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Meander Dipole Antenna to Increase CW THz second one consists on an electro-optical down-conversion

Photomixing Emitted Power ("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
Abstract—The success in conquering the Terahertz (THz) gap is Photo-induced charge carriers generated within a large
subject to some facts such as maximizing the emitted power. semiconductor area.
Traditionally resonant antenna designs for Continuous-Wave Photomixing is nowadays one of the most commonly used
(CW) THz photomixing include a RF choke to compensate the gystems to generate CW THz signals due to its broadband
capacitive part of the photomixer and an antenna with a very high -, 16 and its reasonably high output power. It consists of two

input impedance at its resonance to match the low value of the | ki diff f . d hich
photomixer conductance. This paper considers that the antenna '2S€r'S WOrking at two different frequenciesandw, which are

itself can provide this large impedance margin needed to directly SPetially overlapped to generate a THz beatnote. These lasers
match the photomixer, so that the RF choke can be avoided. The are then used to illuminate an ultrafast semi-conductor material
meander antenna constitutes an excellent candidate to achieve(lll-V family) such as GaAs. An applied electric field allows
that goal based on the Active Integrated Antenna concept 0 the conductivity variation to be converted into a current which
improve both matching and radiation efficiencies. The main o 4 qiated by an antenna. The frequency of this current is the

objective is to maximize the total efficiency and, asaconsequence,d_ﬁ b both | f ; _
the THz emitted power. A prototype working at 1.05 THz is dilference between both laser frequencies.{= w;-w;). A

designed and manufactured and results show a 6 dB output power typical CW THz photomixing emitter consists on a
improvement when compared with a conventional log-periodic semiconductor device (photomixer), a planar antenna
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
| INTRODUCTION preferred. However, it is also utilized as signal generator for LO

) ) _ . on receivers [10]. In that case, a resonant antenna would be
MAXI MIZING THz emitted power is one of the hot topics ing, 5re suitable.

the electronic and photonic communities nowadays [1], [2]. |, [11], authors proposed a methodology to design resonant

THz waves have been presented as one of the most promisiigennas to increase output power, which is the one that

research lines due to its unique capabilities. Extremely shogsearchers designing THz photomixer based antenna emitters
pulses, capable of obtaining high spatial resolutions, goiRg,gitionally follow [10],[12]. Photomixers have a relatively
across light opaque materials and visualizing and identifyingon capacitive susceptance that is compensated with a RF
microscopic structures by spectral analysis, can be generaigthye. In addition, they exhibit a very low conductance value
Theoretically THz waves can f_md a lot of ap_pllcafuons t_hzitypica”y lower than (10R)Y), so a resonant antenna with a
range from radioastronomy, to imaging, security, biomedicalery high input impedance at its resonance would be desirable.
industrial, etc [1]. However, the low power that current devic&gith this approach, at least two components should be
can generate at these frequencies is the main drawback ©iafa ately designed to be finally joined together: the RF choke
these applications are finding to be developed. The powgs the antenna. Several attempts have been followed to design
increase at THz frequencies in room temperature is then a kEytannas with a very high value of its input impedance at its
issue [3]. _ resonance [11],[12] to be included in CW THz photomixing

Two main approaches are being followed to generate Thiz,jices. But all of them include the RF choke to compensate
waves at room temperature [1]. The first one is a purefye capacitive susceptance, so the design of the overall structure
electronic approach based on up-conversion [4] while the somehow complicated.

In this paper we propose for the first time in the THz gap the
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to maximize the radiated power obtaned fron This same
approach has also been followed in][@6th the design of .
millimetre-wave Quas@ptical Schottky Barrier Diod
recaver. Unfortunately, the mismaich obtained with
broadband antenna in that case was not that huge, sc
improvement was achieved.

The paper is organized as folbws. After this b
introduction, the CW THz emitter structure is presented.
photomker with its equivalent circuit and its main parame
will be shown. Next section will be cevoted describe the
meander dipole antenna and its behaviour. Matching, radi
and total efficiencies will be calculaed and a final de:
working at 1.05 THawill be presented and compared witt
similar logperiodic based CW THz emitter. Finally, bc
meander dipole and log-periodi@antenna emittersare
manufactured to compare therformance of both of the.

II. CW THZ GENERATION BY PHOTOMIXING

As outlined in the introduction, in the traditional approi
for CW THz generation by photomixing a THz current
generated in a semiconductor device using two heteroc
laser beams of photon energigsytwory,/2) (with the same
power, R/2, and polariation), differing in photon frequency t
the THz frequencywry, (beingh the Planck constant aiwg the
central frequency). As a first step, the heterodyned laser <
is absorbed on typical length scales shorter thum, i.e. much
shorter than the THavavelength. In the second step
resulting photocurrent is fed into an antenna, which then ¢
THz radiation [5]. A typical schematic of the CW TI
generation by photomixing device, can be seen on F

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

An interdigitated LTGaAs based photomixds used as the
non-linear device to generate fhidz signal. It consists of eig|
interdigitated fingers, with a finger gap = 1 um, and fin
width = 200 nm.Fig. 2(a) shows a SEM photograph of
device. The smaksignal equivalent circuit of Fig. 2(b) [11]
obtained, being C = 2fF the parasitc capacitance from
fringing fields between the 200 nm wide fingers and (
(10kQ)™ the conductance given bydVpc. The antenna
admittance Ya(®)) is alsoincluded in the equivalent circuit «
Fig. 2(b).
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I1l. M EANDERDIPOLE ANTENNA DESIGN

Fromthe antenna point of view only two parameters ca
optimized in order to maximize the THz emitted power:
radiation efficiency £.q) and themismatching factorN]). The
mismatching factor is defined with the-factor given by [17]:

4RR,
(R+R) +(x,+x,)

@

where Z=R,+jX, is the input impedance of the antenna
Z,=Ry+jX, is the input impedance of the photomi:

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

gant = grad DM onl (2)

This efficiency expresses how far the systis from the
ideal behaviour of the emitter. Maximizing this efficiency v
enhance the performance of the emitter and it is the key {
that we have used to optimize the design of the antenna
design is based on the AIA concept 4],[15]) and tries to
maximize the antenna efficiency as defined in E2). In its
design, both mismatchirfgctor and radiation efficiency must
be consideredWith the photomixer parameters mentior
before, the input impedancZy(w)=1/Y,(w)=1/(G+joC), Fig.
2(b)) is found to be 0.5j75.8 at 1.05 THz, so an antenna v
an input impedance 00.57+j75.8 at that frequency w
maximize the Eqn. (1). This low value of the real part
relative high value of the imaginary part are very difficult tc
simultaneously obtained with a simple resonant ant

@) (b)

Fig. 2. (a) SEM photograph of the interdigitated -GaAs photomixer and (b) its
equivalent circuit.

Meander dipole antenna is similar to a dipole whits
radiating part is bent to a nean shape in order to reduce the
antenna size [13 A schematic of it withits main design
parameters can be seen on Fig. 3(a). Traditionally, this an
is used to reduce the antenna size (antenna miniaturizatiol
in systems that need a vely high valuethe input impedance,
since this antenna provides higher values put impedance at
its resonance (Fig. 3(bdhani-dipoles or dual-dipoles [13]. In
the THz region, this antenna has been used under the ne
"folded dipole" to obtain a very high input impeda
[19]-[22]. In all previous works, the antenna is workirt its
main resonance frequency (thus showing a high resistive
impedance). None of themtry to maximize th-factor and no
attention is focused neither in the imaginary part of the i
impedance nor the radiation efficien The novelty that we
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have pursued in the present work with the meander d
antenna rises from using it out of its main resonance re
[15], as at lowefrequencies than its resonai it exhibits a low
real part and an inductive behaviour (shown Fig. 3(b),
frequency rage from 0.9 THz to 13 TF) suitable for
matching it with the photomixecapacitive behavio. With
such design, we expect to achieve a conjugate mat
between the antenna and the photomixer without any addit
element, increasing the mismatchingtfe.c The antenna will
show the optimal input impedance tc the photomixer, s
integrated active antenna is obtained][Xccording to [14]
and [13, this design philosophy will improve the syste
parameters and the merit figure of theoverall transir.

Antenna Impedance

- —ReZ, J\
g 8%)[---mZ, / \
8
w £ 400 \
o JF !
0 S 200 e
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d g 0 -ﬂc\{;\'ﬂ e A\
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L . L%
408.5 06 070809 1 111213 14 1.

Frequency [THz]
(@ (b)
Fig. 3 Meander dipole antenna: (a) Schemaic and main paran (b)
Simulated input impedance of a meandered dipole antenna ove-infinite
silicon substrate with parameters: L = 37 uns &5 um, d =2 um, D = 105.5
um and 9 bends per arm.

A. Parametric study

In order to analyze the effect of 2ach parameter on
antenna efficiency, several simulations have bdone and
results can be seen on Fig. 4 akdy. 5. Full-wave
electromagnetic simulator CST Microwave Stu has been
used in order to carry out the simulatioS8icon semi-infinite
substrate was set as background material in order to r¢
computational time [12]. Both the migtchin¢ factor and the
radiation efficiency are shown, as well as the antennciency
(Ean. (2), assumingy = 1).

The design parameters of the meander dipole antenn
(see Fig. 3(a)): the length) the width w) of the arms, the
separation between therd) (@nd the number of bendSome
conclusions can be extracted from these simulatiorL
parameter changes the resonant frequency of the me
antenna: the higher the value bfthe lower the resona
frequency (larger size of the antenna).In addition, the close
lines of the meander dipole teanna (lower value od), the
lower the radiation efficiency. This is due to the fact f
currents have opposite directions so they cancel each
[13]. It is important to keep enough space between line
order to have a relatively high value oftradiation efficiency.
Regarding the number of bends, it has been noticed that
number of bends higher than 3 (total length of the dipol&)>
neither the input impedance nor the radiation efficiency chi
significantly. Finallyw does not have amportant role in botl
efficiencies and can Heept constant on optimizatic

It is important to highlight that radiction efficiency kes a

5

IEEE Transactions on Antennas & Propagation

relatively high value up to frequencies lower than 2/3 o
main resonance frequency. In all the above simuns, main
resonance is located somewhere close to 1.5 THz (se3(b))
and our design frequency .05THz.
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IV. 1.05THzZ PROTOTYPE

Finally, a prototype wo'king at.05 THz as a LO for a
radioastronomy heterodyne detector was designed and
manufacturedThe main parameters eL = 37 umw = 3.5 um,
d=2 um,D = 105.5 um and 9 bends per arm (Fig.
Separation between the middle arm and the following nex
or down) wasfixed to 3.5 um to keep enough space for
photomixer deviceSimulated input impedance can be see
Fig. 3(b). With such antenna antenna efficiency of 7.05% at
1.05 THz is estimated, with matching and radiation efficien
equal to 14.73% and 47.83% respectiveFor the sake of
comparison, a sefemplementarnylog-periodic antenna [18]
was designed and its antenna efficiency cated. Its
maximum and minimum dimensions are 200 um and 1C
respectively. In contrast with the meander dipole desi
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broadband antennas exhibit an almost constant impedance with
frequency (self-complementary antennast/66 for the real

part and O for the imaginary part [17]), so little improvemen
can be achieved in the matching efficiency. In this seco
antenna emitter, an antenna efficiency of 1.73% is estimat
with matching efficiency equal to 2.01% and radiatio
efficiency equal to 86.03%. Fig. 7 shows the simulated pow
improvement obtained with the meander dipole antenna emit

given by ™ / €27 . A 6 dB improvement at 1.05 THz is

(@ (b)
expected with the meander dipole antenna. Fig. 6. Photograph of the manufactured antennas integrated with the LT-GaAs

photomixer device. (a) Meander dipole antenna and (b) Log-Periodic antenna.

d variation

02 — oo A typical CW THz photomixing measurements setup was

B =008 utilized to characterize the emitted power. It consists of two 850

§015 d=0112 A nm lasers that illuminate the photomixer device. THz frequency
3 '9'3 o \ is tuned and THz emitted power is measured from 80 GHz up to
& 0.1 i 2 THz. The photomixer output THz frequency depends on the

'_ci ?J \ /‘\ frequency of the two lasers impinging over it. In the

2005 \ \ measurements shown in Figure 8, the frequency of one of the
AQ . %\ N lasers remains constant while the other is changed to obtain the

_‘5 06 070809 1 1112131715 deswed_ output THz_frfequency. This frequency change can be
Frequency [THz] done either by modifying the current or the temperature of the

@ laser. The THz radiation emitted by the antenna with the lens is,

d variation . . .
1 first, chopped with an optical chopper and then beam focused
el with two parabolic mirrors. The THz signal impinges a
§O'8 d=0.112 diamond window Golay cell connected to a lock-in amplifier
é 06 'e'dfo-m ¥ which uses as the reference signal the chopper one. Measured
= e output power with both meander and log-periodic antenna
204 - o emitters are shown in Fig. 8.
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Fig. 7. Emitted power improvement when comparing meander dipole antenna
(©) with log-periodic antennaé(:"'fanuler / 52;?_*( ).

Fig. 5.d variation. (a) Matching efficiency, (b) radiation efficiency and (c)

antenna efficiency. w = 0.044L = 0.44..

Frequency [THz]

It can be observed that at 1.1THz a maximum in the emitted
Two antenna emitters, one with the meander dipole anterpwer with the meander antenna emitter is obtained (0.26 uW).
and other with the log-periodic antenna were manufactured.lfnwe compared both power measurements (meander and
both of them, the same photomixer structure (Section Il) afeg-per antenna emitter) the plot in Fig. 7 is obtained. A small
the same lens (10 mm diameter hyperhemispherical highift from 1.05 THz to 1.1THz can be appreciated but the power
resistivity silicon lens) were used. It is worth to highlight thatmprovement is more or less the same (6 dB). In addition, the
the main challenge with the meander dipole antenna is that isigwulated quality factor (Q-factor) is 18.33, while the measured
a highly resonant antenna, so a small variation in ttene is 10.11. This Q-factor decrease is due to the fact that
manufacturing process or in the permittivity of the materigddditional losses not contemplated in the simulations such as
would change its performance. losses in the silicon dielectric are occurring.
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Meander Dipole Antenna to Increase CW THz second one consists on an electro-optical down-conversion

Photomixing Emitted Power ("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
Abstract—The success in conquering the Terahertz (THz) gap is Photo-induced charge carriers generated within a large
subject to some facts such as maximizing the emitted power. semiconductor area.
Traditionally resonant antenna designs for Continuous-Wave Photomixing is nowadays one of the most commonly used
(CW) THz photomixing include a RF choke to compensate the gystems to generate CW THz signals due to its broadband
capacitive part of the photomixer and an antenna with a very high -, 16 and its reasonably high output power. It consists of two

input impedance at its resonance to match the low value of the | ki diff f . d hich
photomixer conductance. This paper considers that the antenna '2S€r'S WOrking at two different frequenciesandw, which are

itself can provide this large impedance margin needed to directly Spatially overlapped to generate a THz beatnote. These lasers
match the photomixer, so that the RF choke can be avoided. The are then used to illuminate an ultrafast semi-conductor material

meander antenna constitutes an excellent candidate to achieve(lll-V family) such as GaAs. An applied electric field allows
that goal based on the Active Integrated Antenna concept 0 the conductivity variation to be converted into a current which
improve both matching and radiation efficiencies. The main o 4 qiated by an antenna. The frequency of this current is the

objective is to maximize the total efficiency and, asaconsequence,d_ﬁ b both | f ; _
the THz emitted power. A prototype working at 1.05 THz is dilference between both laser frequencies.{= w;-w;). A

designed and manufactured and results show a 6 dB output power typical CW THz photomixing emitter consists on a
improvement when compared with a conventional log-periodic semiconductor device (photomixer), a planar antenna
antenna. (broadband or resonant one depending on the application) and a
) N silicon hyper-hemispherical lens to increase the directivity and
Index Terms—Active Integrated Antenna, CW Photomixing,  ayoid substrate reflections [9]. Traditionally, photomixing is
Meander Dipole Antenna, THz used in broadband applications such as spectrometry because of
its high frequency tunability, so broadband antennas are
| INTRODUCTION preferre_d. However, itis also utilized as signal generator for LO
) ) _ . on receivers [10]. In that case, a resonant antenna would be
MAXIMIZING THz emitted power is one of the hot topics iny,re suitable.

the electronic and photonic communities nowadays [1], [2]. |, [11], authors proposed a methodology to design resonant

THz waves have been presented as one of the most promisiigennas to increase output power, which is the one that

research lines due to its unique capabilities. Extremely shogsearchers designing THz photomixer based antenna emitters
pulses, capable of obtaining high spatial resolutions, goiRg,gitionally follow [10],[12]. Photomixers have a relatively
across I|ght opaque materials and wsuah;mg and identifying,, capacitive susceptance that is compensated with a RF
microscopic structures by spectral analysis, can be generaigthye. In addition, they exhibit a very low conductance value
Theoretically THz waves can f_md a lot of ap_pllcafuons t_hzitypica”y lower than (10R)™), so a resonant antenna with a
range from radioastronomy, to imaging, security, biomedicalery high input impedance at its resonance would be desirable.
industrial, etc [1]. However, the low power that current devic&gith this approach, at least two components should be
can generate at these frequencies is the main drawback ©iafa ately designed to be finally joined together: the RF choke
these applications are finding to be developed. The powgs the antenna. Several attempts have been followed to design
increase at THz frequencies in room temperature is then a ké\annas with a very high value of its input impedance at its
issue [3]. _ resonance [11],[12] to be included in CW THz photomixing

Two main approaches are being followed to generate Thiz,jices. But all of them include the RF choke to compensate
waves at room temperature [1]. The first one is a purefye capacitive susceptance, so the design of the overall structure
electronic approach based on up-conversion [4] while the somehow complicated.

In this paper we propose for the first time in the THz gap the

Manuscript received 21, February, 2014. The work of J. Montero-de-PH€ander dipole antenna [13] as a solution to compensate both
was supported by the Spanish Education Minister under the program Feie capacitive susceptance and the conductance of the
(AP2009-4679). The work of E. Ugarte-Mufioz was supported by the Spanigihotomixer in a single element. The antenna design approach is
Economy Minister under the program FPI (BES2010-037676). This work was .
also supported HOTSOINEHESDIZ00E0065. ased on the Active Integrated Antenna (AIA) concept [14],

J. Montero-de-Paz, E. Ugarte-Mufioz, L. E. Garcia-Mufioz and [15] to improve both the matching and the radiation

Segovia-Vargas are with the Departamento de Teoria de la Sefialefficiencies. The novelty of this work is that we forced the
Comunicaciones, Universidad Carlos Il de Madrid, Leganés, 28911 Spain der dipol t t K out of it . t
(phone: +34 916246214, fax: +34 916248749; e-mail: jmontero@ tsc.ucam.Hi€ANAEr dipole antenna to work out of Its main resonance, a

legarcia@tsc.uc3m.es, dani@tsc.uc3m.es). lower frequencies, where it exhibits a clearly inductive

I. Camara Mayorga is with the Max-Planck-Insitut fiir Radioastronomiggehaviour. _|owed
e gt o ey e Gemant e independently of the photomixer used and it consists on tryin
imayorga@ mpifr-bonn.mpg.de) ying
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1

2

3

4 This same

> approach has also been followed in][@6th the design of .

6 millimetre-wave Quas@ptical Schottky Barrier Diod

7 recaver. Unfortunately, the mismaich obtained with

8 broadband antenna in that case was not that huge, sc

9 improvement was achieved.

10 The paper is organized as folbws. After this b

11 introduction, the CW THz emitter structure is presented.

ig photomker with its equivalent circuit and its main parame

14 will be shown. Next section will be cevoted describe the
meander dipole antenna and its behaviour. Matching, radi

15 S : . ,

16 and Fotal eff|C|enC|es.W|II be calculared and a final dg:

17 working at 1.05 THawill be presented and compared witt

18 similar logperiodic based CW THz emitter. Finally, bc
meander dipole and log-periodiantenna emittersare

19

20 manufactured to compare therformance of both of the.

g; [I. CW THZ GENERATION BY PHOTOMIXING

23 As outlined in the introduction, in the traditional approi

24 for CW THz generation by photomixing a THz current

25 generated in a semiconductor device using two heteroc

26 laser beams of photon energl{moimTHZIZ) (with the same

27 power, R/2, and poldeation), differing in photon frequency t

28 the THz frequencywry, (beingh the Planck constant aiwg the

29 central frequency). As a first step, the heterodyned laser <

30 is absorbed on typical length scales shorter thum, i.e. much

31 shorter than the Hz wavelength. In the second step

32 resulting photocurrent is fed into an antenna, which then ¢

33 THz radiation [5]. A typical schematic of the CW TI

34 generation by photomixing device, can be seen on F

35

36

37

38

39

40

41

42

43

44

45 Fig. 1. Schematic of the CW THz photomixiagtenna emitt. Two optical

46 lasers impinge in the photomixer device which s integrated with an an

47 over GaAs subst'rate (gree_:n part). A _silicc_)n_ lens blue part) is included to

48 substrate reflections and increase directivity [9].

49 An interdigitated LTGaAs based photomixéds used as the

50 non-linear device to generate fhidz signal. It consists of eigl

51 interdigitated fingers, with a finger gap = 1 um, and fin

52 width = 200 nm.Fig. 2(a) shows a S=M photograph of -

53 device. The smaksignal equivalent circuit of Fig. 2(b) [11]

54 obtained, being C = 2fF the parasitc capacitance from

55 fringing fields between the 200 nm wide fingers and (

56 (10kQ)™ the conductance given bydVpc. The antenna

S7 admittance Ya(w)) is ako included in the equivalent circuit

S8 Fig. 2(b).

59

60
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I1l. M EANDERDIPOLE ANTENNA DESIGN

Fromthe antenna point of view only two parameters ca
optimized in order to maximize the THz emitted power:
radiation efficiency £.q) and themismatching factorN]). The
mismatching factor is defined with the-factor given by [17]:

4RR,
(R+R) +(x,+x,)

@

where Z=R,+jX, is the input impedance of the antenna
Z,=Ry+jX, is the input impedance of the photomi:

The antenna efficiency can then befined as the product of
these two efficiencies and the polarization efficiersyy) [18]:

‘gant = ‘grad DM |}‘pol (2)

This efficiency expresses how far the systis from the
ideal behaviour of the emitter. Maximizing this efficiency '
enhance the performance of the emitter and it is the key f
that we have used to optimize the design of the antenna
design is based on the AIA concept 4],[15]) and tries to
maximize the antenna efficiency as defined in ER). In its
design, both mismatchirfgctor and radiation efficiency must
be consideredWith the photomixer parameters mentior
before, the input impedancZ,()=1/Y (o) EHICHOeN Fig.
2(b)) is found to be 0.5j75.8 at 1.05 THz, so an antenna v
an input impedance 00.57+j75.8 at that frequency w
maximize the Egn. (1). This low value of the real part
relative high value of the imaginary part are very difficult tc
simultaneously obtained with a simple resonant ant

@) (b)

Fig. 2.(a) SEM photograph of the interdigitated -GaAs photomixer and (b) its

equivalent circuit.

Meander dipole antenna is similar to a dipole whits
radiating part is bent to a nean shape in order to reduce the
antenna size [13 A schematic of it withits main design
parameters can be seen on Fig. 3(a). Traditionally, this an
is used to reduce the antenna size (antenna miniaturizatiol
in systems that need a vely high valuethe input impedance,
since this antenna provides higher values put impedance at
its resonance (Fig. 3(bjhani-dipoles or dual-dipoles [13In

"folded dipole” to obtair a very high input impeda
impedance). None of themtry to maximize th-factor and no
attention is focused neither in the imaginary part of the i

INBEEERCENOIAENEEIRIORISHEER The novelty that we
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have pursued in the present work with the meander d

antenna rises from using it out of its main resonance re
[15], as at lowefrequencies than its resonai it exhibits a low
real part and an inductive behaviour (shown Fig. 3(b),

frequency rage from 0.9 THz to 13 TF) suitable for
matching it with the photomixecapacitive behavio. With

such design, we expect to achieve a conjugate mat
between the antenna and the photomixer without any addit
element, increasing the mismatchingtfec The antenna will
show the optimal input impedance tc the photomixer, s
integrated active antenna is obtained][Xccording to [14]
and [13, this design philosophy will improve the syste
parameters and the merit figure of theoverall transir.

Antenna Impedance

- —ReZ, J\
g 8%)[---mZ, / \
8
w £ 400 \
o JF !
0 S 200 e
E B
d g OJ\{‘\*" Sl ‘\
5 = lI
< 1
1 < 200 1
‘a
13

S -408

W
506070809 1 1112131415
Frequency [THz]

(@
Fig. 3 Meander dipole antenna: (a) Schemaic and main paran (b)
Simulated input impedance of a meandered dipole antenna ove-infinite
silicon substrate with paramete/ SISO NINNDESOE 5
m.

A. Parametric study

In order to analyze the effect of 2ach parameter on
antenna efficiency, several simulations have bdone and
results can be seen on Fig. 4 akdy. 5. Full-wave
electromagnetic simulator CST Microwave Stuthas been
used in order to carry out the simulatioS8icon semi-infinite
substrate was set as background material in order to r¢
computational time [12]. Both the migtchin¢ factor and the
radiation efficiency are shown, as well as the antenna effic
(Ean. (2), assumingy = 1).

The design parameters of the meander dipole antenn
(see Fig. 3(a)): the length) the width w) of the arms, the
separation between therd) (@nd the number of bendSome
conclusions can be extracted from these simulatiorL
parameter changes the resonant frequency of the me
antenna: the higher the value bfthe lower the resona
frequency (larger size of the antenna).In addition, the close
lines of the meander dipole antenna (lower valued), the
lower the radhtion efficiency. This is due to the fact tf
currents have opposite directions so they cancel each
[13]. It is important to keep enough space between line
order to have a relatively high value ofthe radiation efficie
Regarding the numbef bends, it has been noticed that fc
number of bends higher than 3 (total length of the dipol&)>
neither the input impedance nor the radiation efficiency chi
significantly. Finallyw does not have an important role in b
efficiencies and can Heept constant on optimizatic

It is important to highlight that radiction efficiency kes a
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relatively high value up to frequencies lower than 2/3 o
main resonance frequency. In all the above simulations,
resonance is located somewherese to 1.5 THz (see Fig. 3(b))
and our design frequency .05THz.

L variation

—L=038
B-L=041 3
0.15 L=0.44% 1 My
©-L=0470 §
L=0.51 r\

BaaR g

YUAR
DTN SN

it M
06 070809 1 1112131415
Frequency [THz]

Matching Efficiency
o

o

=

§

W

L variation

N

— L =038
L= 0412
L =0.442. =
-©-L=0470 =
L =055

o
o)

i

Radiation Efficiency
o o
S @®
\\

\\\:

— ’-f"
e
8.5 06 07 0809 1 1112131415
Frequency [THZz]

L variation

=

—L=0381
B-L=041n| , AN
L=044r| || [¥]
-©-L=0471
L=05. [0V

e

P
[ -
/ /f—" —t

| —Een Y|

[ . P— =
506070809 1 1112131415
Frequency [THz]

Antenna Efficiency [%]
o0 =2 N W A O N O o

IV. 1.05THzZ PROTOTYPE

Finally, a prototypeworking at .05 THz as a LO for a
radioastronomy heterodyne detector was designed and

manufacturediiINGINDaIGSICISIEIS RIS
d=2pumD = 1055 pm and 9 bends per arm (Fig.
Separation between the middle arm and the follg next (up
or down) wasfixed to 3.5 um to keep enough space for
PRGIEMREMERE:S mulated input impedance can be see
Fig. 3(b). With such antenna an antenna efficiency of 7.05

1.05 THz is estimated, with matching and radiation efficien

equal to 14.73% and 47.83% respectiveFor the sake of
comparison, a sefemplementarnylog-periodic antenna [18]
was designed and its antenna efficiency calculatlts

maximum and minimum dimensions are 200 um and 1C
respectively. In contrast with he meander dipole design,
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broadband antennas exhibit an almost constant impedance with
frequency (self-complementary antennast/66 for the real

part and O for the imaginary part [17]), so little improvemen
can be achieved in the matching efficiency. In this seco
antenna emitter, an antenna efficiency of 1.73% is estimat
with matching efficiency equal to 2.01% and radiatio
efficiency equal to 86.03%. Fig. 7 shows the simulated pow
improvement obtained with the meander dipole antenna emit

given by ™ / €27 . A 6 dB improvement at 1.05 THz is

expected with the meander dipole antenna. -GaAs
tenna.
d variation
0.2 T —
—d =0.05% . ..
B4 =008 ) A typical CW THz photomixing measurements setup was
g 0151 -0-d=0.11a utilized to characterize the emitted power. It consists of two 850
3 '9'3 o n \ nm lasers that illuminate the photomixer deViGEIEZIIGHEcNCY
oo S upto
= L /‘\ n the
\ frequency of the two lasers impinging over it. In the
A measurements shown in Figure 8, the frequency of one of the
M/‘ A, Y N

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

[B88I. The THz radiation emitted by the antenna with the lens is,

r. ; 1 i ==
8.5 06 070809 1 1112131415
Frequency [THz]

d variation

N

;g:ggg; ? — first, chopped with an optical chopper and then beam focused
§°'8 ~-d=0112 ] with two parabolic mirrors. The THz signal impinges a
é 0l S d=014 pred diamond window Golay cell connected to a lock-in amplifier
u L )!/ which uses as the reference signal the chopper one. Measured
S04 / 7 - output power with both meander and log-periodic antenna
5 r~ el 3 . .
g / ""/ - emitters are shown in Fig. 8.
& 0.2.’-’—'j """ ',
wc / 5 H H H H H : I. : . .
B50607 0808 1 1112131415 - : : : : i |===Simulation
Frequency [THz] o {0 1 i I |==—=Measurement
E - IR I
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©

Two antenna emitters, one with the meander dipole antenna
and other with the log-periodic antenna were manufactured. Inlt can be observed that at 1.1THz a maximum in the emitted
both of them, the same photomixer structure (Section Il) am@wer with the meander antenna emitter is obtained (0.26 pW).
the same lens (10 mm diameter hyperhemispherical hitfrwe compared both power measurements (meander and
resistivity silicon lens) were used. It is worth to highlight thalog-per antenna emitter) the plot in Fig. 7 is obtained. A small
the main challenge with the meander dipole antenna is that isfft from 1.05 THz to 1.1THz can be appreciated but the power
a highly resonant antenna, so a small variation in thigprovement is more or less the same (6 dB). In addition, the
manufacturing process or in the permittivity of the materisgimulated quality factor (Q-factor) is 18.33, while the measured
would change its performance. one is 10.11. This Q-factor decrease is due to the fact that
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(61

additional losses not contemplated in the simulations suchl[8s S. Preu, G.H. Dohler, S. Malzer, L.J. Wang, H. Lu, and A.C. Gossard,
losses in the silicon dielectric are occurring “Tunable, Continuous Wave Terahertz Photomixer Sources and

Applications” (review article), Journal of Applied Physics 109,
061301-1-56, 2011.

[6] H.W.Hubers, S. G. Pavlov, A. D. Semenov, R. Kéhler, L. Mabie,
"Terahertz quantum cascade laser as local oscillator in a heterodyne
receiver,"Opt. Express, vol. 13, no. 15, pp. 5890-5896, 2005.

: 3 Lo I [7]1 B. S. Williams, “Terahertz quantum-cascade lase¥ature Photonics,

: i i |===Log Periodic vol 1, pp. 517-525, September 2007.

[8] G.H. Dohler, L.E. Garcia-Munoz, S. Preu, S. Malzer, S. Bauerschenidt,
al, "From Arrays of THz Antennas to Large-Area Emittef&gf'ahertz
Science and Technology, |EEE Transactions on, vol. 3, no. 5, pp.
532-544, September 2013.

[9] D. B. Rutledge, D. P. Neikirk, and D. P. Kasilingam, “Integrated circuit
antennas,” Infrared and Millimeter Waves. New York: Academic, 1983,
vol. 10, pp. 1-90.

[10] I.C. Mayorga, A. Schmitz, T. Klein, C. Leinz, R. Gusten, , "First In-Field
Application of a Full Photonic Local Oscillator to Terahertz Astronomy,"
Terahertz Science and Technology, |EEE Transactions on, vol. 2, no. 4,
pp. 393-399, July 2012.

[11] S.M. Duffy, S. Verghese, K. A. Mcintosh, A. Jackson, A.C. Gossard, S.
Matsuura, "Accurate modeling of dual dipole and slot elements used with

- photomixers for coherent terahertz output powdfitrowave Theory
102 103 and Techniques, |EEE Transactions on , vol. 49, no. 6, pp. 1032-1038,
June 2001.
Frequency [GHZ] [12] T. Nguyen, and I. Park. "Resonant antennas on semi-infinite and lens

 dipole st_Jbstra_tes at terahertz_frequen@dhvergence of Terahertz Sciencesin
“ Biomedical Systems, Springer Netherlands, pp. 181-193, 2012.
' [13] T. Endo, Y. Sunahara, S. Satoh, and T. Katagi, "Resonant Frequency and
Radiation Efficiency of Meander Line Antennas'Electronic
Communicationsin Japan (Part 2), Vol. 83, No. 1, pp. 52-58, 2000.
V. CONCLUSIONS [14] K. Chang, R. A. York, P. S. Hall, and T. Itoh, "Active Integrated

. . Antennas"| EEE Trans. Microwave Theory and Techniques, Vol. 50, No.
Meander dipole antenna has been presented as a solution to 3, pp. 937-944, 2002.
match both capacitive susceptance and conductance [ g- S??OVI;-Va[jgas, BD- %%Str%-ialténi IFE- E. _Gar;iat-'\:l]uﬁ%, ;nd tY-
. . . A . A onzalez-Posadas, "Broadban Clive Recelving Patch wi esistive
phqto_rmxer; .Whlle malntqlnlng a relatively high value of Equalization"|EEE Trans. Microwave Theory and Techniques, Vol. 56,
radiation efficiency. To achieve such goal, we force the antenna No. 1, pp. 56-64, 2008.

to work out of its main resonance, at lower frequencies, whergli¢] J. Montero-de-Paz, . Oprea, V. Rymanov, S. Babiel, L. E. Garcia-Mufioz,
exhibits an inductive behaviour et al, "Compact Modules for Wireless Communication Systems in the

. . R . E-Band (71-76 GHz)"Journal of Infrared, Millimeter, and Terahertz
With this approach, there is no need to include a RF choke, waves, Volume 34, Issue 3-4, pp 251-266, April 2013.

so the design of an antenna for CW THz based on photomixiiig] R. E. Collin,Foundationsfor microwave engineering, Wiley. com, 2007.
is simplify to just the design of the meander dipole antenna. %] S\}ilsag"siiﬁsm%’;afheory' Analysis and Design, 2nd Edition, John
joint design process of the antenna is proposed where b Y . :
matching and radiation efficiencies (AIA concept) are taken

into_account |CHDIGROSEUNERICHRENIESIGRICARNDENIO) 0 cd -
independently of the photomixer used and it consists on tryi ed
to maximize the radiated power obtained from it. for
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 t nd M.
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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