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Abstract—In this letter, we propose an integrated all-silicon 2-D
horn antenna operating over 220 to 330 GHz (WR-3 band). This
endfire antenna is designed for full integration with a substrate-
less all-dielectric terahertz frontend. The antenna supports two
orthogonal fundamental modes of guided waves with in-plane and
out-of-plane polarizations. By introducing a 2-D effective-medium
dielectric lens on the same platform, the antenna realized gain
together with the free-space impedance matching is enhanced
allowing for a broadband operation with a fractional impedance
bandwidth of 40% on a compact footprint. The fabricated antenna
is experimentally validated with measured realized gain ranging
from 11.2 to 14.2 dBi for the in-plane polarization and 10.5–15.0
dBi for the out-of-plane polarization across the entire WR-3 band.
We foresee that this all-dielectric horn antenna together with the
integrated highly efficient platform can be adopted in beyond 5G
communications.

Index Terms—2-D horn antenna, dielectric lens, dielectric
waveguide, effective medium, terahertz communications.

I. INTRODUCTION

RAPIDLY growing data usage in various high-quality mul-
timedia has raised demands in wireless communications

with high channel capacities [1]–[3]. The terahertz spectrum
with vast available bandwidth exhibits great potentials to pro-
mote beyond 5G communications. However, due to the limited
source power and high free-space path loss, it is critical to
develop highly efficient frontends for terahertz wireless applica-
tions. Importantly, antennas with high gain, high efficiency, and
broad bandwidth are critical for these terahertz frontends. To
build such antennas, material properties and manufacturability
must be considered. It is challenging to directly scale existing
metallic microwave antennas up to the terahertz frequencies due
to their significant ohmic losses and increasing manufacturing
complexity at terahertz frequencies [4]–[11]. Although metallic
horn antennas feature high efficiency due to the low current den-
sity in metal [12], the increasing manufacturing complexity and
cost together with the bulky structures limit their integrability.
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To enable antenna integration, a terahertz H-plane horn an-
tenna surrounded by metallic photonic crystal rod array was
proposed [13], despite its bandwidth limited by the photonic
bandgap effect. Alternatively, an integrated dielectric resonator
antenna with endfire radiation was reported [14]. This antenna
was implemented on a 2-D photonic crystal waveguide platform
made of only silicon to eliminate the ohmic loss with a maximum
realized gain of 10.6 dBi. However, due to the resonance nature
of the antenna, its fractional bandwidth was only 6% over 311–
331 GHz. To further enhance the bandwidth and realized gain, an
all-silicon rod antenna array [15] and Luneburg lens [16] based
on the same platform were reported. There, measured realized
gains above 20 dBi were achieved across 315–390 GHz with a
relative bandwidth of 21%. In essence, all these antennas inte-
grated with the photonic crystal platform have relatively narrow
bandwidth with high in-band dispersion and can support only
one polarization, rooted in the intrinsic properties of photonic
bandgap structures [3].

To this end, all-silicon effective-medium-clad dielectric
waveguides together with various fundamental building blocks
have been proposed by our group as an integrated platform for
terahertz frontends [17], [18]. This substrateless platform fea-
tures extremely low loss, low dispersion, and broad bandwidth,
while supporting two orthogonal fundamental modes, namely
Ex

11 or in-plane and Ey
11 or out-of-plane modes. The effective

medium that supports the waveguide is realized by periodically
perforating a silicon slab with subwavelength spacing. The
relative permittivity of this effective medium can be flexibly
controlled by adjusting the configuration of this subwavelength
hole array. With such benefits, various terahertz integrated de-
vices can be built on this platform to inherit high efficiency and
broad bandwidth.

In this letter, we propose a planar horn antenna implemented
onto this terahertz integrated platform over 220–330 GHz. The
proposed antenna consists of a flaring section to increase the
aperture size and an effective-medium lens to enhance the an-
tenna realized gain together with the impedance matching to
free space. The proposed all-silicon antenna has an extremely
high efficiency nearly 100%. Compared to the rod-array antenna
fed by a photonic crystal waveguide [15], the proposed design
has a comparable efficiency but around a twofold increase in the
fractional bandwidth owing to the performance of the feed wave-
guide. Importantly, the lens part synthesizes the functions of
wavefront flattening together with impedance matching leading
to a compact footprint. Compared to the dielectric microstrip-
line-based horn antenna [19] supporting only out-of-plane po-
larization due to the waveguide mode restriction, the proposed
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TABLE I
HOLE DIAMETERS FOR THE EFFECTIVE-MEDIUM DIELECTRIC LENS (d: HOLE DIAMETER WITH UNIT OF MICROMETER)

Fig. 1. Schematic of all-silicon 2-D horn antenna. All components are defined
by through holes in a single silicon slab. (a) Antenna model. (b) Effective-
medium-clad dielectric waveguide as a feed. (c) Effective-medium cladding in
hexagonal lattice. (d) Effective-medium lens. The taper is for matched coupling
from the hollow waveguide to the antenna in both simulation and measurement.
Here, lt = 3.00 mm, ls = 6.30 mm, lf = 2.88 mm, ll = 1.39 mm, w =
0.225 mm, wf = 3.40 mm, wc1 = 0.69 mm, wc2 = 0.78 mm, θf ≈ 60◦,
a = 0.1 mm, and d = 0.09 mm. The detailed dimensions of the lens can be
found in Table I.

antenna can support bothEx
11 andEy

11 guided modes resulting in
radiation with orthogonal polarizations promising applications
that require polarization diversity to increase wireless channel
capacities.

II. ANTENNA DESIGN

As shown in Fig. 1(a), the antenna consists of an effective-
medium-clad waveguide as a feed, a flare section, and a 2-D
effective-medium lens. The lens and the claddings are realized
by subwavelength perforation in hexagonal lattices, as shown in
Fig. 1(b) and (c), specifically chosen for mechanical robustness.
Accordingly, the relative permittivities of these perforated com-
ponents can be controlled by varying the hole configuration,
i.e., the perforation period a and hole diameter d, based on
the Maxwell-Garnet effective medium theory [20]. By properly
designing the lens with a spatially varying effective permittivity,
the cylindrical wavefront emerging from the flaring section can
be flattened, while a good impedance matching between the

antenna and free space can be achieved allowing for broad
gain and impedance bandwidths. To achieve high efficiency,
the whole structure is built into a 250-μm-thick high-resistivity
float-zone silicon wafer with a resistivity >10 kΩ-cm [17], [18].
This silicon exhibits a relative permittivity of εSi = 11.68 and
loss tangent of 3× 10−5 within the operation frequency range.
Float-zone silicon has much higher purity than that fabricated
with other techniques. This is much needed for terahertz appli-
cations to minimize material dissipation [21].

As shown in Fig. 1(b) and (c), the waveguide core width
w is 225 μm, while the effective medium claddings is with
a lattice period a = 100μm, i.e., three times smaller than the
guided wavelength and a hole diameter d = 90μm resulting
in the relative permittivity tensor (εx, εy, εz) of (2.75, 3.83,
2.75) [18]. In this design, the horn antenna is in the form of
an in-plane flare, to yield a large effective aperture and realized
gain [13], [22]. However, enlarging the flaring angle and aperture
too much will exacerbate the cylindrical wavefronts due to an
increasing difference in the path lengths [15]. Thus, the antenna
realized gain will be degraded. On the other hand, increasing the
length of the flaring section can reduce the flaring angle hence
maintaining a reasonably planar wavefront but with the sacrifice
of structural compactness. Considering the tradeoff between the
antenna realized gain and the structural compactness, the 2-D
flaring section in this letter is designed as shown in Fig. 1,
where the flaring length and width are selected as lf = 2.88 mm
and wf = 3.40 mm, respectively, leading to a flaring angle of
θf ≈ 60◦. With such a flaring angle, the transition between the
feed waveguide and the aperture is smooth with an aperture size
about three wavelengths across.

To further enhance the antenna realized gain and the free-
space impedance matching while maintaining the structural
compactness, a 2-D effective medium dielectric lens is intro-
duced. The lens design is based on the principle discussed
in [15]. Specifically, an array of small holes leads to a higher
modal index, which can increase the phase delay, while an array
of larger holes can reduce the transit time. Therefore, to equalize
the phase delay of the emerging cylindrical wavefront, as shown
in Fig. 1(d), a gradient hole distribution is adopted along the
x-axis, where the hole diameter is gradually increased from the
center to the edges of the lens. Due to the low dispersion of
the air-silicon effective medium and the guided modes, the lens
can support broadband operation for both linear polarizations.
Meanwhile, to achieve a good free-space impedance matching,
the hole diameter is gradually increased along the z-axis leading
to a decreased modal index towards free space. The subwave-
length lattice period a is selected as 100 μm, while the minimum
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Fig. 2. Simulated instantaneousE-field amplitude distributions of the antenna.
Amplitude distributions in linear scale for (a) Ex

11 and (b) Ey
11 modes at

275 GHz. All the amplitude plots are normalized to the same scale.

Fig. 3. Fabricated sample and measurement setup. (a) Microscopic image of
the fabricated antenna. Antenna fed by (b) WR-3.4 straight waveguide and (c)
WR-3.4 twist waveguide for the Ex

11 and Ey
11 modes.

hole diameter dmin is chosen as 20 μm, which is determined by
the deep reactive ion-etching (DRIE) process. This configuration
allows for a wide range of effective permittivity, resulting in a
fine control for phase compensation and impedance matching.
Our design goals include reflection coefficients below −10 dB
and realized gains above 10 dBi with variations less than 3 dB
across the whole WR-3 band for both polarizations.

To investigate the performance, the 3-D full-wave simulations
are performed with CST Microwave Studio 2020, where a realis-
tic loss tangent of 3× 10−5 is employed for the silicon material.
The simulated E-field distributions of the antenna for the two
modes are shown in Fig. 2. It is observed that the waves emerging
from the feed waveguide diverge in the flaring region, and then
are gradually flattened when passing the effective-medium lens
and being radiated into free space. The wave front of the Ey

11

mode is slightly overcorrected due to the a small modal index
difference between the two guided modes, which is expected to
slightly reduce the overall gain.

III. FABRICATION AND MEASUREMENT

As shown in Fig. 3(a), the antenna is fabricated on a single
high-resistivity float-zone silicon wafer with a thickness of
250 μm. The fabrication is based on standard deep reactive ion-
etching (DRIE). The blind holes occur with the smallest holes
around the center of lens. This is due to the achievable aspect

Fig. 4. Simulated and measured reflection coefficients for (a)Ex
11 and (b)Ey

11
modes. The simulation without lens is based on the model with absence of the
effective lens, while the other parts remain unchanged.

ratio, i.e., the ratio between the hole depth and the width, which
is limited to around 10:1 in this case. The measurements are
carried out by using a Keysight vector network analyzer (VNA)
with Virginia Diodes WR-3.4 extension modules spanning from
220 to 330 GHz. At the transmitter side, a WR-3.4 hollow
waveguide with opening dimensions of 863.6 × 431.8 μm2

feeds the antenna sample through the taper, while a WR-3.4
metallic horn antenna is adopted as a receiver. Specifically,
the taper structure is inserted into the hollow waveguide for
coupling, while an external holder is introduced to support the
sample. For precise alignment, high-precision optical stages are
used. It is noteworthy that the simulated results show that, for
a perfectly aligned case, the coupling loss ranges from 1.3 to
0.2 dB for the Ex

11 mode and from 0.8 to 0.2 dB for Ey
11 mode

over 220–330 GHz. The separation between the two antennas is
14 cm, beyond the far-field distance of around 4 cm at 330 GHz.
As shown in Fig. 3(b) and (c), the sample is fed by a WR-3.4
straight waveguide for the Ex

11 mode and a twist waveguide for
the Ey

11 mode. The yz-plane radiation pattern is measured by
rotating the antenna in the yz plane with a pivot at the antenna
end point. Additionally, the xz-plane radiation patterns can be
measured by rotating the sample by 90◦, while the straight and
twist waveguides are swapped for the two modes. To measure the
cross-polarized components in the two planes, a twist waveguide
needs to be added or removed at the receiver in opposition to the
twist involvement at the transmitter.

Fig. 4 shows the simulated and measured reflection coeffi-
cients for the Ex

11 and Ey
11 modes, where the measurements

reasonably agree with the simulations. For both polarizations,
the simulated and measured reflection coefficients are well
below −10 dB across the whole WR-3 band. Discontinuities
in conjoined waveguide sections and external reflections cause
rapid spectrum fluctuation in the measured results. It is shown
that the reflection levels are reduced by more than 5 dB with the
effective lens.

The simulated and measured radiation patterns for the two
modes are illustrated in Fig. 5. For both polarizations, the
measured 3-dB angular beamwidth in the xz plane is less than
20◦, while it is around 85◦ in the yz plane for both polarizations.
The fan beam is due to the unequal aperture dimensions in the
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Fig. 5. Simulated and measured antenna radiation patterns for (a–c) the Ex
11

and (d–f) Ey
11 modes at 220, 275, and 330 GHz. The simulated cross-polarized

components are not presented, since they are negligible due to the perfect
symmetry of the antenna model. Due to the limited scanning angle of the setup,
the antenna radiation patterns are measured from −45◦ to 45◦.

two planes, where the in-plane aperture is much larger than
the out-of-plane one that is determined by the wafer thickness.
The patterns for both modes are reasonably stable across the
frequency range of the interest. The measured cross-polarization
components below −10 dB are significantly higher than those
in simulation. This cross-polarization level is similar to that
measured in an effective-medium-clad waveguide, and was con-
firmed via simulation to be from a small misalignment to the
feed rectangular waveguide [17]. It is observed that for the Ey

11

mode, the measured radiation patterns in the yz plane at the
edge frequencies have slightly larger discrepancies with the sim-
ulations. They are mainly caused by the sample imperfections,
i.e., the actual wafer thickness is 5 μm less than the designated
250 μm and the holes are overetched by around 2.5 μm. These
imperfections have been verified in simulation to cause similar
effects in the radiation patterns.

As can be seen in Fig. 6, the measured realized gain ranges
from 11.2 to 14.2 dBi for theEx

11 mode and from 10.5 to 15.0 dBi
for the Ey

11 mode over 220–330 GHz. It is observed that the
measured gain for the Ey

11 mode fluctuates over the entire band.
Based on the free spectral range (FSR), the associated distance is
approximately 1.2 cm, while the distance between the antenna
tip and the taper structure is around 1.1 cm. In this case, we
believe that the standing waves are caused by the impedance
mismatch due to misalignment between the taper and the feed
rectangular waveguide. Compared to the Ey

11 mode, the Ex
11

mode exhibits a lower sensitivity to the misalignment due to a
better mode matching [18]. The increased realized gain with fre-
quency is due to the larger effective aperture. The measured 3-dB
realized gain bandwidth for the Ex

11 mode is 110 GHz covering

Fig. 6. Simulated and measured realized gains for (a)Ex
11 and (b)Ey

11 modes.
The simulated realized gains are discrete with a sampling frequency of 5 GHz,
while the lines are for visual guidance. To mitigate the noise introduced by
misalignment, a smoothing function has been employed to process the measured
gains with a sliding window covering 1 GHz.

the whole WR-3 band, while it is reduced to 107.8 GHz from
222.2 to 330 GHz for the Ey

11 mode with realized gain ranging
from 12.0 to 15.0 dBi. The results further show the effectiveness
of the lens in performance enhancement. As illustrated in Fig. 6,
the average realized gains are improved by around 6.0 dB for
both polarizations compared with an identical antenna with no
lens. It is worth to mention that confirmed by simulations, the
blind holes around the center of lens have a negligible impact on
the antenna performance attributed to the robustness of effective
medium.

IV. CONCLUSION

In conclusion, an all-silicon planar horn antenna built on the
effective-medium-clad dielectric waveguide platform has been
proposed. The antenna operates in the WR-3 band while support-
ing two linear polarizations, resulting from the two orthogonal
fundamental modes of guided waves. The efficiency of this
antenna is near to 100% due to negligible dissipation of the
float-zone intrinsic silicon. Attributed to the effective-medium
lens, the antenna realized gains and impedance matching are
significantly enhanced with a compact footprint. The experi-
mental validation confirms a 40% fractional bandwidth for the
Ex

11 mode with reflection coefficient below−10 dB and realized
gain ranging from 11.2 to 14.1 dBi over 220–330 GHz. Due
to the fabrication and measurement tolerances, the 3-dB gain
bandwidth for the Ey

11 mode is slightly reduced with gain raging
from 12.0 to 15.0 dBi. The overall antenna gain can be readily
increased by scaling the aperture size together with the effective
lens. It can be foreseen that such a dielectric horn antenna can
be widely used in the next generation communications with a
high channel capacity.
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