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Abstract—An antenna consisting of a full-wavelength dipole on a
GaAs membrane covered by a frequency selective surface is proposed
for improved output power from photomixers used as terahertz (THz)
sources. The antenna structure reduces the vertical dimension of a
typical photomixer antenna using a substrate lens while still exhibiting
high total efficiency and high directivity. The resulting antenna after
optimization produced an input resistance of 3870 Ω and a radiation
efficiency of 60%, corresponding to a total efficiency, i.e., the efficiency
of the antenna in THz wave radiation, of approximately 48.3% and
a maximum directivity of 20.2 dBi at the resonance frequency of
1.03THz. The proposed antenna is expected to be a promising
alternativeTHz photomixer design.

1. INTRODUCTION

The terahertz (THz) frequency region, which is loosely defined as
0.1–10THz, has long been known as “the THz gap” although THz
science and technology have made significant progress in the past
decades [1–4]. The lack of suitable and efficient signal sources
limits applications to a number of areas that demand highly reliable
performance, ranging from molecular spectroscopy to astronomy,
environmental monitoring, bio-imaging, and security screening [5–9].
A room-temperature-operation continuous wave (CW) THz source
would greatly benefit many of the aforementionedTHz applications,
and especially narrow-bandwidth high-resolution spectroscopy and
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imaging [10, 11]. Quantum cascade lasers (QCLs) and photomixers
are promising semiconductor-based CW terahertz sources; however,
QCLs typically require cryogenic cooling, particularly at the lower
THz range [12, 13]. Owing to their operability at room temperature,
compactness, and widely tunable frequency range, photomixers
have proven more promising as CW THz sources [14–18]. The
efficiency of such devices is determined by the internal efficiency of
the semiconductor material used and the efficiency of the antenna
in THz wave radiation [19]. Recently, a novel approach which
greatly enhanced CW THz emission using nano-electrodes in a
photoconductive photomixer has been successfully implemented [20].
This approach significantly overcomes one of the two main drawbacks
causing low output power of THz photomixer designs, the low
conversion efficiency of the photomixer from the incident laser to the
THz photocurrent. Another drawback is the low total efficiency of the
antenna from the THz photocurrent to the THz radiated wave which
requires particular antenna designs. Antenna efficiency is derived as a
product of the impedance matching and radiation efficiencies, both
of which are considerable concerns in a THz antenna design [21].
Generally speaking, the impedance of the antenna is much lower
than the output impedance of the photomixer, typically greater than
10 kΩ when photomixing two incident CW lasers, even at antenna
resonance. This severe impedance mismatch degrades the THz output
power of a THz photomixer design. The radiation efficiency is also
particularly important due to the resonance effects of the antenna
structure and the reduced conductivity of the metal at THz frequencies.
Therefore, an antenna design with high input resistance and high
radiation efficiency would yield a high total efficiency and significantly
improve the conversion efficiency of the THz photocurrent into the
THz wave [22].

Besides having high total efficiency, a THz photomixer antenna
must be highly directional in order to serve as either a photomixing
emitter or detector — both of which are key components of CW THz
systems. To increase the directivity of a THz photomixer antenna,
large area emitters using an array of photomixers driven coherently
by the same pair of lasers have shown promise [23]. However, this
configuration requires higher illumination power from the two CW laser
sources. A lens substrate is an alternate approach since it can eliminate
the total internal reflection and increase the directivity of the radiation
pattern through beam focusing [24]. However, dielectric lenses made
of high permittivity material such as silicon (Si, εr = 11.7) or gallium
arsenide (GaAs, εr = 12.9) cause significant reduction of the antenna
input resistance. Recently, a configuration with the lens substrate
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not in contact with the radiating element has been proposed, thus
avoiding the input resistance reduction of the antenna while exhibiting
high directivity characteristics [25]. Nevertheless, to obtain similar
directivity patterns the lens design are considered as much longer
wavelength involved in comparison with the FSS design. For instance
to achieve an approximate 20 dBi directivity, a total vertical dimension
of a typical lens design is about few wavelength while that of an FSS
design with only approximately half wavelength at the same resonance
frequency.

In this paper, we propose a THz photomixer antenna covered by
a frequency selective surface (FSS) to reduce the vertical dimension
while still exhibiting both high total efficiency and high directivity
characteristics. The paper is organized as follows. First, we describe
the actual prototype of the antenna including the geometry of the
GaAs membrane structure. A full-wave electromagnetic simulator,
Microwave Studio by CST [26], is then used for modeling the antenna
and optimization of the antenna directivity and total efficiency at the
desired frequency. In this optimization, the size of the cavity in GaAs
substrate, the number of circular holes in FSS, and the thickness of
a dielectric layer supporting the FSS are varied. For each of those
parameters, we identify trade-offs between the obtained directivity and
total efficiency. The final design and optimized results are presented
in the last section.

2. DESCRIPTION AND MODELING OF THE
STRUCTURE

Figure 1 shows the geometry of the proposed antenna with the front
view of the whole structure and top views of the FSS, the GaAs
(εr1 = 12.9) membrane and the ground plane layer. The FSS and
the ground plane, whose distance apart, H, is approximately a half-
wavelength at the resonance frequency, form a resonator. The ground
plane acts as a perfect mirror, and the FSS acts as a partially reflective
mirror. The FSS is a circular hole array whose unit cell has periodicity
and radius of p and r, respectively. The FSS is supported by a
quartz substrate placed on the top and has the same size as the
GaAs membrane structure for easy alignment. The procedure used
to form the GaAs membrane structure was detailed in our previous
work [22, 25]. In this design, we used a full-wavelength dipole with
a total length Ld of 120µm and a width wd of 3 µm as a radiator
for simplification and to obtain high input resistance. Since the
antenna radiates from the front side, a small circular hole is introduced
at the ground center, yielding a back-excitation configuration. The
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Figure 1. Antenna geometry with (a) front view, (b) top view of the
FSS layer, (c) top view of the GaAs membrane substrate, and (d) top
view of the ground plane.

FSS, dipole, and the ground plane were modeled with a titanium-
gold (Ti-Au) thin film with a thickness of 0.35µm and a conductivity
of 1.6× 107 S/m.

For purposes of studying the transmission characteristic, it is
possible to assume that a unit cell consists of a half-wavelength
resonator, a single circular hole supporting by quartz substrate, a
thin membrane (thickness of t and suspended at distance TGaAs above
the ground plane), and a ground plane. Thus, the transmission
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behavior and resonance frequency can be easily predicted by modeling
a simplified unit cell excited by a plane wave. Three principle
parameters, the distance H between the ground plane and the FSS,
the periodicity p, and the hole radius r, were first studied to obtain the
optimum propagation properties of the resonator. After optimization
of the transmission, a full FSS structure was designed on top of
the GaAs membrane. The input resistance, radiation efficiency and
directivity of the antenna at resonance were studied and analyzed.

3. THZ PHOTOMIXER AND ANTENNA
CHARACTERISTICS

In our design, the total efficiency and the directivity of the antenna are
particularly important. The total efficiency in a THz antenna design
is the product of the internal efficiency (or laser-to-electrical power-
conversion efficiency) εLE , the radiation efficiency εradiation, and the
impedance matching efficiency εmatch [19] and can be expressed as:

εtotal = εLE × εradiation × εmatch (1)
In this expression, the impedance-matching efficiency is calculated
from

εmatch = 1−
∣∣∣∣∣
Zantenna − Z∗photomixer

Zantenna + Z∗photomixer

∣∣∣∣∣
2

(2)

where Zantenna and Zphotomixer are the impedance of the antenna
and photomixer, respectively, and * denotes the complex conjugate.
A photomixer impedance of 10 kΩ is assumed in the impedance-
matching efficiency calculation. The impedance matching and
radiation efficiencies for a given antenna can be obtained using an
electromagnetic simulator. The laser-to-electrical power-conversion
efficiency is very difficult to estimate accurately, and typically depends
on factors such as the photoconductive material, excitation power, and
bias conditions. This efficiency is very small, resulting in extremely low
total photomixer efficiency. Clearly, improving the laser-to-electrical
power-conversion efficiency, matching efficiency and radiation efficiency
of the antenna would significantly improve the total efficiency of a
THz photomixer design. In this paper, we only consider the matching
efficiency and radiation efficiency of the antenna in our calculations
since the laser-to-electrical power-conversion efficiency is not highly
dependent on the antenna design. The directivity of the antenna was
checked from the radiation patterns at a single direction of θ = 0◦. In
each parameter study and analysis, performance evaluations and trade-
offs of the total efficiency and antenna directivity have been carefully
considered.
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3.1. Effect of the Size of Cavity in a GaAs Substrate

Figure 2 shows the variation of the antenna performance in terms of
the radiation efficiency, input resistance, and directivity with respect
to changes in the cavity size A. The substrate geometry was initially
chosen with the bulk substrate size W of 5000µm, substrate thickness
TGaAs of 10µm, and membrane thickness t of 3 µm. For the FSS,
the circular hole array had a periodicity p of 86µm and a radius
r of 32µm, supported by a quartz substrate (εr2 = 4) having a
thickness Tq of 25µm. The FSS and the ground plane were distance
H apart of 135µm, which is approximately a half wavelength at the
frequency of directivity enhancement, i.e., 1.03 THz. The radiation
efficiency and input resistance of the antenna were almost constant
[Figure 2(a)]. We also observed that the resonance frequency where
the peak input resistance occurred was constant. This indicates
that the total efficiency is stable with the changes of the cavity
size. However, the directivity of the antenna behaved differently
[Figure 2(b)]. As the cavity size increased from 500 to 2000µm,
the directivity gradually increased from 16.2 dBi to more than 20 dBi,
representing an approximately 4-dB improvement. The directivity
then showed a saturation with a minimal change as the cavity size
was further increased. Therefore, the expected high directivity was
not obtained for small cavity sizes but rather for larger cavities.

The current distributions induced on the circular hole array for
cavity sizes of A = 1000 µm and A = 2000 µm, as calculated at the
resonance frequency, are depicted in Figure 3. This figure shows that
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Figure 2. (a) Input resistance and radiation efficiency and
(b) directivity of the antenna with respect to the changes of the cavity
size (A).
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Figure 3. Current distribution induced on the FSS for two different
cavity sizes; (a) A = 1000µm and (b) A = 2000µm.

only circular holes at the center portion of the array are excited and
take part into the transmission enhancement and not the entire array.
This effective area is approximately equal to the cavity size. The phase
shift of the electromagnetic wave in each return can only be superposed
in phase within this region to satisfy the resonance condition, that is, a
half-wavelength distance between the ground plane and the FSS layer.
Larger cavity sizes more effectively illuminate the holes for enhanced
transmission, i.e., improved antenna directivity. This observation
confirms that the cavity size plays an important role in controlling
the maximum directivity. In the optimized design, we chose a cavity
size of A = 2000µm for maximum directivity.

3.2. Effect of the Number of Holes in a Array

We performed a study on how the antenna performance responds
to changes in the number of holes in the array for cavity sizes of
A = 1000µm, 1500µm, and 2000µm. The input resistance, radiation
efficiency, and directivity of the antenna were evaluated and plotted
in Figures 4(a)–(c), respectively. The input resistance and radiation
efficiency of the antenna were not significantly affected by the number
of holes. There was only an approximate 4% variation of input
resistance and 2% variation of radiation efficiency as the periodic hole
array increased from 8 × 8 to 28 × 28 in size. Therefore, the total
efficiency of the antenna was not significantly changed owing to the
number of holes in the FSS regardless of cavity size. The directivity
of the antenna, however, showed distinctly different behavior. As
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the cavity size approached 1000µm, we observed an almost constant
maximum directivity regardless of number of holes. Here, the cavity
size is too small and accordingly the number of effective holes is
not sufficient to have the required effect on directivity. However,
a transition was obvious for larger cavities, i.e., A = 1500µm and
A = 2000µm. The directivity increased about 1.8 dB and 2.3 dB as
the number of holes increased from 8× 8 to 16× 16 for A = 1500µm
and A = 2000µm, respectively. Saturation occurred as the number of
array holes was further increased beyond 16× 16.

Figure 5 shows the radiation patterns of the antenna with differing
numbers of holes in the array for a cavity size of A = 2000µm.
Significant improvement in the main lobe and the side lobe was
obtained as the number of holes in the array increased from 8×8 holes
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Figure 4. (a) Input resistance, (b) radiation efficiency, and
(c) directivity of the antenna with respect to the changes of the number
of holes in the FSS for different cavity sizes (A).
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Figure 5. Radiation patterns in (a) the x-z plane and (b) the y-
z plane of the antenna with different numbers of holes in the array
where A = 2000µm.

to 16× 16 holes. The main lobes became narrower and the side lobes
reduced both in the x-z and y-z planes. Maximum directivity increased
approximately 2.3 dB as the array size increased from 8 × 8 holes to
16 × 16 holes. The patterns, however, remained essentially constant
as the array increased from 16 × 16 holes to 24 × 24 holes. These
observations again verify that only a portion of array, corresponding
to the cavity size region, contributes to the transmission enhancement
of the proposed antenna. In addition, transmission enhancement can
occur with a finite array containing a sufficient number of elementary
cells. In the proposed design, the FSS of 16 × 16 periodic holes is
found to be a minimum size to achieve both the enhanced transmission
property and the improved antenna directivity.

3.3. Effect of the Dielectric Quartz Substrate Supporting
the Hole Array

The circular hole array is supported by a quartz substrate with a
dielectric constant of εr2 = 4 and a thickness of Tq. Figure 6 shows
the resonance frequency response versus the thickness Tq when two
different quartz substrate positions were examined, i.e., on the top and
at the bottom of the FSS. Other design parameters except the quartz
thickness are the same as in Subsection 3.1. When the quartz layer
was positioned on the top of the hole array, the resonance frequency
exhibited a very slight variation as the quartz thickness increased.
However, the resonance frequency gradually decreased with increasing
quartz thickness when the layer was positioned at the bottom of the
hole array. This behavior can be explained by the increased effective
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index of the resonator medium bounded by the ground plane and the
metal hole array. Consequently, the resonance length of the resonator,
i.e., the distance between the ground and the FSS, has to be increased
to compensate for this reduction of the resonance frequency. In
addition, the electromagnetic waves are reflected or trapped in the
dielectric substrate prior to reaching the hole array. Therefore, the
quartz dielectric layer is better placed at the top of the FSS in order
to support the hole array and preclude the aforementioned problems.

Figure 7 shows that the quartz thickness has considerable effect
on the antenna performance. The quartz substrate was positioned at
the top of the FSS and its thickness was varied from 0 to 50µm. As
the quartz thickness increased, the radiation efficiency showed a peak
while the matching efficiency, corresponding to the input resistance,
showed a dip at Tq = 25 µm (∼ 0.1λ0). This value coincides closely
with the cut-off thickness of the TE0 mode in the quartz substrate, thus
affording the maximum radiation efficiency [27]. The total efficiency
consequently showed a maximum at this value of Tq. However, the
maximum directivity of the antenna occurred with a thinner quartz
substrate, i.e., Tq = 15 µm. When Tq increased from 15µm to 25µm,
there was an increase of approximately 16% in the radiation efficiency,
or an absolute increment of 6.6% from 41.7% to 48.3%. At the same
time, the directivity of the antenna decreased by only 3% or 0.6 dB
from 20.8 to 20.2 dBi. From these data, we concluded that the optimum
thickness of the quartz substrate was Tq = 25µm.
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Figure 6. Resonance frequency with respect to the position of the
quartz substrate.
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Table 1. Design parameters for maximum total efficiency and
directivity at 1.03 THz of the proposed antenna.

Parameter Dimension (µm) Parameter Dimension (µm)
W 5000 F 5000
A 2000 Tq 25

TGaAs 10 p 86
tLTG 1 r 32

t 3 tFSS 0.35
Ld 120 H 135
wd 3 d 20

4. FINAL DESIGN AND SIMULATED RESULTS

Design parameters for optimum antenna performance are summarized
in Table 1. Figure 8(a) plots the input resistance and radiation
efficiency versus frequency of the proposed antenna. The antenna
produced an input resistance of 3870 Ω, or about 80.5% matching
efficiency, and a radiation efficiency of 60%, corresponding to an
approximate total efficiency of 48.3% at the resonance frequency of
1.03THz. The directivity of the proposed antenna versus frequency
is plotted in Figure 8(b). We find a passband 3-dB directivity of
about 5% for a maximum directivity of 20.2 dBi at the same resonance
frequency. The radiation patterns in the x-z and y-z plane plotted
at the resonance frequency are shown in Figure 8(c), exhibiting
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Figure 8. Simulated results of the optimized antenna (a) input
resistance and radiation efficiency, (b) directivity, and (c) radiation
patterns at the resonance frequency of 1.03 THz.

symmetric characteristics. The half-power-beamwidths (HPBWs),
side-lobe-levels (SLLs), and front-to-back (F/B) ratio of the optimized
antenna were 16.7◦, −13.3 dB, and 29.8 dB in the x-z plane and 16.3◦,
−12.6 dB, and 36.1 dB in the y-z plane.

5. CONCLUSIONS

We designed a compact antenna structure for a THz photomixer that
produced both high total efficiency and high directivity. The antenna
consisted of a full-wavelength dipole printed on a GaAs membrane
structure for increased total efficiency, and an FSS structure for
improved directivity. The effects of the cavity size in the GaAs
membrane, the number of holes in the FSS, and the thickness of
the quartz substrate supporting the hole array were characterized
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and optimized. Trade-offs between the obtained directivity and total
efficiency were found in each parameter study, verifying the importance
of the antenna geometry in performance optimization. The resulting
antenna after optimization produced an input resistance of 3870Ω and
a radiation efficiency of 60%, corresponding to approximately 48.3%
total efficiency, (excluding the laser-to-electrical power-conversion
efficiency), and a maximum directivity of 20.2 dBi at the resonance
frequency of 1.03 THz. Further work with multiple stacked FSS could
be carried out to enhance the directivity with particular consideration
given to the total efficiency of the antenna. The proposed antenna is
expected to be a good alternative for a highly efficientTHz photomixer
design.
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