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Abstract—The success in conquering the Terahertz (THz) gap is 

subject to some facts such as maximizing the emitted power. 
Traditionally resonant antenna designs for Continuous-Wave 
(CW) THz photomixing include a RF choke to compensate the 
capacitive part of the photomixer and an antenna with a very high 
input impedance at its resonance to match the low value of the 
photomixer conductance. This paper considers that the antenna 
itself can provide this large impedance margin needed to directly 
match the photomixer, so that the RF choke can be avoided. The 
meander antenna constitutes an excellent candidate to achieve 
that goal based on the Active Integrated Antenna concept to 
improve both matching and radiation efficiencies. The main 
objective is to maximize the total efficiency and, as a consequence, 
the THz emitted power. A prototype working at 1.05 THz is 
designed and manufactured and results show a 6 dB output power 
improvement when compared with a conventional log-periodic 
antenna. 

Index Terms—Active Integrated Antenna, CW Photomixing, 
Meander Dipole Antenna, THz 

I. INTRODUCTION

MAXI MIZING THz emitted power is one of the hot topics in 
the electronic and photonic communities nowadays [1], [2]. 
THz waves have been presented as one of the most promising 
research lines due to its unique capabilities. Extremely short 
pulses, capable of obtaining high spatial resolutions, going 
across light opaque materials and visualizing and identifying 
microscopic structures by spectral analysis, can be generated. 
Theoretically THz waves can find a lot of applications that 
range from radioastronomy, to imaging, security, biomedical, 
industrial, etc [1]. However, the low power that current devices 
can generate at these frequencies is the main drawback that 
these applications are finding to be developed. The power 
increase at THz frequencies in room temperature is then a key 
issue [3]. 

Two main approaches are being followed to generate THz 
waves at room temperature [1]. The first one is a purely 
electronic approach based on up-conversion [4] while the 
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second one consists on an electro-optical down-conversion 
("photomixing" [5]). In addition, direct quantum mechanical 
frequency generation (QCLs [6]) is a well established THz 
source. Unfortunately, nowadays it cannot work at room 
temperature [7]. Another interesting approach to generate THz 
CW power is the Large Area Emitter (LAE) concept [8]. This is 
an antenna-free new scheme of photomixing where the THz 
radiation is directly originated from the acceleration of 
photo-induced charge carriers generated within a large 
semiconductor area. 

Photomixing is nowadays one of the most commonly used 
systems to generate CW THz signals due to its broadband 
nature and its reasonably high output power. It consists of two 
lasers working at two different frequencies ω1 and ω2 which are 
spatially overlapped to generate a THz beatnote. These lasers 
are then used to illuminate an ultrafast semi-conductor material 
(III-V family) such as GaAs. An applied electric field allows 
the conductivity variation to be converted into a current which 
is radiated by an antenna. The frequency of this current is the 
difference between both laser frequencies (ωTHz = ω1-ω2). A 
typical CW THz photomixing emitter consists on a 
semiconductor device (photomixer), a planar antenna 
(broadband or resonant one depending on the application) and a 
silicon hyper-hemispherical lens to increase the directivity and 
avoid substrate reflections [9]. Traditionally, photomixing is 
used in broadband applications such as spectrometry because of 
its high frequency tunability, so broadband antennas are 
preferred. However, it is also utilized as signal generator for LO 
on receivers [10]. In that case, a resonant antenna would be 
more suitable. 

In [11], authors proposed a methodology to design resonant 
antennas to increase output power, which is the one that 
researchers designing THz photomixer based antenna emitters 
traditionally follow [10],[12]. Photomixers have a relatively 
high capacitive susceptance that is compensated with a RF 
choke. In addition, they exhibit a very low conductance value 
(typically lower than (10kΩ)-1), so a resonant antenna with a 
very high input impedance at its resonance would be desirable. 
With this approach, at least two components should be 
separately designed to be finally joined together: the RF choke 
and the antenna. Several attempts have been followed to design 
antennas with a very high value of its input impedance at its 
resonance [11],[12] to be included in CW THz photomixing 
devices. But all of them include the RF choke to compensate 
the capacitive susceptance, so the design of the overall structure 
is somehow complicated. 

In this paper we propose for the first time in the THz gap the 
meander dipole antenna [13] as a solution to compensate both 
the capacitive susceptance and the conductance of the 
photomixer in a single element. The antenna design approach is 
based on the Active Integrated Antenna (AIA) concept [14], 
[15] to improve both the matching and the radiation
efficiencies. The novelty of this work is that we forced the
meander dipole antenna to work out of its main resonance, at
lower frequencies, where it exhibits a clearly inductive
behaviour. The proposed antenna design can be followed
independently of the photomixer used and it consists on trying
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to maximize the radiated power obtained from it.
approach has also been followed in [16] with the design of a
millimetre-wave Quasi-Optical Schottky Barrier Diode
receiver. Unfortunately, the mismatch obtained with a
broadband antenna in that case was not that huge, so little
improvement was achieved. 

The paper is organized as follows. After this brief
introduction, the CW THz emitter structure is presented. The
photomixer with its equivalent circuit and its main parameters
will be shown. Next section will be devoted to
meander dipole antenna and its behaviour. Matching, radiation
and total efficiencies will be calculated and a final design
working at 1.05 THz will be presented and compared with a
similar log-periodic based CW THz emitter. Finally, both
meander dipole and log-periodic antenna emitters
manufactured to compare the performance of both of them

II. CW THZ GENERATION BY PHOTOMIXING

As outlined in the introduction, in the traditional approach
for CW THz generation by photomixing a THz current is
generated in a semiconductor device using two heterodyned
laser beams of photon energies ħ(ω0±ωTHz

power, PL/2, and polarization), differing in photon frequency by
the THz frequency ωTHz (being h the Planck constant and
central frequency). As a first step, the heterodyned laser signal
is absorbed on typical length scales shorter than 1
shorter than the THz wavelength. In the second step the
resulting photocurrent is fed into an antenna, which then emits
THz radiation [5]. A typical schematic of the CW THz
generation by photomixing device, can be seen on Fig. 1.

Fig. 1. Schematic of the CW THz photomixing antenna emitter
lasers impinge in the photomixer device which is integrated with an antenna
over GaAs substrate (green part). A silicon lens (blue part) is included to avoid
substrate reflections and increase directivity [9]. 

An interdigitated LT-GaAs based photomixer
non-linear device to generate the THz signal. It consists of eight
interdigitated fingers, with a finger gap = 1 µm, and finger
width = 200 nm. Fig. 2(a) shows a SEM photograph of the
device. The small-signal equivalent circuit of Fig. 2(b) [11] is
obtained, being C = 2fF the parasitic capacitance from the
fringing fields between the 200 nm wide fingers and G =
(10kΩ)-1 the conductance given by IDC

admittance (Ya(ω)) is also included in the equivalent circuit of
Fig. 2(b). 
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resulting photocurrent is fed into an antenna, which then emits 
THz radiation [5]. A typical schematic of the CW THz 
generation by photomixing device, can be seen on Fig. 1. 

antenna emitter. Two optical 
lasers impinge in the photomixer device which is integrated with an antenna 
over GaAs substrate (green part). A silicon lens (blue part) is included to avoid 

GaAs based photomixer is used as the 
THz signal. It consists of eight 

interdigitated fingers, with a finger gap = 1 µm, and finger 
Fig. 2(a) shows a SEM photograph of the 
signal equivalent circuit of Fig. 2(b) [11] is 

obtained, being C = 2fF the parasitic capacitance from the 
fringing fields between the 200 nm wide fingers  and G = 

DC/VDC. The antenna 
included in the equivalent circuit of 

III. M EANDER DIPOLE

From the antenna point of view only two parameters can be
optimized in order to maximize the THz emitted power: the
radiation efficiency (εrad) and the
mismatching factor is defined with the M

( )2 2

4

a p a p

M
R R X X

=
+ + +

where Za=Ra+jXa is the input impedance of the antenna and
Zp=Rp+jXp is the input impedance of the photomixer.

The antenna efficiency can then be defi
these two efficiencies and the polarization efficiency (

ant rad polε ε ε= ⋅ ⋅

This efficiency expresses how far the system
ideal behaviour of the emitter. Maximizing this efficiency will
enhance the performance of the emitter and it is the key factor
that we have used to optimize the design of the antenna. This
design is based on the AIA concept ([1
maximize the antenna efficiency as defined in Eqn. (
design, both mismatching factor
be considered. With the photomixer parameters mentioned
before, the input impedance (
2(b)) is found to be 0.57-j75.8 at 1.05 THz, so an antenna with
an input impedance of 0.57+j75.8 at that frequency will
maximize the Eqn. (1). This low value of the real part and
relative high value of the imaginary part are very difficult to be
simultaneously obtained with a simple resonant antenna.

(a) 

Fig. 2. (a) SEM photograph of the interdigitated LT
equivalent circuit. 

Meander dipole antenna is similar to a dipole where
radiating part is bent to a meander
antenna size [13]. A schematic of it with
parameters can be seen on Fig. 3(a). Traditionally, this antenna
is used to reduce the antenna size (antenna miniaturization) and
in systems that need a very high value of
since this antenna provides higher values of in
its resonance (Fig. 3(b)) than λ
the THz region, this antenna has been used under the name of
"folded dipole" to obtain a very high input impedance
[19]-[22]. In all previous works, the antenna is working a
main resonance frequency (thus showing a high resistive input
impedance). None of them try to maximize the M
attention is focused neither in the imaginary part of the input
impedance nor the radiation efficiency.

C 2

IPOLE ANTENNA DESIGN 

the antenna point of view only two parameters can be 
optimized in order to maximize the THz emitted power: the 

) and the mismatching factor (M). The 
mismatching factor is defined with the M-factor given by [17]: 

( )2 2

4
a p

a p a p

R R

R R X X+ + +
(1) 

is the input impedance of the antenna and 
is the input impedance of the photomixer. 

The antenna efficiency can then be defined as the product of 
these two efficiencies and the polarization efficiency (εpol) [18]: 

ant rad polMε ε ε= ⋅ ⋅
(2) 

This efficiency expresses how far the system is from the 
ideal behaviour of the emitter. Maximizing this efficiency will 
enhance the performance of the emitter and it is the key factor 
that we have used to optimize the design of the antenna. This 
design is based on the AIA concept ([14],[15]) and tries to 
maximize the antenna efficiency as defined in Eqn. (2). In its 

factor and radiation efficiency must 
With the photomixer parameters mentioned 

before, the input impedance (Zp(ω)=1/Yp(ω)=1/(G+jωC), Fig. 
j75.8 at 1.05 THz, so an antenna with 
0.57+j75.8 at that frequency will 

maximize the Eqn. (1). This low value of the real part and 
relative high value of the imaginary part are very difficult to be 
simultaneously obtained with a simple resonant antenna. 

(b) 

(a) SEM photograph of the interdigitated LT-GaAs photomixer and (b) its 

Meander dipole antenna is similar to a dipole where its 
radiating part is bent to a meander shape in order to reduce the 

]. A schematic of it with its main design 
parameters can be seen on Fig. 3(a). Traditionally, this antenna 
is used to reduce the antenna size (antenna miniaturization) and 
in systems that need a very high value of the input impedance, 
since this antenna provides higher values of input impedance at 

than λ-dipoles or dual-dipoles [13]. In 
the THz region, this antenna has been used under the name of 
"folded dipole" to obtain a very high input impedance 

In all previous works, the antenna is working at its 
main resonance frequency (thus showing a high resistive input 
impedance). None of them try to maximize the M-factor and no 
attention is focused neither in the imaginary part of the input 
impedance nor the radiation efficiency. The novelty that we 
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have pursued in the present work with the meander dipole
antenna rises from using it out of its main resonance region
[15], as at lower frequencies than its resonance
real part and an inductive behaviour (shown in
frequency range from 0.9 THz to 1.3 THz
matching it with the photomixer capacitive behaviour
such design, we expect to achieve a conjugate matching
between the antenna and the photomixer without any additional
element, increasing the mismatching factor
show the optimal input impedance to the photomixer, so an
integrated active antenna is obtained [14
and [15], this design philosophy will improve the system
parameters and the merit figure of the overall transmitte

(a) 
Fig. 3. Meander dipole antenna: (a) Schematic and main parameters.
Simulated input impedance of a meandered dipole antenna over semi
silicon substrate with parameters: L = 37 µm, w = 3.5
µm and 9 bends per arm. 

A. Parametric study

In order to analyze the effect of each parameter on the
antenna efficiency, several simulations have been
results can be seen on Fig. 4 and 
electromagnetic simulator CST Microwave Studio
used in order to carry out the simulations. 
substrate was set as background material in order to reduce
computational time [12]. Both the mismatching
radiation efficiency are shown, as well as the antenna effi
(Eqn. (2), assuming εpol = 1). 

The design parameters of the meander dipole antenna are
(see Fig. 3(a)): the length (L), the width (
separation between them (d) and the number of bends.
conclusions can be extracted from these simulations.
parameter changes the resonant frequency of the meander
antenna: the higher the value of L the lower the resonant
frequency (larger size of the antenna). In addition, the closer the
lines of the meander dipole antenna (lower value of
lower the radiation efficiency. This is due to the fact that
currents have opposite directions so they cancel each other
[13]. It is important to keep enough space between lines in
order to have a relatively high value of the 
Regarding the number of bends, it has been noticed that for a
number of bends higher than 3 (total length of the dipole > 2
neither the input impedance nor the radiation efficiency change
significantly.  Finally, w does not have an important role in both
efficiencies and can be kept constant on optimization.

It is important to highlight that radiation efficiency keep

> REPLACE THIS LINE WITH YOUR ICK HERE TO EDIT) <
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antenna rises from using it out of its main resonance region 

frequencies than its resonance it exhibits a low 
real part and an inductive behaviour (shown in Fig. 3(b), 

ge from 0.9 THz to 1.3 THz) suitable for 
capacitive behaviour. With 

such design, we expect to achieve a conjugate matching 
between the antenna and the photomixer without any additional 

tor. The antenna will 
show the optimal input impedance to the photomixer, so an 

]. According to [14] 
], this design philosophy will improve the system 

parameters and the merit figure of the overall transmitter. 

(b) 
. Meander dipole antenna: (a) Schematic and main parameters. (b) 

Simulated input impedance of a meandered dipole antenna over semi-infinite 
5 µm, d = 2 µm, D = 105.5 

In order to analyze the effect of each parameter on the
antenna efficiency, several simulations have been done and 

 Fig. 5. Full-wave 
electromagnetic simulator CST Microwave Studio has been 

. Silicon semi-infinite 
substrate was set as background material in order to reduce 

matching factor and the 
radiation efficiency are shown, as well as the antenna efficiency 

The design parameters of the meander dipole antenna are 
), the width (w) of the arms, the 

) and the number of bends. Some 
can be extracted from these simulations. L 

parameter changes the resonant frequency of the meander 
the lower the resonant 

frequency (larger size of the antenna). In addition, the closer the 
tenna (lower value of d), the 

lower the radiation efficiency. This is due to the fact that 
currents have opposite directions so they cancel each other 

]. It is important to keep enough space between lines in 
order to have a relatively high value of the radiation efficiency. 
Regarding the number of bends, it has been noticed that for a 
number of bends higher than 3 (total length of the dipole > 2λ), 
neither the input impedance nor the radiation efficiency change 

important role in both 
kept constant on optimization. 

It is important to highlight that radiation efficiency keeps a 

relatively high value up to frequencies lower than 2/3 of its
main resonance frequency. In all the above simulatio
resonance is located somewhere close to 1.5 THz (see Fig.
and our design frequency is 1

Fig. 4. L variation. (a) Matching efficiency, (b) radiation efficiency and (c)
antenna efficiency. w = 0.044λ, d = 0.08

IV. 1.05 TH

Finally, a prototype working at 1
radioastronomy heterodyne detector [10]
manufactured. The main parameters are
d = 2 µm, D = 105.5 µm and 9 bends per arm (Fig. 6).
Separation between the middle arm and the following next (up
or down) was fixed to 3.5 µm to keep enough space for the
photomixer device. Simulated input impedance can be seen on
Fig. 3(b). With such antenna an an
1.05 THz is estimated, with matching and radiation efficiencies
equal to 14.73% and 47.83% respectively.
comparison, a self-complementary
was designed and its antenna efficiency calcula
maximum and minimum dimensions are 200 µm and 10 µm
respectively. In contrast with the meander dipole design,

C 3

relatively high value up to frequencies lower than 2/3 of its 
main resonance frequency. In all the above simulations, main 
resonance is located somewhere close to 1.5 THz (see Fig. 3(b)) 
and our design frequency is 1.05THz. 

(a) 

(b) 

(c) 
Fig. 4. L variation. (a) Matching efficiency, (b) radiation efficiency and (c) 

λ, d = 0.08λ. 

THZ PROTOTYPE 

Finally, a prototype working at 1.05 THz as a LO for a 
radioastronomy heterodyne detector [10] was designed and 

The main parameters are L = 37 µm, w = 3.5 µm, 
= 105.5 µm and 9 bends per arm (Fig. 6). 

Separation between the middle arm and the following next (up 
fixed to 3.5 µm to keep enough space for the 

Simulated input impedance can be seen on 
Fig. 3(b). With such antenna an antenna efficiency of 7.05% at 
1.05 THz is estimated, with matching and radiation efficiencies 
equal to 14.73% and 47.83% respectively. For the sake of 

complementary log-periodic antenna [18] 
was designed and its antenna efficiency calculated. Its 
maximum and minimum dimensions are 200 µm and 10 µm 

In contrast with the meander dipole design, 
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broadband antennas exhibit an almost constant impedance with 
frequency (self-complementary antennas: 60π/√εr for the real 
part and 0 for the imaginary part [17]), so little improvement 
can be achieved in the matching efficiency. In this second 
antenna emitter, an antenna efficiency of 1.73% is estimated 
with matching efficiency equal to 2.01% and radiation 
efficiency equal to 86.03%. Fig. 7 shows the simulated power 
improvement obtained with the meander dipole antenna emitter 

given by log/meander per

ant ant
ε ε − . A 6 dB improvement at 1.05 THz is

expected with the meander dipole antenna. 

(a) 

(b) 

(c) 
Fig. 5. d variation. (a) Matching efficiency, (b) radiation efficiency and (c) 
antenna efficiency. w = 0.044λ, L = 0.44λ. 

Two antenna emitters, one with the meander dipole antenna 
and other with the log-periodic antenna were manufactured. In 
both of them, the same photomixer structure (Section II) and 
the same lens (10 mm diameter hyperhemispherical high 
resistivity silicon lens) were used. It is worth to highlight that 
the main challenge with the meander dipole antenna is that it is 
a highly resonant antenna, so a small variation in the 
manufacturing process or in the permittivity of the material 
would change its performance. 

(a) (b) 
Fig. 6. Photograph of the manufactured antennas integrated with the LT-GaAs 
photomixer device. (a) Meander dipole antenna and (b) Log-Periodic antenna. 

A typical CW THz photomixing measurements setup was 
utilized to characterize the emitted power. It consists of two 850 
nm lasers that illuminate the photomixer device. THz frequency 
is tuned and THz emitted power is measured from 80 GHz up to 
2 THz. The photomixer output THz frequency depends on the 
frequency of the two lasers impinging over it. In the 
measurements shown in Figure 8, the frequency of one of the 
lasers remains constant while the other is changed to obtain the 
desired output THz frequency. This frequency change can be 
done either by modifying the current or the temperature of the 
laser. The THz radiation emitted by the antenna with the lens is, 
first, chopped with an optical chopper and then beam focused 
with two parabolic mirrors. The THz signal impinges a 
diamond window Golay cell connected to a lock-in amplifier 
which uses as the reference signal the chopper one. Measured 
output power with both meander and log-periodic antenna 
emitters are shown in Fig. 8. 

Fig. 7. Emitted power improvement when comparing meander dipole antenna 

with log-periodic antenna (
log/meander per

ant ant
ε ε −

). 

It can be observed that at 1.1THz a maximum in the emitted 
power with the meander antenna emitter is obtained (0.26 µW). 
If we compared both power measurements (meander and 
log-per antenna emitter) the plot in Fig. 7 is obtained. A small 
shift from 1.05 THz to 1.1THz can be appreciated but the power 
improvement is more or less the same (6 dB). In addition, the 
simulated quality factor (Q-factor) is 18.33, while the measured 
one is 10.11. This Q-factor decrease is due to the fact that 
additional losses not contemplated in the simulations such as 
losses in the silicon dielectric are occurring. 
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Fig. 8. Measured THz emitted power of both antenna emitters: meander dipole 
antenna and log-periodic antenna. 

V. CONCLUSIONS

Meander dipole antenna has been presented as a solution to 
match both capacitive susceptance and conductance of 
photomixers while maintaining a relatively high value of 
radiation efficiency. To achieve such goal, we force the antenna 
to work out of its main resonance, at lower frequencies, where it 
exhibits an inductive behaviour. 

With this approach, there is no need to include a RF choke, 
so the design of an antenna for CW THz based on photomixing 
is simplify to just the design of the meander dipole antenna. A 
joint design process of the antenna is proposed where both 
matching and radiation efficiencies (AIA concept) are taken 
into account. The proposed antenna design can be followed 
independently of the photomixer used and it consists on trying 
to maximize the radiated power obtained from it. 

A prototype working at 1.05 THz was designed, 
manufactured and measured, and obtained results show a 6 dB 
improvement in THz output power when compared with the 
log-periodic prototype. This result is comparable with 
previously reported ones [11] at 1THz but with the novelty of 
not using the RF choke. 
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Abstract—The success in conquering the Terahertz (THz) gap is 

subject to some facts such as maximizing the emitted power. 
Traditionally resonant antenna designs for Continuous-Wave 
(CW) THz photomixing include a RF choke to compensate the 
capacitive part of the photomixer and an antenna with a very high 
input impedance at its resonance to match the low value of the 
photomixer conductance. This paper considers that the antenna 
itself can provide this large impedance margin needed to directly 
match the photomixer, so that the RF choke can be avoided. The 
meander antenna constitutes an excellent candidate to achieve 
that goal based on the Active Integrated Antenna concept to 
improve both matching and radiation efficiencies. The main 
objective is to maximize the total efficiency and, as a consequence, 
the THz emitted power. A prototype working at 1.05 THz is 
designed and manufactured and results show a 6 dB output power 
improvement when compared with a conventional log-periodic 
antenna. 

Index Terms—Active Integrated Antenna, CW Photomixing, 
Meander Dipole Antenna, THz 

I. INTRODUCTION

MAXIMIZING THz emitted power is one of the hot topics in 
the electronic and photonic communities nowadays [1], [2]. 
THz waves have been presented as one of the most promising 
research lines due to its unique capabilities. Extremely short 
pulses, capable of obtaining high spatial resolutions, going 
across light opaque materials and visualizing and identifying 
microscopic structures by spectral analysis, can be generated. 
Theoretically THz waves can find a lot of applications that 
range from radioastronomy, to imaging, security, biomedical, 
industrial, etc [1]. However, the low power that current devices 
can generate at these frequencies is the main drawback that 
these applications are finding to be developed. The power 
increase at THz frequencies in room temperature is then a key 
issue [3]. 

Two main approaches are being followed to generate THz 
waves at room temperature [1]. The first one is a purely 
electronic approach based on up-conversion [4] while the 
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second one consists on an electro-optical down-conversion 
("photomixing" [5]). In addition, direct quantum mechanical 
frequency generation (QCLs [6]) is a well established THz 
source. Unfortunately, nowadays it cannot work at room 
temperature [7]. Another interesting approach to generate THz 
CW power is the Large Area Emitter (LAE) concept [8]. This is 
an antenna-free new scheme of photomixing where the THz 
radiation is directly originated from the acceleration of 
photo-induced charge carriers generated within a large 
semiconductor area. 

Photomixing is nowadays one of the most commonly used 
systems to generate CW THz signals due to its broadband 
nature and its reasonably high output power. It consists of two 
lasers working at two different frequencies ω1 and ω2 which are 
spatially overlapped to generate a THz beatnote. These lasers 
are then used to illuminate an ultrafast semi-conductor material 
(III-V family) such as GaAs. An applied electric field allows 
the conductivity variation to be converted into a current which 
is radiated by an antenna. The frequency of this current is the 
difference between both laser frequencies (ωTHz = ω1-ω2). A 
typical CW THz photomixing emitter consists on a 
semiconductor device (photomixer), a planar antenna 
(broadband or resonant one depending on the application) and a 
silicon hyper-hemispherical lens to increase the directivity and 
avoid substrate reflections [9]. Traditionally, photomixing is 
used in broadband applications such as spectrometry because of 
its high frequency tunability, so broadband antennas are 
preferred. However, it is also utilized as signal generator for LO 
on receivers [10]. In that case, a resonant antenna would be 
more suitable. 

In [11], authors proposed a methodology to design resonant 
antennas to increase output power, which is the one that 
researchers designing THz photomixer based antenna emitters 
traditionally follow [10],[12]. Photomixers have a relatively 
high capacitive susceptance that is compensated with a RF 
choke. In addition, they exhibit a very low conductance value 
(typically lower than (10kΩ)-1), so a resonant antenna with a 
very high input impedance at its resonance would be desirable. 
With this approach, at least two components should be 
separately designed to be finally joined together: the RF choke 
and the antenna. Several attempts have been followed to design 
antennas with a very high value of its input impedance at its 
resonance [11],[12] to be included in CW THz photomixing 
devices. But all of them include the RF choke to compensate 
the capacitive susceptance, so the design of the overall structure 
is somehow complicated. 

In this paper we propose for the first time in the THz gap the 
meander dipole antenna [13] as a solution to compensate both 
the capacitive susceptance and the conductance of the 
photomixer in a single element. The antenna design approach is 
based on the Active Integrated Antenna (AIA) concept [14], 
[15] to improve both the matching and the radiation
efficiencies. The novelty of this work is that we forced the
meander dipole antenna to work out of its main resonance, at
lower frequencies, where it exhibits a clearly inductive
behaviour. The proposed antenna design can be followed
independently of the photomixer used and it consists on trying

Meander Dipole Antenna to Increase CW THz 
Photomixing Emitted Power 

Javier Montero-de-Paz, Eduardo Ugarte-Muñoz,    
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to maximize the radiated power obtained from it.
approach has also been followed in [16] with the design of a
millimetre-wave Quasi-Optical Schottky Barrier Diode
receiver. Unfortunately, the mismatch obtained with a
broadband antenna in that case was not that huge, so little
improvement was achieved. 

The paper is organized as follows. After this brief
introduction, the CW THz emitter structure is presented. The
photomixer with its equivalent circuit and its main parameters
will be shown. Next section will be devoted to
meander dipole antenna and its behaviour. Matching, radiation
and total efficiencies will be calculated and a final design
working at 1.05 THz will be presented and compared with a
similar log-periodic based CW THz emitter. Finally, both
meander dipole and log-periodic antenna emitters
manufactured to compare the performance of both of them

II. CW THZ GENERATION BY PHOTOMIXIN

As outlined in the introduction, in the traditional approach
for CW THz generation by photomixing a THz current is
generated in a semiconductor device using two heterodyned
laser beams of photon energies ħ(ω0±ωTHz

power, PL/2, and polarization), differing in photon frequency by
the THz frequency ωTHz (being h the Planck constant and
central frequency). As a first step, the heterodyned laser signal
is absorbed on typical length scales shorter than 1
shorter than the THz wavelength. In the second step the
resulting photocurrent is fed into an antenna, which then emits
THz radiation [5]. A typical schematic of the CW THz
generation by photomixing device, can be seen on Fig. 1.

Fig. 1. Schematic of the CW THz photomixing antenna emitter
lasers impinge in the photomixer device which is integrated with an antenna
over GaAs substrate (green part). A silicon lens (blue part) is included to avoid
substrate reflections and increase directivity [9]. 

An interdigitated LT-GaAs based photomixer
non-linear device to generate the THz signal. It consists of eight
interdigitated fingers, with a finger gap = 1 µm, and finger
width = 200 nm. Fig. 2(a) shows a SEM photograph of the
device. The small-signal equivalent circuit of Fig. 2(b) [11] is
obtained, being C = 2fF the parasitic capacitance from the
fringing fields between the 200 nm wide fingers and G =
(10kΩ)-1 the conductance given by IDC

admittance (Ya(ω)) is also included in the equivalent circuit of
Fig. 2(b). 
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to maximize the radiated power obtained from it. This same 
] with the design of a 
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The paper is organized as follows. After this brief 
introduction, the CW THz emitter structure is presented. The 

xer with its equivalent circuit and its main parameters 
will be shown. Next section will be devoted to describe the 
meander dipole antenna and its behaviour. Matching, radiation 
and total efficiencies will be calculated and a final design 

will be presented and compared with a 
periodic based CW THz emitter. Finally, both 

antenna emitters are 
performance of both of them. 

HOTOMIXING 

As outlined in the introduction, in the traditional approach 
for CW THz generation by photomixing a THz current is 
generated in a semiconductor device using two heterodyned 
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ization), differing in photon frequency by 

the Planck constant and ω0 the 
central frequency). As a first step, the heterodyned laser signal 
is absorbed on typical length scales shorter than 1 µm, i.e. much 

Hz wavelength. In the second step the 
resulting photocurrent is fed into an antenna, which then emits 
THz radiation [5]. A typical schematic of the CW THz 
generation by photomixing device, can be seen on Fig. 1. 

antenna emitter. Two optical 
lasers impinge in the photomixer device which is integrated with an antenna 
over GaAs substrate (green part). A silicon lens (blue part) is included to avoid 

GaAs based photomixer is used as the 
THz signal. It consists of eight 

interdigitated fingers, with a finger gap = 1 µm, and finger 
Fig. 2(a) shows a SEM photograph of the 
signal equivalent circuit of Fig. 2(b) [11] is 

obtained, being C = 2fF the parasitic capacitance from the 
fringing fields between the 200 nm wide fingers  and G = 

DC/VDC. The antenna 
so included in the equivalent circuit of 

III. M EANDER DIPOLE

From the antenna point of view only two parameters can be
optimized in order to maximize the THz emitted power: the
radiation efficiency (εrad) and the
mismatching factor is defined with the M

( )2 2

4

a p a p

M
R R X X

=
+ + +

where Za=Ra+jXa is the input impedance of the antenna and
Zp=Rp+jXp is the input impedance of the photomixer.

The antenna efficiency can then be de
these two efficiencies and the polarization efficiency (

ant rad polε ε ε= ⋅ ⋅

This efficiency expresses how far the system
ideal behaviour of the emitter. Maximizing this efficiency will
enhance the performance of the emitter and it is the key factor
that we have used to optimize the design of the antenna. This
design is based on the AIA concept ([1
maximize the antenna efficiency as defined in Eqn. (
design, both mismatching factor
be considered. With the photomixer parameters mentioned
before, the input impedance (
2(b)) is found to be 0.57-j75.8 at 1.05 THz, so an antenna with
an input impedance of 0.57+j75.8 at that frequency will
maximize the Eqn. (1). This low value of the real part and
relative high value of the imaginary part are very difficult to be
simultaneously obtained with a simple resonant antenna.

(a) 

Fig. 2. (a) SEM photograph of the interdigitated LT
equivalent circuit. 

Meander dipole antenna is similar to a dipole where
radiating part is bent to a meander
antenna size [13]. A schematic of it with
parameters can be seen on Fig. 3(a). Traditionally, this antenna
is used to reduce the antenna size (antenna miniaturization) and
in systems that need a very high value of
since this antenna provides higher values of in
its resonance (Fig. 3(b)) than λ
the THz region, this antenna has been used under the name of
"folded dipole" to obtain a very high input impedance
[19]-[22]. In all previous works, the antenna is working a
main resonance frequency (thus showing a high resistive input
impedance). None of them try to maximize the M
attention is focused neither in the imaginary part of the input
impedance nor the radiation efficiency

C 2

IPOLE ANTENNA DESIGN 

the antenna point of view only two parameters can be 
optimized in order to maximize the THz emitted power: the 

) and the mismatching factor (M). The 
mismatching factor is defined with the M-factor given by [17]: 

( )2 2

4
a p

a p a p

R R

R R X X+ + +
(1) 

is the input impedance of the antenna and 
is the input impedance of the photomixer. 

The antenna efficiency can then be defined as the product of 
these two efficiencies and the polarization efficiency (εpol) [18]: 

ant rad polMε ε ε= ⋅ ⋅
(2) 

This efficiency expresses how far the system is from the 
ideal behaviour of the emitter. Maximizing this efficiency will 
enhance the performance of the emitter and it is the key factor 
that we have used to optimize the design of the antenna. This 
design is based on the AIA concept ([14],[15]) and tries to 
maximize the antenna efficiency as defined in Eqn. (2). In its 

factor and radiation efficiency must 
With the photomixer parameters mentioned 

before, the input impedance (Zp(ω)=1/Yp(ω)=1/(G+jωC), Fig. 
j75.8 at 1.05 THz, so an antenna with 
0.57+j75.8 at that frequency will 

maximize the Eqn. (1). This low value of the real part and 
relative high value of the imaginary part are very difficult to be 
simultaneously obtained with a simple resonant antenna. 

(b) 

(a) SEM photograph of the interdigitated LT-GaAs photomixer and (b) its 

Meander dipole antenna is similar to a dipole where its 
radiating part is bent to a meander shape in order to reduce the 

]. A schematic of it with its main design 
parameters can be seen on Fig. 3(a). Traditionally, this antenna 
is used to reduce the antenna size (antenna miniaturization) and 
in systems that need a very high value of the input impedance, 
since this antenna provides higher values of input impedance at 

than λ-dipoles or dual-dipoles [13]. In 
the THz region, this antenna has been used under the name of 
"folded dipole" to obtain a very high input impedance 

In all previous works, the antenna is working at its 
main resonance frequency (thus showing a high resistive input 
impedance). None of them try to maximize the M-factor and no 
attention is focused neither in the imaginary part of the input 
impedance nor the radiation efficiency. The novelty that we 
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have pursued in the present work with the meander dipole
antenna rises from using it out of its main resonance region
[15], as at lower frequencies than its resonance
real part and an inductive behaviour (shown in
frequency range from 0.9 THz to 1.3 THz
matching it with the photomixer capacitive behaviour
such design, we expect to achieve a conjugate matching
between the antenna and the photomixer without any additional
element, increasing the mismatching factor
show the optimal input impedance to the photomixer, so an
integrated active antenna is obtained [14
and [15], this design philosophy will improve the system
parameters and the merit figure of the overall transmitte

(a) 
Fig. 3. Meander dipole antenna: (a) Schematic and main parameters.
Simulated input impedance of a meandered dipole antenna over semi
silicon substrate with parameters: L = 37 µm, w = 3.5
µm and 9 bends per arm. 

A. Parametric study

In order to analyze the effect of each parameter on the
antenna efficiency, several simulations have been
results can be seen on Fig. 4 and 
electromagnetic simulator CST Microwave Studio
used in order to carry out the simulations. 
substrate was set as background material in order to reduce
computational time [12]. Both the mismatching
radiation efficiency are shown, as well as the antenna efficiency
(Eqn. (2), assuming εpol = 1). 

The design parameters of the meander dipole antenna are
(see Fig. 3(a)): the length (L), the width (
separation between them (d) and the number of bends.
conclusions can be extracted from these simulations.
parameter changes the resonant frequency of the meander
antenna: the higher the value of L the lower the resonant
frequency (larger size of the antenna). In addition, the closer the
lines of the meander dipole antenna (lower value of
lower the radiation efficiency. This is due to the fact that
currents have opposite directions so they cancel each other
[13]. It is important to keep enough space between lines in
order to have a relatively high value of the radiation efficiency.
Regarding the number of bends, it has been noticed that for a
number of bends higher than 3 (total length of the dipole > 2
neither the input impedance nor the radiation efficiency change
significantly.  Finally, w does not have an important role in both
efficiencies and can be kept constant on optimization.

It is important to highlight that radiation efficiency keep
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have pursued in the present work with the meander dipole 
antenna rises from using it out of its main resonance region 

frequencies than its resonance it exhibits a low 
real part and an inductive behaviour (shown in Fig. 3(b), 

ge from 0.9 THz to 1.3 THz) suitable for 
capacitive behaviour. With 

such design, we expect to achieve a conjugate matching 
between the antenna and the photomixer without any additional 

tor. The antenna will 
show the optimal input impedance to the photomixer, so an 

]. According to [14] 
], this design philosophy will improve the system 

parameters and the merit figure of the overall transmitter. 

(b) 
. Meander dipole antenna: (a) Schematic and main parameters. (b) 

Simulated input impedance of a meandered dipole antenna over semi-infinite 
5 µm, d = 2 µm, D = 105.5 

In order to analyze the effect of each parameter on the
antenna efficiency, several simulations have been done and 

 Fig. 5. Full-wave 
electromagnetic simulator CST Microwave Studio has been 

. Silicon semi-infinite 
substrate was set as background material in order to reduce 

matching factor and the 
radiation efficiency are shown, as well as the antenna efficiency 

The design parameters of the meander dipole antenna are 
), the width (w) of the arms, the 

) and the number of bends. Some 
can be extracted from these simulations. L 

parameter changes the resonant frequency of the meander 
the lower the resonant 

frequency (larger size of the antenna). In addition, the closer the 
lines of the meander dipole antenna (lower value of d), the 

iation efficiency. This is due to the fact that 
currents have opposite directions so they cancel each other 

]. It is important to keep enough space between lines in 
order to have a relatively high value of the radiation efficiency. 

of bends, it has been noticed that for a 
number of bends higher than 3 (total length of the dipole > 2λ), 
neither the input impedance nor the radiation efficiency change 

does not have an important role in both 
kept constant on optimization. 

It is important to highlight that radiation efficiency keeps a 

relatively high value up to frequencies lower than 2/3 of its
main resonance frequency. In all the above simulations, main
resonance is located somewhere clo
and our design frequency is 1

Fig. 4. L variation. (a) Matching efficiency, (b) radiation efficiency and (c)
antenna efficiency. w = 0.044λ, d = 0.08

IV. 1.05 TH

Finally, a prototype working at 1
radioastronomy heterodyne detector [10]
manufactured. The main parameters are
d = 2 µm, D = 105.5 µm and 9 bends per arm (Fig. 6).
Separation between the middle arm and the followin
or down) was fixed to 3.5 µm to keep enough space for the
photomixer device. Simulated input impedance can be seen on
Fig. 3(b). With such antenna an antenna efficiency of 7.05% at
1.05 THz is estimated, with matching and radiation efficiencies
equal to 14.73% and 47.83% respectively.
comparison, a self-complementary
was designed and its antenna efficiency calculated.
maximum and minimum dimensions are 200 µm and 10 µm
respectively. In contrast with t

C 3

relatively high value up to frequencies lower than 2/3 of its 
main resonance frequency. In all the above simulations, main 
resonance is located somewhere close to 1.5 THz (see Fig. 3(b)) 
and our design frequency is 1.05THz. 

(a) 

(b) 

(c) 
Fig. 4. L variation. (a) Matching efficiency, (b) radiation efficiency and (c) 

λ, d = 0.08λ. 

THZ PROTOTYPE 

working at 1.05 THz as a LO for a 
radioastronomy heterodyne detector [10] was designed and 

The main parameters are L = 37 µm, w = 3.5 µm, 
= 105.5 µm and 9 bends per arm (Fig. 6). 

Separation between the middle arm and the following next (up 
fixed to 3.5 µm to keep enough space for the 

Simulated input impedance can be seen on 
Fig. 3(b). With such antenna an antenna efficiency of 7.05% at 
1.05 THz is estimated, with matching and radiation efficiencies 
equal to 14.73% and 47.83% respectively. For the sake of 

complementary log-periodic antenna [18] 
was designed and its antenna efficiency calculated. Its 
maximum and minimum dimensions are 200 µm and 10 µm 

In contrast with the meander dipole design, 
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broadband antennas exhibit an almost constant impedance with 
frequency (self-complementary antennas: 60π/√εr for the real 
part and 0 for the imaginary part [17]), so little improvement 
can be achieved in the matching efficiency. In this second 
antenna emitter, an antenna efficiency of 1.73% is estimated 
with matching efficiency equal to 2.01% and radiation 
efficiency equal to 86.03%. Fig. 7 shows the simulated power 
improvement obtained with the meander dipole antenna emitter 

given by log/meander per

ant ant
ε ε − . A 6 dB improvement at 1.05 THz is

expected with the meander dipole antenna. 

(a) 

(b) 

(c) 
Fig. 5. d variation. (a) Matching efficiency, (b) radiation efficiency and (c) 
antenna efficiency. w = 0.044λ, L = 0.44λ. 

Two antenna emitters, one with the meander dipole antenna 
and other with the log-periodic antenna were manufactured. In 
both of them, the same photomixer structure (Section II) and 
the same lens (10 mm diameter hyperhemispherical high 
resistivity silicon lens) were used. It is worth to highlight that 
the main challenge with the meander dipole antenna is that it is 
a highly resonant antenna, so a small variation in the 
manufacturing process or in the permittivity of the material 
would change its performance. 

(a) (b) 
Fig. 6. Photograph of the manufactured antennas integrated with the LT-GaAs 
photomixer device. (a) Meander dipole antenna and (b) Log-Periodic antenna. 

A typical CW THz photomixing measurements setup was 
utilized to characterize the emitted power. It consists of two 850 
nm lasers that illuminate the photomixer device. THz frequency 
is tuned and THz emitted power is measured from 80 GHz up to 
2 THz. The photomixer output THz frequency depends on the 
frequency of the two lasers impinging over it. In the 
measurements shown in Figure 8, the frequency of one of the 
lasers remains constant while the other is changed to obtain the 
desired output THz frequency. This frequency change can be 
done either by modifying the current or the temperature of the 
laser. The THz radiation emitted by the antenna with the lens is, 
first, chopped with an optical chopper and then beam focused 
with two parabolic mirrors. The THz signal impinges a 
diamond window Golay cell connected to a lock-in amplifier 
which uses as the reference signal the chopper one. Measured 
output power with both meander and log-periodic antenna 
emitters are shown in Fig. 8. 

Fig. 7. Emitted power improvement when comparing meander dipole antenna 

with log-periodic antenna (
log/meander per

ant ant
ε ε −

). 

It can be observed that at 1.1THz a maximum in the emitted 
power with the meander antenna emitter is obtained (0.26 µW). 
If we compared both power measurements (meander and 
log-per antenna emitter) the plot in Fig. 7 is obtained. A small 
shift from 1.05 THz to 1.1THz can be appreciated but the power 
improvement is more or less the same (6 dB). In addition, the 
simulated quality factor (Q-factor) is 18.33, while the measured 
one is 10.11. This Q-factor decrease is due to the fact that 
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additional losses not contemplated in the simulations such as 
losses in the silicon dielectric are occurring. 

Fig. 8. Measured THz emitted power of both antenna emitters: meander dipole 
antenna and log-periodic antenna. 

V. CONCLUSIONS

Meander dipole antenna has been presented as a solution to 
match both capacitive susceptance and conductance of 
photomixers while maintaining a relatively high value of 
radiation efficiency. To achieve such goal, we force the antenna 
to work out of its main resonance, at lower frequencies, where it 
exhibits an inductive behaviour. 

With this approach, there is no need to include a RF choke, 
so the design of an antenna for CW THz based on photomixing 
is simplify to just the design of the meander dipole antenna. A 
joint design process of the antenna is proposed where both 
matching and radiation efficiencies (AIA concept) are taken 
into account. The proposed antenna design can be followed 
independently of the photomixer used and it consists on trying 
to maximize the radiated power obtained from it. 

A prototype working at 1.05 THz was designed, 
manufactured and measured, and obtained results show a 6 dB 
improvement in THz output power when compared with the 
log-periodic prototype. This result is comparable with 
previously reported ones [11] at 1THz but with the novelty of 
not using the RF choke. 
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