proposed lens antenna
are calculated dividing the measured power patterns with the
ones of the reference antenna. The measured H- and E-plane
radiation patterns for three frequencies across the operating
bandwidth are shown in Fig. 14 in comparison with the
corresponding simulated patterns. A dynamic range of more
than 40dB was achieved for the patterns’ measurement. A
good agreement has been obtained with a measured 3dB
beamwidth of 3°. The slight discrepancy observed, especially
in the slidelobes, including the slight asymmetry of the
patterns can be attributed to the uncertainty in the positional
incursion of the metallic screws the fix the waveguide flange
to the lens after these are tightened.

In Fig. 15, the measured gain is depicted together with
simulated results for two different loss tangent values. These
values correspond to the maximum and minimum tand values
for rexolite within the range of 10GHz-500GHz. The
frequency range of the measured gain is limited by the SFR
system’s range, however it does not cover the 3dB bandwidth
of the lens antenna which is 30% (see Fig. 14). It can be
observed that the measured realized gain is 29dB +1dB which
is just over 2dB less than the simulated one. This discrepancy
can be accounted for by primarily taking into account the fact
that the manufacturer quoted value for ¢ for Rexolite is
claimed to be constant (&=2.53) between 1MHz and 500GHz
[37], which is unrealistic. At the same figure, the measured
accepted gain is shown. It can be observed that while the
realized gain exhibits a decreasing slope, the accepted gain
agrees better with the expected response.

Finally, the S;1 of the fabricated antenna was measured
using an Agilent N5250A network analyzer with OML WR-3
extension head. The measurements were subject to a Short-
Offset-Load-Offset-Load (SOLOL) calibration. The simulated
and measured results are presented in Fig. 16. At the lower
end of the operating frequency band both the measured and
the simulated Si; are well below —15dB. At the upper end of
the band, the measured response exhibits an increase of its
level, however it remains below —14dB. The discrepancy
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between simulation and measurements can be attributed to
slightly different dimensions of the air pocket due to
fabrication inaccuracies. This assumption is based on the study
presented in Fig. 4, from which it is evident that very small
changes in the height of the pocket cause differences in the Si;
level.
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Fig. 13. Lens prototype: (a) photograph showing the lens mounted on the WR-
3 flange, (b) photograph showing the whole antenna assembly mounted on the
trasmittter and the linear positioner system. (c) Linear positioner geometry for

measuring radiation pattern.
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Fig. 15. Measured and simulated realized gain of the proposed lens antenna.
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Fig. 16. Measured and simulated input reflection coefficient of the proposed
lens antenna.

VII. CONCLUSION

In this paper, a highly directive lens antenna operating at
low-THz frequencies has been proposed, with an integrated
open-ended waveguide primary source. A novel matching
technique based on an air pocket etched off the dielectric is
employed to obtain broadband operation. An optimized
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geometry based on a tapered extension is proposed which
improves sidelobe level and gain performance. The achieved
beamwidths (around 3°) show that the antenna can be
incorporated to obtain a high-resolution imaging system.
Moreover the antenna weights just 5 g and is composed of low
cost material while a simple fabrication process was adopted.
The antenna has an operating 3dB gain bandwidth of 30%
(80GHz) achieving a maximum of 30dB measured gain. The
measured Si1 is well below -14dB across the WR-3 band.
Beam scanning capabilities of such antennas at low-THz will
be subject of future investigation.
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