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RESUMEN

El objetivo de esta tesis es el diseño y construcción de generadores
de señal de terahercios basados en fotomezcladores de bajo coste y que
funcionen a temperatura ambiente. Como se explica en la introducción,
existen muchas aplicaciones potenciales a frecuencias comprendidas en-
tre los 100 GHz y 1.000 GHz. Propuestas en el campo de la seguridad,
radioastronomía y medicina, entre otros, han sido consideradas y evalua-
das. Algunas de ellas han comenzado a ser explotadas comercialmente,
por ejemplo, en la detección de armas y explosivos ocultos en puestos de
control y seguridad. No obstante, todavía existe un nicho, el de la elec-
trónica de consumo (comunicaciones, entretenimiento, etc), en el que las
frecuencias de esta banda no son utilizadas por su alto coste.

En una primera parte, se analizan distintos tipos de antenas plana-
res que son especialmente atractivas para ser integradas con dispositivos
fotomezcladores generadores de terahercios. El efecto de los sustratos
semiconductores en sus propiedades de radiación es analizado en pro-
fundidad. Así mismo, se estudian las principales familias de dispositivos
fotomezcladores.

A continuación, se propone el uso de antenas dieléctricas combina-
das con este tipo de fuentes. Con esto, se pretende evitar el uso de lentes
dieléctricas de alto costo sin reducir drásticamente la cantidad de po-
tencia de terahercios radiada por la fuente. Se propone un diseño de
antena dieléctrica que permitiría aprovechar el ancho de banda de este



tipo de generadores, comenzando en los 50-60 GHz hasta por encima del
terahercio.

Este tipo de antenas dieléctricas ofrece la posibilidad de combinar va-
rios generadores a fin de cumplir dos objetivos: incrementar la potencia
disponible y escanear electrónicamente en uno o dos planos. Se propo-
ne el uso de nanotubos de carbono para la realización de desfasadores
controlados electrónicamente, componente imprescidible para arrays de
escaneo electrónico.

Finalmente, se estudia la capacidad de este tipo de antenas de ac-
tuar como acoplos de campo cercano en resonadores. Como ejemplo de
aplicación, se propone su uso en un receptor de terahercios cuya sensibi-
lidad, no limitada por el ruido térmico, llega al límite cuántico, esto es,
la detección de fotones de terahercios.
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ABSTRACT

The objective of this thesis is the design and manufacturing of room-
temperature cost-affordable terahertz sources based on photomixing. As
explained in the preface, there are many potential applications for fre-
quencies between 100 GHz and 1 THz. Many of them, specially in the
fields of security, radioastronomy, and medicine have been deeply studied
and evaluated. Some of them have led to already available commercial
products, e.g. in hidden weapons and explosives detection in security
controls. Nevertheless, there are many consumer-oriented applications
related with communication and entertainment industry that cannot be
implemented because of the actual costs of terahertz systems.

Firstly, some planar antenna topologies appealing for photomixing
sources are shown. The effect of the semiconductor substrates on its
radiation properties is theoretically analyzed. Also, the main families of
terahertz photomixing sources are described.

Secondly, the use of dielectric antennas in combination with pho-
tomixing sources is proposed. This allows to reduce costs without a
drastic decrement of the radiated power. An utra-wideband design that
could allow us to take advantage of the photomixers bandwidth (from
50-60 GHz up to beyond the terahertz) is presented.

Thirdly, the combination of many sources in array configurations
is proposed. It allows us to accomplish two objectives: increasing the



available terahertz power and 1D or 2D beam steering. A novel phase
shifter made of carbon nanotubes is presented, since such component is
critical for the development of a electronically steerable array.

Finally, the use of this family of dielectric antennas as a near field
coupler for dielectric resonators is studied. A room temperature photon-
counting teraherz receiver is proposed as an example of application. This
receiver is limited only by a quantum limit, which gives the theoretical
maximum achievable sensitivity for a receiver.
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PREFACE

I always wanted to be a researcher. Since I was a child, I enjoyed
disassembling and re-assembling things, specially electronic devices. I
remember how astonished I was in the way things are designed to solve
problems and needs for the mankind. Every artificial object around us
is the result of a creative process, which starts in a necessity or a de-
sire. Curiosity can also become a powerful need that must be satisfied
when the pruritus raises. Applied technology to sciences has seemed to
me a consequence of the human nature which pushes us beyond known
boundaries. I was lucky to be born in a time where both Sci-Fi in-
spiration and discarded consumer electronics started to be universally
available as boosters for my motivation.

My affiliation with Carlos III University of Madrid Radiofrequency,
Electromagnetics, Microwaves & antennas (GREMA) research group
started in 2007, when I offered helping on “bringing to recycle” old and
broken Hewlett-Packard instrumentation equipments. Those were com-
ponents of two HP8410 modular network analyzers. Now, they are part
of a modest personal collection which includes scopes, generators, spec-
trum analyzers, a logic analyzer, power sources, a vector signal analyzer,



programmers, among other tools. They still serve me well for my own
projects: a 2.5 km rural data radio link, a fully-automated orchard with
moisture data gathering, ham experiments, etc. Eventually, they were
useful during the experimentation carried out for this thesis.

Collecting all these old devices pointed me somehow as a candidate
for a grant on which I started manufacturing RF circuits and antennas,
both for teaching an research. After my bachelor studies, I enrolled as
a Master and, afterwards, as a Ph.D student in the field of (initially)
radiastronomy and (finally) terahertz antennas. Potential of terahertz
waves [1, 2] in medical-related applications [3–8] aimed me to go into
details of power generation. Nowadays, there is one mayor issue in this
promising research field: the lack of high-power, continuous wave (CW),
coherent, compact and room-temperature THz sources.

0.1 State of art

Fig. 1 summarizes the state-of-the-art in power generation in the
so called “terahertz gap”, it means, frequencies starting from 100 GHz
to 10 THz. There are a wide variety of technologies in both microwave
and infrared frequencies. Existent technologies for both regions of the
spectrum cannot operate in the THz band without a significant reduction
in power and/or efficiency.

At lower region of THz band, solid state devices, such as Gunn diodes,
IMPATT diodes and resonant tunneling diodes (RTDs) have roll-offs
of 1/f2 (straight function Pf2 = cte on Fig. 1) [9–15]. Frequency
multipliers [10, 16] can improve the power lever but they are extremely
inefficient. Starting for already available sources at tens of GHz they
reach the THz range by series of doublers or triplers [2, 11, 17]. By
increasing the number of concatenated frequency multipliers efficiency
drastically decreases [16, 18]. Furthermore, these sources have a limited
bandwidth and a poor noise performance. In a ideal frequency multiplier,
the minimum carrier-to-noise (CNR) degradation ∆CNR in dB is [16]

∆CNR = 20log10(n) (1)
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Figure 1: Main THz sources and their output power [9].

where n is the frequency multiplication factor. This makes this technol-
ogy dependent on cryostat systems for applications where the noise level
is critical.

On the other hand, lasers and optical down converters has been pro-
posed as an approach from the higher region of the THz gap. Since
there are not available materials with adequately small band gap ener-
gies (4.14 meV at 1 THz), unless considering artificial engineered ma-
terials [19, 20], only quantum-cascade lasers (QCLs) [19] or CO2 [2, 21]
lasers are able to reach terahertz frequencies with power levels of few
hundreds of milliwatts [19]. For CO2 lasers, frequency is limited both by
resonant frequencies of the molecules and laser cavity. An CW output
power above 1 W has been achieved [22].

QCLs can operate either in a pulsed or CW regime at cryogenic
temperatures covering a frequency range of 0.84 THz to 5 THz [23–25].
Operation temperatures of 200°K at 3.2 THz has been achieved [26].
A QCL working at room temperature achieved a power 8.5 µW at 4
THz [27]. Tunability is usually limited by the QCL chip itself [28].

Optical down converters are able to achieve wide THz bandwidth [29].

3



Nonlinear crystals are used for obtaining tunable monochromatic sources
with high spectral resolution by different techniques, such as difference
frequency generation (DFG) or THz parametric oscillators [30–32]. It is
also possible to generate THz waves by optical rectification. Achieved
power level is low, but high tunability is feasible [29].

This thesis is devoted to CW photomixer-based terahertz sources.
Despite their achieved power level is lower than other technologies (of
few µW as seen in Fig. 1) they have appealing characteristics that turn
photomixing into an enabling technology for many applications inside
the THz gap. They can operate at room temperature [2], either in CW
or pulsed regimes. They are potentially broadband, being able to achieve
scanning ranges from 60 GHz to 1.8 THz what makes them suitable for
wideband spectroscopy applications [33]. Even ranges of more than 5
octaves has been reported [34]. Since they are low noise sources [35]
they are appealing for low-noise broadband local oscilators, as required
in radioastronomy applications [35] and mm- and sub-mm wave high-
rate data transceivers [36]. A superconductor-insulator-superconductor
(SIS) receiver with a noise temperature of 170°K at 450 GHz is reported
in [35]. Low-range wireless communications at data rates as high as
16 Gb/s (error-free) in the 300 GHz band has been reported [37] us-
ing uni-traveling-carrier (UTC) photodiodes (PDs). Low-cost opens the
door to many consumer-oriented applications, such as local area net-
works (LANs), wireless personal area networks (WPANs), device-to-
device communications, nano cells of utra-high data rate, chip-to-chip
communication, among others. Regulation and standardization efforts
have been already initiated for this frequency range [36,38].

The main goal of this thesis is to achieve a cost-affordable CW tera-
hertz source that could enable applications mentioned above.

0.2 Introduction to photomixing

In a photomixer-based terahertz source (Fig. 2), two lasers of dif-
ferent wavelengths λ1 and λ2 and powers P1 and P2 are focused in the
semiconductor device. Assuming λ1 < λ2 their frequencies can be ex-
pressed as ν1 = ν0 + νTHz/2 and ν2 = ν0 − νTHz/2, respectively, being
ν0 the central frequency and νTHz the frequency difference that can be
calculated with the following expression

4



Figure 2: Schematic picture of an antenna emitter (AE). The two
lasers beams (orange) are focused onto the small semiconductor device
between the arms of a log-periodic antenna (pear). The THz radiation

(red) is emitted into the wafer (blue-violet), transmitted into the
hyper-hemispherical lens (gray) and, finally, radiated into the air.
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νTHz =
c(λ2 − λ1)

λ1λ2
(2a)

ν0 =
c(λ2 + λ1)

2λ1λ2
(2b)

The lasers frequency ν must satisfy the inequality ν < EG/h for
being able to generate electron-hole pairs. EG is the band gap energy
and it depends on the material used for the photonics device. Table 1
shows an example of materials and their respective gap energies [39].
Minimum wavelength and frequency is calculated for each band gap en-
ergy. Relative permittivity εr is also provided [40–44]. These suitable
for affordable 1550 nm telecom lasers are specially appealing, specially
for low-cost electronics. h is the Planck constant.

Material EG[eV ] λ[nm] ν[THz] εr

Si 1.11 1117 268.6 11.9

Ge 0.66 1879 159.7 16

InP 1.27 976 307.4 12.4

GaAs 1.42 874 343.3 13.1

InAs 0.36 3444 87.1 14.6

AlAs 2.15 577 519.9 10.1

LT-InAlAs/InGaAs 0.8 1550 193.5 10 - 14.6

In0.53Ga0.47As 0.74 1677 178.9 13.6

Table 1: List of materials and their band gap energies EG. Equivalent
wavelengths λ, frequencies ν and relative permitttivities εr are also

shown

The lasers fields ~E1(t) and ~E2(t) are overlapped inside the device.
Total field ~Etot(t) can be expressed as

~Etot(t) = ~E1(t) + ~E2(t)

= E1,0e
i(ω0+ωTHz/2)tρ̂1 + E2,0e

i(ω0−ωTHz/2)t−iϕρ̂2
(3)
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where Ei,0 are field strengths, ωi = 2πνi, are angular frequencies, ϕ is
the relative phase between lasers, and ρ̂i the normalized polarization
vector. Therefore, the total optical intensity is

∣∣∣ ~Etot(t)∣∣∣2 = E2
1,0 + E2

2,0 + 2E1,0E2,0cos(β)cos(ωTHzt+ ϕ) (4)

where β = cos−1 |ρ̂1 • ρ̂2| is the angle between both lasers polarizations.
Typically, a polarization controller is used in at least one of the laser
sources for maximizing cos(β).

Power and field strength can be related inside the device with the
electric semiconductor susceptibility χ according to the following ex-
pression

Ptot(t) = ε0

∞∑
n=1

χ(n) |Etot(t)|n (5)

For THz power generation, the second order non-linearity χ(2) of the
device material is commonly used, so that Ptot(t) has a component at
the difference frequency νTHz. Total optical power Popt is given then by

Popt = P1 + P2 + 2
√
P1P2cos(β)cos(ωTHzt+ ϕ) (6)

Assuming loss-less semiconductor and a perfect absorption of the
incident light, the total optical power leads to a photocurrent that, in
ideal conditions, can be calculated as follows

Iidpd(t) =
ePopt(t)

hν0
= IidDC + IidTHz (7)

e is the elementary charge. IidDC and IidTHz are DC and AC compo-
nents of the generated photocurrent, respectively. According to Eqs. (6)
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and (7) they can be expressed as follows

IidDC =
e(P1 + P2)

hν0
(8a)

IidTHz =
2e
√
P1P2cosβ

hν0
(8b)

The generated THz photocurrent IidTHz is usually fed into a suitable
antenna. The integration of a photomixer and a antenna is referred as
AE. Considering a radiation resistance RA it is possible to calculate the
ideal level of radiated THz power P idTHz

P idTHz =
1

2
RA

(
e

hν0

)2

Popt (9)

Typically, the active region on which photocarriers are generated
corresponds to an external thin volume. Planar antennas are printed
in the surface, around the photomixer. Due to its high permittivity,
most of this power is radiated into the semiconductor substrate. It is
very common that chip thickness, imposed by external factors, such as
manufacture process, packaging or economic issues, is in the range of
several wavelengths. In such scenario most of the generated power is
trapped inside the chip. This is usually mitigated by adding a high-
permittivity dielectric lens, typically a silicon lens, down the AE (Fig.
2). Despite being efficient in terms of terahertz power radiated into
the air it may not be suitable for low-cost applications, since lenses are
usually in the hundreds of euros.

0.3 Outline

In this thesis, first chapters offers an approach of difficulties found
when designing and using photomixing terahertz sources. First two chap-
ters are focused in the THz power generation, both terahertz antennas
and photomixing devices are considered. In Chapter 1, the performance

8



of planar antennas printed on high-permittivity dielectric substrates is
studied. Difficulties on simulating the electromagnetic problem for fi-
nite and semi-infinite substrates are discussed. Chapter 2 provides an
overview of different kinds of optoelectronic terahertz sources inside the
scope of this work. A brief explanation of the theoretical background of
each type is provided. Chapter 3 explains all measurement setups used
in the experimental part of this thesis. Both coherent and non-coherent
1550nm photomixing setups are constructed for evaluating radiation pat-
tern measurement of the assembled terahertz sources. Assembling of an
AE is also explained.

An alternative to expensive and electrically large silicon lenses is pro-
posed in the second part of this thesis. dielectric rod waveguide (DRW)
antennas are introduced in Chapter 4. Their performance in array con-
figuration is analyzed in Chapter 5. The coherent combination of an
arbitrary large number N of optoelectronic sources allows to accomplish
two important goals: to increase the radiated power by N2 and to enable
electronic steerable antenna arrays.

Finally, an application on which DRW antennas beats silicon lenses
is proposed in Chapter 6. Rods antennas are proposed as a near field
(NF) couplers to dielectric resonators. A photon-counting THz receiver
based on this application is then described, despite other applications,
such as high-sensitivity sensors, THz switches, etc. are possible.

9
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CHAPTER 1

PLANAR ANTENNAS PRINTED ON
DIELECTRIC SUBSTRATES

In this chapter, the performance of planar antennas lying on high-
permittivity substrates is studied. First, the antenna topologies used in
this thesis are described. Then, the effect of both semi-infinite and slab
substrates are considered. Finally, the use of silicon lenses is considered.

In most scenarios, the generated THz power must be either radiated
into free space or coupled to some structure, such as waveguides or res-
onators. As anticipated in the preface, most of the power is trapped in
the high permittivity substrate due to the generation of unwanted sur-
face modes [1]. It means that low overall efficiencies are achieved. This
cannot be avoided by moving to lower permittivities materials due to the
manufacturing restrictions: low temperature (LT) InGaAs/InGaAs mul-
tilayer stacks or In1−xGaxAs ternally alloys requires lattice matching, so
only a proper substrate, such as InP, must be chosen.

This issue is addressed by studying the performance of planar anten-
nas printed in the surface of dielectrics. Hertzian dipoles parallel and
normal to the interface are chosen for simplicity. First, semi-infinite
substrates are studied. Then, infinite dielectric slab of finite thickness is
considered as a substrate. Finally, the classical solution to this problem,



CHAPTER 1. PLANAR ANTENNAS

silicon lenses, will be studied. A simulated estimation of efficiency is pro-
vided for comparison purposes with the proposed alternative in Chapter
4.

Despite considering dipoles in this chapter, this thesis make emphasis
in the potential broadband of photomixing sources. Because of this, next
chapters consider broadband antennas, such a bow tie, log-periodic and
log-spiral instead of a dipole.

1.1 THz planar antennas

Many antenna topologies had been proposed and successfully used in
the mm-wave range. They can be classified in two main groups: resonant
and broadband antennas. This thesis focuses on broadband topologies,
since with them it is possible to take advantage of the photomixing-
based terahertz sources working band. Self-complementary topologies
are of special interest to this application. They are antennas where the
metallic and non-metallic areas have the same size and shape. Each
one can be defined by rotation of the other. They have a frequency
independent impedance, which can be calculated by

Zin =
Z0

2
(1.1)

where Z0 is the intrinsic impedance of the medium surrounding the an-
tenna (Z0 = η = 120π Ω for the vacuum). This family of antennas can
achieve a bandwidth of more than one octave [2].

Despite they are resonant, dipoles are considered in this study be-
cause of their simplicity, which makes them convenient for theoretical
discussions. Below, the antenna topologies used on this thesis are intro-
duced.

- Dipole antennas

This is the most used resonant antenna in the terahertz band. An
example of this topology is shown in Fig. 1.1. An RF filter prevents the
THz power from going to the biasing pads.
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For maximizing the radiated power, conjugate matching of antenna
and photomixer impedances must be achieved for the dipole resonant
frequency. The capacitance of the device can be compensated by choos-
ing prover values for L1 and L2. Both the width and the gap of the
dipole can also be adjusted to equate real parts of both impedances.

Figure 1.1: scanning electron microscope (SEM) picture of a
dipole-based AE. The antenna, the RF choke and the photomixer are

marked.

- Bow-tie antennas

The bow-tie antenna topology is sketched in Fig. 1.2. The width of its
arms increase proportionally with the distance to the center. It becomes
self-complementary when α = 90°. Its minimum working frequency is
related to the radius ROUT . Upper frequency limitations are due to the
gap size. For antenna emitters, this is related with the photomixer size,
which is fitted in the antenna gap.

Figure 1.2: Sketch of a bow-tie AE. The antenna (black), the RF choke
(blue) and the photomixer (red) are shown.
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- Log-spiral antennas

Log-spiral antennas (Fig. 1.3) are self-complementary antennas when
designed with specific parameters such as the proper arm lenght and
width. The most important characteristic of these antennas is the
frequency-independent theoretical input impedance [2].

Figure 1.3: Sketch of a log-spiral AE. The antenna (grey), and the
photomixer (red) are shown. The inset shows a manufactured log-spiral

of diameter Dout = 1.30 mm. Biasing pads are marked in the inset
(blue).

Obviously, a log-spiral should be of infinite extent to be rigorously
self-complementary. Due to practical reasons they are always truncated,
which leads to a frequency-dependent input impedance, both in the high
and low band. At high frequencies, the limitations is due to the pho-
tomixer dimensions, which determines the truncation of the spiral. The
diameter Dout has effects on the low frequency limit, where the size of
the element is comparable to the wavelength and the energy spreads
throughout all the structure. This lower frequency is determined ap-
proximately by λ = Dout. By increasing the arms beyond the bandwidth
requirements, it is possible to use them as biasing pads (Fig. 1.3 inset,
blue), which avoids the need of an RF choke.

A log-spiral arm surface can be determined by an inner (r1) and an
outer (r2) radius

18
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r1 = keaϕ, r2 = kea(ϕ−δ) (1.2)

while sweeping the angle ϕ from ϕmin to ϕmax. Both limits define the
spiral truncation points. The angle δ determines the arm width. a and k
are constants, which controls the growth rate and the size of the terminal
region, respectively.

- Log-periodic antennas

The log-periodic antenna [3, 4] has a log-periodic circular-toothed
structure (Fig. 1.4). For the self-complementary case, tooth and bow
angles (α and β, respectively) are equal. The ratio of the successive
teeth, defined as Rt = Rn+1/Rn, is 0.5, while the size ratio of the tooth
and anti-tooth Ra = rn/Rn is equal to

√
0.5.

Figure 1.4: Sketch of a log-spiral AE. The antenna (grey), and the
photomixer (red) are shown. The inset shows a SEM picture of a

log-spiral of diameter Dout = 0.74 mm. Biasing lines are marked in the
inset (blue).

Log periodic antennas possess a non-constant impedance, polariza-
tion and radiation pattern. On the other hand, they can achieve a high
directivity over a wide frequency range. This topology is specially in-
teresting for this thesis, since it is linear-polarized, which makes them
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suitable for exciting the fundamental mode in DRW antennas (see Chap-
ter 4).

There are other types of antennas which are out of the scope of this
analysis, such as dual-dipoles [5,6], meander-dipoles [7], full-wavelength
four-leaf-clover [8], its equivalent in a slot topology, among others.

1.2 Hertzian dipole lying on semi-infinite substrate

In this section, the radiation pattern of an electric dipole placed close
to the interface between two semi-infinite different media is analytically
obtained. Both are assumed to be isotropic, homogeneous and lossless
dielectrics. When XY plane defines the interface, z > 0 corresponds to
the medium with refractive index n1 and z < 0 with n2. Medium 1
corresponds to the semiconductor substrate (n1 = nSC =

√
ε
SC

) and
medium 2 corresponds to air (n2 = nAIR ≈ 1).

Two different configurations, the vertical dipole (normal to the inter-
face) and the horizontal one (parallel to the YX plane), are considered
in Subsections 1.2.1 and 1.2.2, respectively. All other possible dipole
orientations can be solved by superposition of these canonical cases.

1.2.1 Vertical dipole

The radiation intensity of a vertical dipole embedded in an infinite
medium Uv(θ) is obtained with the following equation [9, 10]

Uv(θ) = U0 sin2(θ) (1.3)

where U0 is the amplitude, which linearly depends on the THz radiated
power P idTHz calculated with equation (9).

Fig. 1.5 sketches the geometry of the hertzian vertical dipole embed-
ded in a semi-infinite substrate. The distance between the dipole and
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SUBSTRATE

the interface is z0, which is assumed to be zero for this analysis. The
generated fields are decomposed in both p- and s- polarized components.
For this antenna orientation, s- component is zero. When evaluating the
radiation intensity for all directions, it is determined where there is both
reflected and transmitted rays in the interface (blue ray on Fig. 1.5)
or not (red and black). Next, the calculation of the radiation inten-
sity for z<0 (power radiated into the air) and z>0 (power radiated into
the substrate) is summarized. The complete mathematical procedure is
presented in [10–12].

Figure 1.5: Direct, reflected and transmitted beams for a vertical
dipole at a distance z0 below the interface to air. Since this problems
has radial symmetry only is necessary to consider one plane normal to
the interface. For 0 < θ′ < θC a transmitted beam exists (blue), for
θC < θ′ < π/2 total reflection occurs (red). θ′ = θC caso is also shown

(black).

- Power radiated into the air

All the power radiated in the semiconductor towards the interface
under the solid angle dΩ = sin θdθdφ is related to the power transmitted
into the air under the solid angle dΩt = sin θtdθtdφ (blue ray in Fig. 1.5)

UAIR,v(θt)
∣∣∣
p
· dΩt = T (θ)

∣∣∣
p
· Uv(θ)

∣∣∣
p
· dΩ (1.4)

where T (θ)
∣∣∣
p
is the transmittance fo the p- polarized wave
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T (θ)
∣∣∣
p

=
4 cos(θ) cos(θt)(

cos(θ) + n
SC

cos(θt)
)2 (1.5)

and the refraction angle θt is calculated with the Snell law

θt = arcsin(n
SC
sin(θ′)) (1.6)

The angular distribution of the transmitted power to air is

UAIR,v(θt)
∣∣∣
p

= Uv(θ) ·
cos2(θt)

n
SC

(
cos θ + n

SC
cos θt

)2 (1.7)

- Power radiated into the substrate

The power radiated into the substrate is the superposition of both
a directly emitted wave and the reflected one in the interface between
semiconductor and air. If r(θ)

∣∣∣
p

= |r(θ)|e
iδ(θ)

is the complex reflection

coefficient with modulus |r(θ)| and argument δ(θ), calculated as

r(θ)
∣∣∣
p

=
cos(θ)− n

SC
cos(θt)

cos(θ) + n
SC

cos(θt)
(1.8)

the power radiated per unit solid angle dΩ in the semiconductor is

USC,v(θ)
∣∣∣
p
· dΩ =

Uv(θ) ·
[
1 + |r(θ)|2 + 2|r(θ)| cos

(
z0 cos(θ) + δ(θ)

)]
dΩ

(1.9)

The first and the second term in Eq. (1.9) are the direct and the
reflected waves, respectively. The third one is the interference between
them. For θ < θc = arcsin(1/

√
ε
SC

) (blue ray on Fig. 1.5) the radiation
pattern is
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1.2. HERTZIAN DIPOLE LYING ON SEMI-INFINITE
SUBSTRATE

USC,v(θ)
∣∣∣
p

= Uv(θ) ·
4 cos2(θ)(

cos θ + n
SC

cos θt
)2 (1.10)

For θc < θ < 90°, total internal refection occurs. The radiation
pattern is found to be

USC,v(θ)
∣∣∣
p

= Uv(θ) ·
4 cos2(θ)

(n2
SC
− 1) ·

[
(1 + n2

SC
) sin2(θ)− 1

] (1.11)

Fig. 1.6 shows the calculated radiation pattern for the vertical
hertzian dipole normalized to the maximum power emitted by the em-
bedded vertical dipole (Eq. (1.3)). A relative permittivity of ε

SC
= 12.96

is assumed (InGaAs). As expected, most of the power is radiated towards
the high-permittivity substrate. The radiation pattern has a maximum
at the critical angle θc = arcsin(1/

√
ε
SC

) ≈ 16°. At this maximum, the
radiation intensity is only a 4/n2

SC
≈ 31% of the maximum value at

θ = 90° for a vertical dipole embedded in a infinite medium.

Figure 1.6: Radiation intensities for a vertical hertzian dipole lying on
a semi-infinite substrate (shadowed).

1.2.2 Horizontal dipole

The dipole is now parallel to the XY plane. The radiated fields can
be expressed as a combination of two p- and s- wave component. The
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p-wave is defined for each direction as the E-fields component contained
in the plane perpendicular to XY plane. The s-wave is the E-field com-
ponent parallel to the XY plane. Both radiation intensities components
of the horizontal dipole embedded in an infinite substrate Uh(θ, φ) are
calculated from the following equations

Uh(θ, φ)
∣∣∣
p

= U0

(
cos(θ) cos(φ)

)2
(1.12a)

Uh(θ, φ)
∣∣∣
s

= U0 sin2(φ) (1.12b)

Fig. 1.7 sketches the geometry when considering a semi-infinite sub-
strate. The radiation pattern depends on both θ and the azimuthal angle
φ, so a 3D consideration is required. Both s- and p- components must be
taken into account when considering reflections and transmissions in the
semi-infinite substrate. Next, the calculation of the radiation intensity
is outlined for z < 0 (air) and z > 0 (semiconductor). As in the case of
vertical hertzian dipole, the detailed development is given in [10–12].

- Power radiated into the air

The procedure is similar that the vertical dipole one. However, both
s- and p- polarization components must be considered, as stated above.
By doing so, the transmission of power from the substrate to the air is
defined as follows

UAIR,h(θt)
∣∣∣
p
· dΩt = T (θ)

∣∣∣
p
· Uh(θ)

∣∣∣
p
· dΩ (1.13a)

UAIR,h(θt)
∣∣∣
s
· dΩt = T (θ)

∣∣∣
s
· Uh(θ)

∣∣∣
s
· dΩ (1.13b)

where T (θ)
∣∣∣
p
is the transmittance fo the p- polarized wave, as defined in

Eq. (1.5); and T (θ)
∣∣∣
s
is the transmittance for the s- polarized wave

T (θ)
∣∣∣
s

=
4 cos(θ) cos(θt)(

n
SC
cos(θ) + cos(θt)

)2 (1.14)
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(a)

(b)

Figure 1.7: Direct, reflected and transmitted beams for a horizontal
dipole in x direction at a distance z0 below the interface to air. The

radiation pattern depends on the azimuthal angle φ. Both XZ-Plane (a)
and YZ-Plane (b) are shown. For 0 < θ′ < θC a transmitted beam exists
(blue), for θC < θ′ < π/2 total reflection occurs (red). θ′ = θC caso is

also shown (black).
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The angular distribution of the transmitted power to air for the s-
and -p waves is

UAIR,h(θt, φ)
∣∣∣
p

= Uh(θ, φ)
∣∣∣
p
· cos2(θt)

n
SC

(
cos θ + n

SC
cos θt

)2 (1.15a)

UAIR,h(θt, φ)
∣∣∣
s

= Uh(θ, φ)
∣∣∣
s
· cos2(θt)

n
SC

(
n
SC

cos θ + cos θt
)2 (1.15b)

The total distribution of radiated power to air is calculated by adding
both components

UAIR,h(θt, φ) = UAIR,h(θt, φ)
∣∣∣
p

+ UAIR,h(θt, φ)
∣∣∣
s

(1.16)

- Power radiated into the substrate

As for the vertical dipole, both a direct emitted wave and a reflected
one must be taken into account. In this case, the reflection coefficients
for both p- (Eq. (1.8)) and s- waves must be calculated

r(θ)
∣∣∣
s

=
n
SC

cos(θ)− cos(θt)

n
SC

cos(θ) + cos(θt)
(1.17)

Again, it is possible to calculate the power radiated per unit solid
angle dΩ from the substrate to the air.

USC,v(θ)
∣∣∣
p,s
dΩ =

= Uh(θ)
∣∣∣
p,s
·
[
1 + |r(θ)

∣∣∣
p,s
|2 + 2|r(θ)

∣∣∣
p,s
| cos

(
z0 cos(θ) + δ(θ)

∣∣∣
p,s

)]
dΩ

(1.18)
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Same interpretation as is Eq. (1.9) is applicable to Eq. (1.18). For
θ < θc the radiation pattern for both p- and s- waves is

USC,h(θ, φ)
∣∣∣
p

= Uh(θ, φ)
∣∣∣
p
·

4n2
SC

cos2(θt)(
cos θ + n

SC
cos θt

)2 (1.19a)

USC,h(θ, φ)
∣∣∣
s

= Uh(θ, φ)
∣∣∣
s
·

4n2
SC

cos2(θ)(
n
SC

cos θ + cos θt
)2 (1.19b)

For θc < θ < 90° the radiation pattern is found to be

USC,h(θ, φ)
∣∣∣
p

= Uh(θ, φ)
∣∣∣
p
·

4n2
SC

(
n2
SC

sin2(θ)− 1
)

(n2
SC
− 1) ·

[
(1 + n2

SC
) sin2(θ)− 1

] (1.20a)

USC,h(θ, φ)
∣∣∣
s

= Uh(θ, φ)
∣∣∣
s
·

4n2
SC

cos2(θ)

(n2
SC
− 1)

(1.20b)

Again, the total distribution of radiated power to air is calculated by
adding both components

USC,h(θ, φ) = USC,h(θ, φ)
∣∣∣
p

+ USC,h(θ, φ)
∣∣∣
s

(1.21)

Fig. 1.8 shows the calculated radiation pattern for a horizontal
Hertzian dipole lying in a semi-infinite InGaAs substrate. It fits with
the electrical dipole results shown in [13]. The maximum is found in the
φ = 90° plane, at θ = θc. It is around 6 dB when normalized with the
horizontal dipole embedded in a infinite substrate. In the φ = 0° plane
there is a null at θ = θc.

1.2.3 Abnormalities in the radiation pattern

At this point, it is important to analyze the calculated radiation
patterns for horizontal and vertical Hertzian dipoles. Both have a null at
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Figure 1.8: Radiation intensities for a horizontal hertzian dipole lying
on a semi-infinite substrate (shadowed). Both φ = 0° (black) plane and
φ = 90° (red) plane are shown. Back radiation is not appreciated, since

it is below -20 dB.

the interface (XY plane), which is consistent with the discussion in [14].
The radiation pattern shown in Figs. 1.6 and 1.8 have its maximums at
θ = θc, as said before. At these points, the radiation patterns are non-
derivable. In this subsection, the meaningless of such peaks is discussed.

According to the Bernstein theorem [15], if we can define an upper
limit F1 of a radiation function F (τ), being τ = sin(θ), the derivative
function of F (τ), F (τ)/dτ , must be bounded according to the following
expression

1

F1

dF (τ)

dτ
≤ 2πυ

0
(1.22)

where υ0 bounds the F (τ) spectrum in the [−υ0 , υ0 ] interval and can be
defined from the normalized dimension D of the antenna aperture

υ0 =
D

2λ
(1.23)

This limitation must be taken into account when designing antennas
with special slope requirements in the radiation pattern (eg. feeders for
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(a) (b)

Figure 1.9: First derivative from the φ = 90° radiation pattern of the
vertical (a) and the horizontal (b) hertzian dipole.

reflectors). More generally, Bernstein’s theorem limits all derivatives of
bounded signals with bounded spectra

1

F1
F (n)(τ) ≤ (2πυ

0
)n (1.24)

Fig. 1.9 shows the calculated derivative of the radiation patterns for
both vertical (Fig. 1.9a) and horizontal (Fig. 1.9b) hertzian dipoles.
Even when they are bounded and the theorem is satisfied, higher deriva-
tives, such as second one, are not, which violates Bernstein’s theorem.

Of course such radiation patterns cannot be correct, since the far field
cannot have a slope discontinuity. If so, Maxwell’s equations would not
be satisfied, since and E-field with a slope discontinuity would produce
a step function in H and, doing a curl on H to find E would lead to a
delta function, which is clearly incorrect.

This anomaly happens because of the approximation used to de-
rive the far-field expressions. The stationary phase (SP) approximation
breaks down at the critical angle. The SP method has an integrand
of the form F (x)e

−jkf(x)
, where F (x) is assumed to have a well-behaved

phase near the stationary point. When considering two semi-infinite me-
dia, F (x) goes from real to complex at the critical angle. This violates
the phase assumption, which leads to the abrupt change in the radiation
pattern slope.
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This is also noticed in other antennas studies [16]. A careful appli-
cation of the SP method should be taken into account.

1.3 Dipole lying on dielectric slabs

In [17], authors perform a theoretical study of a electrically small
dipole embedded in a semi-infinite dielectric slab of finite thickness and
refractive index n

SC
< n

AIR
≈ 1. A dipole lying in the ZX plane is

assumed. Its moment n̂ defines an arbitrary and fixed angle α with
the Z-axis. The geometry of the problem is sketched in Fig. 1.10. For
simplicity, only three parallel rays, a reflected in the upper interfase
one Ir, a direct one II and its successive inner refection IIr, and the
corresponding radiation towards z > 0 has been plotted. Since all are
coherent between them, an interference pattern occurs. The total power
resulting from the interference propagates towards the z > 0 interface
under the solid angle dΩ = sin θdθdφ. Part of this power is radiated
towards the air under the solid angle dΩt = sin θdθtdφ.

Figure 1.10: Antenna emitter lying on a infinite dielectric slab of
thickness STHK . All the rays radiated in the shadowed region (red) are

totally internal reflected in both interfaces. Coherent interference
between many different rays is produced for each radiation direction

(θt, φ). Rays II and IIr (solid blue) are due to the dipole radiation in
the (θ, φ) direction. The ray Ir is due to the radiation along (180°− θ, φ)

(dashed blue).

According to [17], for the dipole D, which has a radiation pattern
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described by

U(θ, φ)
∣∣∣
p

= U0 ·
(

cos(α) sin(θ) + sin(α) cos(θ) cos(φ)
)2

(1.25a)

U(θ, φ)
∣∣∣
s

= U0 · sin2(α) sin2(φ) (1.25b)

when is inside an infinite medium, the radiation pattern when embedded
in a dielectric slab can be calculated as follows

Uz>0(θt, φ)
∣∣∣
p

= Q(θ, φ)
∣∣∣
p
M(θ)

∣∣∣
p
T̂ (θt)

∣∣∣
p

(1.26a)

Uz>0(θt, φ)
∣∣∣
s

= Q(θ, φ)
∣∣∣
s
M(θ)

∣∣∣
s
T̂ (θt)

∣∣∣
s

(1.26b)

where θt = arcsin(n
SC

sin(θ)) and

Q(θ, φ)
∣∣∣
p

= U0 ·
[

cos2(α) sin2(θ)W+(θ)
∣∣∣
p

+ sin2(α) cos2(θ) cos2(φ)W−(θ)
∣∣∣
p

− 1

2
sin(2α) cos(2θ) cos(φ)T (θ)

∣∣∣
p

] (1.27a)

Q(θ, φ)
∣∣∣
s

= U0 · sin2(α) sin2(φ)W+(θ)
∣∣∣
s

(1.27b)

which are the radiation pattern for the p- and s- polarizations of a dipole
embedded in a semi-infinite substrate. U0 = 1 is chosen for normalizing
to the maximum power emitted by the same dipole in a infinite medium.
If z0 = 0 they become equivalent to the radiation pattern obtained in
Section 1.2. The influence of the interference between II and Ir (solid
and dashed blue rays in Fig. 1.10, respectively) is taken into account
with the factors W±(θ)

∣∣∣
p
and W±(θ)

∣∣∣
s

W±(θ)
∣∣∣
p,s

=

= 1 + |r(θ)
∣∣∣
p,s
|2 ± 2|r(θ)

∣∣∣
p,s
| · cos

[
4π
n
SC
z0

λ0
cos θ + δ(θ)

∣∣∣
p,s

] (1.28)
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where r(θ)
∣∣∣
p,s

= |r(θ)
∣∣∣
p,s
| · e

iδ(θ)

∣∣
p,s are the reflection coefficient in the

interface obtained with Eqs. (1.8) and (1.17). The factors T̂ (θt)
∣∣∣
p,s

are

related with the transmittances T (θt)
∣∣∣
p,s

, which calculated with Eqs.

(1.5) and (1.14)

T̂ (θt)
∣∣∣
p,s

= T (θt)
∣∣∣
p,s
· dΩ

dΩt
(1.29)

with

dΩ

dΩt
=

cos θt
n
SC

cos θ
(1.30)

The factors M(θ)
∣∣∣
p
and M(θ)

∣∣∣
s
describe the influence of successive

reflections between the slab interfaces (solid blue ray IIr in Fig. 1.10).

M(θ)
∣∣∣
p,s

= |1− r2(θ)
∣∣∣
p,s
· e

2πi
n
SC
λ0

S
THK

cos(θ)

|−2 (1.31)

The radiation pattern for z < 0 is calculated by only changing the
distance of the dipole from the two interfaces, θ and α definition as
follows

z0 → STHK − z0 (1.32a)

θ → 180− θ (1.32b)

α→ 180− α (1.32c)

It is possible to estimate the amount of power radiate into the air P
by integrating the radiation patterns for both z < 0 and z > 0.
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P =

∫ 2π

φ=0

∫ π
2

θt=0

[
Uz>0(θt, φ)

∣∣∣
p

+ Uz>0(θt, φ)
∣∣∣
s

]
· sin(θt) dθtdφ

+

∫ 2π

φ=0

∫ π

θt=
π
2

[
Uz<0(θt, φ)

∣∣∣
p

+ Uz<0(θt, φ)
∣∣∣
s

]
· sin(θt) dθtdφ

(1.33)

In [18], the author obtains a closed-from analytic expressions for ver-
tical and horizontal dipoles, Pv and Ph respectively. He studies differ-
ent values of permittivities ε

SC
and substrate thicknesses STHK . Both

dipoles are compared in terms of power radiated from the dielectric slab.
Fig. 1.11 summarizes the results for SiO2 (Fig. 1.11a), for silicon of
permittivity ε

SC
= 18.25 (Fig. 1.11b) and for a fictitious material of

permittivity ε
SC

= 50 (Fig. 1.11c). The slab thickness is normalized to

the wavelength on the substrate material (
STHK
λ0

n
SC

).

When comparing both Figs. 1.6 and 1.8 a lower efficiency of vertical
dipoles is expected, as it is confirmed in Fig. 1.11 for all materials
and all thickness. For clarification purposes, the radiated power of the
vertical dipole is magnified in Figs 1.11b and 1.11c. For high permittivity
material, the resonances become pronounces, so it is clear that the slab
acts as a Fabry-Perot resonator. Even if the manufacturing capabilities
allows us to tune the substrate thickness for a specific wavelength, low
efficiencies must be expected, since most of the generated THz power
remains in the substrate for high-permittivity infinite slabs.

1.4 Dielectric lenses

Dielectric lenses are one of the most used elements as a substrate for
planar antenna for the terahertz frequencies. This allows improving both
the radiation characteristics [14, 19], (directivity, main beam gaussicity,
less back radiation) and the overall efficiency, since it drastically increases
the amount of THz power radiated into the air. Fig. 1.12 shows same
AE with (Fig. 1.12b) and without (Fig. 1.12a) dielectric lenses. A
mayor advantage of the lens is the possibility of extracting radiation
emitted under an angle exceeding the critical angle for total reflection

θc = arcsin

√
1

ε
SC

.
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(a)

(b)

(c)

Figure 1.11: Power radiated to the air for the horizontal (PH , blue)
and vertical (PV , red) dipole. It is normalized to the same antenna in a
unbounded medium (U0 = 1). Three different relative permittivities are
used: 2.21 (a), 18.25 (b) and 50. Radiated power is strongly reduced for

the vertical dipole in comparison with the horizontal one. For
clarification purposes, PV is magnified 60 times in (b) and 200 times in

(c).
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(a) (b)

Figure 1.12: Comparison between an AE lying on a dielectric slab (a)
and on a dielectric lens (b). Region where total reflection occurs is

shown shadowed. Wafer is assumed to be infinite in the XY plane. All
the power lying out of the cone defined by αc (shadowed) will be totally

reflected in the interface between semiconductor and air.

The ideal shape of dielectric lens is the ellipsoidal one [20]. How-
ever, it is very difficult to manufacture, which makes it not practical. It
can be approximated by an extended hemispherical one [19] or a hyper-
hemispherical one, which are much easier to manufacture. In order to
design this kind of lenses, full-wave simulations are combined with ray
tracing techniques and conventional physical optics, since lens are elec-
trically large (> 5λ) and they can easily exceed the computational re-
sources, both memory and CPU time. For avoiding such limitations, the
design procedure is divided in two main steps:

Planar antenna design: The AE is simulated with a commercial
full-wave electromagnetic simulator. A semi-infinite substrate of
permittivity ε

SC
is assumed. This allows obtaining the radiated

field in spherical coordinates.

Lens simulation: a ray-tracing technique is carried out to extend
the fields to the lens surface. Physical optics is then used for ob-
taining the surface currents; then, the radiated fields; and finally
the radiation pattern.
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The AE is assumed to be punctual (Fig. 1.13). The dielectric sub-
strate can be divided into four regions [21] (from a to d in Fig. 1.13)
depending if there exists both transmitted and reflected rays in the ex-
ternal surface (a and d) or if there is total internal reflection (b and c).
Obviously, only a and d regions contributes to the radiation pattern,
since b and c only produce evanescent waves outside the dielectric. d re-
gion can be safely neglected for calculating fields far from XY plane [22].
Refected rays among the different regions can be reflected again and
eventually escaping from the substrate, but its contribution is negligi-
ble [22].

Figure 1.13: Regions into which a lens attached to a dielectric slab can
be divided. The antenna emitter (red) is considered as a punctual

source. lens (a and b) and slab (c and d) regions where both transmitted
and reflected rays appear (a and d) and where total internal reflection

occurs (b and c).

Physic optics is used for calculating the surface currents in the region
a of the lens. Both electric and magnetic transverse electric (TE) and
transverse magnetic (TM) components are obtained in the dielectric-
air interface for TE and TM components. The reflectance Γ and the
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transmittance τ is calculated with the following expressions [23]:

Γ
TE

=

√
ε
SC

cosβ
SC
−
√

1− ε
SC

sin2β
SC

√
ε
SC

cosβ
SC

+
√

1− ε
SC

sin2 β
SC

(1.34a)

τ
TE

= 1 + Γ
TE

(1.34b)

Γ
TM

=

√
ε
SC

√
1− ε

SC
sin2 β

SC
− cosβ

SC

√
ε
SC

√
1− ε

SC
sin2 β

SC
+ cosβ

SC

(1.34c)

τ
TM

=
(

1 + Γ
TM

) cosβ
SC√

1− ε
SC

sin2 β
SC

(1.34d)

where β
SC

is the incidence angle with respect to the normal lens surface
(Fig. 1.12). Then, both electric ~Js and magnetic ~Ms current densities
are obtained outside the lens surface [23]:

~Js = n̂× ~H (1.35a)
~Ms = n̂× ~E (1.35b)

where n̂ is the vector normal to the interface. Finally θ and φ components
of the electric far field are obtained [23]:

Eθ ≈ −
jke

−jkr

4πr

(
Lφ + ηNθ

)
(1.36a)

Eφ ≈
jke

−jkr

4πr

(
Lθ + ηNφ

)
(1.36b)

where η is the intrinsic impedance, k = 2π/λ is the wavenumber, and ~N

and ~L are the radiation vectors defined by [23]

~N =

∫∫
S′

~Jse
jkr′ cosψ

ds′ (1.37a)

~L =

∫∫
S′

~Mse
jkr′ cosψ

ds′ (1.37b)
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where S′ is the external surface of the lens region a, r′ is the distance
from origin to where the equivalent magnetic and electric density current
are calculated, r is the distance from origin to the observation point and
ψ is the angle between r′ and r.

1.4.1 Performance estimation

On most applications, it is desired to have all the power radiated at
only one direction. Because of the substrate effect, most of the generated
power will be either confined in the dielectric or radiated along Z>0 (Fig.
1.12) if a lens is place below the AE, as discussed above. For quantifying
how much of the generated power is radiated along Z>0, let us define
the emission efficiency η as follows

η ,
P
rad

THz

∣∣∣
Z>0

P gen

THz

=
P
rad

THz

∣∣∣
Z>0

P rad

THz

∣∣∣
Z>0

+ P rad

THz

∣∣∣
Z<0

+ P tir

THz

(1.38)

where P
gen

THz
is the total amount of generated THz power; P

rad

THz

∣∣∣
Z>0

and

P
rad

THz

∣∣∣
Z<0

are the amount of power radiated in half-semispace towards

Z > 0 and Z < 0, respectively; and P
tir

THz
is the power that does not

leave the substrate due to total internal reflection at eh substrate-air
interface.

A simulation model of a log-periodic antenna of radius R = 710µm
lying on a 300 µm thick infinite high-permittivity (εr = 12) slab has been
done. No losses are taken into account. Using HFSS [24], it is possible
to obtain P

rad

THz

∣∣∣
Z>0

, P
rad

THz

∣∣∣
Z<0

and P
tir

THz
by integrating the fields in the

model boundaries. A frequency of 150 GHz is assumed for all the sim-
ulations. Table 1.1 shows emission efficiencies for hyper-hemispherical
lenses of different radius. Efficiencies above 85% are feasible for electri-
cally large antennas. On the other hand, using no lenses would lead to
an emission efficiency of less than 30%.
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R
Substrate(
P
tir

THz

) Back radiaton(
P
rad

THz

∣∣∣
Z<0

) η(
P
rad

THz

∣∣∣
Z<0

)

Plain AE 50% 20.4% 29.6%

R = 0.50 mm 14.7% 9.3% 76.0%

R = 0.75 mm 17.1% 9.8% 73.1%

R = 1 mm 20.0% 5.0% 75.0%

R = 2 mm 12.4% 4.0% 83.6%

R = 3 mm 5.0% 8.3% 86.7%

R = 5 mm 3.4% 9.5% 87.1%

Table 1.1: Comparative between efficiencies when using lenses of
different radius R.

1.5 Conclusions

The families of planar antennas used for photomixing THz sources
considered in this thesis were introduced. The effect of high-permittivity
substrates in THz dipole antennas properties has been in-deep analyzed.
Since both horizontal and vertical infinitesimal dipoles are the canonical
cases analytical expressions for both have been obtained. Both semi-
infinite substrate and infinite dielectric slabs have been considered. For
semi-infinite substrates, the radiation intensities have been expressed as
the product of two factors: the radiation pattern when embedded in a
infinite medium and the effect of the interface. This allow us to model
a new antenna-less photomixing source: the large area emitter (LAE).

The use of electrically large silicon lenses as substrate for photomixing
sources is described. The physical optics (PO) calculation method is
described. It allow us to obtain the radiation intensities of an AE lying on
a dielectric lens from either the analytical or simulated radiation pattern
when lying on a semi-infinite substrate. An alternative to dielectric
lenses is introduced in Chapter 4.
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CHAPTER 2

OPTOELECTRONIC TERAHERTZ
SOURCES

In the Preface of this thesis, an expression of the radiated THz power
P idTHzby an ideal AE is deducted (Eq. (9)). This amount of power is an
upper bound. There are several issues that limit the efficiency of an
optoelectronic terahertz source:

Laser reflection in the device surface. It is defined by a reflection
coefficient R in the photomixer surface. It is possible to minimize
R by an anti-reflection coating. This extra layer also passivate the
device, which increase its operational life by protecting it against
corrosion.

Inefficient absorption of light: not all the optical power is absorbed
in the active volume of the device. Photocarriers must be generated
inside a DC electric field in order to have them accelerated towards
the device contacts. This is typically achieved in a small volume.
All optical power absorbed outside this region does not contribute
to the photocurrent. As an example, a typical 1550 nm device
has an absorption length di of 1 µm. Since In0.53Ga0.47As has an
absorption coefficient α = 0.8 · 10−4 cm−1, the photomixer has an
absorbance A = 1− e

−αdi
= 55%.
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Impedance mismatch between the device and the antenna, which
impedes the radiation of part of the generated photocurrent.The
mismatch factor M is defined as follows

M =
4RaRp

(Ra +Rp)2 + (Xa +Xp)2
(2.1)

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

The reduction of both DC current IidDC and AC current IidTHz regard-
ing the ideal values calculated with Eqs. (8a) and (8b) is summarized in
a external quantum efficiency ηext

ηext = (1−R)2 ·
[
1− e

−αdi
]
·M (2.2)

At higher frequencies, there are two main factors that limit the per-
formance:

The RC roll-off. When connecting an antenna to the photomixer,
the radiation resistance RA is connected in parallel with the device
capacitance. This conforms a low-pass filter that atenuates higher
frequencies, according to its cut-off frequency. This attenuation
can be calculated for every frequency νTHz as follows:

η
RC

=
1

1 + (2πRAC · νTHz )2
(2.3)

The life-time or transit-time of the photocarriers. If there is an
accumulation of generated carriers in the deviceś active area, a
screening of the THz signal will be produced, which reduces its
amplitude. Losses due to this roll-off can be expresed as follows:

ηtr =
1

1 + (2πτ · ν
THz

)2
(2.4)

where τ depends on the speed of the device an can be related to
either the carrier lifetime τrec or transit time τtr depending on the
specific device.
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2.1. PHOTOCONDUCTIVE PHOTOMIXERS

Therefore, the total radiated power is

P idTHz = P idTHz · ηext · ηRC · ηtr (2.5)

This chapter introduces the photomixer-based terahertz sources re-
lated to this thesis. Photoconductives and n-i-pn-i-p photomixers for
CW THz generation are described. For increasing the achieved power
level, the combination of many coherently illuminated AE sources is
evaluated.

Finally, a new device, the LAE is described and analyzed. Using the
theoretical results that model dipoles embedded in semi-infinite sub-
strates (see Chapter 1), an analytical model for this novel terahertz
source is proposed.

2.1 Photoconductive photomixers

A photoconductive photomixer is made by simply adding two metal
contact electrodes to a highly resistive semiconductor medium. This
structure switches from high to low resistivity when the gap between
contacts Wg is illuminated with a laser source of proper wavelength.
An external DC field is required in order to separate the carriers and
generate a photocurrent. Typical bias levels are from few volts to around
100 V, depending on the distance between electrodes and the device
breakdown voltage.

In order to achieve an efficient CW power generation at high THz
frequencies, the carrier recombination time τrec should be as short as
possible [1]. A proper substrate with recombination mechanisms, such
as LT-GaAs [2], can be chosen. A τrec = 100 ps has been achieved for
LT-GaAs [3], which leads to a 3 dB cut-off frequency of 1.6 THz [4].

In a realistic device, the photocurrent amplitude is reduced by a
photoconductive gain g = τrec/τtr, where τtr is the transit time, de-
fined as τtr = Wg/vdrift if we assume that electrons are instantaneously
accelerated and they follow the shortest path (a straight line) between
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CHAPTER 2. THZ SOURCES

electrodes [5]. vdrift is the saturated drift velocity. Considering a gap
of 1 µm and a drift velocity of 107 cm/s, the transit time is τtr ≈ 10 ps.
There would be a reduction of power by a factor of 10−4. Taking into
account the photoconductive gain, Eq. (2.5) becomes

P idTHz = P idTHz · g2 · ηext · ηRC · ηtr (2.6)

For increasing the radiated THz power, the E-field amplitude in the
gap must be maximized [6]. Furthermore, it is desirable to get an uniform
E-field distribution across the gap. Aditionally, the device capacitance
should be minimize as much as possible for reducing the RC roll-off.
Electrodes should be designed to accomplish these objectives without
compromising τtr. Figure 2.1 shows four examples of electrodes config-
urations for a photoconductive area of AxB.

(a) (b)

(c) (d)

Figure 2.1: Top view of a bare electrode photoconductive photomixer
(a). Interdigitated electrodes (b). Six fingers rectangular tip-to-tip

electrodes (c). Nano-trapezoidal electrodes (d).

Two bare electrodes conform the simplest device design (Fig. 2.1a).
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2.1. PHOTOCONDUCTIVE PHOTOMIXERS

The inter-digitated electrodes topology (Fig. 2.1b) is the most common
for photoconductors. It achieves an evenly distributed E-field in a wide
active area [7]. However, it has a large capacitance, which drastically
reduces the cut-off frequency of the device. In order to reduce it, the use
of rectangular tip-to-tip electrode fingers (Fig. 2.1c) is proposed in [8].

In [6], the use of nano-trapezoid fingers (Fig. 2.1d) is proposed for
increasing the generated THz power. This is achieved by both reducing
the finger width W1 in the gap. The device capacitance is reduced and
the intensity of the E-field in the gap is increased when comparing with
same distribution of fingers with W1 = W2 = W .

For evaluating the performance of each design, several devices with
bare electrodes and rectangular and nano-trapezoid fingers are measured
and fabricated in the gap of same bow-tie antenna design (Fig. 2.2). The
interdigitated electrodes design is not evaluated due to its expected large
capacitance and poor performance at higher frequencies. Table 2.1 shows
device dimensions. Measured power levels for all three designs are plot
in Fig. 2.3.

Parameter Value [µm]

A 16

B 14

C 10

D 12.2

E 2.2

W 0.2

W1 0.1

W2 0.2

Wg 0.2

Table 2.1: Dimensions of photoconductive photomixer electrodes
designs.
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Figure 2.2: SEM photograpy of the THz bowtie antenna with
nano-trapezoidal tip-to-tip fingers (a) overall antenna view (b) zoom-in
of the photomixer section (c) zoom-in of the nano-trapezoidal tip-to-tip

finger (d) zoom-in of a nanogap trapezoidal finger.

Figure 2.3: Measured THz power for the three photoconductive
electrodes design: bare gap (blue, dashed), rectangular (red, dotted) and

trapezoidal fingers (pink, solid).
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2.2 N-i-pn-i-p photomixers

A p-i-n diode [9] consist of a p-doped semiconductor followed by an
undoped (intrinsic) one and by a n-doped one (Fig. 2.4). This structure
is typically implemented by adding successive layers of doped/undoped
semiconductor, which is a more complex manufacturing process than
the one required for photoconductive photomixers. An electric field of
strength Ei = EG/(eWg) is generated in the intrinsic region, where EG
is the band gap energy of the semiconductor, e = 1.6602 ·10−19 A·s is the
electron charge and Wg is the intrinsic region length. No external bias
(or less than the needed for photoconductive devices) is required, which
increases the life span of the photomixer. The photocarriers generated
in the intrinsic region are efficiently separated because of the buith-in
electric field. This is not the case on p an n regions, where generated
photocarriers are a slow contibution to the photocurrent. For preventing
an increment on τtr = Wg/vdrift, the generation in n and p regions is
avoided by increasing the band gap to energies exceeding the photon
energy hν. This can be achieved by adding aluminum to GaAs (for 800
nm devices) or to In0.53Ga0.47As (for 1550 nm devices) in the doped
regions.

Figure 2.4: Band structure of a p-i-n diode. The vertical arrows
indicate the photon energy hν.

The capacitance C
PIN

of a p-i-n is easily estimated by considering it
as a plate capacitor

C
PIN

= ε0εSC
A

Wg
(2.7)
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where A is the device area and Wg is the intrinsic region length. It
is not possible to improve the transit-time roll-off without increasing
the capacitance, and therefore limiting the working band in the upper
frequency range.

Other techniques can be used for reducing the transit time without
increasing the capacitance. In [10] the p-i-n structure is modified for
generating the photocarriers only in a region close to the p-doped con-
tact. Since holes have a much larger effective mass than electrons (by a
factor of 11 in InGaAs) they reach lower velocities (vh < ve). Fig. 2.5
shows the band structure of such diode. Only electrons travel along the
full intrinsic region length Wg. Holes only travel along a much smaller
distance WA, which reduces the transit time τtr. Such kind of p-i-n
diodes is known as UTC photomixer [9, 11]. An exhaustive analysis of
this devices limitations is done in [12].

Figure 2.5: Band structure of a UTC p-i-n diode.

For reducing the RC roll-off, it is possible to reduce the photodiode
area A, which will reduce the capacitance. However, this would reduce
the maximum current and the maximum optical incident power. Typ-
ically, devices in the range of 3-15 µm2 are usually considered for the
THz range.

A further improvement of τtr is possible by increasing the velocity
of electrons ve in UTC diodes. Balistic speeds vbal are only possible in
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vacuum. Inside a medium, electrons collide with atoms, which reduces
the maximum velocity (saturation velocity vsat < vbal). For avoiding
collisions, it is possible to reduce WG but that would increase again
the capacitance of the device. The n-i-pn-i-p supperlattice photomixer
avoids this by stacking N p-i-n diodes with a Wg dimension optimized
for achieving quasi-ballistic speeds [13, 14]. Fig. 2.6 sketches the band
structure of a two-period n-i-pn-i-p photomixer. In order to avould a flat
band situation in the pn junction between periods by charge accumula-
tion, the junction is designed as a highly efficient recombination diode
that recombines electrons and holes [5]. In order to provide the same
optical power for each p-i-n diode, N times higher optical power power
is required. There is a limit in the maximum number of stacked pho-
tomixer due to the non-uniform distribution of the optical power in the
devices. A good compromise between power radiated and manufacturing
complexity is achieved for N = 3, which corresponds with the value for
the n-i-pn-i-p photomixer samples used in this thesis (see manufacturing
details in Subsections A.1, and A.2).

Figure 2.6: Band structure of a two-period n-i-pn-i-p diode.

This concept has been demonstrated for both 850 nm [13] and 1550
nm [14]. In Fig. 2.7 [5] the power spetrum emitted by a log-spiral
antenna connected to a 3 period n-i-pn-i-p photomixer is shown. The
advantage of this devices in comparison with photoconductive diodes in
terms of power level becomes obvious when comparing Figs. 2.3 and 2.7:
30 times more power is achieved at 200 GHz. A power level of 0.8 mW
was obtained at a photocurrent of 17 mA in a operation conditions close
to thermal breakdown. The device was a large one with a cross section
of 82 µm2, which results in a RC 3 dB cut-off frequency of 140 GHz [5].
The transit-time 3 dB cut-off frequency is at 1 THz.
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Figure 2.7: Measured THz power for the three-period n-i-pn-i-p
photomixer connected to a self complementary log-spiral antenna (inset).

2.3 Array of antenna emitters

It is possible to overcome the power limitations in photomixed-based
THz sources by combining many antenna emitters [15–17]. For con-
sidering array configurations, the sources must have similar coherence
properties. This is possible by using same optical source for all pho-
tomixers. This was demostrated by Preu et al [16, 18]. In [18], authors
use two photomixing sources in a Young’s experiment setup for mea-
suring the coherence length. The two combined terahertz sources are
split by a beam splitter and fed to the terahertz sources. In [16], it
is show how N sources can be combined for increasing the generated
THz power. An improvement by N2 is achieved in the maximum of the
radiation pattern [16,19,20].

From the manufacturing point of view, the most appealing config-
uration of sources is the linear or planar array. The radiation pattern
Utot(θ, φ) is calculated as follows

Utot(θ, φ) = U
AE

(θ, φ) · |AF (θ, φ)|2 (2.8)
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where U
AE

(θ, φ) is the radiation patern for one single element. The array
factor AF (θ, φ) depends on the element distribution. For photomixing
sources, 2D rectangular configurations are of particular interest (Fig.
2.8). For this specific type, the array factor becomes [21]

AF (θ, φ) =

M∑
m=1

N∑
n=1

Imn · ej(m−1)(k·dx·sin(θ) cos(φ)+βx · ej(n−1)(k·dy·sin(θ) cos(φ)+βy

(2.9)

where k is the wave number, Imn is the amplitude of the current of the
mn element, dx and dy are the distance between elements in the x- and
y-direction, respectively; and βx and βy are the progressive phase in the
x- and y-direction respectively.

Figure 2.8: Geometry of a 2D rectangular array of MxN elements
(red).

The possibility of using arrays of antenna emitters for beam steering
was discussed in [22, 23]. The progressive phase for achieving a specific
main lobe direction (θ0, φ0) can be calculated as follows

βx = −k dx sin(θ0) cos(φ0)

βy = −k dy sin(θ0) sin(φ0)
(2.10)
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The size of elements is a obvious lower bound to the array pitch dx
and dy. Ultra-wideband elements, such as log-spiral and log-periodic
AEs are electrically large for the higher frequencies. If the radiation
pattern shape is critical for the application, this limits the working band.
If a parabolic mirror collect all the radiated power they can be still used
for high power generation.

Below, two extra limiting factors are taken into account:

Optical fiber diameter: if each element is fed by one optical fiber. A
single electrically-large lens is placed down the array for increasing
the power extracted from the substrate.

Lenses size: if one lens per element is used, the lens radius is the
limiting factor, since electrically-small lenses have smaller emission
efficiency (see Section 1.4.1).

Next, both strategies are considered.

2.3.1 Arrays with a single electrically-large lens

Fig. 2.9 shows the calculated radiation pattern of a 3x3 array of
horizontal dipole AE (see Section 1.2.2) at 1 THz. It has a spacing
between elements of dx = dy = 168µm.

Figure 2.9: Directivity (in dB) of a 3x3 horizontal dipole AE array
with dx = dy = 168µm and lens of radius R = 2mm. Both H-plane

(blue) and E-plane (red) are shown for both the single element (dashed)
and the array (solid).
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As it can be seen, even for coherently driven THz sources, there is
no constructive interference, since all elements but the central one are
out-of-focus (Fig. 5.1). This effect is confirmed by the experimental
results.

Several 5x5 and 3x3 arrays of log-spirals AE (see Section A.1) have
been manufactured and measured. A common pitch between elements is
dx = dy = 160µm, since this allows us to use a commercial 3x3 optical
fiber array for illuminating up to 9 devices at the same time. Examples
of radiation pattern measurements at 300 GHz are shown in Fig. 2.10.
They were measured by illuminating groups of 3x3 elements of the 5x5
array. Despite of the lack of angular resolution, the presence of several
lobes can be appreciated in most of them.

Figure 2.10: Radiation pattern for the spiral arrays [24].

Fig. 2.11 shows the measured terahertz power normalized to the
square of the devices photocurrent PTHz/A2 [24,25] for all the elements
of the 3x3 array highlighted in red (Fig. 2.10). Terahertz power is
collected by using two parabolic mirrors.

There is a 10-100 factor between the normalized power radiated by
different elements of the same array. This is consistent with the simu-
lation results, since only the power inside the cone define by the mirror
size and its distance to the source is collected by the power receiver (a
Golay cell): if an out-of-focus element radiates its main beam out of this
cone, the measured power is smaller.

The limiting factor in the pitch of the AE array is the optical fiber
diameter (D = 150µm), but a inter-spacings of less than 150µm are
difficult to achieve. Furthermore, when using the optical fiber array, we
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Figure 2.11: Power (normalized to the square of the photocurrent)
emitted by each element of the 3x3 array marked in red in Fig. 2.10.
Left column elements (red). Central column elements (black). Right
column elements (blue). Radiated power by the single element is also

shown (pink).

were unable to achieve an uniform optical pump of elements [26], even for
only a 2x2 array. By using semiconductor micro- and nano-fabrication
techniques, it could be possible to manufacture an optical fiber array
holder with the required precision (≤ 1µm [26]).

It is possible to reduce the illumination complexity by using an array
of 1550 nm lenses with the same pitch as the array of AEs. Then, a single
optical pump creates a large spot in the optical lenses, which would
be focused in the photomixers. Depending on the achieved alignment
precision, larger or smaller spots could be generated in the AE plane by
modifying the distance between lenses and the photomixers. Two bow-
tie AE arrays have been manufactured (see Section A.3) with pitches
of 150µm (Thorlabs MLA150-7AR) and 300µm (Thorlabs MLA300-
14AR), which corresponds to commercially-available values for arrays
of optical microlenses [27]. Fig. 2.12 sketches the design of the dx =

dy = 300µm 5x5 array. 1550 nm photoconductive terahertz sources
are placed in the gaps marked in green. Dummy bow ties around the
functional ones prevent the edge effects and serve as biasing pads.
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Figure 2.12: Array of bow tie (gold) AEs. Pitch is dx = dy = 300µm.
AE are marked in green.

2.3.2 Arrays with multiple lenses

When considering one lens per AE, the array becomes sparse if they
are electrically large. Then, a radiation pattern with many sidelobes is
expected. Fig. 2.13 shows the radiation pattern of the same AE array
as in Fig. 2.9 at 1 THz, but considering one lens per device and a pitch
dx = dy = 2mm.

Figure 2.13: Directivity (in dB) of a 3x3 horizontal dipole AE array
with dx = dy = 2mm and one lens per element. Both H-plane (blue) and
E-plane (red) are shown for both the single element (dashed) and the

array (solid).

The above discussion about the optical fiber alignment precision is
applicable here. On the other hand, arrays with pitches dx = dy >

750µm can be manually assembled gluing one by one all the optical
fibers (see Section 3.2). This is feasible for a prototyping context. In
Section 5.2 an array of 1x4 elements is proposed by using DRW antennas
(see Chapter 4) instead of lenses, since they have less cross-section area.
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2.4 Large area emitter

A LAE is a Terahertz photomixer source. It overcomes the limitation
found in other optoelectronic sources such as n-i-pn-i-p and photocon-
ductive photomixers by avoiding the limitations in optical power due to
the small size of the device. As it was explained before, the RC roll-off
and transit time roll-off in n-i-pn-i-p sources force a maximum active
area [28]. Photoconductives also need optical power focalized in a small
region. Small devices suffer of strong heating [28], which increases the
risk of thermal failure. Moreover, higher power densities lead to high
photo-carrier densities, which could screen the applied DC electric fields
required for their transport [28]. Both heating and screening are solved
by increasing the device size and, therefore, keeping a feasible density of
optical power while increasing its value. This leads to an increase of the
terahertz radiated power [19].

Large Area Emitters do not need an external antenna for radiat-
ing the generated photocurrent, since each generated photocarrier is as-
sumed to be an independent source. One of each can be assimilated as
an elementary Hertzian dipole when subjected to an accelerating DC
electric field. This dipole is also known as a Large Area Quasi Dipole
(LAQD) [19]. The radiation characteristic can be modeled by consider-
ing the contribution of all photocarriers as an array of large area quasi
dipoles (LAQDs).

According to the orientation of the DC electric fields, two different
topologies are defined: horizontal (Fig. 2.14a) and vertical (Fig. 2.14b)
LAE. An incident Gaussian laser beam of radius ρ0 with two colors
of photon frequencies differing by the THz frequency νTHz produces a
variable distribution of electrons and holes. This variation is spatially
directed parallel to the EDC DC electric fields. Its period corresponds
to the THz frequency [19].

Vertical orientation of the photocarrier oscillations can be obtained
in an n-i-pn-i-p structure (Fig. 2.15a). LAQD length is determined then
by the thickness of the layers and is typically of the order of 200 µm.
An example of manufactured device design was presented on [29]. It is
a 5028x2283 µm2 (a x b) device with 28 (n) MESAs. WMESA is 165
µm and GAP 12 µm. An InP wafer of 350 µm of thickness (STHK)
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(a)

(b)

Figure 2.14: Schematic diagram illustrating the photomixing process
in both vertical (a) and horizontal (b) Large Area Emitters.
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was used as a substrate. As stated above, radiation characteristics can
be estimated by modeling the contribution of generated photocarriers as
an array of LAQD dipoles. Fig. 2.15b sketches an example of model.
Each MESA is modeled as an array of NX x NY x NZ vertical LAQD.
Distance between array elements (d) must be chosen small enough for
modeling properly both in phase and amplitude the optical Gaussian
beam impinging the LAE

d� min(ρ20,
λ0

4
√
εSC

) (2.11)

The radiation intensity for the vertical (ULAE,v) and the horizontal
(ULAE,v) LAE can be calculated by the product of each LAQD radiation
pattern when embedded in the substrate and the array factor AFLAE

ULAE,v(θ, φ) = ULAQD,v(θ, φ) ·AFLAE(θ, φ) (2.12a)

ULAE,h(θ, φ) = ULAQD,h(θ, φ) ·AFLAE(θ, φ) (2.12b)

where ULAQD,v and ULAQD,h are the radiation intensities of the vertical
and horizontal LAQD, respectively. When assuming a semi-infinite sub-
strate (see Section 1.2), they can be determined by Eqs. (1.7), (1.10),
and (1.11) (vertical LAE), and by Eqs. (1.12) (horizontal LAE), when
particularizing the radiation intensity amplitude U0 to the LAQD case:

U0 =
3

8π
P idTHz (2.13)

where P idTHz is [19]

P idTHz =
1

2
RLAQD |ITHz(ωTHz)| (2.14)

where the LAQD radiation impedance RLAQD can be estimated from the
substrate refractive index n

SC
= 1/

√
ε
SC

and the photocarriers velocity
vval

RLAQD =
(2Z0nSC

3π

)(vval
c

)2
= 12.8 · 10−3Ω (2.15)
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(a)

(b)

Figure 2.15: Sketch of a Vertical LAE (a). Both top and bottom
contacts (red) for DC biasing are shown. Detailed view of the

corresponding model using LAQD (b).
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where vval = 2 · 108 cm/s for InGaAs at sufficiently high electric fields
(> 3 kV/cm) [19] for a well-designed LAE, Zo = 1/ε0c = 377Ω is the
impedance of free space and c = 3 · 108 m/s is the vacuum velocity of
light, and ITHz is the THz AC current, whose amplitude depends on
both the laser power Popt and the frequency ωTHz.

When the Eq. (2.11) is fulfilled, the differences between the array
factor of a discrete LAE model (such as the one shown in Fig. 2.15b,
which can be analytically obtained similarly as in Section 2.3) and a more
realistic continuous array factor become negligible [5]. The continuous
array factor assumes a continuous distribution of photocarriers. When
assuming same coordinates system as in Fig. 2.14, it can be expressed
as

AFLAE(θ, φ) =
∣∣∣ ∫
a

∫
b

n(~ρ) · exp
(
− i~k(θ, φ) · ~ρ(ρx, ρy)

)
·dρxdρy

∣∣∣2 (2.16)

where ~ρ = (ρx, ρy, 0) is the vector from the origin to the THz field source
when integrating the LAE area (a x b), and n(~ρ) is the photocarrier
density distribution. n(~ρ) depends on the optical beam shape. For an
Gaussian beam of radius ρ0, it calculated as

n(~ρ) = n0 · exp

(
−
ρ2x + ρ2y
ρ0

)
(2.17)

where n0 is the maximum density of photocarriers in the XY plane, and
it is proportional to PL/(πρ20), being PL the incident optical power. For
an isotropic Gaussian optical beam in the Z-axis direction the continuous
array factor is only dependent on θ. The 2D integral can be analytically
solved, with the result

AFLAE(θ) =
(
n0πρ

2
0

)2
· exp

(
− 1

2

[
kρ0 sin θ

])
(2.18)

By using equations (2.12) and (2.18) it is possible to calculate
the radiation pattern of a LAE. Fig. 2.16 shows radiation inten-
sities of an horizontal (x-axis oriented EDC field) LAE for ρ0 =
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0.1, 0.2, 0.5, 1, 2, 5λ0/nSC . Since for ρ0 < 0.2λ0/nSC the array factor
is almost isotropic, the radiation patterns become similar to the one cal-
culated for a single dipole lying in a semi-infinite substrate (Fig. 1.8).
As expected. Most of the power is radiated into the high-permittivity
substrate.

Figure 2.16: Radiation intensities of horizontal LAE with different
radius ρ0 = 0.1, 0.2, 0.5, 1, 2, 5λ0/nSC of the Gaussian optical pump.

Photocarriers are accelerated by an electric field parallel to the surface
in x-direction. Both E-plane (phi = 0° plane, solid) and H-plane
(phi = 90° plane, dashed) are shown for ρ0 = 0.1λ0/nSC (blue),

ρ0 = 0.2λ0/nSC (green), ρ0 = 0.5λ0/nSC (red), ρ0 = 1λ0/nSC (cyan),
ρ0 = 2λ0/nSC (magenta) and ρ0 = 5λ0/nSC (black).

Same calculations can be done for the vertical LAE by using the
radiation pattern of a vertical dipole. When illuminating with an optical
beam perpendicular to the device, a much smaller THz power level is
expected, since the vertical dipole lying in a semi-infinite substrate has
a null in the z-axis (Fig. 1.8). For this family of LAEs an oblique instead
of a perpendicular incident beam is chosen. By doing so, it is possible
to steer the main lobe of the array factor, which allows to maximize the
amount of power radiated into the substrate. Fig. 2.17 sketches the
oblique excitation of a vertical LAE. ZX is the plane of incidence.

From the theoretical study, it was found that an angle of incidence
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Figure 2.17: Oblique excitation of a vertical LAE. An incident
Gaussian optical beam (blue) conforms an angle θvac,0 with the z-axis.

The generated photocarriers are not in phase, which produces a
deviation of the terahertz (red) main beam of θsc,0 with respect to the

z-axis.

close to the Brewster angle θ
BR,0 = arctan(n

SC
) = 74.48° (InGaAs)

represents a suitable choice, since the array factor and vertical dipole
maximums differ only by 0.6 degree. Calculated radiation pattern for
the vertical LAE is shown in Fig. 2.18, for both φ = 0° (Fig. 2.18a) and
Brewster (Fig. 2.18b) planes. The Brewster plane is perpendicular to
φ = 0° and contains the maximum of the radiation pattern.

Despite horizontal LAE are more appealing from the theoretical point
of view, they are more difficult to manufacture, especially for CW oper-
ation [19]. It is difficult to achieve ballistic transport times while getting
rid of field screening due to saturation effects [19].

2.5 Conclusions

The three optoelectronic terahertz sources used in this thesis were
described. The main limitations of photoconductive and n-i-pn-i-p pho-
tomixers were analyzed. For overcoming them, a new device, the LAE,
has been proposed. Both photoconductive devices and n-i-pn-i-p pho-
tomixers manufacturing processes are described in Appendix A.
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(a)

(b)

Figure 2.18: Radiation intensities of horizontal LAE with different
radius ρ0 = 0.1, 0.2, 0.5, 1, 2, 5λ0/nSC of the Gaussian optical pump.

Photocarriers are accelerated by an electric field parallel to the surface
in x-direction. Both phi = 0° plane (a) and Brewster plane (b) are

shown for ρ0 = 0.1λ0/nSC (blue), ρ0 = 0.2λ0/nSC (green),
ρ0 = 0.5λ0/nSC (red), ρ0 = 1λ0/nSC (cyan), ρ0 = 2λ0/nSC (magenta)

and ρ0 = 5λ0/nSC (black).
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The combination of many discrete terahertz sources has been dis-
cussed. Despite on the fact that there is work to do, some preliminary
measurement of manufactured arrays have been provided.

As said in Section 2.4, LAEs allows to increase the optical pump
power, which leads to an increment on the generated terahertz power
with respect to other photomixing sources technologies. A model this
device has been proposed. It is based on the work described in Chapter
1.
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CHAPTER 3

GENERATION AND DETECTION OF THZ
POWER

This chapter describes the measurement and sample preparation se-
tups developed during the experimental work related to this thesis. For
a description of the samples manufacturing, please refer to Appendices
A and B. The following sections explain the main set-ups that were de-
signed and manufactured for conducting the experiments whose results
are shown in the following chapters:

THz transmission setup: A optoelectronic THz source and a de-
tector (either a optoelectronic receiver or a bolometer) are used for
measuring the amplitude of a transmission coefficient.

Photomixer assembly setup: The assembly of THz sources is de-
scribed.

Antenna measurement setup: The previous setup is integrated in
a radiation pattern measurement setup. Then, the THz source is
replaced with a THz transmitter prototype for characterizing it.

DRW transmission setup: A vector network analyzer (VNA) is
used for measuring the S parameter matrix of DRW (see Chapters
4 and 5).



CHAPTER 3. LAB SETUPS

3.1 Photomixing setup

As said above, two different configurations are possible for detecting
the signal of a photomixing THz source: a second photomixer (photo-
receiver) or a bolometer.

When pumping the photo-receiver with same optical signal as in the
photomixing source, it is possible to modulate the THz signal by adding
an AC component to the DC biasing of the source. By detecting the AC
component in the receiver photocurrent, a coherent receiver scheme is
achieved.

A more simple approach uses a bolometer as a detector. It detects
a broad range of wavelengths, so an external lock-in amplifier (and a
chopping of the optical pump of the THz source) is needed for recognizing
the desired terahertz signal.

Setups for both approaches are described in the following subsections.

3.1.1 Coherent system

GREMA group owns a 1550 nm optoelectronic spectroscopy kit,
which is a coherent THz system. Power source is electrically modu-
lated so the achieved dynamic range is maximized by using a lock-in
detector. Sketch of the system is provided on Fig. 3.1.

The Toptica Photonics CW Terahertz Spectroscopy Kit, also known
as TeraScan 1550, is an optical heterodine system. An AE is irradiated
with two 1550 nm high-power laser diodes (40 mW). Lasers wavelength
is tuned by controlling temperature with two thermo-electric coolers
(TECs) [2]. Both lasers are combined in a 2x2 PM fiber splitter.

THz source is a InP-based p-i-n photomixer originally developed for
1550 nm telecom applications [3, 4]. It is integrated with a 100 µm bow
tie antenna and a silicon lens. Radiation patterns were measured in the
setup described in Subsection 3.3.1. They are shown in Fig. 3.2. As it
can be seen, they have many secondary lobes. Moreover, the main lobe
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3.1. PHOTOMIXING SETUP

Figure 3.1: Toptica TeraScan 1550 system sketch [1]. polarization
maintaining (PM) fiber (blue) is used to ensure a proper polarization

matching in the photomixers (cos(β) = 0 in Eq. (6)).

has a tilt of ≈ 10° at some frequencies. Since all the radiated power in
collected by a parabolic mirror (Fig. 3.1) the radiation pattern is not a
critical issue for this kit, which is intended for spectroscopy applications.
They can be compared with the radiation pattern (at 150 GHz) achieved
by the antenna proposed in Subsection 4.2.2 (Fig. 4.12).

Photomixer is excited with an electrical sinusoid of 1 volt amplitude
Vpp, -1 volt offset Voff and a frequency of 12.20703 kHz. Dymanic range
highly depends on the system integration time. According to the man-
ufacturer, it is possible to achieve 90 dB when using 300 ms/step. An
intermediate value of 59.97 ms/step is used for the radiation pattern
measurments displayed in Fig. 3.2.

Depite using broadband photoconductive sources, the radiation pat-
tern is frequency dependent. At 150 GHz sidelobe level (SLL) is less
than 5 dB. As said above, the poor quality of the radiation patterns is
not critical as long as most of the THz power is collected by the large
enough parabolic mirror. If not, part of the power would be lost due
to spill-over. In such case, the dynamic range of the system would be
reduced for some frequencies, which would make impossible to recognize
spectral signatures with resonances close to these frequencies.
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(a) (b)

(c) (d)

Figure 3.2: Measured radiation patterns (H-plane, copolar) of the
TeraScan 1550 THz photomixing source for 100 GHz (a, red), 150 GHz
(a, green), 200 GHz (b, red), 250 GHz (b, green), 300 GHz (c, red), 400
GHz (c, green), 500 GHz (d, red), and 600 GHz (d, green). Each subplot

is normalized to the maximum value of its radiation patterns.

3.1.2 Non coherent system

Fig. 3.3 shows a simplified sketch of this system. The receiver has
been replaced by a Golay cell, which is a bolometer on which a gas filled
cavity with an internal IR absorber. The incident radiation heats up
the absorber, which makes the gas to expand. One of the cavity walls
is a membrane, whose deformation is measured by a photodiode, which
receives a laser beam reflected on the membrane (Fig. 3.4). The detector
speed depends on the time required to reach a thermal equilibrium inside
the gas cavity. This is defined by the response rate parameter TR.

The THz power is modulated by chopping the optical pump of the
source. Chopping frequency is chosen for increasing the sensitivity of
the Golay cell, according to its specifications (see Table 3.1).

Both laser sorces are the same as in the previous setup, so the con-
troller of the Toptica TeraScan 1550 is used for tuning the lasers and,
therefore, setting the THz frequency.
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Figure 3.3: Non-coherent setup for characterizing experimental THz
sources.

Figure 3.4: Sketch of a Golay cell.

The Golay cell manufacturer [5] also provides an A/D converter.
With their software it is possible to determine the received power level
by simply configuring a hardware and software gain, reading a voltage
level and, finally, multiplying it by the cell responsivity R. Both time
domain and spectrum analysis are perform over the analog output of the
Golay cell.

Fig. 3.5 shows the spectrum of the output of the bolometer. The laser
pump of the photomixer-based source was chopped at 7 Hz. According
to the Golay cell responsivity at 150 GHz, a total power of 22.56 nW is
being measured.

It is possible to capture the signal by using a locking-amplifier. It
allows us to increase the measurement dynamic range. This was the
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Param Value

Detector Golay Cell GC-1D (No. GC00148)

Power supply GC-PS/1 (No. PS10028)

Horn aperture 11 mm

Window aperture 5 mm

Frequency 5 Hz 10 Hz

NEP 9.66 · 10−11 V/
√

Hz 9.09 · 10−11 V/
√

Hz

R 1.64 · 105 V/W 1.02 · 105 V/W

TR 39 ms 39 ms

Table 3.1: Technical data and specifications of the TYDEX Golay cell
owned by GREMA.

Figure 3.5: Spectrum example of the Golay cell analog output.

chosen option for integrating the non-coherent system in a radiation
pattern measurement setup, as is described in the following section.
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3.2 Device packaging

The packaging procedure for THz photomixing sources is described
in this section. It was developed according to the manufacturing capa-
bilities of the GREMA.

Firstly, a proper glue was found. Three samples of high-resistivity
low-permittivity epoxy glues are selected at first: Hysol 9492 [6], Macro-
cast CR6127 [7] and Hysol 3421 [8]. They are initially found appropri-
ated for gluing most of the AE substrates and optical fibers [9]. A few
glue samples are prepared (Fig. 3.6a) and characterized with the setup
described in Subsection 3.1.1 (Fig. 3.6b), since the manufacturer does
not provides any high frequency characterization. Glue samples of 30
mm x 10 mm x 3 mm are cured in a silicone mold [9] and fixed in a
iris between the two parabolic mirrors. The iris diameter is tuned for
increasing the receiver photocurrent without any sample Ipd,0 and kept
constant for the rest of measurements.

(a) (b)

Figure 3.6: Glue samples (a) are placed in a iris (b) of a coherent
spectroscopy system (see subsection 3.1.1).

Only attenuation L in the received power is measured from 50 GHz
to 1 THz, so it is not possible to obtain both losses and permittivity.
The attenuation for a specific sample is calculated from the measured
photocurrent Ipd,glue as follows
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L[dB/mm] = 10 · log10

( Ipd,0
T · Ipd,glue

)
(3.1)

where T = 3 is the sample thickness in millimeters. On the other hand,
both must be as small as possible for reducing the impact on the AE
performance. Therefore, the candidate with the smallest attenuation is
chosen. Results are shown in Fig. 3.7. Hysol 3421 is found to be the most
suitable for frequencies beyond 300 GHz. Three different Hysol 3421
samples are displayed for checking the repetition of the characterization
procedure. It is used for attaching the DRW antenna to the AE (see
Subsection 4.2.2 and Fig. 3.8a), and then, to a 1 inch diameter foam
disc (Fig. 3.8b).

Figure 3.7: Glue characterization in the sub-terahertz and terahertz
frequencies. Atenuation is obtained when normalizing the receiver

photocurrent to the case without any sample in the iris (black, dashed).
Different glues has been tested (solid).

Secondly, the biasing contacts of the device are done. A small pcb
(Fig. 3.9) is manufactured an glued close to the AE. A 0.5 mm thick
FR-4 subrate is chosen because it has a similar thickness and smaller
permittivity than the AE substrate (InP). Contact between FR-4 and
the biasing pads is done by glue bonding [10]. When distance between
FR-4 pcb and semiconductor is too high, copper wires with silver ink
or conductive epoxy are used to ensure electrical contact. Copper wires
are soldered in the FR-4 pads. Moreover, the board layout offers enough
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(a) (b)

Figure 3.8: Device assembly: The AE is glued to the DRW antenna:
photo (a) shows a Log-periodic AE glued to a H-plane tapered DRW
antenna. Secondly, it is centered and aligned to the axis of a 1 inch
diameter 3 mm thick foam disc. Two micropositioners with customs

holders are used in this step.

room for an electrical protection circuit made of surface-mount device
(SMD) discrete components.

Figure 3.9: Biasing contacts for an AE.

First devices do not have a protection circuit, since they were used
for a DC characterization. Fig. 3.10 shows the I-V curve of a 3-period
n-i-pn-i-p photomixer (see Sections 2.2 and A.2). It was done in three
different illumination conditions. For this, a Keysight B2985A picoam-
meter is controlled through general purpose instrumentation bus (GPIB)
with an in-house MATLAB [11] software developed during the realiza-
tion of this thesis (Fig. 3.11).

At this point, all devices are tested before any further step. For this,
a biasing current is applied for determinate its polarity. Then, they are
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Figure 3.10: I-V curve of a n-i-pn-i-p photomixer. It is tested both in
dark conditions (green and red) and illuminated with a tungsten lamp
(black and blue). The density of power is unknown. Two sweeps were

taken for showing the repetition of the measurement.

Figure 3.11: TeraLAB software was made for characterizing devices
both in DC and RF. It talks via GPIB with a combination of power

sources, multimeters, picoammmeters and a VNA for 1D a 2D parameter
sweeps.

reverse biased. A chopped (4-7 Hz) optical pump is provided to the
devices for checking the photocurrent. Finally, an optical fiber is aligned
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to the photomixer and glued. The alignment is checked and adjusted if
needed during the whole curing process, since the volume of epoxy glue
decreases. A picture of the alignment setup is shown on Fig. 3.12.

Figure 3.12: Alignment setup: Two micropositioners and a microscope
are used for aligning the photomixer and he optical fiber.

Finally, the device is definitely encapsulated with epoxy glue. Be-
cause of the standard diameter of the foam disc, assembled sources can be
easily integrated in more complex systems using lens holder Fig. 3.13a.
The radiation pattern measurement setup described in Subsection 3.3.1
was specifically designed for this prototype. For a well-pigtailed device,
an phase center alignment better than 200 µm is easily achieved (Fig.
3.13b).

3.3 Antenna pattern measurement

For the radiation pattern acquisition, two different setups were used:
a spherical far field setup and a 2D planar scanner. The first one was
developed during this thesis in the THz lab of the Carlos III University
of Madrid, in Leganés, Spain. The second one is owned and operated by
the Department of Radio Science and Engineering (MilliLab), at Aalto
University in Espoo, Finland.
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(a) (b)

Figure 3.13: Device assembly: The AE is glued to the DRW antenna
(a). Secondly, it is centered and aligned to the axis of a 1 mm diameter
foam disc. Two micropositioners with customs holders are used in this

step.

3.3.1 Spherical far-field setup

In this subsection, the setup developed for measuring radiation pat-
terns in GREMA’s THz lab is described. It is sketched in Fig. 3.14. Ei-
ther coherent and non-coherent THz measurement setups are supported
by the software controller.

Figure 3.14: Sketch of the spherical radiation pattern measurement
setup. A laptop with the software controller installed talks via

serial-to-USB with the motion controller. It powers both axis θ and φ
motors (red wires). Laptop also reads and controls the chosen THz

measurement setup via either universal serial bus (USB) or GPIB. Both
optical fiber and cables connects the antenna under test (AUT) and the
probe with instrumentation equipments (blue), according to the specific

setup details.

The coherent setup integrates the Toptica TeraScan 1550 system for
radiation pattern measurements. Both system transmiter or receiver
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can be exchange with prototypes as long as the following are taken into
account:

Devices must work at a wavelength of 1550 nm. Accepted power
must be equal or greather than 80 mW.

Electric compatibility: despite it is sill possible to adapt both am-
plitude Vpp and offset Voff device must work at the frequency of
the heterodyne setup.

Partial communication betwen the THz setup and software controller
is supported. Toptica TeraScan 1550 has its own control software, Topas.
It communicates with the Toptica USB hardware drivers via a transmis-
sion control protocol (TCP) local connection. Manufacturer provides
labview drivers but no other communication mechanism, not even hard-
ware triggers. Despite it could be possible to sniff and inject commandos
in the TCP data channel, it is not supported by the company. Chosen
strategy lays on the Topas possibility to run successive frequency sweeps
saving data in text files. The software controller of the setup waits to the
generation of the corresponding datafile before moving the positioner to
the next point. By setting a wait time between Topas sweeps, synchrony
is achieved.

Non-coherent setups for terahertz sources can be used by using the
Golay cell as probe. For that, the software talks with a Standford Re-
search Systems SR830 DSP Lock-in Amplifier. A Thorlabs MC2000
Optical Chopper is used as a reference generator and as a laser modula-
tor.

The antenna positioner (Fig. 3.15a) was designed with a limitation of
e100 in the hardware expenses. Because of this, wood is chosen instead
of any metal for the positioner parts. Ambient moisture must be keep
low for ensuring durability, which is not difficult to achieve due to the
dry climate of Madrid. On the other hand, wood is machined easily. It
is possible to keep the positioner in working condition by checking the
tight of the screws twice per year.

The motion controller is implemented with an Arduino Mega 2560
[12]. Two 12 volt DC motors control both phi and theta axis of the

83



CHAPTER 3. LAB SETUPS

(a)

(b)

Figure 3.15: Radiation pattern measurement setup (a). Software
controller graphical user interface (GUI) (b). This in-house software was

developed using MatLAB platform.
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antenna positioner. An 4-channel L298 dual full-bridge driver is used for
both motors axis. For each axis, an Agilent HEDS-9711 optical encoder
with a Ruhlatec circular strip (part no. C4557-80019) with 7200 marks
per revolution ensures a precision of 0.05° in the angle measurement.
For avoiding vibrations, controller software set positioning tolerance to
0.2 degrees. It is possible to improve it (up to 0.05°) by tuning both
mechanics (adding axis friction in bearings by tightening screws) and
motor speed. Since wood is sensible to moisture readjusting of speed
parameters is eventually required.

Despite of using interruptions inputs for the optical encoders, the At-
mel 2560 microcontroller performance limits the steps per second that
can be detected for both axis. Axis speed is then consequently reduced.
If not, a failure of following encoder ticks would led to inconsistent angu-
lar information. This can be solved by using a more powerful platform,
such as Raspberry Pi [13] or similar, but prices would increase far from
established goal. It is scheduled to increase the hardware capabilities by
upgrading the motion controller.

The control and processor software (Fig. 3.15b) is implemented un-
der MATLAB [11]. Instead of doing a constant-speed sweep, it moves the
positioner to a specific point. When convergence is ensured, measure-
ment is taken, which increases the precision at the expense of increasing
the scanning time.

Additionally, it is also possible to control the Agilent N5247A PNA-
X via GPIB for adquiring S parameters (phase and amplitude) while
scanning in both phi and theta. With OML V10VNA2-T/R and OML
V08VNA2-T/R Millimetre-wave VNA extenders the setup can carry out
radiation pattern measurements in the 75 GHz - 110 GHz and the 90
GHz - 140 GHz range with limitations in the antenna weight.

3.3.2 Planar far-field setup

Planar scanners are quite convenient for near-field range measure-
ments. Radiation patterns can be obtained after the proper post-process.
When ensuring enough distance between AUT and probe it is also possi-
ble to obtain directly the far field (FF) radiation characteristic without
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any transformation. Typically this is sub-optimum both in terms of scan-
ning points and time. Moreover, only a narrow region of the sphere can
be scanned (ideally, half of the sphere with an infinite planar scanner).

Despite of this, a planar scan for FF range measurements is still useful
when measuring high-directivity antennas, where only a small solid angle
close to the unique main bean is of interest. In this setup (Fig. 3.16a),
an NSI 2D scanner is placed facing an optical table. An AB Millimetre
millimeter vector network analyzer (MVNA) running from 8 to 350 GHz
with two head extensions, a ESA-1-A-FC-2 source system and a ESA-
2-FC detection system, is used for measuring both phase and amplitude
of the S21 parameter. A windows PC running labview [14] is used for
running the motors controller and storing the data.

A rectangular waveguide probe is used as a range antenna, in the
receiver side. AUT is placed in the transmitter side. Eccosorb VFX-
2 absorbers were used to control the reflections in the critical zones.
Fig. 3.16b shows an example of DRW antenna (see subsection 4.2.1)
measurement setup.

3.4 DRW measurement setup

A VNA with two rectangular waveguide head extensions can be use
for characterizing the propagation inside a DRW. Two different configu-
rations were used for obtaining the S parameters of dielectric waveguides:

4-ports Agilent N5247 PNA-X with two WR-10 OML V10VNA2-
T/R head extensions. This setup is in the THz lab of the GREMA
(Carlos III University of Madrid, Spain).

2-ports HP8530 VNA with two WR-10 HP W85104A head exten-
sions. This setup is in the sub-mm lab of the MilliLab (Aalto
University, Finland).

Fig. 3.17 shows a photo of both setups. The DRW holder is made
of low density foam and glued with epoxy. Teflon strip should be used
for avoiding contact between the rod and the rectangular waveguides in
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(a)

(b)

Figure 3.16: Radiation pattern measurement setup. Planar scanner
(a). Detailed view when measuring a DRW antenna (b).

both ports. Heads should be mounted on 3 axis micropositioner while
keeping the DRW holder in a fixed position. When using a optical table,
a good alignment between heads can be easily achieved by fixing them
to the surface. In this case, only a 3-axis micropositioner for tuning the
DRW position is needed. The OML V10VNA2-T/R are shipped with
Nylon 6/6 screw legs, but an extra fixation to the table is needed, since
they do not conform a stable and precise enough holder.
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(a) (b)

Figure 3.17: DRW measurement setups at GREMA (a) and MilliLab
(b) laboratories. Both experiments are related to the phase shifter that

is described in Section 5.3

3.5 Conclusions

The packaging of photomixing THz sources and the measurement se-
tups developed for this thesis have been described. Experimental work
was done in the labs of MilliLab (at Aalto University, Espoo, Finland)
and GREMA (at Carlos III University of Madrid, Leganés, Spain) re-
search groups.
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CHAPTER 4

DIELECTRIC ROD WAVEGUIDE
ANTENNAS

In this chapter, an alternative to dielectric lenses is presented for re-
ducing the amount of terahertz power scattered in the high permittivity
substrate. Silicon lenses, which are mostly suitable choice for combining
with AEs, are able to extract most of the power (see Section 1.4) from
the semiconductor, but their cost is in the order of hundreds of euros.
This is a mayor barrier for opening the terahertz technology to the mass
market. A cost-affordable alternative is critical for developing future
consumer electronics.

Rectangular dielectric rod waveguide is a well-known waveguide tech-
nology. DRWs can be easily tapered for either coupling field into it or out
from it. They can be efficient radiators with a long-enough taper. Their
manufacture only requires few simple steps leading to cost-affordable
components. It is possible to include other active or passive structures,
such as amplifiers [1], directional couplers [2] and phase shifters [3] of-
fering a huge versatility.

First, a brief overview of the theory concerning DRWs is presented. A
method for estimating fundamental and higher-order modes in DRW is
described. Then, the main parameters concerning the radiation proper-
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ties are highlighted. Next, the excitation of DRW is studied: both rect-
angular waveguide and photomixing sources lying on high-permittivity
substrates are considered. Finally, a novel proposal for increasing the
bandwidth of these antennas when fed by AEs is presented.

4.1 Dielectric rod waveguides

DRW with circular cross-sections are well-studied, since an analytical
solution can be found in terms of the Bessel functions for the fundamen-
tal mode HE11 [4]. Nonetheless, this kind of dielectric waveguides are
difficult to manufacture.

This thesis is focused on DRW with a rectangular cross-section, since
its ease of manufacture makes them cost-affordable, even when using
high-permittivity materials such as silicon and GaAs. Despite of the
lack of analytical solutions for calculating the structure modes some
approximations, such as Marcatilli’s [5] and Goell’s [6] methods has been
proposed. An sketch of the cross-section of a infinite rectangular DRW
along the Z-axis is given in Fig. 4.1.

Figure 4.1: Cross section of a rectangular DRW.

When assuming a field perpendicular to the Z-axis, two families of
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transverse electromagnetic mode (TEM) modes are defined: the Expq and
Eypq [4,5,7]. Superscripts x and y indicate the main polarization direction
of the electric field, being the others components negligible, according
to Marcatilli’s approximation. p and q subscripts indicate the number
of nulls in the field derivative along the X and Y axis, respectively. Fig.
4.1 sketches the field distribution of the fundamental mode Ex11. Field
has a single maximum along both X and Y axis, which is in the center
of the waveguide cross-section. Both the Ex (red) and Hy (blue) field
components follows a cosinusoidal distribution inside the DRW. Outside,
they decrease exponentially. The shadowed zones are not taken into
account in this analysis. Expressions of the E and H field components
are given in [5] for the five regions denoted i = from 1 to 5:

Hx,i = 0 (4.1a)

Hy,i = exp(−jkzz + jωt)



M1 cos(kxx+ β1) cos(kyy + β2) for i = 1

M2 cos(kyy + β2) exp(−kx,0x) for i = 2

M3 cos(kxx+ β1) exp(ky,0y) for i = 3

M4 cos(kyy + β2) exp(kx,0x) for i = 4

M3 cos(kxx+ β1) exp(−ky,0y) for i = 5

(4.1b)

Hz,i = − j

kz

∂2Hy,i

∂x∂y
(4.1c)

Ex,i = −
k20n

2
r,i − k2x,i

ωε0n2r,ikz
Hy,i (4.1d)

Ey,i = − 1

ωε0n2r,ikz

∂2Hy,i

∂x∂y
(4.1e)

Ez,i =
j

ωε0n2r,i

∂Hy,i

∂y
(4.1f)

where Mi are amplitude coefficients, ni the refraction index of
medium i, β1 and β2 are phase constants, kx,2−5 = kx,0 and ky,2−5 = ky,0
are the decaying factors outside the DRW, and kx,1 = kx, ky,1 = ky and
kz are the axial propagation constants inside the rod, approximated as
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follows when rod is fully surrounded by air (ε0 = 1) for the Expq modes
family

kx ≈
pπ

WROD

(
1 +

2A0

πεSCWROD

)−1
(4.2a)

ky ≈
qπ

THK

(
1 +

2A0

πTHK

)−1
(4.2b)

kz =
√
k2SC − k2x − k2y (4.2c)

and for the Eypq modes family

kx ≈
pπ

WROD

(
1 +

2A0

πWROD

)−1
(4.3a)

ky ≈
qπ

THK

(
1 +

2A0

πεSCTHK

)−1
(4.3b)

kz =
√
k2SC − k2x − k2y (4.3c)

being

A0 =
π√

k2SC − k20
=

λ0
2
√
εSC − 1

(4.4)

Having the propagation constant approximated, it is possible to op-
timize the waveguide dimensions WROD and THK for a specific fre-
quency range for a single-mode Ex11 propagation regime. For the 75 - 110
GHz frequency range the optimum dimensions are WROD = 1 mm and
THK = 0.5 mm when considering silicon or GaAs (ε

SC
≈ 12). [7–10].

Fig. 4.2 shows the estimated modal chart for both Eypq (black) and Eypq
(red) modes families. Its axes are normalized. The ordinate corresponds
to

k2z − k20
k2SC − k20

(4.5)
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which takes values from 0 to 1. The abscissa is a function of k0 that
takes into acount the waveguide thickness THK and permittivities.

2 · THK
λ0

√
εSC − 1 (4.6)

The 75 - 110 GHz frequency range corresponds to the 0.84 - 1.24
abscissa range. In this frequency range only the Ex11 fundamental mode
is propagating. It is also possible to excite the Ey11 mode if the feeding
is not properly designed. Both Ex11 and Ey11 modes do not have a cut-off
frequency. Marcatilli’s approximation is not accurate for lower frequen-
cies, since it wrongly predicts such a lower frequential limits for both
fundamental modes.

Figure 4.2: Axial propagation constant kz. Both axis are normalized
according to the criteria used in [5].

This waveguide design is used in Subsections 4.2.1 and 5.1 for de-
signing antennas working at such frequencies.

Subsection 4.2.2 shows how an electrically large DRW antenna fed by
a spherical source exhibits Brillouin waves in the rod due to total internal
refections. In such case, the Marcatilli’s assumption is not valid. E-field
distribution cannot be defined as a contribution of different TEM modes.
A solution for avoiding such non-TEM modes inside the rod is proposed
in Subsection 4.3.
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4.2 DRW antennas

As mentioned in the introduction of this chapter, a dielectric rod
waveguide can properly radiate the power to the air by simply tapering it.
This can be done in E, H, both planes or in more complex configurations
(Fig. 4.3). Tapering in one single plane is the simplest choice and,
according to simulations, can be efficient from the point of view of the
radiation properties. It is show that tapering in the E-plane is slightly
better than in the H-plane [11–13].

Figure 4.3: Tapers geometries.

Because of the ease of the manufacturing process (see Section B.1),
DRW antennas are cost-affordable. When using high permittivity ma-
terials, such as silicon or GaAs, they can be small size and lightweight.
Waste parts of processed wafers can be used for manufacturing them, as
long as they are low losses and have suitable thickness. Then, it is pos-
sible to get from the same wafer both the AEs and the DRW. Dielectric
rods are a compact and mechanically strong alternative to conventional
silicon lenses.
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Different illumination strategies are possible to coupling field to a
DRW. Two different alternatives are of interest for the research pre-
sented in this document: rectangular waveguides and AEs. First, is
interesting because of its ease of implementation, which is convenient for
concept validation. The second is when coupling the AE generated field
to the DRW antenna for increasing the amount of terahertz power ex-
tracted from the high permittivity substrate. Coming up next, a study
of both strategies is done in the following subsections (4.2.1 and 4.2.2,
respectively).

4.2.1 DRW antenna fed by rectangular waveguide

Planar dielectric rod antennas were proposed for the mm- and sub-
mm wave range in [10,14,15]. Authors use standard rectangular waveg-
uides for coupling the field into the DRW. This family of antennas has
one matching taper for efficient coupling between metallic waveguide and
dielectric slab. A second taper is made for radiating the power into the
free space properly. Such antenna is sketched on Fig. 4.4a. Both ends
of a HR silicon taper rod are tapered on the horizontal plane (XZ, E-
plane). The taper length LTAPER must be large enough for providing a
good matching in the working band [11–13,16].

DRW radiation taper has no upper cut-off frequency, which gives
the possibility to use in ultra-wideband applications. The prototype
shown in Fig. 4.4b is only limited by the bandwidth of the WR-10 metal
waveguide (75-110 GHz). A GaAs prototype working from 75 GHz to 1.1
THz is reported on [17]. Such bandwidth is achieved by using different
waveguide standard for each sub band, from WR-10 to WR-1.

Fig. 4.4b sketches a DRW antenna. A 100 GHz prototype is designed,
manufactured and characterized for evaluating both its performance and
the quality of our simulation models. It has a maximum cross section
(THK x W in Fig. 4.4a) of 0.5 x 1.0 mm2. The taper length LTAPER
is chosen to be 8 mm, which according to the laboratory measurements
provides a good-enough matching over the full WR-10 operation band.

A 2 mm long LDRW section of DRW is added for gluing a low-density
foam ring, which keeps the dielectric rod properly aligned into the metal
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(a)

(b)

Figure 4.4: Assembled dielectric rod waveguide antenna. Sketch (a)
and manufactured sample designed to work at 75-110 GHz (b). It is fed

by a WR-10 rectangular waveguide

waveguide. A strip of teflon is used for avoiding a contact between metal
and semiconductor (unseen in Fig. 4.4b due to the foam).

The antenna is properly fed when only the fundamental mode is
excited. Suitability of metallic waveguide feeder is verified through full-
wave simulations using HFSS [18] software. Fig. 4.5 shows E-field dis-
tribution both in the transition from the rectangular waveguide to the
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DRW (Fig. 4.5a) and in the radiation taper (Fig. 4.5b). It is shown that
the wave that comes from the metal waveguide is mostly guided through
the DRW. Then the wave propagates in a single-mode regime along the
DRW axis.

(a)

(b)

Figure 4.5: Example of simulated E-Field distribution [log(V/m)] on
XZ plane (red area in 3D inset) in the waveguide DRW transition (a)

and in the radiation tapering (b)

Fig. 4.5a shows how the waveguide field is efficiently coupled to
the dielectric structure. A matching taper of length 8 mm can achieve
a |S11| < −15dB on the whole band (75-110 GHz), as confirmed by
experimental evidence (Fig. 4.6).

The radiation taper length LRAD is directly related to the antenna
directivity [8,11,16]. A length of LRAD = 15 mm is chosen, which leads
to a measured gain of 16 dB after calibrating the set-up with a 20 dB
Aerowave-7020 pyramidal horn. Fig. 4.7 shows the measured radia-
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Figure 4.6: Measured S11 parameter for the DRW antenna of Fig.
4.4b.

tion pattern compared with a full-wave simulation results. A measured
cross-polar discrimination (XPD) of 28 dB is achieved in the main lobe
direction.

Figure 4.7: Simulated (dashed) and measured (solid) radiation
patterns of the DRW antenna. Both E-plane (φ = 0°, red) and H-plane
(φ = 90°, blue) are shown. Cross-polar cannot be seen since they are

below -25 dB.
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4.2.2 DRW antenna fed by AE

Fig. 4.8 shows the geometry of a DRW antenna fed by an AE ter-
ahertz source. The first is placed at the backside of the AE wafer. For
convenience, the substrate is assumed to be infinite on XY plane in all
of full-wave simulations. This is commonly a proper assumption, since
in order to take advantage of the manufacturing resources, many exper-
iments are built in the same substrate. It is also a realistic scenario in
commercial designs where various electronics are embedded in the same
package and, therefore, share a large semiconductor slab as a common
substrate.

Figure 4.8: Sketch of the system: Dielectric antenna of length
LANT = LDRW + LTAPER attached to an infinite substrate layer STHK

thick.

An E-field X-axis direction is chosen for the fundamental mode inside
the DRW. This will achieve an efficient illumination. An X-axis oriented
linear-polarized log-periodic antenna is placed in order to avoid a 3 dB
penalization. Both relative permittivities εSC and εDRW are the same
if the same material substrate both for the wafer and for the manufac-
tured DRW is used. This also avoids an extra penalization for reflections
between two different mediums.

Several prototypes were assembled an characterized. Below, mea-
surements are presented for two designs: first, is a proof-of-concept with
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an already available DRW antenna; second, with an optimized dielectric
antenna for 200 GHz.

a) First DRW Antenna Prototype

For the first proof-of-concept manufactured, LTAPER is chosen to be
8 mm and WROD 1.2 mm. In order to simplify the assembly, a dielectric
rectangular waveguide is placed between the radiation taper and the
wafer, being LDRW 15 mm, so the total length of the DRW antenna
is LANT = 23 mm. A low-loss semi-insulating GaAs wafer of 0.6 mm
thickness is chosen for manufacturing the dielectric antenna structure.

A three-period n-i-pn-i-p photomixer [19] is attached to a log-periodic
antenna (Fig. 1.4). It is manufactured using a InP wafer of 0.5 mm
of thickness. The whole prototype is pigtailed for measurement conve-
nience, as can be seen in Fig. 4.9. An RC filter protects the AE from
electrostatic shocks.

Figure 4.9: Proof-of-concept prototype. This is the first asembly of an
AE with a DRW antenna.

A radiation pattern was measured at 137 GHz and compared with
similar prototype with same type of AE but a 10 mm diameter silicon
lens instead of a DRW antenna. As it can be deducted from Fig. 4.10, the
power (normalized by the square of the photocurrent, PTHz(φ, θ)/I

2
DC
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where PTHz is the THz measured power over the Golay cell aperture for
a certain (φ, θ) direction and IDC is the photomixer current) of DRW
antenna is much lower than that of a lens. A slight tilt can be appreciated
in the E-plane for the lens setup. This is due to a misalignment in the
XY plane (along the X-axis) of the lens, which leads to place the focal
point out of the AE center.

Figure 4.10: Comparison between measured power (in arbitrary units,
logarithmic scale) achieved by the use of silicon lens, E-plane (red) and
H-plane (black), and DRW antenna, E-plane (green) and H-plane (blue).
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Figure 4.11: SEM image of the n-i-pn-i-p photomixer of the second.

b) Second DRW Antenna Prototype

A second prototype (Fig. 3.13a) is manufactured with an optimized
design of DRW antenna (DRW-AE-02 ). After several rounds of simu-
lations, LTAPER is chosen to be 8 mm and WROD 0.5 mm. A low-loss
high-resistivity silicon wafer of 0.5 mm thickness is used this time for
manufacturing the dielectric antenna.

A three-period InGaAs n-i-pn-i-p photomixer (Fig. 4.11) with a log-
periodic antenna is used. This is a device with a cross section of 8.5
x 5 µm2. Its small size (42 µm2. Typical devices are 10 x 10 µm2) is
for improving its performance at 1 THz [20] by reducing the effect of
the RC roll-off. Because of its low band gap energy (0.75 eV) it is suit-
able for telecommunication lasers. Because of the assembly procedure
(see Section 3.2) it is not possible to estimate the laser spot size over
the diode. Nevertheless, a maximum optical power of 20 dBm in the
FC/APC connector is tolerated for avoiding excessive heating.

Radiation pattern is measured in the spherical FF setup (see Section
3.3.1) and shown on Fig. 4.12. A Golay cell is used in a non-coherent
scheme as a detector. An optical chopper and a locking amplifier are used
for measuring at a chopping frequency of 8 Hz. Achieved dynamic range
is only 12 dB. Measured photocurrent is around 150 nA, which is much
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Figure 4.12: Measured radiation pattern at 150 GHz. Both E-plane
(XZ plane, black) and H-plane (YZ plane, red) are shown.

lower than expected (it should be in the order of milliamps, according
to other devices measurements). This explains the measurement poor
dynamic range, since a low power level is achieved.

4.2.3 Alignment tolerances

According to our simulations, a tolerance of ±100µm must be
achieved in the DRW antenna alignment step for the XY plane. Bigger
errors would decrease the amount of THz power coupled to the funda-
mental mode of the rod.

4.2.4 Limitations

Fig. 4.13 shows the simulated E-field distribution in the DRW-AE-02
design for 200 GHz (Fig. 4.13a) , 250 GHz (Fig. 4.13b), and 300 GHz
(Fig. 4.13c).

Various modes propagate inside the DRW antenna when the width
WROD is electrically large. Each mode is radiated at different active
zones along the radiation taper, when they are no longer supported in the
dielectric slab. This leads to a widely dispersed radiation zones (1 and
2 in Figs. 4.13b and Fig. 4.13c) through the rod axis. Due to the small
wavelength this leads to a multilobe radiation pattern. When only single-
lobe endfire radiation patterns are required for the specific application,
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(a)

(b)

(c)

Figure 4.13: Simulated E-field [log(V/m)] distribution on XZ plane at
200 GHz (a), 250 GHz (b), and 300 GHz (c).

the bandwidth of the DRW antenna is limited by the existence of higher-
order modes.

These higher-order modes cannot be described using the methodol-
ogy introduced in Section 4.1. On such modes, a non-negligible E-field
longitudinal component is present, so they cannot be defined as a quasi-
TEM mode.

Moreover, for a frequency high enough, the union between the wafer
and the DRW radiates part of the power, which leads to ripples in the
radiation pattern. According to gained design experience, AE and DRW
antenna must be coupled in the near field region, having substrates of
thickness preferably smaller than the minimum λSC/2. This reduces
the power radiated in the union and, therefore, increases the amount of
power radiated by the DRW antenna.
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4.3 Ultra-wideband DRW antenna

An AE creates spherical waves inside the DRW for an electrically
large width WROD. Total internal refection along the radiation taper
lead to higher-order modes, as shown in Figs. 4.13b and 4.13c. The
integration of a planar lens inside the rod is proposed for rectifying the
the generated wavefront of the spherical waves (Fig. 4.14).

Figure 4.14: Sketch of dielectric rod waveguide antenna with an
embedded planar lens.

The refracting interface of a lens introduces losses due to the me-
dia change. The generated power travels inside a medium of relative
permittivity ε

SC
. In order to minimize the reflection losses, the radia-

tion taper permittivity ε
ANT

must be an intermediate value between ε
SC

and ε0. The criteria for determining the optimum value of ε
ANT

takes
into account manufacturing capabilities, and losses due to reflections in
medium changes.

Reflection losses at the lens-DRW interface are calculated accord-
ing to the angle of incidence to the interface between media. Planar
lenses must be E-plane oriented instead of H-plane, since it minimizes
the reflections in the refractive interface. This is because the module of
the power reflection coefficient of a p-oriented E-field |Γp(βSC )| is less
than or equal to an s-oriented E-field reflection coefficient |Γs(βSC )| for
β
SC
∈ [0, βc], being βSC the angle of incidence of the medium change

(see Figs. 4.15 and 4.18) and βc the critical angle. Both |Γp(βSC )| and
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|Γs(βSC )| can be calculated with the Fresnel coefficients

|Γs(β)| =
∣∣∣∣nSC cosβ

SC
− n

ANT
cosβ

ANT

n
SC

cosβ
SC

+ n
ANT

cosβ
ANT

∣∣∣∣2 (4.7a)

|Γp(β)| =
∣∣∣∣nSC cosβ

ANT
− n

ANT
cosβ

SC

n
SC

cosβ
ANT

+ n
ANT

cosβ
SC

∣∣∣∣2 (4.7b)

were n
SC

=
√
ε
SC

and n
ANT

=
√
ε
ANT

are the refractive indices of the
two media for non-magnetic materials with µ

SC
= µ

ANT
= 1. The radi-

ation taper avoids reflections between the intermediate medium and the
air when LTAPER is large enough by converging the effective permittiv-
ity εeff (z) progressively to ε0.

The lens dimensions must be chosen by taking into account the
beamwidth of the AE. In order to prevent total internal reflection at
the lens-DRW interface, the beam waist of the antenna must be smaller
than the critical angle, βc (β

SC
= [−βc, βc]). Further, the lens must be

large-enough to collect most of the THz power.

It can be shown [21] that an elliptic pattern is the exact solution to the
problem, according to geometric optics (GO). Hyper-hemispheric lenses,
however, are easier to produce and represent a good approximation to
an elliptic interface.

The rest of this section is organized as follows. Firstly, the ana-
lytical expressions for the exact GO solution are shown. Secondly, the
approximate design procedure is given. Both embedded lenses, the el-
liptic and the hyper-hemispherical one, are compared by full-wave sim-
ulations. Silicon (ε

SC
= 12) is assumed for both AE wafer and lens.

Both lens designs are integrated in a DRW antenna of dielectric con-
stant ε

ANT
=
√
ε
SC
ε
0
≈ 3.5. Rod length LTAPER is 17 mm and width

WROD is 2.2 mm. Thickness THK is assumed to be 300 µm for both
wafer and DRW antenna.

Finally, a low frequency proof-of concept is characterized. The man-
ufacturing of THz antennas is discussed in Section B.2.
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4.3.1 Elliptical lenses

The embedded lens is a single refracting surface elliptical lens [21].
Its shape can be analytically determined as follows

X(α) =
(q − 1)f sin(α)

q cos(α)− 1
(4.8a)

Z(α) =
(q − 1)f cos(α)

q cos(α)− 1
(4.8b)

where q =

√
ε
ANT

ε
SC

takes into account the ration between relatives per-

mittivities, X(α) and Z(α) describes the shape of the elliptic lens when
giving values to the angle α; and f = STHK + Z(0) is determined for
fitting the lens inside the DRW antenna and maximizing the collected
THz power. The geometry is given in Fig. 4.15. The AE is placed in
one of the ellipse focus. The distance between the AE and the refracting
surface along the Z-axis is f = 1.5 mm.

Figure 4.15: Geometry of an embedded elliptical planar lens.

Simulated E-field distributions in the XZ-plane are shown in the Fig.
4.16 at 150 GHz (Fig. 4.16a), 300 GHz (Fig. 4.16b), and 800 GHz (Fig.
4.16c). Elliptic lens transforms the generated spheric wave reducing
excitation of higher order modes in the DRW, even for frequencies on
which the rod is electrically large. The number and the importance of
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secondary radiation zones along the antenna is reduced, however, side
lobes are still visible at higher frequencies. Secondary radiation zones
are marked in the Fig. 4.16c.

(a)

(b)

(c)

Figure 4.16: Simulated E-field distribution on XZ plane at 150 GHz
(a), 300 GHz (b), and 800 GHz (c) for an elliptic lens as described in the

text.

Calculated radiation patterns are given in Fig. 4.17.

4.3.2 Hyper-hemispherical approximation

Fig. 4.18 sketches the geometry of a hyper-hemispherical lens embed-
ded in a DRW antenna. The planar lens is defined by a circumference
of center C and radius R.

The lens hyperhemisphericity is H = STHK + ∆Z. Several series
of simulations were defined in order to approximate the wavefront phase
error inside the DRW radiation taper to the one obtained with an elliptic
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(a)

(b)

(c)

Figure 4.17: Simulated radiation pattern for the DRW antenna with
an elliptic lens at 150 GHz (a), 300 GHz (b), and 800 GHz (c). Both
E-plane (black) and H-plane (red) co-polar (solid) and cross-polar

(dashed) components are shown.

lens. We appreciated that this phase error was reduced in at least a
1 : 10 frequency range when forcing TA ray (red) to be parallel to the
Z-axis for β

SC
= 45°. Assuming the same refractive index for the lens

and the photomixer substrate, hyperhemisphericity is determined by the
following expression:
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Figure 4.18: Geometry of an embedded hyper-hemispherical planar
lens.

H =

[
tan

(
sin−1(

q√
2

) +
π

4

)
− 1

]
R√
2

(4.9)

where q =

√
ε
ANT

ε
SC

is the same as in eq. 4.8.

Fig. 4.19 shows the design chart according to eq. (4.9). Designs
above the blue line are not feasible, since ∆Z > R. Points below the red
line are lenses with hyperhemispherities smaller than the AE substrate
thickness STHK , which are unachievable too. Insets sketch aspects of
lens-based DRW antenna designs for different chart regions.

The relative permittivity ε
ANT

is usually restricted to a few sets of
values due to manufacturing issues. When ε

ANT
is close to ε

SC
(that

is, q → 1) the design of the lens becomes difficult, specially when wafer
thickness STHK is non negligible.

A lens of radius R = 2 mm is designed according to the explained
procedure for q = 0.54. It is marked with a D in the design chart (Fig.
4.19), with ∆Z = 0.7 mm, which leads to a hyperhemispherity H = 1

mm.

Fig. 4.20 shows the simulated E-field distribution inside the DRW
antenna in the XZ plane. The lens generates a phase front similar to
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Figure 4.19: Design chart of embedded planar lenses. Limits of
achievable hyperhemispherity values due to the wafer thickness (red) and

the ∆Z > R constraint (blue) are shown. Insets show aspects of
lens-based DRW antennas for different regions of the chart. When

∆Z = R (blue) the lens is tangent to the junction between wafer and
DRW. Curves for R = 3, 2, 1.5, 1, 0.5, 0.25, 0.20, 0.15, 0.10, and 0.05 mm
are given (black). The design simulated in Section IV is highlighted (D).

the ones achieved with the elliptic lens at frequencies where WROD >>

λDRW . Results are shown for 150 GHz (Fig. 4.20a), 300 GHz (Fig.
4.20b), and 800 GHz (Fig. 4.20c). The majority of the power is indeed
radiated along the main lobe at theta=0°. However, there are still side
lobes caused by higher order modes at 300 and 800 GHz (Fig. 4.20c).

The radiation pattern of the antenna is deteriorated. This can be
solved by modifying the lens shape by scaling it and, if its possible, by
reducing q in order to have a lens of bigger diameter and lesser hyper-
hemispherity H.

Radiation patterns are given in Fig. 4.21. Since not all the power
is radiated at the DRW antenna tip, there are many secondary lobes of
comparable levels to the main beam. Furthermore, there is a degradation
in the XPD for the higher frequencies. The presence of nulls along the
Z-axis is avoided, although there can be destructive interference in the
radiation pattern for the endfire direction.
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(a)

(b)

(c)

Figure 4.20: Simulated E-field distribution on XZ plane at 150 GHz
(a), 300 GHz (b), and 800 GHz (c).

it can be appreciated that elliptic lens achieves a better radiation
pattern when comparing Figs. 4.17 and 4.21. The exact GO solution
leads to a lower SLL and less destructive interference at θ = 0°.

When manufacturing capabilities allow embedding planar lenses of
arbitrary shape patterns, an elliptic one should be chosen. If not, an hy-
perhemispheric design is preferable, in particular for inexpensive designs
where the lens is accommodated in a drilled hole in a low-permittivity
DRW antenna.
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(a)

(b)

(c)

Figure 4.21: Simulated radiation pattern for the DRW antenna with a
hyperhemispheric lens at 150 GHz (a), 300 GHz (b), and 800 GHz (c).
Both E-plane (black) and H-plane (red) co-polar (solid) and cross-polar

(dashed) components are shown.

4.3.3 Low frequency proof-of-concept

As seen in Fig. 4.13, for a high enough frequency a DRW antenna
has many active zones. At some frequencies, there is destructive inter-
ference, which leads to a null in the Z-axis, as illustrated in Fig. 4.22 for
an E-tapered polypropylene (εr = 2.2) DRW antenna designed to op-
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erate in the single-mode regimen in the 6-12 GHz band. Measurement
was performed at 25 GHz. For exciting higher-order modes, a WR-28
rectangular waveguide is directly attached to the rod without matching
taper (see Section 4.2.1). Rod dimensions are LTAPER = 190mm and
WROD = 22 mm (see Fig. 4.14). Polypropylene thickness is 5 mm.

Figure 4.22: Measured radiation pattern. Higher-order modes are
present in the rod. Interference of the modes results in a null in the

Z-axis, besides an SLL of 4 dB. Both E-plane (red) and H-plane (black)
co-polar (solid) and cross-polar (dashed) components are shown. θ is

swept between ±90°. Radiation pattern is normalized, in dB.

The concept is validated by manufacturing and measuring the same
DRW antenna with an embedded planar lens. A high-permittivity (AD-
1000, εr = 10) substrate is used for manufacturing the elliptic lens of
q = 0.47 and f = 15 mm. Same WR-28 rectangular waveguide is used
for feeding the dielectric antenna.

According to our measurements, the working band, defined by the
presence of a radiation maximum in the θ = 0° direction, is extended to
beyond 30 GHz. Fig. 4.23 shows the measured radiation pattern at 25
GHz. A pronounced main lobe along θ = 0° is recorded, in contrast to
the design without lens shown in Fig. 4.22.

For proving the suppression of radiation nulls in the Z-axis direc-
tion, the |S12| parameter is measured when antenna under test (AUT)
is pointing towards a reference horn (TEST). The dielectric planar lens
avoids the radiation null shown at 25 GHz both in Fig. 4.22 and Fig.
4.24. There is also a null at 32 GHz that is not present in the lens-based
DRW antenna.
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Figure 4.23: Measured radiation pattern. Both E-plane (red) and
H-plane (black) co-polar (solid) and cross-polar (dashed) components are
shown. θ is swept between ±90°. Radiation pattern is normalized, in dB.

Figure 4.24: Measured |S12| parameter. A homogeneous DRW antenna
presents radiation nulls along the Z-axis for some frequencies when
operated outside of the single-mode frequency range (dashed). Same

design with an embedded elliptic planar lens avoids such nulls up to 32
GHz (solid).

4.4 Conclusions

Table 4.1 summarizes the simulated efficiencies in the same condi-
tions as the ones detailed in Section 1.4. As it can be seen, the use
of DRW antennas can increase the efficiency of a plain AE, despite it
does not match the silicon lens performance. When considering costs,
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they become appealing since rods can be between one and two orders of
magnitude cheaper than silicon lenses due to its ease of manufacture.

Substrate(
P
tir

THz

) Back radiaton(
P
rad

THz

∣∣∣
Z<0

) η(
P
rad

THz

∣∣∣
Z>0

)

Plain AE 50% 20.4% 29.6%

AE + lens
(R = 0.75 mm)

17.1% 9.8% 73.1%

AE + lens
(R = 3 mm)

5% 8.3% 86.7%

AE + DRW antenna 13.6% 9.1% 77.3%

Table 4.1: Comparative between efficiencies when using lenses, DRW
antennas or nothing for avoiding scattering power into the

semiconductor substrate.

A DRW antenna prototype has been assembled to a photomixing-
based n-i-pn-i-p terahertz source. Radiation pattern measurements at
137 GHz and 150 GHz have been provided for two different samples.

A solution for increasing the band of DRW antennas has been pro-
posed. Due to the extremely wideband achieved, the lens-based rods
designs are electrically large in the E-plane (XZ-plane) for the higher
frequencies, which it is undesirable in array configurations. They are
compacts in the H-plane (YZ-plane), so they can be used for single-plane
electronic steerable arrays. Two different lens design strategies have been
proposed and compared via full-wave simulations. The concept has been
validated through measurements in a low-frequency proof-of-concept.
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CHAPTER 5

DIELECTRIC ROD WAVEGUIDE
ANTENNA ARRAY

The potential advantages of dielectric rod waveguide antennas over
dielectric lenses for photomixer-based terahertz sources have been high-
lighted in Chapter 4. Besides that, DRW antennas can achieve a major
performance improvement when combining multiple sources.

The coherent combination of multiples AEs in a array configuration is
a straightforward way to increase the generated power (see Section 2.3).
When using a single large dielectric lens, the constructive interference
between elements of the array no longer happens, specially when the
off-axis distance of exterior elements is not electrically negligible. This
effect is sketched in Fig. 5.1. In such scenario, multiple lobes appear in
the radiation pattern [1] reducing the total power radiated along z-axis.

An array of DRW antennas can effectively combine the power of an
arbitrary large number of mm- and sub-mm wave sources while keep-
ing cost-affordable and lightweight. For proving this, a first prototype
is done with rectangular waveguide feeder for reducing the complexity
inherent to the use of an antenna emitter array (AEA). Therefore, the
dimension of the used waveguide standard limits the density of elements.

An early 2x1 DRW antenna array prototype was presented and char-
acterized on [2]. In the following subsection, a 4x4 elements array is fully
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Figure 5.1: Illustration of the geometrical imaging and the diffraction
aspects of an array with lens of radius Rl, and refractive index of nSC .
(a) A high density array (short distance , a, between elements) leads to

a low-enough θAi, so constructive interference is still possible. (b)
Constructive interference hardly exists so instead of combining generated

power along z-axis, many lobes are present in the radiation pattern.

studied for testing the scalability of this concept.

After the successful validation of the concept, an 1x4 antenna array
is designed and simulated using an AEA in Section 5.2.

Besides the increase of radiated power, DRW antenna arrays can
achieve a fully electronic beam steering when combined with proper
phase shifters [3]. For proving this, scanning properties are studied.
Furthermore, a novel carbon nanotube (CNT) based phase shifter is in-
troduced. Provided measurements show how it is possible to modify the
propagation constant by illuminating a thin layer deposited in one of the
DRW walls with a tungsten lamp.

5.1 4x4 antenna array fed by rectangular waveguides

Fig. 5.2 sketches the layer-based power divider for feeding the DRW
antennas. Upper layers are removed from the view for clarification pur-
poses. First, a 1x4 E-plane power splitter divides equally the power into
four layers. Then, four 1x4 H-plane horizontal power splitters feed the
dielectric antennas. The rectangular waveguides are of standard WR-10
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size. An uniform in-phase illumination distribution is achieved with this
power divider. The array is designed to work at a central frequency of
100 GHz, since measurement facilities in Carlos III University of Madrid
(see Section 3.3.1) and Aalto University (Subsection 3.3.2) can both op-
erate at such frequency.

Alignment of the structure is extremely critical, especially when it
is desirable to avoid the reflections between E-plane and H-plane power
splitters. Because of that, a top and bottom layer with eight alignment
pins and then screws are used.

Figure 5.2: Sketch of the 4x4 DRW antennas array.

The feeder prototype is manufactured of brass and gold-plated. A
vertical pitch between elements of 2 mm (2λ0/3 at 100 GHz) is chosen for
convenience. Horizontal pitch is 3 mm (λ0). Other relevant dimensions
are shown in Fig. 5.3a and Fig. 5.3b for the E-plane and H-plane
1x4 power dividers, respectively. Fig. 5.4 shows the assembled feeder
prototype. The DRW antennas used are those described in Section 4.2.1.

Fig. 5.5 shows the manufactured prototype. DRW antennas are glued
first on a slab made of the same low-density foam used for the single el-
ement prototype prensented in Section 4.2.1. For achieving the required
alignment precision, foam can be previously milled via a computerized
numerical control (CNC) device. Rods are properly placed in the gluing
step by using a holder. Finally, the foam slab is aligned in the feeder.
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(a)

(b)

Figure 5.3: Geometric dimensions (in mm) for the vertical (a) and
horizontal (b) 1x4 power dividers.

According to the simulations (see Subsection 4.2.1) a tolerance below 0.1
mm in he H-plane will lead to a successful coupling between rectangular
waveguides and DRW antennas without any non-desired beam devia-
tion. Tolerances in the E-plane are due to the DRW antennas width
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(a) (b)

Figure 5.4: Manufactured power divider before placing the DRW
antennas.

(parameter W in Fig. 4.4a) and the milling error in the foam slab (it
typically belittles the error in brass milling) which is around 0.02 mm.

Figure 5.5: DRW antennas array fully assembled.

Coupling between elements is studied by simulating the structure. It
is expected to be low, since most of the field is concentrated inside the
rod [3, 4]. Following the results, the worst case is between two adjacent
central elements. For a frequency of 100 GHz, coupling is below -30 dB.
Fig. 5.6 shows the coupling over the frequency for adjacent elements,
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for both E-plane and H-plane. It is obtained by simulating the array
using a waveguide port per rod instead of the power divider, and then,
calculating the S parameter matrix.

Figure 5.6: Coupling between E-plane (red, dashed) and H-plane (blue,
solid) adjacent DRW antennas (worst case, central elements).

Performance of the WR-10 feeder is evaluated via a full-wave simu-
lation of the field distribution inside the waveguides. Obtained E-field
amplitude is shown in Fig. 5.7. Since this cannot be experimentally
validated, return loss is both calculated from simulations and measured.
Comparisons between obtained S11 parameters is displayed in Fig. 5.8.
It is undeniable that the measurement results agrees very well with the
simulation result at the frequency of 100 GHz. As concluded in Sec-
tion 4.2.1, the bandwidth is restricted by the feeding network; and it is,
clearly, narrower than the WR-10 standard operational band.

The radiation pattern is obtained in the setup described in Section
3.3.2. A view of the dispositions of the probe and the AUT is shown in
Fig. 5.9. Distance between both antennas is 219.5 mm for ensuring a FF
measurement conditions. Both measured and simulated radiation pat-
terns are in a good agreement (Fig. 5.10). By calibrating with the same
reference horn as in Section 4.2.1, a total gain of 23.5 dB is calculated.
Fig. 5.11 shows the 2D radiation pattern (normalized, in dB).

For this particular configuration, according to the array factor, ad-
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Figure 5.7: Simulated field distribution inside the power divider at 100
GHz.

Figure 5.8: Simulated (red, dashed) and measured (blue, solid) S11

parameter of the fully assembled prototype.

ditional major lobes should appear at θ = ±90° in the H-plane. They
are not present due to the single element radiation pattern, which has a
zero at θ = ±90° (Fig. 4.7).
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Figure 5.9: Measurement setup. A 2D planar scanner is used to
measure the radiation pattern around the main beam.

Figure 5.10: Simulated (dashed) and measured (solid) radiation
patterns of the DRW antenna array at 100 GHz. Both E-plane (φ = 0°,
red) and H-plane (φ = 90°, blue) are shown. Cross-polar component

(H-plane black, and E-plane green) is also displayed.

A XPD of 26 dB is obtained at 100 GHz. Although the simulated
cross-polar component is still visible on Fig. 5.10 measured one is not
because of the chosen amplitude range for clarification purposes. An ex-
planation of why simulation gives smaller XPD levels than measurement
results has not yet been found. This is not common, since there is always
tolerances and misalignments that worsen the performance parameters,
such as the XPD.

Simulated radiation pattern are obtained for different progressive
phase values β between 0° and 90°. Scanning in both E-plane (Fig.
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Figure 5.11: Normalized 2D E-field scan.

5.12a) and H-plane (Fig. 5.12b) is shown. As it can be expected, a great
scanning angle leads to side lobes, which is non-desirable for scanning
purposes. A SLL of 10 dB is obtained for a progressive phase of 90°.
This limits the scanning angle to 39° for the E-plane and 56° for the
H-plane, which is consistent with the expectations taking into account
the spacing between elements in both perpendicular planes.

5.2 1x4 antenna array fed by an AEA

An 1x4 E-plane array of log-periodic photoconductive AEs prototype
is designed and manufactured (Appendix A, Section A.3). AEs have
a minimum working frequency of 100 GHz. Four DRW antennas are
designed optimized for a frequency of 150 GHz. They work from 100
GHz to 200 GHz. Its dimensions are (see Fig. 4.8) LTAPER = 8 mm,
LDRW=0 mm, WROD = 0.5 mm, and STHK = 0.5 mm, E-plane tapered.
A pitch of 1 mm between elements was chosen both for manufacturing
considerations (experiments in the wafer must be fit in cells of 2x4 mm2)
and array factor properties: distance between elements is λ/2, which is
suitable for broadside scanning arrays [5] at the optimum frequency.
Since it is possible to get more dense arrays when using AEs instead
of rectangular waveguides, better scanning properties can be expected
from this configuration.
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(a)

(b)

Figure 5.12: Radiation patterns when scanning in the E-plane (a) and
the H-plane (b). Only E-plane (a) or H-plane (b) co-polar component is
shown for progressive phase shift β of 0° (red), 30° (green), 60° (blue),

and 90° (black).

A 3D view of the array design is shown in Fig. 5.13. Field distri-
bution in the H-plane (XY plane, Fig. 5.14a) and E-plane (YZ plane,
Fig. 5.14b) are displayed for a frequency of 150 GHz. The fundamental
mode is clearly predominant inside each DRW antenna, which leads to
a maximum radiation along the Z-axis.

As it can be deducted from the array configuration, the radiation
pattern is more directive in the E-plane than in the H-plane (Fig. 5.15).
The broadside directivity is 12.62 dB. A simulated XPD of 10.78 dB is
obtained.

Fig. 5.16 shows the E-plane radiation patterns when scanning. When
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Figure 5.13: 1x4 DRW antenna array fed by four log-periodic AEs.

(a)

(b)

Figure 5.14: Field distribution in the H-plane (a) and E-plane (b) of
the 1x4 DRW antenna prototype for a frequency of 150 GHz.

a maximum SLL of 10 dB is allowed, a scanning interval of ±24° (that
is, a scanning angle of 48°) is obtained with a progressive phase shift of
±90°.

In the following section, a novel optically-controlled phase shifter for
DRW technology is introduced.
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Figure 5.15: Measured radiation patterns of the 1x4 DRW antenna
array at 150 GHz. Both E-plane (φ = 90°, black) and H-plane (φ = 0°,

red) co-polar components (solid) are shown. Cross-polar (dashed)
components are also displayed.

Figure 5.16: DRW antenna array scanning on the E-plane. A
progressive phase shift β of 0° (black), 30° (red), 60° (blue), and 90°

(green) is shown.
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5.3 CNTs-based phase shifter

A phase shifter is a necessary component for electronically steerable
arrays. In this section, the use of CNTs for DRW-based phase shifter
is studied. Other technologies, such as microelectromechanical systems
(MEMS)-based ones, have been already proposed [6]. Fig. 5.17 sketches
a DRW (cyan) with a thin layer of CNTs (grey). It is matched to two
WR-10 rectangular waveguides (red). A power-tunable optical source is
used for illuminating the nanotubes layer (yellow).

CNTs were syntetized by aerosol chemical vapor deposition (CVD)
method [7, 8]. Layers of CNTs of different optical transparency (mea-
sured at 550 nm) are then generated in a nitrocellulose filter. Depo-
sition of nanotubes in the rod is done in a straightforward manner by
simply pressing the nitrocellulose against the DRW wall, which makes
this technology a cost-affordable alternative to others phase shifters for
sub-millimeter and millimeter waves.

Figure 5.17: Schetch of a CNT-based phase shifter.

Since the DRW is an open transmission line (see Section 4.1), it is
possible to modify the propagation constant by modifying the condi-
tions in the waveguide walls, as authors do for their MEMS-based phase
shifter.

During this thesis, experimental work was carried out for validating
the use of thin CNT layers in optically controlled phase shifters. In this
section, the most relevant results are shown. First, a sapphire rod is
characterized. Then, it is loaded with a thin layer of CNT and measured
with different illumination conditions.
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- Unloaded DRW

A clean monocrystaline sapphire DRW with a cross section dimension
of 1x0.5 mm2 was characterized in the 75-100 GHz bandwidth by using
an HP8530 VNA with two W85104A head extensions (see Section 3.4).
The matching taper is 6 mm length, which ensures a good matching
in the whole band (Fig. 5.18a). Fig. 5.18 shows that modulus of S
parameters remains unchanged when modifying illumination conditions,
which ensures that the substrate is not reacting to the light. Both a
dark condition (red, solid) and an light intensity of 2.52 mW/mm2 (blue,
dashed) were created by using a tungsten lamp. Optical density of power
was determined with a Sper Scientific 80011 Laser Power Meter.

- DRW with CNTs

Next, a layer of 60 % optical transparency was deposited on top of
the DRW. The transmission parameter S21 is measured with different
illumination conditions: for an optical power of (P0 = 0 mW/mm2), of
(P1 = 0.63 mW/mm2) and (Po = 1.26 mW/mm2). Fig. 5.19 shows the
measured S21 parameter, both amplitude 5.19a and phase 5.19b.

For showing the achieved repetition in the experimental measure-
ments, two samples of P0 and three of P1 were taken alternatively. Mea-
surements are normalized with respect one of the P0 samples. As it can
be seen, there is no noticeable change on the amplitude of S21. The
phase is clearly dependent on the incident density of optical power. A
maximum phase shift of 33 degree was achieved with a density of power
of 1.26 mW/mm2. With higher power optical sources, even wider phase
shift ranges seems feasible.

At this point, the mechanism of this effect is not fully understood.
With the results here presented it is not possible to determine whether
there is optical interaction between light and nanotubes or there is heat-
ing due to light absorption in the CNT layer [9]. It seem that changes in
the CNT layer conductivity are negligible, since S21 amplitude is almost
independent of the optical power.
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(a)

(b)

Figure 5.18: Measured S parameters (amplitude in dB) of an unloaded
sapphire DRW without and with 2.52 mW/mm2 light intensity

illumination.
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(a)

(b)

Figure 5.19: Amplitude (a) and phase (b) of the measured S21

parameter for three different light intensities: P0 = 0 mW/mm2,
P1 = 0.63 mW/mm2 and Po = 1.26 mW/mm2.

5.4 Conclusions

In this chapter, the feasibility of using DRW antennas in arrays has
been evaluated. To the best of our knowledge, only a 1x2 array has been
reported [2]. A larger array of 4x4 elements was manufactured and fully
characterized, which raised appealing characteristics such as low mutual
coupling between elements, and a good XPD. It allows a more denser
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array of sources than it could be achieved with dielectric lenses.

The array was tested using a 4x4 WR-10 rectangular waveguide
feeder. Full simulations were done for showing the concept feasibility
when using arrays of AEs as the power source.

Finally, a novel phase shifter has been investigated. It is made by
depositing a thin layer of CNT in one of the DRW walls. Despite fur-
ther experimental work is needed in order to understand the observed
phenomenon, a phase shift of 30 degree was obtained when illuminating
the CNT layer with a tungsten lamp.
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CHAPTER 6

DRW ANTENNA APPLICATIONS

According to the results shown in Chapter 4, silicons lenses offer
better performance than DRW in terms of THz power radiated into the
air. Applications where costs represent mayor highlights could justify
the use of DRW instead of lenses. They can be used in arrays of CW
terahertz sources for achieving high power, as discussed in Chapter 5.

There are others potential niches for DRW antennas, such as those
where power must be coupled into a specific structure instead of being
radiated to the free space. In this chapter, the use of DRW antennas
as efficient near-field couplers for whispering gallery mode resonators
(WGMRs) is proposed in THz up-conversion receivers. This family of
receivers can potentially achieve the maximum sensitivity, which it is
determined by the detection of a single THz photon. This systems are
known as photon-counting receivers.

A WGMR is a dielectric resonator on which many successive total
internal reflection (TIR) occur. Fig. 6.1 shows a circular WGMR, on
which the angle of incidence in the interface of an inner ray (black)
is always the same. n1 is the refractive index of the dielectric. It is
assumed to be surrounded by vacuum (n0 = 1). By assuming that
amplitude decreases exponentially according to a loss coefficient α, the
ray amplitude can be calculated as a function of distance traveled inside
the resonator x
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I(x) = I0e
−αx (6.1)

Figure 6.1: Sketch of a WGMR. Since n1 > n0 TIR can occur. The
plotted ray (black) has multiple TIR and fulfill the phase matching

conditions, so it becomes a resonance.

The loss coefficient takes into account many different effects, such as
loses and scattering in the dielectric and radiative emission, which occurs
when the resonator radius is comparable to the wavelength [1, 2]. The
quality factor Q can be calculated from the loss coefficient

Q =
2πn

λ0α
(6.2)

In the terahertz frequencies, the material losses dominates, but qual-
ity factors up to 104 are feasible [3, 4]. In the optical domain, values of
Q higher than 1010 has been demonstrated [5].

Fig. 6.1 shows a ray (black) that after many successive inner reflec-
tions, it completes a round with a total length

L = mλ1 (6.3)

where m is a integer number greater than zero and λ1 is the wavelength
inside the resonator. In this case, the system is in resonance for the
specific frequency f = c/λ1. By giving values to m from 1 to infinite,
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all resonance frequencies fm can be obtained. The distance between
two consecutive resonances is known as the free spectral range (FSR),
which is the inverse of the roundtrip time T = 1/FSR = n1L/c0, where
c0 is the speed of light in free space. The quality factor is inversely
proportional to the linewidth, or full width at half maximum (FWHM).
Fig. 6.2 shows the normalized reflection intensity for an incident signal
that creates a whispering gallery mode (WGM) inside the resonator as
a function of the total phase of a round trip, which takes into account
both the optical length and the coupling phase shift. The system is
assumed to be critically coupled, that is, the losses are compensated by
the coupled signal, which keeps constant the power inside the resonator.

Figure 6.2: Reflected intensity as a function of the total phase of a
round trip θ = 2πn1L inside the WGMR.

6.1 THz photon counting receiver

As said above, a photon counting receiver is a device that is able to
detect a single photon of a specific frequency inside the working band.
The sensitivity of the detector is determined by a quantum limit in
opposition to conventional receivers, which are limited by thermal noise.
In a photon-counting receiver [6]

k
B
T ·B · τ < hω · η (6.4)

where k
B
T · B is the noise equivalent power (NEP) and hω the photon

energy. τ is the detector’s response time, B is its bandwidth, and η is
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its quantum efficiency. In the mm and sub-mm waves receivers must be
cooled down for keeping the photon energy exceeding the NEP [7–10].

It is possible to reduce the thermal noise level by forcing Bτ << 1

[11,12], which relax the cooling requirements. In [12], Khan et al. achieve
a NEP of 78 fW/

√
Hz with a τ of 1 ns and a power conversion efficiency

of 0.12%. A simplified sketch of their experiment is shown in Fig. 6.3
It is achieved by up-converting the signal to the optical domain in a
GaAs crystal, which haves a high second-order nonlinear susceptibility
χ(2) [13]. Then, the signal is coupled into an optical fiber (black) and
detected with a Geiger-mode avalanche photodiode (APD).

Figure 6.3: Sketch of the experimental setup of the photon-counting
receiver presented in [12].

By using a WGMR as a non-linear medium, up-conversion efficiencies
close to unity are theoretically possible [14]. A NEP of 1.6 fW/

√
Hz with

a conversion efficiency of 0.5 % is reported in [6], which outperforms
the results published in [12]. In WGMRs, the mixing takes place if
the phase matching, that is explained below, is satisfied and if sum
or difference frequencies lie in another WGM. The interaction can be
achieved in two ways: irradiating the THz signal just at the edge of an
optical WGMR (single-resonant receiver): or by exciting another WGM
at the THz frequency together with the optical mode (double-resonant
receiver).

- Single-resonant receiver

In this receiver, only the optical signal excites a WGM. The only
restriction is that the generated sidebands must lie in WGM resonances,
that is
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ωTHz = NΩ (6.5)

where N is an integer number greater than zero and Ω is the FSR. If
no further requirements are taken into account, the non-linear process
becomes very inefficient, since it is restricted to a region smaller than
wavelength [15] where optical WGM and THz signal overlap. In this
case, it is said that the process is not phase-matched.

For the sum frequency generation (SFG), also called as up-conversion,
in which ω1 = ω2 + ω3, it is said that the phase-matching condition is
fulfilled if the wave numbers k1, k2, and k3 satisfy the following

∆k = k1 − k2 − k3 = 0 (6.6)

where the wave number is defined as ki +
√
εrωi/c0 and losses are not

taken into account. Because of the dispersion, Ω changes with frequency
as permittivity (normally, εr,1 > εr,2, εr,3). This must be taken into ac-
count in both eqs. (6.5) and (6.6). For this kind of receiver, it is difficult
to achieve phase-matching, which leads to a low conversion efficiencies.
It is still possible by choosing the proper propagation directions of the
different waves for anisotropic non-linear crystals [15]. A sensitivity of
-145dBm/Hz is reported in [16].

Figure 6.4: Sketch of the single-resonant receiver.

In [16], Ilchenko et al. achieved a sensitivity of -145 dBm/Hz with
a conversion efficiency of 0.5 % (≈ −23 dB) for an operating frequency

145



CHAPTER 6. APPLICATIONS

of 35 GHz and a FWHM of 10 MHz. The received thermal noise floor
is k

B
T = −174 dBm. Authors argue that it is possible to increase the

sensitivity up to -170.5 dBm/Hz by reducing the relative intensity noise
(RIN) in the photodiode. It could be done by adding a notch filter that
removes the optical carrier, so only the sideband arrives to the pho-
todetector. By doing so, the difference between sensitivity and thermal
noise floor would be smaller to the photon-number conversion efficiency:
Photon-counting is possible if the conversion efficiency is improved.

- Double-resonant receiver

In a double-resonant receiver, the phase matching condition is ful-
filled, so the THz signal and optical pump overlap propagates around
the resonator in WGMs. This allows theoretical conversion efficiencies
close to unity [14]. In this thesis, the use of DRW antennas is proposed
for efficient coupling of the THz signal into a WGM inside the resonator
for such frequencies where phase matching condition is satisfied.

In [17], a proposal of a room-temperature sub-terahertz photon
counting receiver is shown. It converts the received signal into opti-
cal domain by using a WGMR made of lithium niobate (LiNbO3) (Fig.
6.5) on which the THz signal, the optical pump and the up-converted
signal excites a WGM. Since the laser noise floor could outgrow the side-
band THz signal, a brass filter is used between the laser source and the
prism.

6.2 DRW antenna as a coupler to a WGMR

As shown in the previous subsection, efficient coupling of THz
power into a WGM inside the resonator is critical for achieving photon-
counting. In this subsection, DRW antennas are used for coupling to a
spherical and a discoidal LiNbO3 resonator. Fig. 6.6 sketches the mea-
surement setup for measuring the spectrum of the reflected signal in the
coupling. A CW photomixer-based terahertz source is pigtailed with a
75-110 GHz DRW antenna. The antenna emitter is a 1550 nm 3-period
n-i-pn-i-p photodiode with a log-periodic antenna (see Chapter 2). The
dielectric antenna is placed at a distance of 80 µm of a WGMR. The
power that is not absorbed by the resonator is collected in a parabolic
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Figure 6.5: Receiver scheme. The sub-thz field is received in and
antenna and then coupled to a DRW. Then, it is coupled to a WGMR
via a DRW antenna. The laser pump and the up-converted signal is

coupled through a prism. A Bragg filter is used for decreasing the laser
noise floor, which could outgrow the sideband in the detector.

mirror and then focused to a detector by a second parabolic mirror. For
both measurements, only the fundamental mode is propagating inside
the DRW.

Figure 6.6: Schematic of the coupling setup. A GaAs DRW antenna is
placed close to the WGMR.

- Spherical resonator

Fig. 6.7 shows the spectrum of the detected signal, normalized to a
reference measurement without resonator. Two different mode families
are excited. Insets shows the simulated E-field amplitude inside the
resonator for both families. A photo of the WGMR is also displayed. It
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is a LiNbO3 sphere of 5 mm diameter. It is placed approximately 150
µm off the DRW antenna. A FSR of 6 GHz is obtained.

Figure 6.7: Normalized transmission spectrum of whispering gallery
modes exited in a sapphire sphere by a DRW antenna. The spectrum
shows at least two different family of modes, which repeats with a FSR
of ≈ 6 GHz. The linewidth of the modes is approximately 100 MHz,
which corresponds to a quality factor Q > 1000. Insets shows the

simulated intensity cross sections of the resonator for the two families of
modes.

- Discoidal resonator

Fig. 6.8 shows the measured and simulated spectra of the WGMR
show in the inset. It is a LiNbO3 disk with an outer radius of 2.95 mm
and 0.35 mm high. Same DRW antenna as for the spheric resonator is
used. The distance between the resonator and the antenna is 80 µm
approximately.

The E-field distribution was calculated via full-wave simulation. It
is shown in Fig 6.9 for 77.2 GHz (Fig. 6.9a) and 81.8 GHz (Fig. 6.9b).
Both frequencies corresponds to two disk resonances, identified as R1

and R2 in Fig. 6.8. It can be seen how the modes degrades at higher
frequencies. Other modes, such as bouncing ball modes, appear, which
gives the triangular shape to the field distribution (Fig. 6.9b).
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Figure 6.8: Simlated (blue) and measured (red) spectra of a discoidal
WGMR.

(a) (b)

Figure 6.9: Simlated E-field distribution at 77.2 GHz (a) and 81.8 GHz
(b). The DRW antenna supporting only its fundamental mode efficiently

couples it to the WGMR. A WGM is then generated inside the
resonator. The limits of both the rod and the resonator are marked with

red lines.

6.3 Conclusions

The use of DRW antennas as an efficient coupler of WGM in spheri-
cal and discoidal LiNbO3 resonators has been validated. Full-wave sim-
ulations allow to obtain E-field distributions that confirms the type of
excited modes. Experiments confirm the resonance frequencies of simu-
lated modes.
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As explained in Subsection 6.1, when exciting WGM the conver-
sion efficiency increases, which would enable to achieve photo-counting
up-converters at room temperature. Such a high sensitivity would be
welcome in radioastronomy applications, where detected mm and sub-
mm signals are at very low power levels. In [17], we proposed the use
of the double-resonance receiver for detecting the B-mode of cosmic mi-
crowave background (CMB) [18,19]. This would offer an alternative way
to detect gravitational waves. They were theoretically predicted in the
General Theory of Relativity of Albert Einstein and detected in 2016 for
the very first time [20].

WGMRs have many applications in the THz frequencies, which are
interesting from the point of view of engineering. Some systems compo-
nents can be implemented, such as filters, electrically controlled switches
and modulators, among others [21]. Due to its high Q they can be used
as a sensors for liquids and gas spectroscopy, since a small change in the
surrounding environment affects the coupling between the rod and the
resonator, which shifts the resonant frequency.
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CHAPTER 7

SUMMARY AND CONCLUSIONS

The main goal of this thesis was the development of room-
temperature, small-sized, broadband, efficient, low-noise, cost-affordable
and high power THz sources. For this, a novel alternative to dielec-
tric lenses has been deeply studied. It has been demonstrated how its
emission efficiency (see Section 1.4.1) is close to electrically-large lenses.
When consider its unitary costs they become an appealing alternative,
specially for consumed-oriented applications.

DRW antennas can be ultra-wideband, when embedding dielectric
planar lens into them. Despite not a successful manufacturing method
for THz samples has been found, its complexity indicates higher costs
per unit than conventional DRW antennas. Nevertheless, due to the
possibility of manufacturing a large amount of lens-based rods at the
same time unitary cost can predictably be much smaller than for silicon
lenses.

Lenses have better emission efficiencies than DRW antennas only
when they are electrically large. In such a case, DRW antennas are
preferable to microlenses when considering arrays of AEs. For supporting
all these statements, both a theoretical studies and full-wave simulation
were done. The effect of semi-infinite subtrates and infinite dielectric
slabs in the radiation properties of AEs has been considered.



CHAPTER 7. SUMMARY

Arrays of DRW antennas enables both high power generation and
beam forming when a proper phase shifter is integrated in the DRW. A
CNT-based phase shifter has been proposed.

7.1 Research stays

The experimental work described in this thesis was done mainly in
three different European universities:

Chair of Applied Physics, Fiedrich-Alexander Universität
Erlangen-Nürnberg, Erlangen, Germany.

Department of Radio Science and Enginnering labs (MilliLab), at
Aalto University, Espoo, Finland.

GREMA group THz lab, at Carlos III University of Madrid,
Madrid, Spain.

during the following stays:

Three weeks short visit at Fiedrich-Alexander Universität
Erlangen-Nürnberg (February 2012).

Four months exchange visit at Aalto University (from February
2013 to June 2013).

Six months exchange visit at Aalto University (from February
2014 to August 2014). Granted by Newfocus exchange visit grant
form European Science Foundation (ESF) research networking pro-
gramme.

Two weeks short visit at Aalto University (May 2015). Granted
by Newfocus short-stay grant form ESF research networking pro-
gramme.
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7.2 Future lines

In this section, a list of proposed future research lines raised while
working for this Ph.D dissertation is discussed.

- Related with arrays of photomixing sources:

Assembly of an 1x3 array of DRW antennas fed by AEs (Fig. 7.1).
The first attempt failed because two of three AEs were defective.
The measured photocurrent was below 50 nA and below the noise
level for these two devices, so assembly was stopped before gluing
the optical fibers (Section 3.2). Two different attempts to improve
the biasing connection were done. Same photocurrent levels were
obtained.

(a) (b)

Figure 7.1: Assembled 1x3 DRW antenna array before adding the foam
disc (a) and after doing biasing connections with silver ink (b).

The wafer of photoconductive devices (see Section A.3) suffered
from many delays during its manufacture, which made it impossi-
ble to have measurements done for this thesis. Two experiments
are of particular interest for this research line: the 2D arrays of
bow tie antennas and the 1x4 arrays of log-periodic AE. Single ele-
ments are also provided for comparing the array radiation pattern
measurements with those calculated using the array factor.
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- Related with CNTs:

To determine the interaction mechanism between the tungsten
lamp and the layer of CNT. It could be possible to do so by chop-
ping the optical pump at a specific frequency (to be experimen-
tally determined). By doing so, it would be possible to analyze
phase changes in an S21 measurement setup (see Section 3.4). Slow
changes in the DRW phase when chopping would suggest a thermal
interaction. Fast changes would point to a photonic mechanism.

To characterize the propagation constant change with incident den-
sity of power (or temperature) of DRW loaded with a thin layer of
CNT by full wave simulations and propagation constant measure-
ments.

To validate the concept of beam forming with DRW antenna arrays
by using CNT-based phase shifters. The 1x4 array designed and
manufactured (Appendix A, Section A.3) is intended as a proof-
of-concept of a 1D scanning array. They are design to be suitable
for the assembly process described in Section 3.2.

- Related with DRW antennas:

To manufacture and measure a lens-based DRW antenna in the
sub-THz and THz frequencies. If a silicon powder with grains
much smaller than wavelength can be obtained, it could be possible
to mix them with epoxy glues. It could allow us to control the
permittivity of the rod by modifying the density of silicon grains.
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APPENDIX A

LITHOGRAPHIC MASKS

This section describes the lithographic masks either processed or de-
signed during this Ph.D. dissertation.

A.1 Mask of AE arrays and dielectric horns

This mask was designed by Belen Andrés Garcia as a part of her the-
sis work. It was processed in Fiedrich-Alexander Universität Erlangen-
Nürnberg cleanroom during my short-visit there. It contains submasks
for two different sets of experiments: different configurations of AEAs
and well spaced AEs for doing dielectric horn antennas by etching around
them.

AEs are n-i-pn-i-p devices (see Section 2.2). They are manufactured
with two different sizes of log-periodic antennas. There is a total of three
different arrays configurations:

Rectangular array of 5x5 AE with large log-spiral antennas. Both
horizontal and vertical pitch between elements is 320 µm.

Array of 5x5 AE with small log-spiral antennas. Horizontal and
vertical pitch is 145 µm.
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Array of 3x3 AE with small log-spiral antennas (Fig. A.1b). Hor-
izontal and vertical pitch is 145 µm. Biasing pads are far from the
array for assembly purposes. This array is design to be illuminated
by an array of 3x3 fibers with phase shifters (see Section 2.3).

Measurements results were carried out in Fiedrich-Alexander Univer-
sität Erlangen-Nürnberg labs. They are presented in Section 2.3.

A.2 Logarithmic-periodic AE (LP5)

This design, named as LP5 [1], was designed and processed in
Fiedrich-Alexander Universität Erlangen-Nürnberg cleanroom and sent
to Carlos III University of Madrid. The chip was cut splitting all devices
at the Micronova Nanofabrication Centre of Aalto University in Espoo,
Finland. Devices are InGaAs n-i-pn-i-p structures. They were grown
over the InP substrate by the Materials Department of the University of
Santa Barbara, California, USA.

The aim of this wafer is to reduce the limitations of the RC roll-off
by reducing the devices size. Samples with a cross section of 27 µm2, 42
µm2, 82 µm2 and 93 µm2 are included in combination with log-periodic
and log-spiral antennas. An additional set of experiments is included for
measuring the I-V characteristics, the RF performance, the conductivity
of both top and bottom contact layers and the doping concentration.

These AE prototypes were used in Carlos III University of Madrid
for device packaging and DRW antenna assembly tests (see Fig. 3.13a).

A.3 Mask of photoconductive AE experiments

This mask was designed at Carlos III University of Madrid. It is
a full wafer populated of different experiments. It was processed by
Heinrich Hertz Institute (HHI) in Germany. It is manufactured in a InP
substrate with a molecular beam epitaxy (MBE) grown of a multilayer
set of LT-InAlAs/InGaAs [2]. This allows to achieves an EGAP of 0.8
eV, that is, an operational wavelength 1.55 µm for the optoelectronic
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(a)

(b)

Figure A.1: Manufactured lithographic mask. Overall view (a) and
detail of a 3x3 AE array (b).
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(a)

(b)

Figure A.2: Mask LP5 (a) and SEM image of part of the
manufactured chip (b).
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devices. Photoconductive devices are designed by HHI. The design here
displayed includes the metalization layers for the antennas, bias pads,
and alignment marks only.

Fig. A.3a shows the distribution of experiments in the wafer, as seen
in the software KLayout. For ease of manufacture, wafer is divided in
cells of 2 mm x 4 mm where all experiments are accommodated.

Log-periodic AEs of different sizes: optimized for 100 GHz (start-
ing at 50 GHz) and 200 GHz (starting at 100 GHz).

Array of 1x4 Log-periodic AEs optimized for a frequency of 200
GHz.

Bow tie AEs of different frequencies (100 GHz, 200 GHz, 300 GHz,
500 GHz and 1 THz).

Bow tie AEAs of different frequencies (500 GHz, 1 THz, and 2 THz)
and pitches between elements (150 µm and 300 µm, intended to
be assembled with commercially available array of microlenses, see
Section 2.3).

Devices for DC characterization. Contact pads are designed taking
into account the tolerances of the procedure described in Section
3.2.

Meander dipoles of different lengths [3–5].

165



APPENDIX A. LITHOGRAPHIC MASKS

(a)

(b)

Figure A.3: Manufactured lithographic mask. Overall view (a) and
detailed view showing 200 GHz log-periodic antennas, 1 THz bow ties

antennas and 2 THz arrays of bow ties AEs (b)

166



A.4. REFERENCES

A.4 References

[1] S. Preu, Continuous-wave, Tunable THz n-i-pn-i-p Superlattice Pho-
tomixers and Applications. MPL, 2009.

[2] B. Sartorius, H. Roehle, H. Künzel, M. Schlak, D. Stanze, H. Veng-
haus, M. Schell et al., “All-fiber terahertz time-domain spectrometer
operating at 1.5 µm telecom wavelengths,” Optics Express, vol. 16,
no. 13, pp. 9565–9570, 2008.

[3] T. Endo, Y. Sunahara, S. Satoh, and T. Katagi, “Resonant frequency
and radiation efficiency of meander line antennas,” Electronics and
Communications in Japan (Part II: Electronics), vol. 83, no. 1, pp.
52–58, 2000.

[4] K. Moon, H. Han, and I. Park, “Terahertz folded half-wavelength
dipole antenna for high output power,” in International Topical Meet-
ing on Microwave Photonics, 2005. MWP 2005., 2005, pp. 301–304.

[5] D. Segovia-Vargas, D. Castro-Galán, L. E. García-Muñoz, and
V. Gonzalez-Posadas, “Broadband active receiving patch with re-
sistive equalization,” IEEE Transactions on Microwave Theory and
Techniques, vol. 56, no. 1, pp. 56–64, 2008.

167





APPENDIX B

DRW MANUFACTURE

This section describes the manufacture process of DRW and DRW
antennas used in Chapters 4, 5, and 6. They were developed at Mi-
cronova Nanofabrication Centre of Aalto University in Espoo, Finland.

B.1 Solid DRW antennas

The manufacture of DRW antennas on both silicon and GaAs sub-
strates has been done by using a dicing saw (Fig. B.1). Next, the
manufacturing of a rod of length LTAPER and width WROD (see Fig.
4.8) is discussed.

This device is a computer-controlled tool. It is only possible to do
straight cuts, so no concave shapes are achievable. A pith between a
specified number of cuts can be programmed, since in-plane displacement
are precise-enough. Fig. B.1 inset shows the cutting pattern. First, the
red cuts are doing by programing the pitch PR.

The wafer holder can be rotated a specific amount (θ1 =

arctan(WROD/LTAPER), counterclockwise), but this feature is not suf-
ficiently precise for sharp tips. Once the red cuts have been done, it is
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Figure B.1: Computerized dicing saw. The cutting pattern is shown in
the upper inset. Dashed area shows a DRW antenna. Pitches,

dimensions and angles are detailed in the lower inset.

possible to use them as alignment marks. By using the microscope cam-
eras, a visual inspection allows us to determine the actual rotated angle
by measuring the distance between two red cuts M . Successive com-
pensation or the rotation angle allows us to reach the needed precision.
Then, the green cuts are done after programming the pitch PG.

Finally, blue lines with the cutting plane of the dicing saw by rotating
the sample clockwise (θ2 = 90° + θ1/2). Intersections between red and
green cuts can be used for checking visually the rotated angle. All cuts
marked in blue are done by programming the pitch PB .

B.2 Lens-based DRW antennas

Lens-based DRW antennas requires to have two regions of different
permittivities. This can be achieved by either using two different ma-
terials or by doing porosities in a solid DRW antenna. Fig. B.2 shows
low-frequency prototypes manufactured with both strategies.

During this thesis, we tried to manufacture lens-based DRW antennas
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(a)

(b)

Figure B.2: Manufactured lens-based DRW antenna prototypes. In
(a), permittivity around the lens is reduced by drilling holes. In (b), two
materials of different permittivities (polypropylene and AD-1000) were

used.

by doing porosities in a silicon rod. Porous silicon is a well-studied ma-
terial [1,2] due to its many potential applications [2]. Its manufacturing
procedures have been deeply studied for controlling size and morphol-
ogy of pores [1]. Fig. B.3 sketches the etching process. A solid silicon
wafer is placed between an aluminium ring and a Teflon recipient filled
with a disolution of hydrogen fluoride (HF) (25 %) and water (75 %).
The recipient has a window so the acid is in contact with the silicon.
A Pt electrode is placed inside the acid. The Al plate acts as a second
electrode so a voltage can be applied between both. By using a mask,
the desired pattern is projected down the wafer for achieving a selective
etching process.

The etching process was rather slow (about 1-2 µm/min) and not
uniform. Fig. B.4 shows a picture of the sample after 10 minutes of
etching. Both insets shows SEM pictures of the cross-section fro both
the area intended to be porous (a) and solid (b). Since limits between
both areas are not sharp enough, a protective mask (e.g. isolating silicon
nitride, conducting platinum or gold, etc) should be used in the top
surface. Not a functional sample was obtained during the realization of
this thesis.
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Figure B.3: Sketch of the HF etching process.

Figure B.4: Etching process result. Inset shows SEM pictures of the
cross-section of the porous (a) and solid (b) regions. Scale of (a) is 2

µm. Scale of (b) is 200 nm.
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