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Abstract: In future wireless communication networks at terahertz frequencies, the directivity
and the beam profile of the emitters are highly relevant since no additional beam forming optics
can be placed in free-space between the emitter and receiver. We investigated the radiation pattern
and the polarization of broadband continuous-wave (cw) terahertz emitters experimentally and
by numerical simulations between 100 GHz and 500 GHz. The emitters are indium phosphide
(InP) photodiodes with attached planar antenna, mounted on a hyper-hemispherical silicon lens
and integrated into a fiber-pigtailed module. As both packaging and material of the emitter
was identical for all devices, similarities and differences can be directly linked to the antenna
structure. We found that the feeding point structure that connects photodiode and antenna has a
large influence on the radiation pattern. By optimizing the feeding point, we could reduce side
lobes from —2 dB to —13 dB and narrow the 6dB beam angle from +14° to +9° at 300 GHz.

© 2021 Optical Society of America under the terms of the OSA Open Access Publishing Agreement

1. Introduction

In the last decade, optoelectronic continuous-wave (cw) terahertz systems have evolved from
purely spectroscopic tools in science labs to a promising technology for industrial applications
[1,2]. In sensing, cw terahertz systems offer a bandwidth of more than 3.5 THz with measurement
rates of a few tens of Hz [3]. This makes them ideal tools for the measurement of thin dielectric
layers and imaging with in-depth resolution [4]. Compared to competing terahertz technologies
like time domain spectroscopy (TDS) and purely electronic sources [5], optoelectronic cw
systems are fully compatible with photonic and electronic integration technology [6,7], offer
an enormous bandwidth [8] and do not rely on any moving parts [9] or optical phase-locking
electronics [10,11]. In wireless communications, the increasing demand for high data rates and
bandwidth has led to the development of communication links in the terahertz range based on
photonics [12-15]. Frequency bands above 275 GHz have not yet been allocated to other active
services. At such high carrier frequencies, extremely large bandwidths of over 50 GHz can be
employed for radio communications [16]. Wireless communication links based on photonic
components with a single channel data rate of more than 100 Gbit/s have been demonstrated only
recently [14,17,18]. By choosing an optical excitation wavelength in the c-band (1530 nm to
1565 nm) mature and reliable components developed for fiber optical communications can be
used to build compact and cost-efficient terahertz links directly compatible with the existing fiber
optical infrastructure [13,14].
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For all the aforementioned applications, the beam profile of the optoelectronic emitter is of
great importance when terahertz optics cannot be used. In sensing, lens-less imaging requires
knowledge about the frequency dependent radiation pattern of the emitter [19,20]. In wireless
communication links, no additional beam forming optics between emitter and receiver can be
employed, which also requires knowledge about the directivity and the beam profile of the emitter.
However, a detailed study of the frequency dependent radiation pattern of quasi-optic, i.e. lens
coupled, continuous-wave terahertz emitters is not available so far, which complicates the design
both of sensor heads and communication links.

In this paper, we investigate the frequency dependent radiation pattern of lens coupled
optoelectronic terahertz emitters employing waveguide integrated PIN photodiodes (PD) [21]
and compare the results with frequency dependent simulations in ANSYS HFSS. These emitters
are commercially available as broadband photomixers at TOPTICA Photonics AG. We find that
the contact structure that connects the PIN PD with the bowtie antenna has a significant influence
on the radiation pattern. By optimizing this feeding point, the radiation pattern of the emitters
can be improved significantly.

2. Measurement of the radiation pattern
2.1. Bowtie emitter design

In this study we investigate the influence of three different feeding point geometries, which
connect the waveguide integrated PIN PD with a bowtie antenna, on the radiation pattern of the
emitter. Figure 1 shows the output power of these three bowtie (BT) antennas from 100 GHz to
500 GHz measured with a calibrated pyroelectric detector (THz20, Sensor- und Lasertechnik
GmbH, Germany) [22]. Details of the measurement setup can be found in [23]. The three
subplots in Fig. 1 illustrate the structure of the chip and antenna geometry for the three different
feeding point designs. Note that the dimensions of the optical waveguide (WG) and the InP chip
(1.5 mm X 3 mm) are identical in all three designs. The only difference is the antenna structure
and the feeding point between photodiode (PD) and antenna. The augmented views below the
power spectra show the different feeding point geometries. BT#1, which is a commercially
available structure, is an extended bowtie, i.e. only the very tip of the antenna, which is connected
to the feeding point of the PD, has a bowtie shape. The triangles are extended with 400 um long
rectangular patches, i.e. a dipole-shaped extension. The overall length of the antenna (top to
bottom) is 1 mm. A straight metallic air-bridge connects the top p-contact of the PD mesa with
the upper wing of the BT antenna. To reduce the series resistance of the PD, the n-contact is
implemented as a bracket across the WG to both sides of the PD. This metallic bracket influences
the frequency-dependent impedance of the whole antenna and results in the plateau of almost
constant output power that can be observed between 250 GHz and 350 GHz in Fig. 1 [23]. Note
that the electric field (E) is oriented parallel to the wings of the BT, i.e. the E-plane of BT#1
coincides with the short edge of the InP chip. BT#2 features the same extended BT geometry as
BT#1. However, the connection between PD and BT antenna is essentially different: the PD is
positioned in the center of the two wings of the BT and the connection from p- and n-contact
are as short as possible. The intention of this design is to reduce the space between PD and
antenna as much as possible at the expense of the impedance match. Note that this feeding point
geometry does not result in any prominent spectral feature up to 500 GHz. BT#3 is essentially
different from the last two designs. The antenna itself is designed in standard bowtie geometry
of triangles and the PD is positioned between the left and right wing of the antenna. A short
air-bridge connects the top p-contact of the diode mesa with the right wing of the antenna while
the left wing is connected to the n-contact of the PD from both sides. This design tries to meet
the original bowtie antenna as much as possible and minimizes the influence of the feeding point
geometry. In order to realize this BT emitter, the antenna is rotated by 90° compared to the other
two designs. Thus, the optical WG divides the left wing of the BT, with both halves connected
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via metallic air-bridges across the WG. The overall length of the antenna (left to right) is 400 um.
For this design, the E-plane of BT#3 is oriented along the long side of the antenna chip.
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Fig. 1. Terahertz power as a function of frequency between 100 GHz and 500 GHz emitted
by waveguide integrated PIN PDs with three different bowtie (BT) antenna structures. Insets
show sketches of the different BT geometries: the optical waveguide WG (red line), the
antenna structure (yellow) and the respective E-field orientation are displayed. The colored
frame is the outline of the InP chip (1.5 mm X 3 mm). The augmented views illustrate the
feeding points that connect PD and antenna.

2.2. Setup

A coherent cw terahertz spectrometer as shown in Fig. 2 is employed to measure the emitted
terahertz field of the PIN PD emitters. Two C-band external cavity lasers (ECL) are used to
create the optical beat note at the desired radiation frequency between 100 GHz and 500 GHz.
A phase modulation unit (PMU) based on an electro-optical phase modulator allows for fast
and coherent acquisition of the terahertz spectra [24]. Erbium doped fiber amplifiers (EDFA)
amplify the optical beat signal to 30 mW in order to drive the different PIN-PD emitters (Tx)
and the commercially available photoconducting receiver (Rx) [21]. Emitter and receiver are
mounted on posts in direct line of sight without any additional optical elements. The electrical
signal from the Rx is amplified with a transimpedance amplifier (TIA, Femto DLPCA-200) with
10% V/A gain. A lock-in amplifier (LIA) acquires amplitude and phase of the detector signal by
synchronization with the modulation frequency (fod = 20 kHz) of the PMU.

The distance between Tx and Rx measures 30 cm and the mounting height of the two modules
is 20 cm. Consequently, the radiation angle for direct reflection of terahertz radiation at the metal
bottom plate would be greater than 50°. Since no significant amount of radiation is measured at
those angles, detrimental effects due to reflections can be neglected. Both emitter and receiver
include a hyper-hemispherical silicon lens. Such a substrate-lens increases the directivity, reduces
reflection losses at the interface between InP and air, and suppresses substrate-modes inside the
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Fig. 2. Setup for the radiation pattern measurements: an electro-optical phase modulator
unit (PMU) combines the signals of two external cavity lasers ECL; and ECL;. Erbium
doped fiber amplifiers (EDFA) boost the power of the optical beat signals from the PMU to
30 mW before coupling into the emitter (Tx) and receiver (Rx), respectively. The optical beat
signal of the emitter ®(t) is modulated. The rotation stage (rot. stage) allows rotation of Tx
while the Rx is fixed at a distance of 30 cm. A transimpedance amplifier (TIA) pre-amplifies
the detector signal before feeding it into a lock-in amplifier (LIA). The LIA synchronizes the
detector signal with the modulation frequency (sync) to extract amplitude and phase of the
terahertz signal. The control unit (CU) sets all measurement parameters and reads out the
LIA. The photograph on the right depicts the fiber-pigtailed emitter module.

InP chip [25]. In combination with the large distance of 30 cm between emitter and receiver, the
diameter of the silicon lens (10 mm) results in an acceptance angle of the setup of 0.95°.
The Fraunhofer criterion is widely accepted to define the beginning of the far-field region Rg

2
Ry>2 —.
=72

Hence, the diameter of the largest aperture of the emitter D and the wavelength A determine the
beginning of the far-field: the shorter the wavelength and the larger the aperture of the emitter
are the larger is the near-field region. In order to ensure that our measurements were conducted
in the far-field, A and D have to be determined. For A, we use the highest frequency generated
in our experiments, which is 500 GHz. However, the determination of D is not straightforward
for the experimental geometry investigated in this publication due to the following reason: the
terahertz emitter consist of a bowtie antenna with a diameter < 1 mm on top of an InP substrate,
which is attached to a silicon lens with a diameter of 10 mm. Hence, the question arises whether
the diameter of the antenna, the diameter of the substrate lens or something in between defines
the largest aperture of the emitter. In the first case, one may assume that the InP chip radiates
into a half-space of silicon and the actual radiator is the bowtie antenna Dgt < 1 mm. With the
refractive index of the silicon lens (ng; = 3.4) the far-field region of the emitter begins approx.
11.3 mm behind the emitter at 500 GHz. However, the total thickness of substrate and silicon lens
measures 6.45 mm only. Thus, the near-field region extends approx. 2.6 mm into the free-space
behind the Si lens at 500 GHz [26]. Under this assumption, the distance of 30 cm between emitter
and detector employed in our experiments is sufficient to ensure far-field measurements. However,
in microwave literature the dielectric lens is often referred as part of the antenna [27-29]. In
that case, the surface of the lens acts as the radiator and the largest aperture of our emitters is
determined by the illuminated area of the silicon lens. Under this assumption, the distance of
30 cm between emitter and receiver would be sufficient for far-field measurements at 500 GHz if
the effective aperture was smaller than Deg < 9.5 mm. This criterion is clearly fulfilled for our
emitters. Hence, we assume that we measure the far-field radiation pattern of our emitters by
using the experimental setup shown in Fig. 2.
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For the measurement of the radiation pattern, the receiver is fixed and points toward the emitter,
which is mounted on a rotation stage. The emitter rotates between —90° and +90° in steps of
0.5°, where 0° corresponds to a straight alignment toward the receiver. The control unit (CU)
captures a coherent terahertz spectrum between 100 GHz and 500 GHz with a sub-GHz frequency
resolution for each position of the emitter. In order to ensure undistorted results the rotation axis
coincides with the virtual focal point of the divergent emitter, which is located 22 mm + 1 mm
behind the front side of the emitter. The radiation pattern of E- and H-plane are measured by
orienting Tx and Rx with the respective polarization: for the E-plane, the orientation of the
electric field E of emitter and receiver antenna are perpendicular to the rotation axis and for the
H-plane, the magnetic field H is perpendicular to the rotation axis.

2.3. Comparison of three types of bowtie

In this subsection the frequency dependent radiation pattern of the three antenna structures BT#1,
BT#2 and BT#3 (c.f. Fig. 1) is investigated. The upper three heat maps of Fig. 3 show the
E-plane radiation pattern of BT#1, BT#2 and BT#3 in units of intensity, i.e. EZ2. Here, red color
corresponds to high intensity while blue color indicates lower intensities down to —30 dB below
the maximum value. The maximum intensity measured for each frequency point is set to 0 dB,
i.e. intensities are normalized to the respective intensity maximum for each frequency point.
This normalization allows the analysis of the radiation pattern for this broad frequency range of
more than 400 GHz in a single plot. The black contour line, which can be seen in each subplot,
indicates a decrease of the intensity to —3 dB from its maximum. For BT#1 the 3dB-range is
centered at 0° up to 350 GHz with decreasing width for higher frequencies. However, beyond
350 GHz the main lobe of BT#1 tilts towards +10° and the 3dB-width does not further decrease.
Additionally, side lobes appear. Note that the intensity of these side lobes is lower than —3 dB
except for a few isolated spots. For frequencies below 350 GHz, the side lobes approach the main
lobe with increasing frequency. Beyond 350 GHz the angular position of side lobes does not
change significantly.

We compare BT#1 and BT#2 in order to investigate the influence of the feeding point geometry,
which connects the PIN-PD with the bowtie antenna, on the radiation pattern of the emitter. Up
to 250 GHz the shape of the main lobe of both designs is almost identical. For BT#2, strong side
lobes appear at +£20° for frequencies above 125 GHz, which approach the main lobe for higher
frequencies. Beyond 250 GHz the main lobe merges with these side lobes. Compared to BT#1
the side lobes have an overall higher intensity. At frequencies > 250 GHz, the width of the main
lobe of BT#2 is approx. +10°. However, the main lobe of BT#2 does not shift from its central
position, as is the case for BT #1. In contrast to BT#1, new side lobes arise at angular positions
between +20° and +30°.

From this comparison, we attribute the asymmetric radiation pattern of BT#1 to its asymmetric
feeding point structure. The tilt of the main lobe of BT#1 for frequencies > 300 GHz implies
that the asymmetric feeding point structure becomes a radiative element at these frequencies, as
it is no more electrically small compared to the wavelength. Indeed, the bracket-like structure of
BT#1 measures about a quarter wavelength at 350 GHz. In addition, the extended bowtie seems
to be the reason for the high number of side lobes. The rectangular extension appears to act as a
broad dipole, which leads to the generation of side lobes that have different angular positions for
different frequencies.

Up to 425 GHz, the H-plane of BT#1 and BT#2 features a centered main lobe with decreasing
3dB-width at higher frequencies. Beyond 425 GHz, the H-plane consists of two symmetric lobes.
Although these lobes arise at slightly different frequencies for BT#1 and BT#2, we assign this
feature to the dimension of the InP substrate and not to the antenna structure. We discuss this in
more detail in the comparison to BT#3.
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Fig. 3. Radiation pattern of the three different types of bowties measured from 100 GHz
to 500 GHz for angles between —90° and 90°: (a) E-plane and (b) H-plane of BT#1. (c)
E-plane and (d) H-plane of BT#2. (e) E-plane and (f) H-plane of BT#3. The intensity is
normalized to the maximum at each frequency. The black contour line indicates the 3 dB
beam angle.

The E-plane of BT#3 [Fig. 3(e)] shows a centered main lobe up to 425 GHz. The 3dB-width is
+10° at 100 GHz and decreases for higher frequencies. The very clean radiation pattern is a result
of the pure bowtie shape of the antenna and the short connection between bowtie and photodiode,
i.e. the diode merges with the feeding point of the antenna. Around 400 GHz the 3dB-width is
less than +5°. Beyond 450 GHz, the E-plane of BT#3 consists of two additional lobes located
at +£10°. This pattern is very similar to the H-plane of BT#1 and BT#2 in Figs. 3(b) and 3(d),
respectively. While feeding point and antenna structure of BT#1 and BT#2 are essentially
different from BT#3, the dimension of the InP is the same for all three structures. The only
difference is the orientation of the diode and the antenna on the chip. As depicted in Fig. 1 the
orientation of the E-field of BT#3 is rotated by 90°compared to the two other designs. Thus, the
dimension of the InP substrate is the common property of the H-plane of BT#1 and BT#2 and the
E-plane of BT#3, respectively. Consequently, we assign the side lobes in the H-plane of BT#1
and BT#2 and the E-plane of BT#3 to the chip boundaries, i.e. to reflections at the interface
between InP substrate and air [25,30].

In the H-plane of BT#3 [Fig. 3(f)] side lobes are suppressed to less than —10 dB compared to
the intensity of the narrow main lobe up to 450 GHz. However, side lobe exist for frequencies
beyond 450 GHz even though they are less prominent than for BT#1 and BT#2.

In order to evaluate the reproducibility of the radiation pattern in terms of antenna fabrication,
packaging and measurement we characterized three individual emitter modules of BT#1. Figure 4
illustrates the average intensity of the E-plane (a) and H-plane (b). The comparison between a
single BT#1 [Figs. 3(a) and 3(b)] and the average of three emitters shows a high reproducibility
of the packaging and measurement process. Figures 4(c) and 4(d) show the standard deviation of
the three BT#1 emitters. The black lines in those plots indicate the —3 dB contour of the averaged
E- and H-plane. Note that the standard deviation is close to zero (dark blue) within the 3dB-range
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of the radiation pattern. Deviations of more than 3 dB (green areas) appear only for those angular
positions where the intensity is at least —10 dB below the intensity of the main lobe. Thus, we
conclude that all features observed in the radiation patterns stem from the chip itself whereas the
influence of packaging-related tolerances and measurement uncertainties is negligible.
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Fig. 4. Analysis of deviation between radiation patterns of three individual emitters with
BT#1: (a) average E-plane and (b) average H-plane normalized to the maximum of each
frequency from 100 GHz to 500 GHz for angles between —90° and 90°. The standard
deviation of (c) E-field and (d) H-field due to averaging is a measure for the reproducibility
of the radiation pattern. The black line in (c) and (d) indicates the 3 dB beam angle from
(a) and (b), respectively. Note there is 0 dB deviation within the 3 dB range for nearly all
frequencies.

3. Numerical simulation of radiation pattern

For the design and development of RF components, numerical simulations are essential. In this
section, we compare the experimental data presented in the previous section with numerical
simulations. We simulated the radiation pattern with Ansys HFSS. The model includes the full
antenna structure, the InP substrate and the silicon lens. The metallic housing was not part of the
3D-model as the dimensions compared to the wavelength are too big for reasonable computing
effort. In addition, we verified experimentally that the influence of the housing is negligible.

Figure 5 compares simulated (red) and measured (black) radiation patterns of BT#1 for
100 GHz, 200 GHz and 300 GHz (left to right) and angles between +90° and —90°. For the
simulations at 100 GHz we employed the finite element method (FEM) with an adaptive mesh.
Due to the increased computing effort, the adaptive mesh could not be used for frequencies
higher than 150 GHz. Thus, FEM simulations at 200 GHz employed the mesh calculated for 150
GHz. In order to avoid under-meshing we used a hybrid simulation method employing FEM and
method of moments (MoM) at 300 GHz. Although the hybrid method drastically increased the
simulation time, an adaptive mesh could be used.

Overall, position and shape of the main lobe for both, E-plane (upper sub-plot) and H-plane
(lower sub-plot) agree very well between simulation and measurement. Moreover, the position of
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BT#1: Simulation (—) and Measurement (—)
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Fig. 5. Simulated (red) and measured (black) radiation pattern of BT#1 from —90° to 90° at
100 GHz, 200 GHz and 300 GHz (from left to right). Upper (lower) plots show the intensity
of the E-plane (H-plane).

the measured side lobes is in good agreement with the simulations up to an angle of +60° and
+20° for the E-plane and H-plane, respectively. While the simulated E-plane at 100 GHz shows
a very broad main lobe, the measured main lobe is narrower and symmetric. Additionally, the
measurement reveals only one side lobe at 50° in good agreement with the simulation. Since
the peak intensity of the side lobe is —20 dB, the deviation of 4 dB between measurement and
simulation is negligible. For the H-plane at 100 GHz, the measured main lobe matches perfectly
with the simulation. However, a side lobe predicted at +25° appears at approx. +30°. At 200 GHz
position and width of the main lobe match for E- and H-plane. While the position of the measured
side lobes agree with the simulation, the intensity is lower than predicted. In the E-plane at
200 GHz, prominent side lobes appear at +18° with approx. —5 dB intensity, which differs
from the asymmetric radiation pattern calculated by the simulation. At 300 GHz, the measured
radiation pattern in the H-plane is more directional than predicted by our simulation. Moreover,
the simulation shows a high number of fringes, which are not found in the experimental data. In
contrast, the measured E-plane at 300 GHz widely confirms the predictions of the simulation:
A high number of side lobes exist up to +40°, while the intensity of all side lobes is more than
3 dB lower than the intensity of the main lobe. However, we find a good agreement between
measurement and simulation, which indicates that the 3D-model of the diode, the feeding point
and the antenna represents the essential components influencing the radiation pattern.

The comparison between measurement and simulation for BT#3 is shown in Fig. 6. The
simulation was conducted with the same methods and boundary conditions as for BT#1. The
color-coding and the arrangement of the subplots is also identical to Fig. 5. In general, simulation
and measurement of BT#3 agree very well except from side lobes that appear at levels of —20 dB
below the peak intensity of the main lobe. In addition, all measured radiation patterns feature a
lower number of side lobes with lower intensity than the corresponding simulation. In comparison
to BT#1, the radiation pattern of BT#3 shows a smaller number of side lobes with lower intensity.
This is an enormous improvement of the radiation pattern caused by the improved feeding point
and bowtie design of BT#3. In addition, the simulation confirms that no side lobes appear in E-
(upper sub-plot) and H-plane (lower sub-plot) of BT#3 with an intensity higher than 10 dB at
100 GHz and 200 GHz. At 100 GHz, the width of the main lobe in E- and H-plane of BT#3 is
very similar to BT#1. In contrast, the prominent side lobes and fringes that arise for BT#1 at
200 GHz do not appear for BT#3. Instead, the E-plane of BT#3 consist of a single main lobe
with a —3 dB width of less than +5.5°. For the H-plane at 200 GHz, the width of the main lobe
is even narrower than in the E-plane for both measurement and simulation. Side lobes appear
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with an amplitude lower than —12 dB. At 300 GHz, however, the hybrid simulation of FEM and
MoM predict a broadened main lobe of the E-plane compared to 200 GHz. Moreover, the shape
of the simulated main lobe suggests a superposition of several lobes. The measured E-plane at
300 GHz does not confirm this. Instead, the —3 dB width of the main lobe is smaller than +3.5°.
As for all frequencies, the H-plane at 300 GHz provides an even lower —3 dB width of the main
lobe. Although the simulation predicts side lobes of —8 dB at +10°, the measured intensity is
less than —10 dB.

BT#3: Simulation (—) and Measurement (—)

r 0dB
r-10 dB
-20 dB
--30dB

r 0dB
r-10dB
r-20 dB
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Fig. 6. Simulated (red) and measured (black) radiation pattern of BT#3 from —90° to 90° at
100, 200 and 300 GHz (from left to right). The upper plots show the intensity of the E-plane,
while the lower plots correspond to the H-plane.

The absence of side lobes for angular displacements higher than 60° is due to the rotation
around the virtual focus point. For these angles, emitter and receiver are no longer in line of sight.
In order to make sure that the metallic housing of the emitters did not influence the radiation
pattern for larger rotation angles, we removed the critical parts of the housing next to the silicon
lens and repeated the measurements. We did not find any significant change of the measured
intensities for measurements with and without housing.

4. Polarization

In this section, we investigate the polarization of the emitted terahertz radiation in detail. The
antennas are designed for emitting linearly polarized terahertz radiation. By employing a wire
grid polarizer between emitter and receiver in our setup, we measured the fraction of the radiation
that was emitted in the unintended polarization. In addition, we investigated the different feeding
point designs (see Fig. 1) for their ability to improve the linear polarization of the emitter.

In a first experiment, we added a wire grid polarizer in the setup for absolute power measure-
ments with the pyroelectric thin film detector as described in section 2.1. Figures 7(a) and 7(c)
show the frequency dependent output power for two orthogonal orientations of the polarizer
between 100 GHz and 500 GHz for BT#1 and BT#3, respectively. A power spectrum without
polarizer (solid line) serves as reference. When the polarizer is aligned with the main polarization
axis of the emitter (E-plane), the terahertz power spectrum is almost unaffected by the polarizer
for BT#1 and BT#3 (dotted line). If the polarizer is rotated by 90° an attenuation of about 10 dB
is measured. For BT#1 [Fig. 7(a)], one can observe that the detected terahertz power is less
than 10 dB above the noise level of the detector for frequencies higher than 300 GHz. Thus, the
attenuation of the polarizer appears to be less than 10 dB for those frequencies.

In order to investigate the polarization of the radiated terahertz power in more detail, we rotated
the polarizer between —90° and +90° with respect to the main polarization axis of the emitter
(E-plane) and plotted the results in Figs. 7(b) (BT#1) and 7(d) (BT#3). The dashed gray line



Research Article Vol. 29, No. 6/15 March 2021/ Optics Express 8253 |

Optics EXPRESS & SN2

Power spectrum Polarization extinction
T T

a 1 Pollarizer Orilentation-| = 1.0 L(c) ' X ' ' -
13 Q
N — without N 0.8
g «+++ E-plane (0 °) g T )
5 0.1 | N oy 8
& N —-=- H—plane'z (90°) & 06} 4
- ¥ Y, s [
[ L
z HTRUX S 0.4 \ -
é 0.01 I ‘|‘,¢“ 'h‘\,l v LSTAN E /I \\
& ¢ S 02 LA 100GH: 200 GHz,
= = /== 300 GHz =--- cos? S
0.001 1 1 1 0.0 L= 1 1 1 1 1 3
s 1 2 10HD - i
Té g 0.8 F 4 AN E
0.1 / b
g g o6} \ i
5 5 \
z z 04F \ b
\
2 ool g / \
g E 0.2 7 \\\ -
0001 00 a” L L 1 1 1 \}
100 200 300 400 500 90 -60 -30 0 30 60 90
Frequency / GHz Polarizer Orientation / deg

Fig. 7. Measured terahertz power between 100 GHz and 500 GHz for BT#1 (a) and BT#3
(c): without polarizer (solid line), with polarizer between emitter and receiver aligned to
the E- plane (dotted line) and to the H-plane (dashed line). Emitter power of BT#1 (b) and
BT#3 (d) at 100 GHz, 200 GHz and 300 GHz for polarizer orientations between —90° and
+90°. The polarization extinction of a linearly polarized radiator is shown as a dashed gray
line (cosz).

indicates the ideal polarization extinction of a linearly polarized radiator, which corresponds to a
cos? function. For 100 GHz, the maximum is shifted to 10° (BT#1) and 20° (BT#3). However,
at 200 GHz the maximum matches the assumed 0° polarization for both antennas. Note that
the low dynamic range of the 300 GHz pattern of BT#1 stems from noisy data caused by the
low terahertz output power. The measured extinction ratio reveals a full width at half maximum
(FWHM) of about 100° for BT#1 and BT#3, which is 10° higher than expected for a perfect
linear polarized emitter. In conclusion, both emitters are not perfectly linearly polarized.

In order to investigate the emission of BT#1 and BT#3 in the E- and H-plane in more detail
we measured radiation patterns with the coherent receiver in analogy to Fig. 3 and Fig. 4 for
different orientations of the polarizer. Note that the coherent, photomixing receiver is designed
for receiving linearly polarized terahertz radiation, which is underlined by the results presented in
the next paragraph. In order to reduce the number of plots, we restrict our analysis to the radiation
patterns of the E plane of the two emitters (see Figs. 8 and 9). Arrows indicate the orientation
of the E-plane of the emitter, the transmission axis of the polarizer and the polarization of the
receiver (from left to right). Figures 8(a) and 9(a) serve as a reference for subplots (b) — (f) as they
depict the radiation pattern without polarizer (empty circle) and parallel orientation of emitter
and receiver. Thus, Figs. 8(a) and 9(a) are identical to Figs. 3(a) and 4(a). The color-coding of
all other subplots (b) — (f) is given in dB loss with respect to subplot (a). Red color indicates
high loss whereas green to blue color indicates low loss.

Figure 8 shows the E-plane radiation pattern of BT#1 for different orientations of the polarizer
and the coherent receiver. In Fig. 8(b) the E-plane of the emitter, the transmission axis of the
polarizer and the polarization axis of the receiver are aligned. Thus, the polarizer attenuates the
radiation emitted in the H-plane. As can be seen, the loss is small for all frequencies, i.e. the
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Fig. 8. E-plane radiation pattern of BT#1 for different orientations of the polarizer and
the receiver antenna for frequencies between 100 GHz and 500 GHz and rotation angles
between —90° and +90°. Symbols in the upper right corner of each subplot indicate the
orientation of the emitter, the polarizer and the receiver antenna, respectively. An empty
circle indicates that no polarizer is inserted in the setup whereas an arrow in the circle
indicates the transmission axis of the polarizer. Arrows left and right of the circle indicate
the E-plane of emitter and the receiver, respectively. The radiation pattern in (a) is given in
units of normalized intensity and serves as a reference for the subplots (b) — (f), which are
color coded as loss in dB compared to (a). Red color indicates high loss whereas green to
blue color indicates low loss. The black lines in each subplot are the —3 dB contour of (a).
Note that (d) — (f) indicate a polarization crosstalk of the emitter within the 3 dB range for
250 GHz to 500 GHz (green to blue).

main part of the radiation is emitted in the E-plane as expected from the design. In Fig. 8(c)
the polarizer is rotated by 90° with respect to Fig. 8(b) whereas emitter and receiver remain
aligned in the E-plane. In this configuration, the polarizer attenuates the radiation emitted in the
E-plane. The high loss (red color) for all frequencies and radiation angles indicates again that
most of the power is radiated in the E-plane. In Figs. 8(d) — 8(f) the orientation of emitter and
receiver is orthogonal to each other, whereas no polarizer (8d), a polarizer oriented in parallel
to the E-plane of the emitter (8e) and a polarizer oriented perpendicular to the E-plane of the
emitter (8f) is inserted. By comparing the three plots one observes that Figs. 8(d) and 8(f) are
very similar whereas Fig. 8(e) is almost identical to Fig. 8(c). This can be understood as follows:
In Fig. 8(d), the receiver detects the radiation that is emitted in the H-plane. The green color in
this plot indicates that this unintended emission is quite high outside the —3 dB areas highlighted
by the solid black lines. Thus, a considerable fraction of the radiation emitted by BT#1 (-4 dB to
—10 dB with respect to the maximum of each frequency) is emitted into the wrong polarization
axis. However, from this plot it is not yet clear how much of this radiation stems from emission in
the wrong axis and how much is due to the receiver, which may not be entirely linearly polarized.
This influence of the receiver is ruled out by subplots (e) and (f). In Fig. 8(e), the polarizer
attenuates the radiation that is emitted by BT#1 in the H-plane. In this case, the overall loss is
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Fig. 9. E-plane radiation pattern of BT#3 for different orientations of the polarizer and the
receiver antenna for frequencies between 100 GHz and 500 GHz and rotation angles between
—90° and +90°. Color-coding and plot arrangement are identical to Fig. 8.

extremely high. Consequently, the receiver does not detect E-plane radiation that is emitted in
the H-plane of the receiver, which underlines the linear polarization of the receiver. In contrast,
the configuration of Fig. 8(f) shows that the radiation, which is detected in the receiver’s E-plane,
is actually emitted by BT#1 as the polarizer in (f) attenuates the E-plane radiation of the emitter.
Thus, we conclude that a measurable fraction of the radiation emitted by BT#1 has an unintended
polarization. Again, we attribute this to the feeding point structure of this antenna. The bracket
like contact design of BT#1 (see Fig. 1) leads to the emission into the unintended polarization.

This interpretation is underlined by the radiation pattern of BT#3 shown in Fig. 9. Please
note that the arrangement and the color-coding of the subplots in Fig. 9 is identical to Fig. (8).
Therefore, we can directly compare the corresponding subplots. In the following, we will restrict
our analysis to the main differences between Figs. 8 and 9. The most important difference can be
observed in Figs. 9(d) and 9(f). Compared to the same subplots in Fig. 8 one observes more
red color, which indicates higher loss. Thus, BT#3 emits much less radiation in the unintended
polarization. For frequencies below 200 GHz, BT#3 emits radiation into the H-plane for radiation
angles higher than 30°. Note that the intensity at these angles is already —15 dB compared to
the main lobe. For higher frequencies, the radiation is almost linearly polarized for all radiation
angles. We attribute this also to the feeding point design of BT#3 (see Fig. 1). Consequently, this
design not only improved the radiation pattern but also suppressed terahertz emission into the
wrong polarization axis.

5. Conclusion

In this paper, we investigated the radiation pattern and the polarization of three different broadband
continuous-wave (cw) terahertz emitters between 100 GHz and 500 GHz. The emitters contained
an indium phosphide (InP) based photodiode (PD) with planar bowtie antenna, which was
mounted on a hyper-hemispherical silicon lens and integrated into a fiber-pigtailed module. The
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main difference between the three emitters was the design of the feeding point, which is the
electrical connection between PD and antenna, and the shape of the bowtie. We observed that the
feeding point design has an enormous impact on both the radiation pattern and the polarization
of the emitted terahertz radiation: i) feeding point structures with a dimension close to the
wavelength of the emitted terahertz signal radiate and, thus, distort the main lobe. ii) Symmetric
feeding points and structures along the E-plane of the antenna increase the polarization extinction
ratio. In addition, we verified our experimental results with high frequency simulations. In order
to suppress side lobes and obtain linear polarized terahertz emission in the E-plane of the emitter,
the antenna design should resemble the original bowtie as much as possible and minimize the
influence of the feeding point geometry. In our optimized design, the PD is positioned between
upper and lower wing of the antenna and a short air bridge connects the top p-contact of the diode
mesa with the upper wing of the antenna while the lower wing is connected to the n-contact of
the PD from both sides. For example, this design suppresses unwanted side lobes at 300 GHz by
more than 10 dB, narrows the main lobe from +14° to +9° and leads to almost linear polarization
of the emitter. As the improvement of the radiation pattern of broadband terahertz emitters is
especially important for applications in lensless imaging and wireless communication, this work
is an important step towards improving the signal quality of optoelectronic cw terahertz systems
for these applications.
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