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Abstract—Implementation of proper wireless links at
submillimetre-wave and terahertz (THz) frequencies requires
high-gain antennas. This simulation-based study investigates the
performance of dielectric lenses and their feed antennas at
300 GHz. Parametric studies and electromagnetic simulations are
used to determine the general lens properties, and the use of
waveguide and on-chip antenna feeds is considered. The results
show that the studied lens and feed structures can provide good,
directive radiation patterns also with beam scanning.

Index Terms—antenna, directivity, efficiency, lens, terahertz
(THz), wireless communications.

I. INTRODUCTION

Wireless communications systems are developing at an
unprecedented rate. Currently, fifth-generation (5G) networks
and systems are being introduced [1], and the planning and
visioning of solutions beyond 5G (known as 6G) has already
started (see, e.g., [2]). All of these wireless systems are facing
ever-increasing technical requirements in terms of, e.g., data
rate, latency, and the number of simultaneous users.

Considering these requirements and spectral availability, the
focus of the research is switching towards millimetre and
submillimetre-wave frequencies. As the frequency increases,
the path loss across a certain link distance also significantly
increases and begins to limit the obtainable communication
distance. The path loss can be compensated for by using more
directive antennas (e.g., larger antenna arrays and/or lenses).

Generally speaking, two main approaches can be used to
improve the data rate: better spectral efficiency and broader
bandwidth. The former approach involves the use of higher-
order modulation schemes and/or multi-antenna (MIMO) tech-
niques. When targeting for data rates around and beyond
several tens of Gb/s, achieving this by means of spectral
efficiency becomes technically very challenging [3]. From a
bandwidth point of view, the 300-GHz and beyond frequency
range has gained significant interest, as it features large
sections of contiguous, non-regulated spectrum which can be
a possible candidate for ultra-high data rate communications.

With higher frequencies, the physical size corresponding
to a certain electrical size decreases and, as a result, the
individual antennas become smaller. However, the electronics
needed to drive the antennas does not shrink at the same rate,
and therefore the overall size of the antenna/front-end system
can become limited by the active circuits. For the electronics,
higher frequencies present new challenges in terms of, e.g.,
generating the required power levels or choosing suitable
semiconductor fabrication technologies [4], [5]. One possible
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Fig. 1. Schematic illustration of the investigated lens antenna geometry and
waveguide feed. The drawing is not entirely to scale.

technology is silicon germanium (SiGe) based heterojunction
bipolar transistor (HBT) technology used in, e.g., [6], [7].

This simulation-based study investigates the design and
performance of silicon lens antennas and their feed structures
for 300-GHz telecommunications applications. The aim is to
understand the principal possibilities and challenges associated
with the different solutions. Simulations are carried out using
the CST Microwave Studio software.

II. PARAMETRIC STUDIES ON THE LENS PERFORMANCE

The first step is to consider the fundamental properties of
the lens through parametric studies on its dimensions. In this
part, an extended hemispherical lens with a waveguide feed
is investigated, and Fig. 1 illustrates the studied geometry.
The extended hemispherical shape is more straightforward to
implement in practice than an ideal ellipsoidal lens shape [8],
and placing a feed antenna in its focus will result in a far-field
pattern whose main-beam properties are determined by the
lens aperture [9]. The material of the lens is silicon (εr = 11.9,
tan δ = 1.2 · 10−6 at 300 GHz).

The rectangular feed waveguide is a dielectric-filled WR-
3 waveguide (220–325 GHz), and the filling material is the
same as that of the lens. Consequently, the aperture size of
the waveguide is scaled down to account for the effect of the
dielectric. In this work, wwg = 0.7mm, hwg = 0.362mm,
and lwg = 1mm. The purpose of the filling is to reduce the
reflections at the lens-to-waveguide interface. As an alternative
to filling, a small air cavity could be carved into the lens ex-
tension, but the optimal cavity depth is wavelength-dependent
and may result in some bandwidth limitations [10].

A. Effect of Extension Height and Lens Diameter

In the geometry of Fig. 1, two dimensions are considered for
the parametric analysis: lens diameter (dlens) and height of the
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Fig. 2. Simulated lens (a) maximum directivity (Dmax) and (b) efficiency as
a function of extension height. A waveguide feed is used, and dlens = 10mm.

cylindrical extension (hext). Their effect on the lens directivity
and (total) efficiency is considered, and the frequency of
interest is 300 GHz. The diameter of the lens and extension
are the same, and the properties of the feed structure are not
modified in this part. Thus, it can be assumed that most of the
observed effects are caused by the parameters under study.

Fig. 2(a) shows the simulated peak lens directivity and
efficiency of a lens whose diameter is 10 mm when the
height of the cylindrical extension is changed proportional
to the lens radius (0.1 ≤ hext/rlens ≤ 1). The curve shows
that the directivity peaks at around hext/rlens = 0.4, which
agrees very well with the reported optimal extension height of
hext/rlens ≈ 0.39 for a Si lens [11], [12].

With the currently assumed material parameters, the radi-
ation efficiency of the lens-waveguide system is very good,
as can be seen in Fig. 2(b). Changes in the total efficiency
performance relate to variations in the matching. This effect
may be a result of changes in internal reflections in the lens
caused by the varying extension height.

The second parameter to consider in this study is the lens
diameter. Based on the above results, an extension height of
0.39rlens is used, and the same value is also applied to all
subsequent studies described in this paper. The diameter of
the lens is varied from 10 to 40 mm with 5-mm increments,
and the same waveguide feed is used as before. Structural
symmetry is applied to reduce the computational time.

Fig. 3 depicts the dependence of the lens directivity and
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Fig. 3. Simulated lens (a) maximum directivity (Dmax) and (b) efficiency as
a function of lens diameter. A waveguide feed is used, and hext/rlens = 0.39.

efficiency on the diameter. In addition to the simulated direc-
tivity, the figure shows the theoretical directivity for a circular
aperture (in this case, the lens) for different values of aperture
efficiency (ηap). The directivity is calculated using Eq. (1):

D (dB) = 10 lg (4πηapA/λ
2), (1)

in which ηap is the aperture efficiency and A is the aperture
area. Ideally, ηap = 1 but typical values are, e.g., 0.35 or 0.7.

As can be seen in Fig. 3(a), the simulated directivity follows
the general trend of the theoretical results, even though the
simulated values start to saturate to approximately 35 dBi with
larger lenses. This behaviour might be related to the current
waveguide feed, which is assumed to have a constant aperture.
Thus, its focal point may be more focal-plane like (equal to
the aperture size) with the chosen hext, which reduces the
directivity. It may be possible to compensate for this drop in
directivity by optimising the hext value for the different lenses
(especially the larger ones), but further studies are needed.

With increasing lens diameter, the efficiency gradually de-
creases (mainly due to increasing material losses). In practical
implementations, the absolute drop in efficiency depends on
the properties of the particular Si material used but based on
the current results, the relative drop is not very significant.

B. Frequency Dependence of the Lens Properties

The previous results have presented how the directivity and
efficiency behave as a function of lens dimensions, but they
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Fig. 4. Simulated lens (a) maximum directivity (Dmax) and (b) efficiency
as a function of frequency when dlens = 10mm and hext/rlens = 0.39.

do not show how these parameters change with frequency.
As a way of describing this, Fig. 4 illustrates the frequency
dependence of the directivity and efficiency for a fixed lens
size (dlens = 10mm, hext/rlens = 0.39).

The curves of Fig. 4 show that the directivity somewhat
fluctuates with frequency, but the average peak directivity
across the studied frequency range is approximately 26 dBi,
which is also in accordance with the result of Fig. 3(a).
Obtained efficiency values are generally in the same range
as the dimension-dependent results shown above.

III. COMBINED EFFECT OF LENS AND FEED ANTENNA

For various applications, such as multi-pixel THz detectors,
waveguide-based feeds may not be suitable in practice. Rather,
the required antennas need to be implemented as planar
arrays whose size and configuration are application-specific.
Therefore, the next step is to consider the performance of the
lens with a more representative on-chip feed antenna.

This study is performed for the previously-used 10-mm
lens which is computationally more efficient to analyse. Ad-
ditionally, it serves as a proof-of-concept model since the
current work does not consider any particular link require-
ments (range, data rate, beamwidth etc.). Apart from the feed
antenna, the general configuration is similar to that of Fig. 1.

A. Properties of the Feed Antenna

The on-chip feed antenna used together with the lens is
a dipole with a reflector, as shown in Fig. 5. Two different

configurations are studied: an individual feed antenna, and a
linear 1×4 antenna array. The basic stand-alone antenna design
has been adapted (with slight modifications) from [13], but the
implemented array design and the use of these antennas with
the lens represent original research by the authors.

In both configurations, the substrate on the antenna chip
consists of two layers: a 6-µm thick benzocyclobutediene
(BCB) layer, beneath which is a layer of indium phosphide
(InP) whose thickness is 50µm. The material parameters for
these layers at 300 GHz are assumed to be εr = 2.5 and
tan δ = 0.005 for BCB and εr = 12.5 and tan δ = 0.003
for InP [13]. The dipole and reflector are modelled as a 2-µm
thick gold layer. In the array, the individual antenna chips are
placed on a block of FR-4 (εr = 4.3, tan δ = 0.025) which is
used to model a printed circuit board (PCB).

Fig. 6 shows the simulated S-parameters of the single dipole
and the 1×4 array both in free space and in the presence of
a semi-infinite Si-filled half space. The latter case describes
the performance of the antenna in the presence of the lens,
whose size is electrically very large compared to the antenna
chip. As can be seen in the curves, including the dielectric
affects both the matching level and impedance bandwidth of
the antenna, but the performance at the targeted 300-GHz
frequency remains good both for the single antenna and for
the array. The distance between adjacent antenna elements in
the array (500µm centre-to-centre) has been chosen in a way
that the matching level at 300 GHz is as good as possible.

B. Lens Performance with Single-Element and Array Feeds

The operation of the lens is investigated using both a single
feed antenna and the array configuration in different scenar-
ios to study the phased-array/beamscanning properties. Three
different excitation scenarios are considered with the array:
1) simultaneous excitation of two centremost elements (1×2
array), 2) simultaneous excitation of all four elements, and 3)
exciting one element of the array at a time. In the first two
phased-array type scenarios, the beamsteering properties by
tuning the amplitude and phase of the input signals are beyond
the scope of the present work. The third case is an example
of beam switching, whereby selecting the desired active feed
element a different main-beam direction is obtained.

Fig. 7 illustrates the peak directivity and efficiency charac-
teristics for the single feed and simultaneous excitation cases.
It can be seen that the directivity decreases when increasing
the number of simultaneously excited elements. This effect
relates to the lateral displacement (ldis) of the individual
antennas from the lens centre/focus, which results in their
beams pointing in different directions [14]. Due to the different
radiation directions, the beams of adjacent elements can be out
of phase in such a way that nulls begin to appear in the pattern.
A number of peaks matching the number of excited antennas
is seen. The issue of beam misalignment can be reduced by
increasing the diameter of the lens, as the resulting steering
angle relates to the relative displacement ldis/rlens [14], [15].

For a more detailed look at the effect of the feed antenna
on the radiation pattern shape, Fig. 8 shows two-dimensional
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Fig. 5. Illustration of the (a) dipole antenna and (b) antenna array used to feed the lens, and (c) lens and antenna chip configuration. The basic design for
the dipole is adapted from [13]. The drawing is not entirely to scale. All dimensions are in µm.

250 275 300 325 350 375 400
-30

-25

-20

-15

-10

-5

0

Frequency (GHz)

S-
pa

ra
m

et
er

(d
B

)

|S11| (fs)
|S11| (diel)

(a)

250 275 300 325 350 375 400
-30

-25

-20

-15

-10

-5

0

Frequency (GHz)

S-
pa

ra
m

et
er

(d
B

)

|S11|= |S44| (fs)
|S11|= |S44| (diel)
|S22|= |S33| (fs)
|S22|= |S33| (diel)
Coupling

(b)

Fig. 6. Simulated feed antenna S-parameters for the (a) single dipole and
(b) 1×4 array in free space (fs) and with a semi-infinite Si half space (diel).
Coupling curve: worst-case mutual coupling in the antenna array.

E-plane cuts of the obtained far-field patterns at 300 GHz
with the different feed configurations. It can be seen that
the peak directivity decreases and the main beam becomes
broader when we increase the number of simultaneously active
elements. The lens creates an image of the feed antennas, and
as result, the radiation spreads over a broader angle [16].

With the 1×4 array, the outermost peaks start to drop
down in magnitude compared to the centremost ones. This is
caused by internal reflections in the lens-to-air interface, which
relate to the contrast in material parameters at the interface
(refractive index n ∝ εr) [17]. By applying a matching layer
or anti-reflective coating on the lens surface, the effect can be
reduced and the peaks in the pattern made symmetrical [18].

In the beam-switching case, the main beam pattern shape
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Fig. 7. Simulated lens (a) maximum directivity (Dmax) and (b) efficiency
with different feed configurations (single dipole, 1×2 array, and 1×4 array).

remains good, even though the magnitude slightly drops from
the boresight direction. The single dipole is placed at the focus
of the lens whereas the array with an even number of elements
is aligned according to its geometric centre, which causes
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Fig. 8. Two-dimensional cuts of the far-field pattern (E-plane) of the
lens antenna (single-antenna and array feeds) with (a) simultaneous element
excitation and (b) beam switching (one element of the array active at a time).
The locations of Ant1–Ant4 in the array follow the notation of Fig. 5.

slight differences in the main beam magnitudes compared
to the single-feed case. Beam switching performance can be
improved by optimising the feed array (size, element spacing
etc.), but this aspect was not considered in this work.

In addition to affecting the directive properties of the lens
antenna system, the propagation of the rays within and away
from the lens also contributes to the overall efficiency. Without
an anti-reflective coating or absorbing material around the
lens, part of the radiation escapes from the extension part
(spillover loss). Also the backlobe of the feed antenna pattern,
which is more pronounced with the antennas of Fig. 5, carries
energy towards unwanted directions. Additional analysis on
this aspect, e.g., using ray-tracing based techniques would be
needed for an improved understanding on this part.

IV. CONCLUSION

This work has investigated how the performance of an
integrated THz lens antenna depends on the lens dimensions
and the properties of the feed antennas. Both waveguide feeds
and on-chip antennas are used. Parametric studies and electro-
magnetic simulations have identified suitable dimensions for
implementing a well-performing Si lens. The current lens and
feed antenna configuration provides a directivity of 25 dBi,
which can be adjusted to meet particular requirements by
changing the lens size. Results of this study provide useful

guidelines for implementing high-performance antenna solu-
tions for THz wireless communications. Future and ongoing
work includes lens fabrication and designing integrated trans-
mitter/receiver circuits to perform experimental verifications
of the studied lens antenna system.
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