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Resumen

Hasta hace poco mas de cuatro décadas habfa un vacio en la generacién y
deteccién de ondas en la parte del espectro situada entre 100 GHz y 10 THz
(longitudes de onda desde 3 mm hasta 30 pm) que se conoce como el vacio de
Terahercios. No obstante, recientemente, ha habido un gran auge y un acelerado
desarrollo en la investigaciéon de dispositivos en este rango de frecuencias que
han permitido reducir este “hueco”. El gran interés que despierta dicho rango
espectral se debe, sobre todo, a la gran utilidad que presenta para imagen médica
o escaneres de imagen para seguridad en los aeropuertos, para el estudio de la
atmésfera o formacién de estrellas, para las comunicaciones inaldmbricas de alta
capacidad, etc.

En esta tesis se investigan técnicas de diseno y fabricaciéon de dispositivos,
ya sean transmisores o receptores, a frecuencias de THz y submilimétricas y
técnicas de empaquetado con el objetivo de que el dispositivo final sea mas
compacto. Esto es interesante sobre todo pensando en uso comercial o en la
integracién en satélites, ya que en ambos casos la portabilidad y facilidad de
uso son muy importantes.

El contenido de la tesis puede dividirse en dos partes bien diferenciadas. La
primera de ellas parte de la base de que no hay conectores a tan alta frecuencia
y es necesario el uso de equipamiento basado en guia de onda para medir y
caracterizar los dispositivos fabricados en estas bandas de frecuencia.

Por lo tanto, la primera parte esta orientada hacia el diseno de transiciones
de tecnologia planar con la tecnologia en guia de onda partiendo de un analisis
tedrico y con el objetivo de un ensamblado sencillo. Este método ha sido apli-
cado a guia de onda rectangular estandar y también a tecnologias novedosas
tales como Gap waveguide. Concretamente, en este trabajo se presentan cuatro
transiciones en linea cuyo disenio provee ventajas desde el punto de vista com-
putacional, por el ahorro de recursos y tiempo, ademds de la sencillez desde el
punto de vista de fabricaciéon y ensamblado.

La segunda parte trata el diseno, andlisis y fabricacién de dispositivos in-
tegrados compactos basados en diodos Schottky. Especificamente, dos mez-
cladores de frecuencia con ocilador local basado en MMIC y un transmisor op-
toelectréonico. Uno de los prototipos es un mezclador cuarto arménico y el otro
es un mezclador subarménico, que usa el mismo LO e integra un multiplicador
de frecuencia en el mismo substrato. Por medio de esta integracion se consigue
dispositivos de ensamblado mas sencillo y més compactos, cuyo comportamiento
es cercano al estado del arte. Ademds, el transmisor optoelectrénico integra el
mismo substrato un fotodiodo UTC y un triplicador de frecuencia basado en dio-



dos Schottky. De esta manera, el rango de operacién del fotodiodo UTC puede
ser extendido a frecuencias més altas, manteniendo sus ventajas, tales como la
posibilidad de integracién con fibra éptica para enlaces de alta capacidad.

Por ultimo, se ha disenado un mezclador sexto arménico basado en la tec-
nologia membrana de arseniuro de galio. Esta tecnologia permite la integracion
de los diodos Schottky en la membrana junto con la circuiteria microstrip, de
tal forma que los diodos no tienen que ser soldados. En este diseno, ademds,
un triplicador de frecuencia se integra también en la misma membrana que el
mezclador arménico. Por lo tanto, el comportamiento final del mezclador sexto
armonico es similar al de un mezclador subarménico. De esta forma es mas facil
encontrar fuentes con bastante potencia dado que el oscilador trabaja a una fre-
cuencia més baja. Asimismo, gracias a la integracién, los problemas causados
por desalineamiento durante el ensamblado de los componentes individuales se
evitan.



Abstract

Until four decades ago, there was a gap in the generation and detection of
electromagnetic waves in the part of the spectrum between 100 GHz and 10 THz
(wavelengths from 3 mm to 30 wm) known as the Terahertz gap. Nonetheless,
during the last four decades, a great rising interest and progress in research on
devices working in the sub-millimetre (sub-mm) and THz bands have allowed
to reduce this gap. These frequencies are generating a great interest due to
the high possibilities they present for medical or security imaging, atmosphere
study or radioastronomy, high-data rates wireless communications, etc.

In this thesis, different design and fabrication techniques for devices, both re-
ceiver and transmitter, working in the THz and sub-mm wave bands are investi-
gated. Different packaging and integration techniques have also been evaluated,
so that the final devices can be more compact. This is of great interest from
the point of view of commercial communication systems and space instruments,
since in both cases portability, compactness and reduced size is imperative.

The thesis outline covers two aspects of the system integration and packag-
ing. The first one is based on the fact that sub-mm and THz device packaging
requires transitions to waveguides, since there are not connectors for such high
frequencies.

According to this, the first part of the thesis is orientated to the design of
planar to waveguide transitions based on a straightforward theoretical analysis
and with simple assembly. This method has been applied to standard rectangu-
lar waveguides and also to innovative technologies such as gap waveguide. This
last technology simplifies assembly and improves the performance with respect
to standard split-block technology. Concretely, four inline transitions are pro-
posed providing several advantages from the point of view of simple analytic
design, which saves computational resources and time, manufacturing and ease
of assembly.

The second part of the thesis focuses on the design, analysis and fabrication
of Schottky diode based compact integrated devices. Specifically, two frequency
mixers with a MMIC based local oscillator for integrated packaging and an op-
toelectronic transmitter. One of the prototypes is a fourth harmonic mixer and
the other one is a subharmonic mixer, which uses the same LO and integrates a
frequency multiplier in the same substrate. By means of this integration proce-
dure we achieve a more compact and simpler assembly device, with close to the
state of the art performance. Besides, the optoelectronic transmitter integrates
an UTC-Photodiode and a Schottky diode frequency tripler in the same sub-
strate. This way, the operation frequency range of the UTC photodiodes can



be extended to higher frequencies, while keeping their advantages, such as the
possibility of integration with an optical fiber for high data rate links.

Finally, a sixth harmonic mixer based on GaAs membrane technology has
been designed. This technology allows the integration of the Schottky diodes
with the membrane in which the microstrip lines are printed. This fabrication
process provides a solution to the discrete diodes circuit design, whose per-
formance and functionality is limited, mainly because the diodes needs to be
welded to the substrate. In this design, furthermore, a frequency tripler is in-
tegrated in the same membrane that the harmonic mixer. Therefore, the final
behaviour of the sixth harmonic mixer is more similar to the subharmonic mixer
behaviour. This way, it is easier to find sources with enough power insomuch
as the local oscillator works at a relatively low frequency. In addition, thanks
to the integration, problems caused by misalignments during assembly of the
individual components are avoided.
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Chapter

Introduction

For future THz applications new compact, flexible and portable receivers and
transmitters are needed. In particular, for the development of Beyond 5G
next generation mobile communication system networks, THz frequency signal
sources must be not only compact, which implies reduced cost, but also work at
room temperature and have potential for integration. All these characteristics
can only be obtained if novel schemes as well as new packaging concepts are
developed.

In this thesis, the main goal consists in the design of integrated and com-
pact receivers and transmitters based on Schottky diode technology for future
THz instruments and applications.

Concretely, the following specific objectives have been set:

e Development of a simple design procedure based on Chebyshev trans-
former theory for analytical design of inline transitions from planar to
waveguide technology.

e Study and development of packaging techniques in order to achieve more
simplified, compact and easier assembly inline transitions from planar to
waveguide based technology.

e Development of compact integrated receiver configurations. This includes:

— Design of harmonic mixers-receivers with integrated MMIC based
Local Oscilator.
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— Design of combined tripler/mixer working at 600 GHz, based on
GaAs membrane technology since the discrete flip-chips are not a
good option for devices working beyond 300 GHz.

e Development of a compact transmitter configuration combining photonic
and electronic components.

In order to achieve these goals, the main tasks that have been realized
during this thesis include:

e Study and design of the different circuits presented in this thesis by means
of commercial software simulations.

e Fabrication of most of the components by means of the standard pho-
tolithography process at Public University of Navarra’s facilities.

e Measurement and validation of the prototypes.

Finally, the main novelties presented in this thesis can be summarized
basically in two points:

e Development of a very simple design procedure for inline planar to waveg-
uide transition, which has been applied to different waveguiding technolo-
gies.

e Introduction of integrated designs that can be a good starting point for
future THz devices, concretely, for receivers and transmitter.
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1.1 Brief introduction to THz communications

Terahertz waves or sub-millimetre waves refer to the electromagnetic part of the
spectrum between 100 GHz and 10 THz, i.e. the region situated between the
microwave and the infrared frequencies (see Figure 1.1). This THz frequency
range lays on the borderline of the electronic world, where generation uses meth-
ods based on radio and microwave techniques, and the photonics realm, where
optical techniques are employed. But for a long time, this frequency range has
been known as the THz gap due to the lack of devices, mainly sources, able to
work at such frequencies.

(PemS .f N

Electronics < 5
o A
H.

Radio Microwave T

0 4 1 % § 1 1 1 1

108 10° 1010 101 101 101 101 101 1016 101
Frecuency (HZ)

z Infrared uv X-Rays

Figure 1.1: Frequency spectrum.

However, nowadays it has become a frequency band of great interest due
to the multiple possibilities it presents. That is why during the last decades
and thanks to the advances and progress in high-frequency photonic and elec-
tronic technologies, the development of these THz devices and systems has been
enabled [ , , , , , , ]. There are two alter-
natives for the moment in order to create a THz system. One of them consists
in starting from an electronic source and then upscale in frequency; the second
one is based on using photonics sources and then downscale in frequency.

Another indicator that THz technology is being an active scientific field is
the fact that the number of publications is increasingly rapidly. Among all the
applications in which they are getting interest, they have demonstrated to be
very useful for:

e Automotive Radar | , ]
e Terahertz imaging, e.g, monitoring the moisture level of a leaf | ].

e Security, e.g, to detect illegal substances in airports [ ].

3
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e Medical, e.g, detection of epithelial cancer [Woo03].
e Radioastronomy, e.g, beginning of new star formation [Torl7].

e Communications, e.g, high data rate wireless links [Panl5, Nagl6].

In this thesis we focus on the integration, packaging and development of
compact transmitter and receiver devices in the THz frequency range. The
main aim of this compactness is focused on communication applications for
high data rates links, which are taking more relevance everyday since, according
to Edholm’s law, telecommunications data rates are as predictable as Moore’s
law, i.e., the demand for point-to-point bandwidth in wireless communications
doubles every 18 months [Che04]. Their applications could be, for example,
ultra fast connections for WAN networks or digital kiosks to buy digital media
contents instantaneously (Figure 1.2).

i # ” Download video and
kA music instantly

N
N -
>
\ %
| N/ Newly developed

)
2 receiver

at a station kiosk

(a) (b)

Figure 1.2: Possibilities of Terahertz communication wireless links: (a) WAN
Network and (b) Digital Kiosk. Images obtained from [Fuj15].

Wireless communication links below 100 GHz require compression algo-
rithms and new sophisticated schemes, such as Multiple Input Multiple Output
(MIMO) systems, to make the links more efficient. However, they are becom-
ing saturated and the only solution consists on wider bandwidth links. The
technologies between 10 THz and 100 THz provide a large available band-
width; however, they are not useful for communications. The reasons are
the ultra-low power forced by the eye-safety limits for human beings [[Tea9dg,
Koc07], in addition to the high propagation attenuation, which makes it al-
most impossible to stablish a wireless link even at normal atmospheric con-
ditions (20°C and relative humidity 40%). Nonetheless, THz radiation is
non-ionizing, i.e safe for human beings, and using carriers at THz frequencies
implies very wide bandwidths, which are able to provide very high data rates.
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Furthermore, these links present other advantages, such as the possibility of
creating secure links. That is why the use of the THz and sub-millimetre wave
range for broadband communication links [Aky14] is getting so much relevance.
Although at THz there is also atmospheric attenuation, there are many prop-
agation windows that can be used for communications, as we can see in Fig-
ure 1.3(a). In this figure the power attenuation taking into account different
seasonal temperatures as well as the effects of fogs, dust and rain is represented
against the frequency. It is remarkable that the attenuation changes signifi-
cantly due to weather and seasonal variations in humidity, what makes these
links highly dependent on weather conditions.

Recently, several transmission experiments using different technologies, i.e.
optical sources, electronic sources (multipliers) and resonant tunnelling diodes
(RTDs), have been carried out where the data rate has been higher than 10
Gbps, 40 Gbps and even 100Gbps [Sonll, Hir06, Nagl3, Ducld, Xial6, Rod18,
Jialg8]. A summary picture with some reported experiments is shown in Fig-
ure 1.3(b).
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Figure 1.3: (a) Atmospheric attenuation at sea level for different conditions of
temperature, relative humidity (RH), fog, dust and rain. (STD: 20 °C, RH
44%), (Humid: 35 °C, RH 90%), (Winter: 10 °C, RH 30%), (Fog, Dust, and
Rain: 20 °C, RH 44%). (b) Bit data rate of experimental wireless links for
different technologies. Images obtained from [Yanll] and [Ducl4].

It can be seen that both photonics and electronic systems are developed to
the achieve high data bit rates. The best performance has been achieved by
combination of photonic systems at emission, because of their high bandwidth,
and electronic receivers, due to their linearity and high sensitivity [Ducl5].
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1.2 Background

1.2.1 Introduction to Packaging

Electronic packaging is the final stage of devices manufacturing. This process
is necessary in order to avoid the physical damage and corrosion of PCB cir-
cuits. Furthermore, packaging is important to protect the circuit not only from
enviromental hazards but also from mechanical stress that components may suf-
fer. Since 1970, when the military used ceramic flat packs in order to package
integrated circuits, electronic packaging has largely evolved. The recent devel-
opments consist in integrating multiple dies in a single package, called system
in package, or three-dimensional integrated circuit. Apart from that, it also
happens that among the components in development at submilliter and tera-
hertz frequencies, those in planar technology are becoming increasingly relevant
[ , ]. However, given the lack of connectors at sub-millimetre and
terahertz frequencies, most test equipment is waveguide-based. In addition, in-
tegration of planar circuits with waveguide components, e.g. horn antennas,
makes transitions between planar transmission lines and waveguide indispens-
able. That is why the development of efficient packaging techniques for these
applications, which allows integration of microstrip and waveguide based com-
ponents has become essential. Beside the fact that working at terahertz and
millimetre waves, similar to what happens at microwaves, RF packaging is also
important to isolate the circuits from external interferences. However, standard
enclosing is liable to create resonant cavities and destructive electromagnetic in-
terferences with metallic walls, which produce additional losses, standing waves
and interference between components or croostalk, if not properly controlled.
Recently, a novel approach for packaging has been proposed, based on the
so-called bed of nails | ]. These are periodic metallic structures which con-
stitute an artificial magnetic conductor (AMC) which emulates the behaviour
of a perfect magnetic conductor (PMC). This structure involves a very high
impedance that avoids the propagation of electromagnetic waves in a certain
frequency range. Thanks to this property they have found its application for
parasitic mode suppression in packaging [ , , , , ]
A representative picture where the gap waveguide benefits in packaging is shown
in Figure 1.4. In Figure 1.4(a) it is shown that the standard metal enclosure can
provoke resonances and the spurious radiation of the microstrip can also prop-
agate, which can deteriorate the final behaviour of the circuit. In Figure 1.4(b)
the bed of nails avoids such propagation with the consequent improvement.
But gap waveguides are used not only for packaging but also to create new
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T T W]
% w
(a) (b)

Figure 1.4: Metal enclosure effect for: (a) Standard packaging where cavity res-
onances and spurious modes propagation exist and (b) gap waveguide packaging
where the bed of nails avoids such propagation.

types of waveguides, see Figure 1.5. In this type of transmission line the field
propagates along metal grooves (1.5(a)) or ridges (1.5(b)). For the case of groove
gap waveguide the propagation is similar to that in a standard rectangular
waveguide, i.e., the T'E1yp mode propagates. Conversely, ridge gap waveguides
emulate microstrip line and their fundamental propagation mode is quite similar
to the Quasi-TEM mode [Rajl1].

TE,, Mode Quasi-TEM Mode

Al al

(a) (b)

Figure 1.5: Different implementations of gap waveguides: (a) Groove gap waveg-
uide for which a TE mode propagates (Similar behaviour to a standard rect-
angular waveguide) and (b) Ridge gap waveguide whose propagating mode is a
Quasi-TEM mode (Similar behaviour to a microstrip line).

1.2.2 Terahertz Photonic Sources

The Terahertz gap is getting reduced due to the great advance and progress on
the development of sources at this frequency range. From the photonic point
of view there are three well-studied options for THz generation. One purely
optical terahertz source is based on molecular gas lasers [Cru07]. These lasers
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can achieve peak power up to megawatts at frequencies ranging from 300 GHz
to 10 THz. Nevertheless, they are bulky and expensive, therefore, unattractive
for industrial applications. Another interesting solution emerged in the early
1990s and helped boosting THz technology. It consists in photonic generation
of THz waves based on optical-to-THz conversion devices with use of lasers.
Finally, Quantum cascade lasers (QCLs) represent a very promising technology
for THz generation [[.in16].

Among them, the most usual method at room temperature is the optical-
to-THz signal conversion. Its operational principle for THz photonic generation
consists of beating two laser beams whose difference in frequency is a THz signal.
Both lasers are absorbed by the optical device and produce an AC current signal
at the difference frequency. Figure 1.6 shows schematically the optical-to-THz
conversion using interaction media such as nonlinear optical (NLO) materials,
photoconductors and photodiodes [Carl5, Nagl1].

Optical-to-THz-Convertor

Laser 1, f; = fo+fp,
Laser 2, f)=fo-fryyn

[ THz signal, f; -f, = fry, ]

Figure 1.6: Schematic of optical-to-THz-Convertor with two laser beams to
obtain a Terahertz signal.

Nonlinear optical (NLO) materials

Nonlinear optical (NLO) materials have achieved a lot of interest for THz gen-
eration, since the intensity and conversion efficiency has increased during the
last few years. The development of new techniques for fabrication and growth
of artificial materials have contributed to this evolution.

There are two approaches in order to generate this THz frequency; one of
them consists in generating “pulsed waves” by means of injecting lasers pulses
into the NLO materials. The other one is to use difference frequency generation
in the NLO materials to generate Terahertz waves. Typical NLO materials are
crystals with large nonlinear susceptibility such as cadmium telluride (CdTe),
zinc telluride (ZnTe), gallium phosphide (GaP), lithium niobate (LiNbO3) and
DAST crystal.
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Photodiodes

Photodiodes are very convenient for the advance in the development of com-
munication wireless links accessible to everybody, insomuch as they are able to
provide THz signals avoiding bulky and expensive lasers.

Currently two different kind of devices can be found: p-i-n photodiodes and
Uni-Travelling-Carrier photodiodes (UTC-PD). Their different band structure
can be seen in Figure 1.7.
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Figure 1.7: Band structure for: (a) p-i-n photodiode and (b) Uni-Travelling-
Carrier photodiode. Image obtained from [Carl5].

The photoresponse of a UTC-PD is determined only by the electron trans-
port in the whole structure. However, in the pin-PD both electron and holes
contribute to the response current, and the low-velocity hole-transport deter-
mines the total performance. Therefore, due to the higher electron velocity
UTC-PD is a better option for THz frequencies [[1107]. Furthermore, it has
been demonstrated that the output level of UTC-PDs is about 20 dB higher
than the p-i-n PDs output at 100 GHz [Sonl5].

The important parameters to characterize photodiodes are:

e Bandwidth
e Responsivity
e Roll-off

e Saturation power
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All these parameters can be summarized by the efficiency of conversion of
light into THz signal as follows.

NrHz = Pmazry. /POQPt (1'1)

The bandwidth is limited by two factors, electrical limit and transit time-
related, as shown in equation 1.2, where the output power is a function of the
frequency.

1 1
P(f) x 1.2
) o (W2 T4 @n RO (1.2)
where
2
b= 4 (1.3)
vt or

f is the frequency, W is the thickness of the depletion layer,R and C are the
total resistance and capacitance, v, and vy, are the electron and hole velocities
in the drift zone Wjy.

The saturation power is mostly limited by the space charge and power dis-
tribution. Responsivity and roll-off are improved by means of travelling wave
UTC-PD (TW-UTC-PD) devices. A normalized response for different PD struc-
tures with identical capacitance is shown in Figure 1.8.

Response (dB)

S0 L— o o PR |

0.01 1

0.1
frequency (THz)

Figure 1.8: Normalized response for different PD structures with identical ca-
pacitance. Image obtained from [Carl5].

This figure shows the great advantage of using TW-UTC-PD and the better
responsivity of UTC-PD over p-i-n photodiodes until 300 GHz. However, it is
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remarkable to say that this analysis does not take into account the enhance-
ment in terms of saturation power that a UTC-PD can offer. In conclusion,
TW-UTC-PD yields a better performance than UTC-PD and p-i-n photodi-
odes at the expense of more complicated fabrication. Between UTC-PD and
p-i-n photodiodes the performance is similar; however, until 300 GHz UTC-PD
presents better responsivity.

Quantum Cascade Lasers

Quantum cascade lasers (QCL) are lasers that emit in the mid-to-far infrared
part of the electromagnetic spectrum. The operational principle is based on
intersubband transitions in quantum wells. The first QCL was demonstrated in
1994 | ] using intersubband transitions in a superlattice of semiconductor
multiple quantum well heterostructures. The key feature of this kind of structure
in cascade is that a single injected electron can emit many photons, which allows
for differential quantum efficiencies greater than unity. Furthermore, QCL are
the most compact and high-powered coherent THz sources. That is why they
are very useful for spectroscopic applications. However, it is very difficult for
THz QCLs to operate at room temperature.

1.2.3 Electronic Sources

Although optical sources have been dominating THz frequency generation for a
long time, recently electronic sources are getting more interest and expanding
its boundaries. Nowadays, there are three studied approaches for this kind of
sources: transistor-based sources, diode-based sources and frequency multipli-
cation [ ) ].

Transistor-based sources

MMIC local oscillators at THz can be realized with transistor-based oscillators
and amplifiers. The active elements can be high electron mobility transistors
(HEMTS), heterojunction bipolar transistor (HBT; SiGe or III-V devices) and
field effect transistors (FETSs) [ , ]

The main barrier for transistors to generate THz has been their cutoff fre-
quency. However, thanks to innovation on materials and the advances in semi-
conductor research, this cutoff frequency has been significantly increased. This
fact has allowed THz generation by means of transistors up to 500 GHz and for
those devices based on SiGe Heterojunction Bipolar Transistor (HBTs) 1 THz
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has been achieved | ]. The main advantage of this kind of generation over
diode based devices is the availability of gain.

Diode-based sources

For a long time diode-based devices have been considered as millimetre-wave
and sub-millimetre-wave sources. The most employed ones are Gunn diodes,
IMPATT (IMPAct ionization Transit Time) diodes and Resonant Tunneling
Diodes (RTDs) | ]. These are negative-resistance oscillators whose typ-
ical block diagram is shown in Figure 1.9. The equivalent model consists in
a resonant circuit, usually a LC tank, connected to a device with a negative
differential resistance (NDR). The operational principle is the negative resis-
tance of the active device (diodes in this case) cancelling the loss resistance of
the loaded resonator. Thus, a circuit with zero differential resistance producing
spontaneous oscillations is created. The main difference between them arises
from how they obtain the NDR.

NDR
1
L1
Vs Resonant
Circuit

Figure 1.9: Typical block diagram of a negative resistance oscillator. In some
types the NDR device is connected in parallel with the resonant circuit.

Gunn diodes are frequently found from ITI-V compound semiconductor. The
operation of this diode is as simple as applying a DC voltage to bias the device
into its negative resistance region. Gunn diodes are widely used for microwave
region devices and new Gallium Arsenide Gunn diodes are made for frequencies
up to 200 GHz.

IMPATT diodes achieve NDR from time delays caused by the avalanche
breakdown and carrier transit across the device. Compared to other kinds of
NDR diodes, IMPATT based generators achieve much higher output power lev-
els. Besides, they have been proved to be one of the most reliable and stable
microwave sources. However, it is difficult to obtain those advantages for fre-
quencies over 150 GHz.

Resonant tunnelling diodes (RTDs) are double-barrier tunnel semiconduc-
tor structures. Tunnelling diodes make use of quantum mechanical tunnelling.
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The mechanism of electron transport through the barriers is resonant tunnelling
through the quantized subbands in the quantum well. RTDs have a very par-
ticular I-V curve with a negative-differential-conductance (NDC) region with a
very fast process; therefore, RT'Ds can operate at very high frequencies.

Frequency Multipliers Chains

In general, diode or transistor based sources have limited bandwidth and are
bulky and expensive. Besides, they are not able to provide high power or are
limited to frequencies below 150 GHz.

Therefore, planar frequency multipliers are one of the best options insomuch
as they have greatly improved their bandwidth and efficiency during the last
few years. These frequency multipliers are nonlinear devices that generate a
specified harmonic of the input signal | ]. Frequency multiplication devices
can generate such harmonic frequency thanks to a variable capacitance (e.g.
heterostructure barrier varactors (HBVs)) or variable resistance (e.g Schottky
diodes). Those devices based on variable capacitance present better efficiency
and power handling than variable resistance devices.

Nonetheless, when the order of the harmonic is high, i.e. more than four
or five times the source frequency, individual devices are not a good solution
since the higher the harmonic generated the higher the losses associated to that
generation. Therefore, when very high frequencies are needed, the solution is
a combination of doublers and triplers (cascade of multipliers). Because of the
simplicity of fabrication process, Schottky diodes are the preferred device for
building frequency multiplier chains.

Schottky diode technology

The Schottky diode, named after the physicist Walter Schottky, is a semicon-
ductor diode formed by the junction of a semiconductor and a metal. This
component has as main characteristic that it works with low forward voltage,
which, in addition to its fast switching, makes it a good candidate for working
at high speed and high frequency | ]. For practical reasons, there are four
types of Schottky diodes depending on the barrier height: high barrier, medium
barrier, low barrier and Zero Bias barrier. The first three types are made with
n-type Silicon and the appropriate metal; Zero Bias diodes are traditionally
built with p-type Si semiconductor material, although recently the trend is to
fabricate them using the n-type semiconductor InGaAs. Finally, there are also
Gallium Arsenide diodes that are fabricated with n-type semiconductor only
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and metal.

The general equivalent circuit of a Schottky diode can be seen in Figure 1.10
and its modelling equation of the current for a Schottky junction, regardless of
the technology in which it has been implemented is:

I=1I, (eiq(vnff‘” - 1) (1.4)

where
k = Boltzmann’s constant, 1.38044 x 10~23J/K
= electron charge, 1.60206 x 10~19C
T = absolute temperature, K
R, = series resistance, ()
15, = saturation current, A
n = ideality factor
and

Loy = AA™ (FT) (1.5)
where
A = effective diode area, cm
A** = modified Richardson constant, (4/K)?/cm?
®;, = barrier height, V

2

Rp
Rs rl:l—
| |
Cjo
11

11
Cpar

Figure 1.10: Schottky diode equivalent circuit.

An important parameter that determines the operational frequency is the
cutoff frequency. The cutoff frequency is computed as the frequency at which
the reactance of the diode equals the series resistance:

[

= RO (1.6)
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The junction capacitance is determined by the physical dimension of the
junction and the doping profile of the semiconductor layer:

¢;(0)
(1—Ye — %T)l/z

i

C;(Vr) = (1.7)
where
C;(Vr) = junction capacitance at reverse bias voltage Vg

C;(0) = junction capacitance with Vg = 0

V; = internal contact potential

and the series resistance Rg is the addition of the resistance due to the
epitaxial layer and the resistance due to the substrate Rg = Rep; + Rsup [Cor09].

Depending on the application, and therefore, on the harmonic we would
like to obtain, there are different diode configurations that provide us a better
efficiency for each case [Maa03].

e Antiparallel configuration

The antiparallel configuration is shown in Figure 1.11.

i

+
Vin /\D i \ A ]iz

Figure 1.11: Schottky diodes antiparallel configuration [Biul5].

. . . . . ( _ S) B
We can simplify the current of the diodes ¢ = zsat(eq T 1lasi =

is(e®Vin —1). Besides, if we define iy = f(V;,), then iy = —f(=Vi,).
Thus, the output current will be:

Gout = 11 +ip = is(e®Vi" —1)—i (e *Vin —1) = 2i sinh(aVicos(wst)) (1.8)
Applying Taylor’s approximation

sinh(V) =V +1/6V3 +1/120V° 4. .. (1.9)
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and the final output is

Gout = A1isV 4+ Agi V3 4+ Agi VP + ... (1.10)

If the input is a tone V;,, = Vgcos(wst), the output
tout = Acos(wst) + Beos(3wst) + . .. (1.11)

is an efficient frequency tripler multiplier where the even harmonics are
cancelled by the antiparallel configuration itself and higher efficiency is
obtained in the odd harmonics.

On the other hand, if the input is a sum of two tones V;;, = Vicos(wit) +
Vacos(wat), then the output will be

iout = - - .+ Acos?(w1t) Beos(wat) +. . .+Acos4(w1t)Bcos(w2t)—|—. .. (1.12)

which provides an intermediate frequency either Fip = 2w; —wsg or Frp =
4wy1 — wo which is a good solution for subharmonic and fourth harmonic
mixing, respectively.

e Antiseries configuration

Due to the circuit symmetry we can also have the antiseries configuration
shown in Figure 1.12.

Vin +® V] + il

Vin '_*@ v,

Figure 1.12: Schottky diodes antiseries configuration [Biul5].

We can analyse the output node and we obtain
lout = 11 + 12 (113)
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where, according to the equations described previously in this section

i1 (V) = A)V 4+ AgV2 4 A3V3 + AV L (1.14)
and
ia(V) =iy (=V) = —A1V 4+ AV? — A3V3 + AV 1. (1.15)
therefore
Gout = 245V + 24,V 4+ . (1.16)

That is why the antiseries configuration is a good solution for doubler fre-
quency multiplier, since on the contrary of the antiparallel configuration,
in this case the odd harmonics are cancelled and the even harmonics are
more efficient.
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1.3 Motivation and thesis outline

As it has been previously said, new compact, flexible and portable devices are
going to be necessary for future THz applications. In particular, for the devel-
opment of new generation of mobile communication and satellite applications,
where the reduced compact size, which implies lower cost, is an important factor
to be taken into account.

The work presented in this thesis is focused on the development of sub-
millimetre and terahertz wave band components and packaging techniques. The
main novelty of this thesis consists in the integration of different components
on the same substrate and housing metallic block. This way the prototypes
designed present the advantage of being more compact, of reduced weight and,
thus, more useful for communication systems.

The content of the thesis is divided into six chapters.

e Chapter 1 In this chapter a brief introduction of the state-of-the-art of
terahertz and millimetre wave systems for communications is made. Be-
sides, it gives a general introduction to packaging technology, photodiodes
and Schottky diodes technologies.

e Chapter 2 describes the different designs that have been realized during
this thesis for packaging and integration of planar technology and waveg-
uide components, all of them based on an analytic procedure. Firstly, a
simple inline transition between microstrip and rectangular waveguide is
presented. Secondly, an inline transition between microstrip and groove
gap waveguide is analysed and measured. Afterwards, a design for mi-
crostrip to rectangular waveguide transition using bed of nails and gap
waveguide with very simple assembly procedure is presented. Finally, the
last studied transition is an even more simplified design and with simpler
assembly process than previous design.

e Chapter 3 presents the development of two receivers with integrated
MMIC based LO: a fourth harmonic mixer and a subharmonic mixer de-
signed on a combination of planar and waveguide technology. Both mixer
prototypes are based on Schottky diode flip-chips with antiparallel config-
uration. The main novelty of the fourth harmonic mixer consists in the
integration of the local oscillator and the mixer in the same housing metal-
lic block with the implication of a reduced weight and cost. On the other
hand, the subharmonic mixer presents the main novelty of integrating not
only the local oscillator in the same block but also a frequency doubler
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together with the mixer in the same substrate, performing, in terms of
frequency conversion, as a fourth harmonic mixer. Both configurations
are very convenient, since they reduce the LO power requirements.

Chapter 4 studies a THz transmitter which integrates a photodiode
source and a frequency tripler multiplier based on flip-chip Schottky diode
technology. The goal of this chapter is the design of a compact broadband
terahertz transmitter working at 300 GHz for communication systems.

Chapter 5 deals with the integration of a tripler frequency multiplier
and a subharmonic mixer in the same substrate working at 600 GHz.
This way a sixth harmonic mixer with the behaviour of a subharmonic
mixer is achieved. Schottky diodes are integrated in a Gallium Arsenide
membrane substrate alongside all the necessary circuitry.

Chapter 6 summarizes and draws conclusions of the whole work pre-
sented in this thesis and proposes future research lines that could be fol-
lowed.
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Chapter

Inline Transitions from Planar to
Waveguide Technology at W-Band

As has already been commented in the introduction to packaging, planar trans-
mision line to waveguide transitions have become essential for the integration
of devices developed in planar technology and those components developed in
waveguide. Different types of microstrip-to-waveguide transitions can be found
in the literature. Among them, the E-plane probe is the most common. This
transition is based on a microstrip line introduced through an aperture in the
E-Plane of a rectangular waveguide that couples the quasi-TEM mode of the
microstrip line to the T'E1g mode of the waveguide | , , , ].

Some of these transitions have been presented operating in the full W-Band
[ , ], and feature insertion loss (IL) as low as 0.4 dB, typically
around 1 dB. However, in order to avoid higher order mode excitation, they
require a very narrow channel to introduce the microstrip probe. Moreover, in
E-plane probe transitions, the input port is usually perpendicular to the output
port. This fact can make integration of devices or antennas a cumbersome
task, as a consequence additional bent sections are required. Furthermore, the
behaviour of the transition is very semnsitive to the position of the microstrip
substrate with respect to the waveguide, in such a way that small errors during
the fabrication process may produce large disagreements between simulation
and experimental results. This problem repeats in other transitions based on
radiating elements such as quasi-Yagi antennas | | and slotline antennas
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[ I

On the other hand, the quasi-TEM microstrip mode can be easily coupled
to the T Eqy rectangular waveguide mode by means of an inline configuration
in which the field propagation direction in the waveguide is the same as in
the microstrip line[ , , , , , , . In the
W-band, this concept was used in [ ], where waveguide matching sections
partially filled with dielectric were used. These sections were based on the
gradual reduction of the dielectric material inside the waveguide. Therefore,
they must be numerically optimized and, in addition, complicate manufacturing

and assembly. A similar approach was followed in | |, where the band was
extended at the expense of an increase of the number of sections. This length
can be reduced by using a cavity excited by a microstrip probe | ], but

the design requires full-wave optimization.

In this work inline microstrip to waveguide transitions have been realized
in a simple way so that the manufacturing process and assembly is not com-
plicated. Besides, the full-optimization is avoided by means of computing the
dimension theoretically based on Chebyshev transformer and small reflections
theory. The first transition presented in this project consists of an inline mi-
crostrip to standard WR-10 transition. The disadvantage of this model is that
the waveguide has a H-plane split, what makes the manufacturing and assembly
difficult. This problem can be alleviated by using Perfect Magnetic Conductor
(PMC) lids | |, allowing for wide microstrip substrates, although at the
expense of increased manufacturing complexity. The rest of the transitions de-
scribed in this chapter are based on this concept. One of them is a microstrip to
groove gap waveguide compatible with WR-10 standard waveguide. The other
one is a microstrip to standard WR-10 transition by means of ridge and groove
gap waveguide. The last one is also a microstrip to WR-10 transition using ridge
and groove gap waveguide based transformer, however in this design the shaping
of the substrate simplifies even more both the design and the fabrication of the
transition.
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2.1 Theoretical analysis

2.1.1 Theoretical analysis based on Chebyshev transformer

All the transitions presented in this thesis are based on Chebyshev transformers
[ ]. This is an analytical method based on small reflection theory which
equates the reflection coefficient to a Chebyshev polynomial. This way, Cheby-
shev matching transformers have wider bandwidth than other transformers at
the expense of a passband ripple. A schematic of a multisection transformer
is shown in Figure 2.1. It must be noticed that Chebyshev transformers are
gradual and match a low impedance to a high impedance or viceversa.

Po> L P v i

Zo Pin P 21 22 ZN

Figure 2.1: Schematic reflection coefficients for a multisection transformer.

Chebyshev Polynomials

The n-th order Chebyshev polynomial is a polynomial of degree n, denoted by
Tn (). The first four polynomials are

T (x) = x, (2.1)
Ty(z) = 222 — 1, (2.2)
Ts(z) = 42® — 3z, (2.3)
Ty(x) = 8a* — 822 + 1. (2.4)
Higher order polynomials are calculated using the recurrence formula:
Tn(x) =22Th—1(x) — Th—o(x). (2.5)

General design method of Chebyshev transformer

The overall maximum value of the reflection coefficient magnitude for the Cheby-
shev sections, i.e the entire transition, can be calculated as | ]:

Aln(éﬁ)QTN(selc(é’M))
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where N is the order of the Chebyshev transformer, Ty is the Chebyshev poly-
nomial of Nth order, Zy, is the load impedance, and Zj is the input impedance.
The parameter 6, is given by

Oy = g (1 - ?J{) (2.7)

where Ay is the bandwidth of the transition, and f is the central frequency.
The reflection coeflicients are calculated using:

p(0) = 2eIND[pg cos NO + py cos(N —2)0 + ...+

(—iN®) (2.8)
pncos(N —2n)0 + ...] = |Ale' ™7™ T (sec,, cos )
where 6 = Bl and p,, is the reflection coefficient between the transformer sec-
tions. Equating same order terms in cosnf, the reflection coefficients are ob-
tained.

Finally, the impedance of the n-th section, Z,, satisfies:

Zn = n—lern_1 (29)

2.1.2 Theoretical analysis for pin dimension

In this section we present some inline transitions based on gap waveguide tech-
nology. This type of waveguide consists of an air channel in between two periodic
metallic pin sections creating a propagation band. Here we present an analytical
approach to the calculation of the dimensions of the metallic pin based on the
theoretical study developed in | ]. The square metallic pin structure and
dimensions notation are shown in Figure 2.2.

Figure 2.2: 3D geometry of the metallic pin.
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We can estimate the period, p, as follows:
p<A/2 (2.10)

where A is the wavelength at central frequency. Usually a good result is obtained
when the relation between the pin width and period is a/p = 0.5. The height
of the pins, d, can be computed with the next equation :

d= A1 /4 (2.11)

where A.; is the longest wavelength, i.e. the lower cut-off frequency of the
desired bandgap.
The air gap is calculated as:

h=Xa2/2—d (2.12)

where A.o is the shortest wavelength, i.e the upper cut-off frequency of the
desired bandgap. Below the lower cut-off frequency as well as above the upper
cut-off frequency there is propagation through the bed of nails. This propagation
is avoided within the designed band gap. Therefore an air channel surrounded
by periodic metallic pins can be used as a transmission line in this frequency
range.
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2.2 Microstrip to Standard WR-10 Waveguide
Transition

This first prototype is an alternative design to the E-probe microstrip to waveg-
uide transition, since it is based on an inline configuration. Moreover, it is also
an alternative to other inline transitions [Zhal(, Reb15, Alj17], for it does not
use any soldering or a gradual taper of the dielectric material, which can be
difficult to manufacture for W-Band frequencies and above. It is, therefore,
simpler than other inline transitions and easier to manufacture, which makes
it appropriate for sub-millimeter and Terahertz frequencies. In addition, the
proposed configuration allows a simplified design based on standard Chebyshev
impedance transformers (see Section 2.1). Furthermore, for the microstrip sec-
tion, two alternatives will be compared: a microstrip Chebyshev transformer
and a linear taper transition [P¢16]. In both cases, calculation of dimensions of
the whole transition is made analytically, which avoids full-wave optimization.

2.2.1 Configuration and Transition Concept

Two prototypes have been evaluated and their perspective view are shown in
Figure 2.3.

@ \ -~ 2 ®) |

A
—

Y,
Loz

Y,
N

Figure 2.3: 3D geometry of the microstrip to standard rectangular waveguide
(WR-10) transition: (a) microstrip Chebyshev transformer and (b) microstrip
linear taper. The grey areas correspond to the rectangular waveguide metallic
walls.

The proposed transitions first couple the quasi-TEM mode of the microstrip
line to the TEjp mode of a dielectric filled rectangular waveguide (DFRW).
Afterwards, the transition from DFRW to standard rectangular waveguide is
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done by means of a multisection Chebyshev transformer. As a difference to
previous designs, in this case, homogeneous waveguide sections will be used.
This allows the design method to be completely analytic and make use of the
Chebyshev transformer design procedure presented above (Section 2.1). For
the microstrip to DFRW section, two alternatives are proposed: a Chebyshev
transformer (Figure 2.3(a)) and a linear taper transition (Figure 2.3(b)).

In this case, the DFRW impedance is an intermediate impedance lower than
both the input microstrip line and the standard waveguide impedance. For
instance, for the standard WR10 waveguide ¢ = 2.54 mm and b = 1.27 mm,
leading to Z;, = 376.7 €2, whereas for the dielectric filled rectangular waveguide
b corresponds to the substrate thickness. If a 0.1-mm-thick Rogers CuClad
(e, = 2.4) is considered, Zprrw = 19 Q. Since this intermediate impedance
is lower than the start and final impedances, it is not possible to design directly a
Chebyshev transition. Therefore, the procedure for the calculation of the inline
microstrip-to-rectangular-transition must be a two-step process. The first one
is the design of the transition from DFRW to rectangular waveguide, presented
in Figure 2.4. The second one involves the transition from microstrip to DFRW,
shown in Figures 2.5. The details of the design of both sections are given in the
following subsections.

Transition from Dielectric Filled Rectangular Waveguide to Standard
Waveguide

A multisection waveguide Chebyshev transformer is used to match the DFRW
with the rectangular waveguide, see Figure 2.4.

Figure 2.4: Side view of the multisection Chebyshev transformer from dielectric
filled rectangular waveguide to standard rectangular waveguide.

The impedances of the rectangular waveguide sections are computed by the
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equivalent electric waveguide impedance | ]:

n_b

Zipg =2 (2.13)

where n = \/’ezg’ is the free-space wave-impedance, €, is the relative permittivity
of the waveguide filling medium, a is the waveguide width, and b is the height
of the waveguide sections.

Once the DFRW and the standard rectangular waveguide impedances have
been obtained, Zpprw and Zp, we apply the Chebyshev transformer method
to calculate the impedances of the matching sections. With these impedance
values, the height of each rectangular waveguide section is determined by

B Zwgnr/€ra

b
n 2

(2.14)
where Z,,4, is the impedance of each waveguide section computed previously
with the Chebyshev method.

Note that the first section corresponds to a dielectric filled waveguide, whereas
the rest of them are air-filled waveguide sections. A more accurate transition
could be designed taking into account the reactance effect due to the change of
the waveguide height | ]. This effect should make the transformer sections
shorter. However, if the change of height is small, the effect may be negligi-
ble. In this design it has not been taken into account for simplicity since the
difference is smaller than the tolerances of the manufacturing method. The
three sections of the transition have a length [, equal to A\;/4 (at the central
frequency).

Transition from Microstrip to Dielectric Filled Rectangular Waveg-
uide

The microstrip to DFRW transition can be carried out with two different ap-
proaches. The first one uses also a multisection Chebyshev impedance trans-
former. The second approach consists of a linear taper that matches the impedance
of the microstrip line with the impedance of the DFRW.

e Multisection Microstrip Chebyshev Impedance Transformer

The multisection Chebyhsev transformer is shown in Figure 2.5(a). The
microstrip line is built on a substrate with thickness (b1) which corre-
sponds to the height of the DFRW. Taking this into account, Equation
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(2.13) is used to calculate the impedance of the DFRW, and Chebyshev
transformer standard equations [Orf13] are employed to determine the
impedances of the transformer between 50 2 and this impedance. The
width of the microstrip line sections are given by the well known formulae
of the microstrip impedance [Poz04]. The length of each section is Aesr/4
where Ay is the wavelength at the central frequency in each microstrip
line section.

e Tapered Microstrip

An alternative way of matching the 50 €2 impedance with the impedance
of the DFRW can be seen in Figure 2.5(b). This transition consists
of a linear microstrip taper of length L; = 3\.r5/4 (where A.¢s is the
guided wavelength of the microstrip line), which is enough to ensure good
matching [Des10]. The width W, is calculated so that the characteristic
impedance of the equivalent microstrip line is equal to the impedance of

the DFRW.
(a) LyLpLys (b)
50Q
X 1)_’

V4

ZDFRW
ZDFRW

Figure 2.5: Top view of the microstrip to dielectric filled rectangular waveguide
transition: (a) Chebyshev multisection transformer and (b) microstrip linear
taper.

2.2.2 Design and Simulation Results

The procedure above described has been applied to the design of a microstrip to
a W-band rectangular waveguide inline transition. The microstrip line is printed
on a 0.10-mm-thick Rogers CuClad (e, = 2.4 and tand = 0.009 ). Losses in
the copper line are also included in the simulations. The height of the dielectric
filled rectangular waveguide (DFRW), by, is the thickness of the substrate, i.e.,
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0.1 mm, and the width, a, is the width of the standard WR-10 waveguide, i.e.,
2.54 mm.

The dimensions of the DFRW to WR-10 Chebyshev transformer were cal-
culated with the previous procedure. To cover the full W-band Af = 35 GHz
(which leads to 8)y = 1.27) is required. The maximum reflection coefficient is
set to —15 dB, i.e., A = 0.032. Three sections are required to comply with this
requirement. Table 2.1 shows the dimensions of the required waveguide sections
for the Chebyshev transformer. The labels are defined in Figure 2.4.

Table 2.1: Dimensions of the Chebyshev transformer waveguide sections (um).

Parameter Value Fabricated Value

by 100 100
by 120 115
b 320 347
by 850 870
b 1270 1270
Iyt 835 820
ly2 835 817
lys 835 860

For the microstrip to DFRW section, both versions, i.e., the Chebyshev
transition and linear taper, were designed. For the linear taper (Figure 2.5(b))
the dimensions are gathered in Table 2.2.

Table 2.2: Dimension of the microstrip to DFRW linear taper transition (um).

Parameter Description Value
L; Length of the taper 1500
Wy Width of the taper 1300
Im Length of the microstrip 2590

The Chebyshev transformer-based transition (see Figure 2.5(a)) consists of
three sections, whose impedances were calculated with the same procedure
above. Their dimensions are compiled in Table 2.3.

The performance of the microstrip to DFRW transitions (both taper and
Chebyshev line) and of the DFRW to rectangular waveguide Chebyshev trans-
former have been evaluated separately with High Frequency Structure Simulator
(HFSS) from Ansys. The simulation results are shown in Figure 2.6.

30



CHAPTER 2. INLINE TRANSITIONS FROM PLANAR TO WAVEGUIDE
TECHNOLOGY AT W-BAND

Table 2.3: Dimension of the microstrip to DFRW Chebyshev transition (pm).

Parameter Description Value
a Width of the rectangular waveguide 2540
W Width of the microstrip 301
W Width of section 1 450
Weo Width of section 2 780
Wes Width of section 3 1100
Ly Length of section 1 493
Lo Length of section 2 485
L3 Length of section 3 481
L, Length of the DFRW 830
I, Length of the microstrip 2590
0
_5,
’«?g -10f
o -15
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_375 80 85 90 95 100 105 110
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Figure 2.6: Performance evaluation of the different parts of the transition: (Solid
red line) Linear microstrip to DFRW transition, (Dashed black line) Chebyshev
microstrip to DFRW transition and (Star green line) DFRW to rectangular
waveguide Chebyshev transformer. (a) Reflection (S11); (b) Transmission (Sa1).

Return loss results are shown in Figure 2.6(a), where we can appreciate that
the linear taper microstrip line performs better than the Chebyshev transformer
microstrip transition, both in return loss and insertion loss. For the DFRW to
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waveguide transition, the maximum return loss is in good agreement with the
objective performance, a return loss higher than 15 dB. This result justifies that
the previously mentioned additional reactance created in the waveguide steps
does not affect the transition performance. In Figure 2.6(b), the Sa; parameter
is presented. For all cases, the insertion losses are below 0.5 dB.

The predicted responses of the whole transitions are presented in Figure 2.7,
where a comparison of the return loss between the linear taper and Chebyshev
transitions is presented.

=301 ; —Taper
===Chebyshey|

-4 L L L L
95 80 85 90 95 100 105 110
Frequency (GHz)

—Taper
-=-Chebyshev|

35 8 8 90 95 100 105 110
Frequency (GHz)

Figure 2.7: The simulation results of the two proposed whole transitions:
(Dashed line) Chebyshev impedance transformer and (Solid line) microstrip
taper. (a) Reflection (S11); and (b) Transmission (Sa1).

It can be observed that the reflection (S11) is below -15 dB in both cases.
On the other hand, Figure 2.7b shows the insertion loss. For both cases, the
insertion losses are lower than 1 dB in the full W-band. Nevertheless, the
Chebyshev case has larger insertion losses than those of the tapered transition.
These losses are ascribed to the radiation in the steps between the different
impedance sections of the Chebyshev transformer. Note that the transitions
include a 2.59 mm microstrip line. The contribution of this line to the insertion
losses above has been estimated as 0.33 dB. If these losses are removed, the
insertion loss of each transition can be estimated to be better than 0.5 dB and
0.8 dB for the linear and Chebyshev cases, respectively.

Finally, it is worth pointing out that all these results have been accomplished
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with the dimensions resulting from the analytic procedure above. There has not
been any optimization, and the objective return loss and bandwidth are fulfilled.

2.2.3 Manufacturing

Since the experimental validation will be carried out with a waveguide-based
vector network analyser, a back-to-back transition is needed. A photograph of
the fabricated back-to-back waveguide blocks and microstrip taper in Rogers
CuClad is shown in Figure 2.8.

(a) (b)

Figure 2.8: Photograph of (a) a fabricated back-to-back waveguide block; (b)
a fabricated microstrip taper in Rogers CuClad.

The manufactured process has to be separated in two parts: the milling
process for the waveguide sections and the photolithographic process for the
microstrip. Figure 2.8(a) shows the micromachined back-to-back waveguide
blocks for the transition. They are made of aluminium by a high precision
milling machine. To simplify assembly the waveguide block has been split in
the H-plane, and both parts are screwed together. To reduce losses in the
H-plane cut, this contact must be very tight, which is guaranteed by eight
screws and four dowel pins. The block has been designed and manufactured
with the appropriate WR-10 flange. The whole waveguide block is 34.2 mm
long and 19.05 mm wide. The fabricated dimensions, shown in Table 2.1, are
slightly different from the original design. The largest deviation correspond
to the height of Chebyshev step (b3), where the error is 8 %. Note also that
0.150 mm radius rounded corners were created by the manufacturing method.
The microstrip section was manufactured at the Public University of Navarra
facilities following a standard photolithography procedure, see Appendix A for
details. The lines were created by sputtering the CuClad substrate with 2
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pm of copper. Finally,the substrate was cut with the required shape with a
milling machine. Due to the better performance of the linear taper microstrip
transition shown in simulation, only this one was fabricated and measured. The
final circuit is shown in Figure 2.8(b).

2.2.4 Experimental Validation

The set-up for measurements is shown in Figure 2.9. An Agilent PNA-X E3861
Microwave Network Analyzer with two VDI W-Band VNA Extenders was used.
The equipment has been calibrated using the standard W-Band TRL (Through-
Reflect-Line) calibration kit for VDI extenders. The manufactured back-to-
back transition was connected in between the extender waveguide ports, and S
parameter measurements were carried out.

Figure 2.9: Setup for the experimental validation of the microstrip-to-waveguide
transition.

The measured reflection coefficient, presented in Figure 2.10, shows a degra-
dation of the performance with respect to the design, Figure 2.7. First, the
working band has been shifted towards higher frequencies. For this reason, the
return loss between 75 and 80 GHz becomes lower than 10 dB. In addition, the
return loss increases to nearly 12 dB in the central frequency. However, taking
into account the whole band, they are higher than 8 dB. The insertion losses
also increase, and the measured values are between 0.4 and 0.7 dB higher than
the predictions. The obtained average value is 1.9 dB.

This degradation is ascribed to the manufacturing errors. These errors can
be noticed in Table 2.1. They are particularly large in Chebyshev step 3, with
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more than 20 pm difference in both length and height. The real dimensions have
been simulated in order to perform a fair comparison with the measurements.
This comparison is shown in Figure 2.10. There is good agreement between
them, especially from 75 GHz to the central frequency, 92.5 GHz. The higher
return loss was adequately predicted. The transmission coefficient is displayed
in Figure 2.10(b).
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Figure 2.10: Simulated performance taking into account the fabricated dimen-
sions (solid line) and measured (dashed line) back-to-back transition. (a) Re-
flection (S11) and (b) Transmission (Sa1).

The mean value of the simulated and measured insertion losses is 1.5 dB
and 1.9 dB, respectively. These losses include those in the transitions and in
the 5.18 mm microstrip line. Taking into account the value of tand = 0.009
and the conductivity of copper, this microstrip line has a 0.65 dB insertion loss.
If these losses are removed, the average insertion loss of each transition can be
assumed to be 0.63 dB. A comparison with other similar transition is realized
in Table 2.9.
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2.3 Microstrip to Groove Gap Waveguide Tran-
sition

In this section we will focus on the so-called groove gap waveguide (GGW).
This waveguide consists of an air channel in between two periodic metallic pins
sections, also known as bed of nails, that allow the propagation of an electro-
magnetic mode similar to the rectangular waveguide T'E1o. The bed of nails is a
structured surface that creates an Artificial Magnetic Conductor (AMC), which
prevents propagation of electromagnetic waves in a certain frequency region. An
inline microstrip to groove gap waveguide transition working at W-Band will be
presented here. The transition design follows the same analytical approach, see
Section 2.1, and the design procedure is similar to that presented in Section 2.2,
but adjusted to groove gap waveguide technology instead of standard waveguide
technology. As a consequence, since the dimensions are computed by means of
the standard Chebyshev transformer design formulae, full wave optimization
is avoided. In addition, as an improvement to the previous design, the GGW
provides a good solution for the contact problem due to the H-plane split.

2.3.1 Proposed Transition and Simulation Results

The proposed inline transition is presented in Figure 2.11. The operating prin-
ciple is based on the high similitude between the field distribution of the quasi-
TEM mode of the microstrip line and the so called vertical mode of the groove
gap waveguide (GGW)]| ], which guarantees good coupling between them.
Even though this principle and the design procedure presented for this kind of
transition is applicable to any frequency band, in this case the transition will be
realized to work at W-Band. The transition consists of two sections: a Cheby-
shev transformer from standard (air filled) GGW to dielectric filled GGW and
a linear transition from microstrip to dielectric filled GGW.

Groove Gap Waveguide design

For groove gap waveguide design, firstly, the pin that forms the periodic metallic
pin distribution that sourrounds the waveguide, also refered to as bed of nails,
is designed to have its band-gap in the desired frequency range | , ]
In this case, the pin parameters were optimized using eigenmode solver so that
the band-gap covers the W-band, i.e. 75-110 GHz, and the final dimensions are
gathered in Table 2.4.
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Figure 2.11: (a) Perspective view the proposed microstrip to groove gap waveg-
uide (GGW) transition. (b) Explosion view of the microstrip to GGW transi-
tion.

Table 2.4: Dimensions of the unit cell (metallic pin) of the bed of nails (um).

Parameter | Description | Value (um)
d Pin height 1190
a Pin size 600
h Air gap 80
P Period 1240

The resulting dispersion diagram, computed with HFSS eigenmode solver,
is shown in Figure 2.12. We can observe that the band-gap, determined by
the highest frequency of the first mode of the dispersion diagram and the lowest
frequency of the second mode of the dispersion diagram, covers the full W-band.
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Figure 2.12: Dispersion diagram of the periodic unit cell.

Based on these pins, a GGW was created by leaving a gap in between them.
In order to make the resulting GGW compatible with a W-band WRI10 rect-
angular waveguide, the height of the GGW is the same as that of the WR10
waveguide, i.e. d+h = 1.27 mm. Regarding the width, w in Figure 2.13, it
should be adjusted for monomode operation in the desired frequency range. In
our case, in order to facilitate testing, it should also provide good matching to
a WRI10 waveguide.

The best result was obtained for w = 2.45 mm and the performance of this
direct connection is shown in Figure 2.13. The return loss is higher than 25 dB
within the W-band operational bandwidth (75-110 GHz) and the insertion loss
is negligible, below 0.1 dB. The different width between GGW and standard
waveguide may be caused by the different boundary condition at the waveguide
walls, which allow evanescent fields to penetrate the lateral pin regions. Note
that five periods of pins surround the waveguide (Fig. 2.11). Even though a
smaller number of pins (usually three rows) would be enough to prevent leakage
(Fig. 2.13), the whole available surface was covered with pins.

Transition design

As mentioned, the transition is divided into two parts: a Chebyshev transformer
between air filled and dielectric filled GGW and a microstrip linear taper (see
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Figure 2.13: Performance of a direct connection between a gap groove waveguide
and a WR-10 rectangular waveguide: (a) Return loss. (b) Insertion loss.

Figure 2.14 for details). The first part follows a similar approach to that pro-
posed in previous section. The impedances of the Chebyshev transformer sec-
tions are calculated by the standard formulation presented in section 2.1. For
this design a three section transformer is enough to obtain return loss higher
than 15 dB in the full W-band.

These impedances calculated with Chebyshev transformer method can be
equated with the corresponding electric impedance of a waveguide | | using
equation 2.13, taking into account that the width corresponds to the equivalent
width of the GGW, 2.45 mm. Afterwards, the heights are calculated using
equation 2.14.

Figure 2.14(a) shows a perspective view of the three steps of the half-split
Chebyshev transformer with waveguide height b, and length [,,, which corre-
sponds to A,/4. The input GGW section is filled with dielectric, and its height
corresponds to the substrate thickness plus the metal cladding. Note that there
is no restriction on its length, since this section is not strictly a part of the
Chebyshev transformer. The same value as for the other sections has been
taken. In addition, given the change of dielectric, the required impedance of the
first section is obtained with the same height, i.e. b; = bg.

The second part corresponds to a microstrip linear taper, whose top view
is shown in Figure 2.14(b). This line, which matches the 50 € to the input
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waveguide impedance is calculated using the standard microstrip impedance
formula and a 3X,/4 length | ]. Tt is printed on 100 pm thick Rogers
CuClad 233 (e, = 2.34 and tand = 0.009) and the calculated width to obtain
the impedance of 50 €2 is 300 um.
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Figure 2.14: Microstrip to groove gap waveguide transition: (a) Perspective
view of the half-split Chebyshev waveguide transformer and (b) Top View. It is
important to notice that the microstrip taper touches the metal of the DFGW.

The dimensions of the whole transition can be seen in Table 2.5.

Table 2.5: Dimensions of the transition (um).

Parameter Description Design | Fabricated
Iy Microstrip taper length 1500 1467
Wy Microstrip taper width 1300 1256
b1 GGW Height 1 116 158
ba GGW Height 1 116 158
bs GGW Height 3 380 407
by GGW Height 3 950 953
1 Metal Step length 1 830 859
lo Metal step length 2 830 821
I3 Metal step length 3 830 810
Iy Metal step length 3 830 810
w GGW width 2450 2290
b WR-10 waveguide height | 1270 1280
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The structure has been simulated using the commercial Finite Element
Method solver of HFSS. First, the two different parts, i.e. the microstrip to
dielectric filled GGW and the Chebyshev transformer between dielectric filled
GGW and air filled GGW, have been simulated separately. These results are
presented in Figure 2.15.
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Figure 2.15: Simulation of the scattering parameters of the microstrip to dielec-
tric filled GGW (solid red line) and the GGW Chebyshev transformer (dashed
black line).

It can be seen that the return loss is better than 20 dB for both cases. On the
other hand, the insertion loss are lower than 0.5 dB for both cases. Nonetheless,
in the microstrip case the losses are higher, due to the dielectric and radiation
losses. Note that these results have been obtained with the analytic procedure
above, without any full-wave optimization.

The back-to-back transition includes a 5.18 mm microstrip line in between
the two transitions; the model used for simulation is shown in inset of Fig-
ure 2.16. When the whole transition is analysed, the insertion and return loss
results shown in Figure 2.16 are obtained.

The mean insertion loss is 0.66 dB for the single transition and 1 dB for
the back-to-back configuration. The higher insertion loss in the back-to-back
configuration is ascribed to the substrate losses in the longer microstrip line.
The losses in the microstrip line have been calculated by full wave simulation
in HFSS taking into account the loss tangent of the dielectric material at high
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Figure 2.16: (Inset) 3D perspective view of the back-to-back microstrip to stan-
dard waveguide transition model for simulation in HFSS. (b) Simulation of the
scattering parameters for the microstrip to groove gap waveguide single (solid
line) and back-to-back transitions (dashed line).

frequencies (tand = 0.009). For the single transition these losses are 0.33 dB.
Therefore, the losses of the transition can be estimated as 0.66 —0.33 = 0.33 dB.
The mean return loss is 24.1 dB and 17.2 dB for the single and back-to-back
transitions, respectively. The back-to-back transition presents worse S1; due
to the non perfect matching at both ports. Anyway, return loss is better than
15 dB for almost the whole band in both configurations. In Figure 2.17 the
electric field distribution at 92.5 GHz is shown.

It can be observed that the Quasi-TEM mode of the microstrip line couples
to the vertical mode of the GGW. Furthermore, the mode confinement in the
GGW region thanks to the bed of nails can be also appreciated, although the
field evanescently decays in the pin areas.
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Figure 2.17: E-Field distribution of the microstrip to GGW transition at f =
92.5 GHz.

2.3.2 Tolerance analysis

The effect of different manufacturing and assembly errors will be evaluated in
this section. The results are summarized in Figure 2.18.

First, the effect of the air gap between the bed of nails and the lid on the
performance of the transition will be studied. As a matter of fact, one of the
main problems when rectangular waveguides are split in the H-Plane is the tight
contact required between both parts in order to reduce losses. This problem is
alleviated by the use of the bed of nails, since no contact is required. In our
design an 80 pum air gap has been considered at the end of the pins. To evaluate
the error tolerance on this air gap the pin length has been swept around the
nominal value. The results are shown in Figure 2.18(a).

We can observe that when the air gap is smaller than the nominal value, the
transition behaviour remains hardly unaffected. The performance gets worse
at the central frequency but in any case the reflection coefficient is below -
18 dB. However, when the air gap increases, there is a certain degradation of
the performance and the bandwidth below -15 dB is reduced. Consequently,
there is also an increase of the insertion losses, in particular at the beginning
of the band. Nonetheless, the performance is still acceptable and represents a
good solution for H-plane splits.

In addition, different errors related to misalignments of the microstrip sub-
strate have been considered. First, the misalignment in the waveguide longitu-
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Figure 2.18: (a) Evaluation of the effect on the transition performance of errors
in the fabrication of the metallic pins, given by different values of h. (b) Eval-
uation of the effect on the misalignment in the z direction, given by different
values of mis,. (c) Evaluation of the effect on the misalignment in the x direc-
tion, given by different values of mis,. (d) Evaluation of the effect on the error
in the substrate cutting so that this is longer than nominal, given by different

values of tol,. The dashed line represents the position of the circuit without
misalignment error.
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dinal direction, i.e. z direction according to Figure 2.11 has been analysed. In
this case the misalignment produces the microstrip taper length to be shorter
than designed and the substrate enters into the second step of the Chebyshev
transformer, see the inset in Figure 2.18(b) for clarification. The simulation
results for different values of misalignment are shown in Figure 2.18(b). The
response is still acceptable for 100 pm, with S1; < —12 dB for almost the whole
band. However, for 500 um the performance is not satisfactory. The return loss
condition for working at W-Band, S1; < 15 dB, is only fulfilled from 82 GHz to
87 GHz, which does not guarantee a good performance.

Another effect that has been taken into account is the misalignment in the
transverse direction, i.e. in the z direction according to Figure 2.11. This posi-
tioning error implies that the pins touch the dielectric substrate and therefore
the air gap at their end becomes equal to the substrate thickness, i.e. 0.127 mm.
Therefore, the nominal case corresponds to the substrate centred with the GGW,
but with this value of h, different from the optimum, 80 pum. In this case, the
effect is more important than in the previous one, see Figure 2.18(c), mainly
because, due to the loss of symmetry, the displacement prevents the microstrip
taper from exciting the GGW mode properly.

As a matter of fact, a high order resonance is excited for misalignments
larger than 30 pm. Nonetheless, the performance is still acceptable until the
displacement is 100 pm. Thus, the alignment pins in the microstrip substrate
are necessary in order to guarantee accurate assembly. Finally, the effect that
the substrate has a cutting error so that it is longer than the designed one
has been evaluated. The effect is shown in Figure 2.18(d). This error is not
so critical, since it just affects the impedance and propagation constant of the
second transformer section. The S7; is below -10 dB for all cases; thus, the
circuit is tolerant to this misalignment.

2.3.3 Manufacturing and Experimental validation

In order to verify the transition performance, the back-to-back configuration was
manufactured and tested. As explained previously, the two transitions were sep-
arated by a 5.18 mm long microsrip line. The behaviour of the whole structure
is not affected by this microstip length; however, the longer the microstrip the
higher the circuit global losses. The GGWs were 9 mm long and were connected
directly to the WR10 rectangular waveguides of the W-band millimetre wave
extenders.

The metallic block was micromachined in aluminium and split in the H-
Plane. The pins are machined just in one of the metallic blocks, the other
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one being flat. Proper alignment was guaranteed by eight screws and eight
alignment pins. Since a tight contact between the upper and bottom metallic
parts is not required, the manufacturing tolerances can be relaxed.

The microstrip transition was manufactured by a standard photolithography
procedure at the Public University of Navarra’s facilities, following the proce-
dure described in Appendix A. Photographs of the fabricated prototype can be
seen in Figure 2.19(a).

(a) (b)

Figure 2.19: Photograph of the fabricated prototype and measurement set-up.
(a) Picture of the microstrip line printed on CuClad substrate on the bottom
metallic block and on the left the two upper metallic parts. (b) Setup of the
back-to-back transition connected to W-Band VDI extenders.

The circuit assembly is simple. The substrate is placed on the bottom metal-
lic block with the help of the alignment pins. It is then tightly screwed and
finally the circuit is closed with the top metallic block. It is not necessary to
weld or glue any part.

Once assembled, the back-to-back transition was measured with an Agi-
lent PNA-X E3861 Microwave Network Analyser with two VDI W-Band VNA
Extenders. Previously the equipment was calibrated using the standard TRL
(Through, Reflect, Line) calibration kit. Figure 2.19(b) shows a photograph
of the measurement setup. A comparison between the measurements and the
back-to-back simulation, for the ideal case and for the case taking into account
the deviation of the dimensions produced by the tolerance error in the fabrica-
tion process is plotted in Figure 2.20. These dimensions have been measured
with a Mitutoyo Hyper MF-U 176-402-43 measuring microscope.

Comparing with the simulation results shown in Figure 2.16 where the tol-
erance error of manufacturing are not taken into account, the cut-off frequency
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Figure 2.20: Comparison between simulated (point-dashed blue line), simulation
taking into account fabrication errors (solid red line) and measured (dashed
green line) back to back transition.

and the performance is blueshifted and there is certain degradation in terms
of performance. The frequency shift is ascribed to the narrower manufactured
GGW channel, which is 2.39 mm wide instead of 2.45 mm. Nonetheless, the
predicted response once the fabricated values are introduced in the simulation
model is in good agreement with the measured performance. The best mea-
sured insertion loss is 1.5 dB at 90.4 GHz, with 3 dB mean value if the full
W-band is considered. These losses include those in the transition and in the
microstrip line. For the 5.18 mm long microstrip line the losses computed by
HFSS are 0.66 dB. If the transition is considered symmetric and the losses of the
microstrip line are removed, the transition losses can be estimated as 1.17 dB for
each single transition, i.e. the taper and the Chebyshev transformer. Finally,
the return loss is better than 10 dB from 83.9 GHz to 109 GHz, except for a
resonant peak at 105 GHz.
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2.4 Microstrip to Rectangular Waveguide Tran-
sition Packaged by Gap Waveguide

In this section a simplified inline transition from microstrip to standard rect-
angular waveguide packaged by gap waveguide technology is presented. This
transition presents two main advantages when compared with the previous de-
signs. On the one hand, it provides a solution to the problems caused by the
H-plane split, which are solved by means of the use of gap waveguide technology.
On the other hand, the unwieldy task of fabrication and assembly due to the
shaped cutting of the dielectrics can be avoided, taking into account that the
substrate may partially fill the gap waveguide and the bed of nails. Therefore,
the propagation constant and the effect of the dielectric in the cutoff frequency
of the partially dielectric filled gap waveguide are also studied in this section.

2.4.1 Transition Concept

The structure proposed in this paper consists of a Chebyshev transformer based
on ridge and groove gap waveguide. The whole bottom metallic part is covered
by a dielectric substrate where a tapered microstrip line has been printed to
connect the ridge gap waveguide to the microstrip line. Finally, the groove
gap waveguide is directly connected to a standard rectangular waveguide. The
scheme of the whole structure is presented in Figure 2.21.

The whole transition is surrounded by periodic metallic pins, which form the
gap waveguide.

2.4.2 Groove gap waveguide characteristics

The core of the transition is the groove gap waveguide. Therefore, the properties
of this waveguide will be studied in this section. Firstly, the periodic metallic
pins distribution is optimized to have the band gap in the desired frequency
range | ], in this work W-Band. The structure of the pin can be seen in
Figure 2.22(a) and the optimized dimensions are compiled in Table 2.6.

In this case, in order to facilitate the use of this transition with wide mi-
crostrip substrates, the gap between the pins and the lid is filled with a dielectric
substrate, in this case a 100 wm thick slab of Rogers CuClad (e, = 2.34 and
tand = 0.009). The optimized dimensions are compiled in Table 2.6.

The performance of this waveguide has been found to be similar to that of
a equivalent rectangular waveguide, whose width has been demonstrated to be
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Figure 2.21: 3-D view of the proposed back-to-back microstrip to rectangular
waveguide transition model for HFSS simulation.

(a) (b)

Figure 2.22: Perspective view of the structure solved using HFSS eigenmode:
(a) Metallic Pin and (b) Groove Gap Waveguide with Rogers CuClad substrate.

narrower than the width of the GGW channel [Berl6, Rajl0]. Although the
propagation characteristics of groove gap waveguides have been studied, in this
work we are dealing with partially filled GGW. Therefore, an analysis of the
propagation characteristics of this dielectric filled GGW has been done. The
height of the GGW is the same as that of the equivalent rectangular waveg-
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Table 2.6: Dimension of metallic pin (um).

Parameter Description Value
a pin size 500

d pin height 1120
h air gap 34

p period 1050
hsubs substrate height | 116

uide. The width w (see Figure 2.22(b) for clarification) is parametrized and
its propagation constant, (3, is compared with that of a standard waveguide in

Figure 2.23.

Beta (rad/m)

50 75 _ 100
Frequency(GHz)

125 150

Figure 2.23: Comparison of the propagation constant, 5 , between groove gap
waveguide with different width w and the standard rectangular waveguide.

It can be observed that the propagation constant for all widths is similar at
high frequencies. However, the behaviour at low frequencies turns out to be quite
different between them. The cutoff frequency of the GGW is higher than the
cutoff frequency of the standard rectangular waveguide for the same propagation
channel. This effect is produced because the GGW is electrically smaller than
the rectangular waveguide but it shows a higher dispersion [Ber16]. In this case,
the most similar behavior in terms of propagation constant corresponds to 2.65

mm GGW width (w).
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2.4.3 'Transition design

The next step corresponds to the design of the Chebyshev transformer that
matches the standard rectangular waveguide to the first dielectric ridge waveg-
uide. Following a similar procedure to that presented in | ] (Section 2.3),
the impedances of the transformer are calculated by the standard formulation
[ ](Section 2.1). The order of the transition is calculated to reach 20 dB
return loss. The impedance of the groove gap waveguide sections is adjusted
by changing their height according to the waveguide electric impedance formula
[ I

The GGW is partially filled with the dielectric substrate. Therefore, the
effective €, changes with different GGW heights. Moreover, if €. changes, the
cutoff frequency (f.) of the second mode also does: the smaller the height, the
lower the cut-off frequency. Therefore, an analysis of f. versus waveguide height
was carried out and shown in Figure 2.24 for constant width w = 2.65 mm. It
can be observed that for waveguide height lower than 0.6 mm the second mode
propagates within the W-Band; therefore, those waveguides whose height, b,
provides this second order mode propagation are substituted by ridge gap waveg-
uide sections in order to achieve the required impedance without the presence
of higher order modes | ].
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Figure 2.24: Evaluation of the cutoff frequency for different waveguide height
(b). (Inset) Formula of cutoff frequency where c is velocity of light, m and n
are index of the T'E,,,, mode.
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Table 2.7: Dimensions of Chebyshev transformer waveguide sections and mi-
crostrip line (um).

Parameter Description Ideal Value | Fabricated Value
w GGW Width 2650 2590
Wy RGW Width 1200 1130
21 Metal step thickness 1 1139 1164
to Metal step thickness 2 882 843
ts3 Metal step thickness 3 402 361
ty Metal step thickness 4 54 28
I Metal Step Length 1 925 941
lo Metal Step Length 2 673 685
I3 Metal Step Length 3 705 683
Iy Metal Step Length 4 726 697
Iy Taper Length 1500 1467
Wy Taper Width 1300 1256

Finally, the second part of the transition is a microstrip taper that matches
the 50 Q microstrip line to the impedance of the dielectric filled ridge gap
waveguide (DFRGW), see Figure 2.25(b) | ]

2.4.4 Simulated performance of the proposed prototypes

The procedure above explained has been applied to a microstrip to standard
rectangular waveguide transition working at W-Band. The substrate that has
been used is 100 um thick Rogers CuClad (e, = 2.34 and tand = 0.009). Accord-
ing to this, the dimensions obtained are compiled in Table 2.7. A perspective
view of the Chebyshev transformer and a top view of the microstrip taper are
shown in Figure 2.25.

First, both parts of the transition have been simulated separately using
the 3D full-wave simulator HFSS, based on the Finite Element Method. The
predicted response of these structures is shown in Figure 2.26.

Figure 2.26(a) shows the simulation result of the microstrip to dielectric
filled ridge gap waveguide. An inset showing the structure simulated in HFSS is
inserted. The surrounding material is a perfect conductor in order to simulate
the circuit packaging. The return loss is better than 20 dB for almost the whole
bandwidth. The mean value of return loss is 20.2 dB and the insertion loss has a
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(a) (b)

Figure 2.25: Microstrip to standard rectangular transition: (a) Perspective view
of the Chebyshev transformer and (b) Top view of the microstrip taper line.

mean value of 0.2 dB. Figure 2.26(b) shows the ridge gap waveguide to standard
waveguide transition performance with an inset of the simulated circuit. It can
also be observed that the return loss is better than 20 dB and the insertion loss
is almost negligible. The mean value of S77 is -20.9 dB and of S3; is -0.3 dB.

Microstrip to DFRGW DFRGW to WR-10
0 0
—Return Loss —Return Loss

) i ---Insertion Loss ) , ~ ---Insertion Loss

T .10t : I : : ] Z 10t i 7 : J
A 1 8
OF| ' oF |

520 520

= =

_39 i H i i i i _39 i H i H i i
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Figure 2.26: Predicted response by using commercial software HFSS: (a) Mi-
crostrip to dielectric filled ridge gap waveguide transition.(b) Dielectric filled
ridge gap waveguide to standard WR-10 transition. Insertion Loss (Dashed
black line) and Return Loss (Solid red line).

The performance of the full transition is shown in Figure 2.27. Since a back-
to-back configuration will be used for experimental validation, a comparison
between the performance of single and back-to-back configurations is presented
in the same Figure. Both transitions are connected by a 5.18 mm long microstrip
line.
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Figure 2.27: Simulation of the scattering parameters for the microstrip to stan-
dard WR-10 single (solid line) and back-to-back transitions (dashed line): (a)
Insertion Loss and (b) Return Loss.

For the single transition the return loss is better than 20 dB for almost the
whole bandwidth (77 - 107.9 GHz). The mean value of the return loss is 23.9 dB
and in the whole W-band bandwidth is below 15.74 dB. For the back-to-back
configuration the performance slightly degrades: the return loss is now better
than 19 dB within the 75 and 108.3 GHz bandwidth. This slight degradation
of the return loss performance compared to the single transition is ascribed to
the reflections due to the non-perfect matching at both ports. On the other
hand, the single configuration presents insertion loss below 0.6 dB and mean
value 0.3 dB. The back-to-back transition has maximum insertion loss of 1.3 dB
and a mean value of 0.6 dB. This insertion loss increment is mainly caused by
the losses associated to the 5.18 mm microstrip line in between both transitions.
However, in both cases the insertion loss is below 1 dB and the return loss better
than 19 dB.

Figure 2.28 shows that the Quasi-TEM mode of the microstrip is well coupled
to the Quasi-TEM mode of the ridge gap waveguide, then the electric field is
coupled to the so-called vertical mode of the groove gap waveguide and through
this to the standard rectangular waveguide WR-10 T E1y mode. We can also
notice that the electric field is not propagated through undesired directions
thanks to the bed of nails.
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Figure 2.28: Top view of the E-field distribution of the microstrip to WR-10
transition at f = 92.5 GHz.

2.4.5 Experimental Validation

As mentioned above, a back to back transition has been designed for exper-
imental validation. The fabrication process has been split into two parts: a
milling process for the metallic component and photolithography for the mi-
crostrip taper line. The aluminium block has been realized by CNC machining,.
The block has been split in the H-Plane. Six screws guarantee the connection
between top and bottom parts and four dowel pins the proper alignment. Be-
sides, there are four dowel pins for substrate positioning and alignment. The
dimensions of the whole block are 13.65 mm long and 25.05 mm width. The
microstrip taper transition has been built in 100 pum thick CuClad substrate
(e, = 2.34 and tand = 0.009) with 15 um thickness of copper using the stan-
dard photolithography process at the Public University of Navarra’s facilities.
The prototype is shown in Figure 2.29. Figure 2.29(a) shows a top view of the
microstrip line mounted on the bottom metallic block and of the upper metallic
block, which contains the bed of nails. Figure 2.29(b) is a perspective view of
the metallic blocks to see the bed of nails with more details. The whole struc-
ture is assembled and connected between the VDI W-Band VNA Extenders as
can be seen in Figure 2.30. Then it is measured with the Agilent PNA-X E3861
Microwave Network Analyzer. Previously, the equipment has been calibrated
using the standard W-Band TRL (Through-Reflect-Line) calibration kit for VDI
extenders.
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Figure 2.29: Photograph of the fabricated structure: (a) Top view of the alu-
minium metallic block and microstrip circuit. (b) Perspective view of the alu-
minium metallic block.

Figure 2.30: Photograph of the assembled and packaged structure connected to
the VDI W-Band VNA Extenders.

The results of the measurement and its comparison with predicted response
of the back-to-back configuration is shown in Figure 2.31. The simulation of
the back-to-back transition has been realized using the dimensions of the fab-
ricated components. These dimensions are shown in Table 2.7. Due to the
manufacturing errors, the behaviour has degraded with respect to that shown
in Figure 2.27. The insertion losses are slightly higher at the lower half of the
bandwidth than in the designed model response. This increase of losses is linked
to the larger return losses in this part of the band.

Nevertheless, the simulated insertion loss is lower than 1 dB and the mean
value is 0.6 dB. However, the mean measured insertion loss increases 1.3 dB
with a maximum of 3.8 dB at higher frequencies. This effect can be ascribed to
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Figure 2.31: Comparison between simulated transition taking into account the
fabricated value (dashed line) and measured (solid line) back to back configu-
ration: (a) Insertion Loss and (b) Return Loss.

larger losses in the substrate. Regarding the return loss, the simulated circuit
exhibits S1; below 14.8 dB and mean value of 19.8 dB, while the measured S71
has a mean value of 17.2 dB and the minimum is 33.15 dB at 99.85 GHz.

Summarizing, we can observe that the behaviour of the return loss is quite
similar to the predicted evaluation of the prototype once the tolerance fabrica-
tion error has been taken into account.
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2.5 Microstrip to Waveguide transition based
on Ridge-Groove Gap with very simple as-
sembly

The main goal of the prototype presented in this section is the simplification
of the design and assembly of the transition presented above. The main dis-
advantage of the previous design is the necessity of combining ridge and gap
waveguide to avoid higher order modes. These higher order modes can propa-
gate in the lower impedance first sections, where both height and width of the
steps must be optimized, which makes the design procedure more tedious and
not so intuitive. This is avoided in this new prototype, since the substrate does
not cover the whole bottom metal part. Therefore, all the groove gap waveg-
uide sections are working in monomode regime. This way the whole process is
simplified.

2.5.1 Proposed configuration and simulated performance

The proposed prototype is presented in Figure 2.32. Two different parts can be
distinguished: microstrip line printed on dielectric substrate and ridge/groove
gap waveguide Chebyshev transformer.

Metallic top lid

Chebyshev
Transformer.

Rogers Cuclad
Substrate

Metallic bottom ground

Figure 2.32: 3D perspective view of the microstrip to waveguide transition based
on gap waveguide Chebyshev transformer.
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The design procedure is based on the same theoretical analysis in which the
other transitions presented in this thesis are based, see Section 2.1. The idea
is to use a Chebyshev transformer based on ridge and groove gap waveguide
technology in which the impedances to match are 50 €2 of the microstrip and
285 2 corresponding to the standard rectangular waveguide WR-10. The ridge
gap waveguide assures the contact between microstrip and the groove waveguide.
However, unlike the previous design, in this case the substrate does not fill any
step of the transformer and the taper section is avoided. This simplifies the
design, since we do not have to split the design in two steps, given the fact that
we do not have an intermediate impedance. In addition, as the substrate does
not fill the waveguide, any higher order mode is below cut-off.

The frequency design is W-Band, therefore, the pin dimensions are the same
already used in Section 2.4. The substrate is Rogers CuClad 233 (e = 2.34 and

tand = 0.009) and the width of the groove gap waveguide is 2.65 mm. The rest
of dimensions are shown in Table 2.8 and the annotation in Figure. 2.33. These
dimensions have been obtained with the procedure in Section 2.1 to obtain S
below -20 dB.

Table 2.8: Dimensions of the transition (um).

Parameter Description Design | Fabricated
Wy Microstrip width 300 367
Wy RGW width 325 256
bo RGW Height 0 115 158
by GGW Height 1 325 378
ba GGW Height 2 700 758
bs GGW Height 3 975 957
by GGW Height 4 1195 1053
bs GGW Height 5 1270 1253
lo RGW length 500 430
l Metal Step length 1 820 826
lo Metal step length 2 820 830
ls Metal step length 3 820 870
lg Metal step length 4 840 807
l5 Metal step length 5 840 907
w GGW width 2650 2590
b WR-10 waveguide height 1270 1280
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(b)

Figure 2.33: Notations of dimensions of the microstrip to waveguide transition:
(a) Perspective view of the Chebyshev transformer and (b) Top view of the
microstrip to ridge gap waveguide.

The comparison of the predicted response of single and back-to-back config-
urations is shown in Figure. 2.34. In the back-to-back configuration the tran-
sitions are connected by a 5.18 mm long microstrip line. We have used the
commercial 3D-fullwave simulator Ansys HFSS.

The single transition has a predicted return loss higher than 15 dB for the
whole W-Band and better than 20 dB from 80 GHz to 107.3 GHz. The mean
value is 26.68 dB, the minimum is achieved at 88.8 GHz and its value is 37
dB. The insertion loss are less than 0.5 dB and its mean value is 0.27 dB. On
the other hand, the back-to-back transition has a return loss higher than 10
dB for the whole band and better than 15 dB from 78 GHz to 107 GHz. The
mean value is 19.75 dB and its minimum is achieved at 85.2 GHz where the
S11 equals 33.23 dB. The insertion loss is less than 1 dB and its mean value
is 0.35 dB. The slight degradation of the evaluated performance comparing the
single to back-to-back transitions is produced by the small reflections due to the
non-perfect matching at both ports.

2.5.2 Manufacturing and experimental validation

A prototype has been evaluated using a back-to-back configuration. The fabrica-
tion of the microstrip line has been realized using the standard photlithography
process at Public University of Navarra’s facilities. The microstrip has been
printed on Rogers CuClad 233 (¢, = 2.34 and tand = 0.009) and shaped
using the Disco Dicing Saw (DAD232). On the other hand, the metallic block
where the Chebyshev transformer and gap waveguide require milling has been
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Figure 2.34: Predicted response of the microstrip to waveguide single (solid line)
and back to back transition (dashed line): (a) Return Loss and (b) Insertion
Loss.

fabricated using CNC machining technique in an external workshop. The split
has been realized in H-Plane and four dowel pins guarantee the alignment. Four
screws are used for the connection between bottom and top part. No WR-10
section is used, and direct connection to the input and output waveguides is pro-
vided by the standard flanges. Figure 2.35(a) shows a picture of the top view of
the fabricated prototype. Figure 2.35(b) shows the measurements setup where
the back-to-back transition is connected to the VDI W-Band VNA extenders.

The measurement is realized using the Agilent PNA-X E3861 Microwave
Network Analyzer. Previously, the measurement equipment has been calibrated
by means of the standard W-Band TRL calibration kit for VDI extenders. Fi-
nally, the comparison between the predicted performance of the back to back
transition, the simulation taking into account manufacturing error and the ac-
tual characterized performance is shown in Figure 2.36.

It can be observed that the insertion loss is higher than the simulated one.
In the predicted performance of the transition the mean insertion loss is 0.35 dB
while in the measured case it increases until 5 dB. The return loss also shows
a degradation, in this case the mean value is 11.18 dB instead of 19.75 dB.

61



CHAPTER 2. INLINE TRANSITIONS FROM PLANAR TO WAVEGUIDE
TECHNOLOGY AT W-BAND

Figure 2.35: Photograph of the fabricated structure: (a) Top view of the alu-
minium metallic block and microstrip circuit. (b) Photograph of the assembled
back-to-back transition connected to the VDI W-Band VNA extenders.

& e
L AVt NP
AN L .
- [e tes
~ o 10 R * ===Measured
U)N — Simulated
- = Simulated fabrication error

205 80 8 90 95 100 105 110
Frequency (GHz)

405 80 8 90 95 100 105 110
Frequency (GHz)

Figure 2.36: Comparison between predicted response (solid line), simulation

taking into account manufacturing error (dashed-point green line) and measured
performance (dashed line): (a) Insertion loss and (b) Return loss.
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This degradation can be associated to the losses ascribed to the substrate but
overall due to the manufacturing error. The dashed-point green line shows the
performance taking into account the fabricated dimensions of the prototype. In
this case the behaviour is more similar to the measured one, and the blue-shift
is reproduced. The mean insertion losses and return losses are 1.78 dB and
12.29 dB, respectively. This simulation results can explain the degradation of
the transition; however, there are more effects that are causing higher insertion
losses. This losses could be caused by some misalignment problems, which
provokes the microstrip line and the ridge gap waveguide do not match properly.
Another likely effect is a high roughness of the aluminium block, since the higher
the roughness the higher the attenuation of a transmission line.
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2.6 Conclusions

In this chapter a theoretical method for calculation of the transitions dimen-
sions without optimization, based on small reflections and Chebyshev trans-
former theories has been presented. This method has been developed for inline
configurations and allows for analytic design.

Based on this concept, four different transitions, involving different waveg-
uiding technologies have been developed.

The first studied prototype is a simple inline microstrip to rectangular waveg-
uide transition, which allows for analytical design. The configuration used in
this work is simpler and easier to manufacture than other similar inline tran-
sitions. The same concept has been applied to an inline microstrip to groove
gap waveguide transition, which reduces losses associated to bad contacts in the
H-Plane of the waveguide thanks to the use of the bed of nails.

The main disadvantage of these two transitions relies in the required shaping
of the substrate, since it must be very precise in order to avoid any misalign-
ment. A solution to this problem has been presented and applied to a microstrip
to standard WR-10 waveguide transition, which makes use of gap waveguide
technology. Due to the fact that the substrate covers the whole bottom metal-
lic block, problems associated to substrate cutting with a specific shape are
avoided, which simplifies manufacturing. However, the first lower impedance
steps must be replaced for ridge gap waveguide in order to avoid higher order
modes propagation, which gives more complexity to the design process.

Finally, the last transition suppresses the microstrip taper transition, but at
the expense of using ridge gap waveguide sections. In this case the substrate
does not cover the whole bottom. This way any possibility of high order mode
propagation is avoided and the design procedure is simplified.

Summarizing, these transitions are, therefore, a good solution for packaging
and characterization of planar circuits such as filters, coupler, MMICs, etc.
A comparison between them and the state-of-art of microstrip to waveguide
transitions working at similar frequencies is shown in Table 2.9. Finally, we
can conclude that the third approach (2.4) is the one which offers the best
compromise between fabrication and assembly difficulty and RF performance.
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Table 2.9: Performance of millimeter wave rectangular waveguide to microstrip
transitions.

REFERENCE | |S11| (dB) | |S21| (dB)) | FrequencyBand
2.2 12 1.9 W-Band
2.3 12 1.17 W-Band
24 17.17 1.3 W-Band
2.5 11.18 5.1 W-Band
[ ] 15 1.3 F-Band
[ ] 12 2.5 W-Band
[ ] 20 1.5 X-Band
[ ] 15 1.1 W-Band
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Chapter

Harmonic Mixers Based on
Schottky Diodes with Integrated
MMIC based Local Oscillator

A basic frequency mixer is a device whose output is related to the product
of two different input signals [ ]. Actually, a radiofrequency (RF) signal
is downconverted, thanks to an intermodulation process with a local oscillator
(LO) signal, to an intermediate frequency (IF). During this process the ampli-
tude and phase modulation of the original signal (RF) is preserved so that is
possible to be analysed. An schematic of the downconversion process can be
seen in Figure 3.1.

We can consider the mixer as a three port block where the inputs are the
LO and RF signals and the output is the IF signal. Taking this into account,
we can define the main parameters of a mixer as follows:

Conversion Losses As can be seen in Figure 3.1, the IF signal is proportional
to the RF signal, so that there is a loss during the process that can be defined
as Conversion Loss:

CL(dB) = —10log Fir (3.1)
Prp
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Figure 3.1: Basic frequency mixer schematic (left) and graphic description of
the downconversion process of the signals presented at the input and output of
a fundamental mixer (right).

Although the power of the local oscillator (Pro) is not explicit in the equation,
CL depends on the LO level and it is very important for obtaining reasonable
values of CL.

Isolation It is necessary to have the ports isolated between them in order to
the signal from one port not affect the signal of the other ports. Although it is
impossible to avoid some coupling, at least it is important to maximize isolation,
i.e the maximum loss from one port to the other in these cases:

e Isolation RF-IF.
e Isolation LO-IF.
e Isolation LO-RF.

Equivalent Noise Temperature Mixers are electronic components; there-
fore, as many other electronic devices, they are a source of noise. However, the
noise power degrades the final behaviour of the system. That is why noise is an
important parameter that must be minimized. The Equivalent Noise Tempera-
ture (ENT) is related with the Noise Factor (F') as follows:

ENT = (F - )T, (3.2)

Where Tj is the room temperature in Kelvin and the Noise Factor F is defined

as:
SN,

~ S,/N,

F (3.3)
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where S; and N; are the input power and noise, respectively, and S, and N, are
the output power and noise. Note that in this definition the noise at the mixer
input, V;, is that given by a load at room temperature, i.e. N; = kTyB, where
B is the bandwidth. Therefore, the Noise Factor evaluates the Signal to Noise
degradation.

Sensitivity Another important parameter is the sensitivity of the receiver,
defined as the smallest change of temperature that can be measured. It is
computed as follows:

VBT

where Ty, is the noise temperature of the receiver system, B is the bandwidth
and 7 is the integration time. The bandwidth is usually fixed by the specific
application. The integration time will typically depend on the system require-
ments, e.g. spatial resolution, and will be limited by system drift. Therefore, the
sensitivity will be determined mostly by the noise of the receiver. This param-
eter must be as low as possible and will depend on the choice of the technology
and the design of the receiver.

In order to do the mixing process we need non-linear elements such as tran-
sistors or diodes. However, the lack of availability of these devices to work
at submillimetre wave and terahertz ranges, besides the non-existence of THz
sources, provoked a gap in this part of the spectrum. Nevertheless, during the
last four decades, the THz gap has been reduced thanks to research progress
in miniaturization of components that allows the design of submillimeter wave
frequency multipliers and mixers | , , , ].

The main application for THz mixers are related to the heterodyne receivers
for satellites imaging, such as Earth observation and atmospheric studies, but
also, for high data rate communication system. Among all the technologies that
can be used for mixing, Schottky diodes are the best options due to their room
temperature operation, in addition to their capability of fast modulation. In
addition to this, Schottky diode mixers present another important advantage,
since they can be implemented in planar technology, which provides good inte-
gration and compact designs. Beyond 400 GHz other solutions such as GaAs
membrane or even substrateless technologies are taking relevance over planar
circuits for the integration of Schottky diode mixers.

Nonetheless, it is still a troublesome task to find sources with enough power
to work as local oscillator in this frequency range. The standard procedure
consists on the design of efficient multipliers in order to, starting from a low

AT = (3.4)
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frequency signal, achieve the frequency needed by the LO in our mixer circuit.
However, this solution is either not always possible or it consists of several stages
of frequency multiplication, what entails to a bulky and expensive system which
can suffer from losses due to misalignments in the multiple interfaces.

This inconvenience has motivated that several integrated THz receivers have
been proposed during the last years | , , , , ,

]. Nevertheless, in these designs the local oscillator is still external, built
as an independently packaged element. Therefore, the local oscillator still needs
a connection to the mixer. Usually this is a flange connection that requires ex-
pensive machining to assure good alignment. The most compact configuration
found in the literature corresponds to | ], although frequency multipliers
and mixers are in different layers or substrates, which may introduce some mis-
alignments.

That is why in this work we present two different harmonic mixers based on
Schottky diodes | , , ] which integrate a MMIC based source
at W-Band as local oscillator. The first circuit is a fourth-harmonic mixer.
This configuration has been chosen because it is easier to find local oscillator
developed on planar technology with enough power to pump the diodes at lower
frequencies than at higher frequencies. Furthermore, using planar technology
for both designs, i.e. the mixer and the local oscillator, allows the integra-
tion on the same housing metallic block. The second one is a combined dou-
bler /subharmonic mixer that also uses the same 75 GHz MMIC based source.
This solution integrates in the same substrate the doubler and the mixer, which
share the same metallic packaging with the MMIC source. Taking advantage
of this integration we have a configuration similar to a fourth harmonic mixer,
but with the performance of a subharmonic mixer.

The main advantage of both circuits that are presented in this work consists
in the integration of MMIC source as local oscillator and the mixers in the same
metallic blocks. Since only one block is used, flange connection is avoided, this
way misalignment errors are also prevented. Besides this advantage, the com-
pactness is also very remarkable, insomuch as this means reduction of weight.
Size and weight reduction are of great interest for applications in the field of
space or communications. Both designs are realized with the traditional E-split
block waveguide architecture.
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3.1 MMIC Local Oscillator

An oscillator is a component able to provide a RF signal from DC voltage. In
general, local oscillators are composed of:

e A resonant structure whose own resonant frequency works around the
operational frequency of the final oscillator.

e An amplifier element.
e A coupling structure that optimizes the behaviour of the oscillator.

Usually, the LO output is mixed with other signal in order to obtain the
intermediate frequency, therefore it is important to achieve both the correct
operational frequency and the stability.

In this work, the local oscillator (LO) is composed of the following TriQuint
flip-chip components | ]: a voltage-controlled oscillator (VCO) with 19 GHz
output (TGV2204-FC) and two frequency doublers (TGC4703-FC and TGC4704-
FC) in order to obtain a total frequency range from 74 GHz to 78 GHz with
around 10 dBm output power. The material used to implement the printed
circuit board (PCB) of this LO is Rogers 3210 and a schematic of this circuit
can be seen in Figure 3.2.
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Figure 3.2: Schematic of the local oscillator based on Triquint Semiconduc-
tor flip chips. The VCO is based on chip TGV2204-FC, the first doubler on
TGC4703-FC and the second doubler on TGC4704-FC.
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In order to tune accurately the LO output frequency and to stabilize the
VCO, a 2.4 GHz Phase-Locked Loop (PLL) has been designed, based on the
fractional frequency synthesizer ADF4158 from Analog Devices. This synthe-
sizer has a maximum output voltage equal to 3 V. Since the VCO control voltage
is in the range from 0 to 8 V and with the objective of increasing the total fre-
quency range, i.e. to be able to tune the LO frequency from 74 GHz to 78 GHz,
an active loop filter that uses the operational amplifier (OP184) and a basic RC
low pass filter is applied.

The output frequency of the local oscillator has been measured using Keysight
PXA Signal Analyzer N9030A and its Keysight Harmonic Mixer M1970W ex-
tender (75-110 GHz) in order to check that the output frequency is controlled
with the tuning voltage of the VCO. Figure 3.3 shows the output frequency
characterization versus the tuning voltage.
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Figure 3.3: (a) Frequency output versus tuning voltage of the MMIC LO. (b)
Picture of the board with MMIC LO PCB with PLL for characterization. (Inset)
MMIC LO detail.

It has been checked that the frequency changes monotonously with the VCO
tuning voltage between 74 GHz to 78 GHz. In Figure 3.3 a picture of the PLL
board in which the MMIC LO is connected in order to control the oscillation
frequency is also shown.
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3.2 Fourth harmonic mixer

Sometimes, it is difficult to find sources at millimetre or sub-millimetre waves
with enough power to pump the diodes in order to work properly. In our case
we are interested in using a local oscillator based on planar technology so that
it can be integrated with the mixer in the same metallic block. For this planar
technology it is even harder to find oscillators with enough power. That is why
it may be necessary to work with lower LO frequency, W-band in this case, and
extract the information of the fourth harmonic instead of the second harmonic
mixing product. In this case we will have higher conversion losses and equivalent
noise temperature; however, we have the advantage of simplified LO generation.

In this section the design procedure for a fourth harmonic mixer working at
300 GHz with a local oscillator at 74-78 GHz will be described. A 3D view of
the whole model can be seen in Figure 3.4.

-------
------
------
.....
0

IF Port

Figure 3.4: 3D perspective view of the fourth harmonic mixer.
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3.2.1 Design topology

The proposed configuration is based on the use of Schottky diodes to do the
harmonic mixing. For fourth harmonic mixing, which is our case, it is convenient
to work with the antiparallel configuration of Schottky diodes, insomuch as the
even harmonic are suppressed and we have higher conversion efficiency in the
odd harmonics. In this work, moreover, we have chosen four diodes due to
the fact that we are going to work with high LO power. Using more diodes
avoids overheating and malfunction that may happen when working with the
high temperature produced by the high LO power.

RF

Waveguide to Low-Pass Low-Pass
microstrip  [——> Et:] 1 Tee IF

Filter (LO) Filter (IF)

T

High-Pass
Filter
(Lo)

T

Local
Oscillator

I

LO

transition

Figure 3.5: Schematic of the fourth harmonic mixer with integrated Local Os-
cillator.

An schematic can be seen in Figure 3.5. We can observe that the radiofre-
quency signal is received by an antenna and then coupled from the rectangular
waveguide to the microstrip line. A matching line connects with the diodes and
a low pass filter is necessary in order to isolate the IF and LO ports from the
RF signal. A filter to reject the LO signal from the IF port is also essential.
Finally, a high-pass filter isolates the LO from the IF and DC signals.

The design of the mixer consists of two process. The first one is based on the
analysis of the passive circuits and also the passive behaviour of the Schottky
diodes. This linear analysis is realized with the Finite Element software Ansys
HFSS. The second step consists on the analysis of the non-linear behaviour of
the diodes. The software used for the active analysis is Keysight ADS and the
passive elements are introduced as data items with S-Parameters.
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3.2.2 3D-Model of the Diode

The diodes are UMS Schottky varistor diodes with 1x3 pm anode size. The
layers of the Schottky diode are defined by the UMS foundry manufacturing
process [UMS19]. This junction exhibits a 7.3 2 resistance, 5.14 {F junction
capacitance, ideality factor n = 1.2 and forward turn-on voltage Vj = 0.65 V.
The cutoff frequency of this diode is 3 THz which allows us to work at 300 GHz.
An schematic view of the layers of the UMS Schottky diodes can be seen in
Figure 3.6.

Schottky

Ohmic Ohmic

GaAs-Contact-Layer
Buffer

Figure 3.6: Layers of UMS Schottky Diode.

A 3D model of the Schottky diodes has been implemented in HFSS using
the foundry design kit given by UMS. An schematic of the diodes in antiparallel
configuration can be seen in Figure 3.7. They are simulated in HFSS in order
to take into account the parasitic effects that happen in the structure and be
able to realize a more realistic impedance matching.

Figure 3.7: HFSS model of four diodes in antiparallel configuration.
The diodes are placed on the selected substrate, i.e. Topas COC [Mael4b]
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(e, = 2.2 and tand = 0.0009) and an air channel to simulate the metallic block
environment in which they will be placed is also necessary. It is important to
notice that the obtained S parameters must be deembedded taking into account
the length of the input and output microstrip lines until the reference plane of
the diode.

3.2.3 Passive Circuit Design

As it has been already mentioned, the design of the mixer is separated into
two different steps. The first part, which corresponds to the linear behaviour
of the different mixer components, is explained below. The dimensions of all
the circuits are gathered in Appendix B. The circuits are implemented over
substrate Topas COC (e, = 2.2 and tand = 0.0009) and the metal is copper.

Filters

A top view of the filters and their simulated response are shown in Figure 3.8.
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Figure 3.8: Top view and predicted response of the fourth-harmonic mixer pas-
sive circuits: (a) IF low-pass filter, (b) LO low-pass filter, (c) High-pass filter
(d) E-Probe transition between waveguide and microstrip for RF.
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The first filter corresponds to the low-pass filter for IF frequency. In this
case we have chosen the hammerhead configuration, Figure 3.8(a), because of its
compactness and good rejection. It presents rejection for the LO signal below
15 dB, achieving 22 dB in some frequencies. The cutoff frequency is 55 GHz,
which is high enough for our design, given the fact that the IF will not be higher
than 20 GHz.

The RF low-pass filter rejects the RF and lets only pass the LO. A stepped
impedance configuration has been chosen, Figure 3.8(b). This kind of filter,
which consists of quarter wavelength long alternating low and high impedance
sections, presents good rejection and a wide bandwidth. As we can notice, the
structure presents low losses for the LO and a rejection higher than 15 dB for
the RF signal. It is also important that it lets the DC goes through. However,
despite of the great advantages of the stepped impedance filter, they present an
inconvenience: they may be very long and other alternatives must be used in
some cases.

Finally, the last filter we need is a high-pass filter, in this case a DC-Block,
which lets the LO signal pass to the circuit and rejects the other frequencies,
Figure 3.8(c). We can see that the low frequencies are rejected and the LO band
is able to go through this structure with low losses.

Waveguide Probes

As it was previously mentioned, a transition that couples the signal received
in the antenna to the microstrip line in which the planar filters and Schottky
diodes are implemented is necessary. The goal when we design this kind of
transition is to minimize insertion losses at the RF frequency. Furthermore, the
transition is important insomuch as it works as a high-pass filter for the IF and
the LO signals, so that the rejection at the RF port is high. Finally, it should
provide the required ground for the DC signal.

In this work we have designed a standard waveguide to microstrip transition,
Figure 3.8(d). That means an E-field probe that couples the Quasi-TEM mode
of the microstrip to the T'E19p mode of the waveguide. The insertion losses are
negligible (below 0.25 dB) from 270 to 330 GHz which give us wide enough
bandwidth. The return losses are more than 15 dB for this bandwidth, whereas
the LO signal is completely rejected, since this frequency is below the cutoff
frequency of the RF waveguide.
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Matching lines

The dimensions of the matching lines are calculated by means of the Load-Pull
technique | ] to match the optimum impedances of the diodes so that their
conversion losses are minimum.

3.2.4 Non-linear analysis

For the non-linear analysis we use the Schottky diode model from United Mono-
lithic Semiconductors (UMS) foundry | ]. The S-Parameters of the mixer
are imported to Keysight ADS software for the non-linear analysis.

Using the Load-Pull technique all the impedances in the Smith Chart are
analysed and the optimum embedding impedance, i.e. the impedance which
provides the best conversion loss, is determined. The load-pull technique refers
to the process in which the impedance presented in one of the port of a device
under test (DUT) is varied in order to evaluate its performance. The optimal
conditions are established very quickly and also the optimum performance that
we obtain with these load impedances. This step is necessary to know the
maximum efficiency that is possible to achieve using the DUT and the load
impedance which is needed to match the rest of the circuit in order to obtain
that performance. It is important to say that the impedance we are matching
is the impedance of the Schottky diodes over the substrate, so that the effect
of the diode block, substrate and microstrip line have been taken into account.
Then, the RF low-pass filter and the waveguide transition are used to match the
embedding impedance of the diodes. The interface of the diode is placed in the
port of the microstrip of the corresponding circuit as can be seen in Figure 3.9(a)
and a deembeding is realized for the length of the diode interface. An image of
the Load-Pull result for RF and LO frequencies is shown in Figure 3.9(b).

The minimum conversion losses of the ideal mixer are obtained with diode
embedding impedances Zpo = 135 — 5108 Q and Zgp = 99 — j72 Q for LO
and RF, respectively. The LO input power has been swept from 6 dBm to 12
dBm and its frequency from 74-77 GHz. For the RF input, a -30 dBm signal is
applied. It is important to use in this analysis an order of at least 11 harmonics
to ensure the results are accurate enough.

The conversion losses (CL) and the equivalent noise temperature (ENT) of
the whole fourth-harmonic mixer are shown in Figure 3.10. We can observe
that the minimum is achieved at 302 GHz with 11 dB conversion loss and
3900 K equivalent noise temperature when the LO power is 12 dBm. The 3-dB
bandwidth is 9 GHz (between 298 and 307 GHz), which represents a 3 %. The

78



CHAPTER 3. HARMONIC MIXERS BASED ON SCHOTTKY DIODES
WITH INTEGRATED MMIC BASED LOCAL OSCILLATOR

100__ 90 80 Diode Impedance RF ——
60 Diode Impedance LO ——
MatchingRF ©® @ ®
50
2 40Matching 0AAA

~160 1020 80020

Figure 3.9: (a)Perspective view of the RF low pass filter and waveguide to
microstrip transition with the diode interface for impedance matching. (b)
Smith Chart with matching representation. Red solid line corresponds to the
diode impedance at LO frequency and black line to RF frequency. Black circles
are the Sp; for the waveguide transition with diode interface and red triangles
for the LPF with diode interface for different matching line lenghts.

mean equivalent noise temperature is around 6800 K and the mean conversion
loss 13.3 dB. For 10 dBm LO power the mean conversion loss is 15 dB and the
ENT is 7300 K. If the LO power reduces to 8 dBm and 6 dBm the mean CL
increase to 15 and 17 dB and the ENT to 10700 K and 12300 K, respectively.

The obtained conversion losses are slightly higher than the state-of-the-art
subharmonic mixers and the circuit is also slightly more noisy. However, if
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Figure 3.10: Fourth harmonic mixer predicted performance for different LO

power.

these results are compared with those obtained with fourth harmonic mixers,
see Table 3.1 we can see that this performance is similar to the state-of-the
art. Nonetheless, this configuration presents the advantage of being simpler an

compacter.

Table 3.1: State of the art of fourth harmonic Schottky diode mixers working
at frequencies similar to this work.

Ref Frequency (GHz) | CL (dB) | ENT (K)
[Li16] 369-477 14 -
[ ] 430-460 14 10000
[ ] 320-500 18 _
This work 298-310 15 10700

3.2.5 Thermal Analysis

The required LO power, around 12 dBm, can be very high for only two diodes,
since their temperature might rise and damage the diodes. That is why we use
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four diodes instead of only two. This way it is possible to manage more power
without their behaviour deteriorating.

Just to be sure that the antiparallel configuration of four diodes is able
to manage all the power that the LO is going to provide, a thermal analysis
is performed. This analysis allows us to check that the operational working
temperature is below the critical temperature recommended by the foundry,
which in this case is 174 °C. However, around 100 °C malfunction starts and
the performance deteriorates, according to the UMS Foundry manual.

In order to do this analysis the thermal module of the commercial software
CST is used. We can observe, see Figure 3.11, that the maximum temperature
is around 54 °C, which, according to the foundry data-sheets, is low enough for
proper functioning.

Figure 3.11: Thermal analysis results.
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3.3 Combined doubler/sub-harmonic mixer

As an alternative to the fourth-harmonic mixer described in the previous sec-
tion, the design of a combined frequency doubler/subharmonic mixer will be
considered next. In the previous design, the fourth-harmonic mixer, it was
pointed out that the main advantage of using this configuration instead of a
subharmonic is that, LO frequency is halved thus the power we have in local os-
cillator can be higher. However, the main disadvantage is the higher conversion
losses compared with the subharmonic version.

In the configuration presented in this section, however, frequency doubler
and subharmonic mixer are integrated on the same substrate, which leads to a
performance similar to that of a subharmonic mixer with the configuration of
fourth harmonic mixer in terms of frequency. In addition, such integration leads
to significant reduction in mass and volume allowing, e.g. building multi-pixel
arrays of heterodyne receivers for imaging applications| ].

3.3.1 Design Topology

The 3D whole model of the 300 GHz combined frequency doubler - subharmonic
mixer with integrated MMIC source in a single packaging metallic block is shown
in Figure 3.12. The layout of the combined doubler-mixer can be seen in the
inset of this figure.

The corresponding schematic is shown in Figure 3.13. The radiofrequency
signal is collected by a horn antenna (not shown) and then coupled from the
input WRO03 rectangular waveguide to a microstrip line. The source signal at
frequency frn feeds a frequency doubler, which generates the LO signal for the
subharmonic mixer. Thus, fr,o = 2 X fry. The subharmonic mixer is based on
an antiparallel Schottky diode pair. The frequency doubler uses a four diode
antiseries chip with bias, which forces the use of additional DC-blocks.

The MMIC source is built on a different substrate (Rogers 3210) and wire
bonded to the mixer substrate at the point IN in Fig. 3.13. After the bonding
that connects both substrates, a DC-block (DC-Block 1)is mandatory to avoid
the DC bias of the frequency doubler diodes leaking to the MMIC source. In
addition, the DC bias requires a low-pass filter to avoid leakage of the source sig-
nal (LPF DC-Bias) and a second DC-block at the doubler output (DC-Block2).
Finally, the multiplier also needs a low-pass filter (LPF1) that lets the IN signal
reach the diodes but rejects the doubler output, preventing it from reaching the
MMIC source.
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Oscillator

Doubler

Figure 3.12: Exploded view of the 3D model of the combined doubler-
subharmonic mixer with integrated MMIC based LO.
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Figure 3.13: Schematic of the combined doubler/mixer circuit.

The subharmonic mixer requires a low pass filter (LPF2), which lets the
LO signal (i.e. the output of the doubler) pump the diodes and blocks the RF
frequency. In addition, the waveguide probe that receives the RF signal and
couples it to the microstrip line acts as a high pass filter that rejects the lower
frequency signals at the RF port. Finally, the IF output is formed by a tee with
a low-pass filter for IF frequency, which blocks the RF and LO signals.

The design started with the frequency doubler as an independent device
[ , ]. Afterwards, the subharmonic mixer was optimized, taking into
account the output power of the doubler as the input LO | , ]. Once
both designs have been finished, they are evaluated together.

3.3.2 3D-Model of the Diodes

Frequency doubler

The MMIC source needs to be doubled to be used as a local oscillator to the
subharmonic mixer. The MMIC source power at 75 Ghz is relatively high,
around 10 dBm. Therefore, we use a four diodes antiseries flip-chip with bias,
which allows to have enough power to pump the mixer diodes, but also to
dissipate the heat generated. As it was explained, high temperature may damage
the diodes.

The diode model is the same presented in Section 3.2.2. A 3D view can be
seen in Figure 3.14.

Subharmonic mixer

The antiparallel configuration, as was described in Section 1.2.3, promotes the
odd harmonic mixing and cancel the even harmonics. However, in this configu-
ration we only use two diodes instead of four since the LO power, which is the
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Figure 3.14: 3D illustration of the antiseries diodes used for HFSS simulation
of the frequency doubler.

output of the doubler, in this case is not very high (around 2 dBm). A 3D view
can be seen in Figure 3.15.

Figure 3.15: 3D illustration of the antiparallel diodes used for HFSS simulation
of the subharmonic mixer.

As it happens with the fourth-harmonic mixer, the diodes are placed on COC
substrate Topas (e, = 2.2 and tand = 0.0009) and an air channel to simulate
the metallic block environment in which they will be placed is also necessary.
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3.3.3 Passive Circuit Design

The analysis of the different passive circuits, e.g. filters, DC-blocks and tran-
sitions, is considered in this section. The circuits are implemented over COC
substrate Topas with 2 um of copper. The software we have used for simulation
is Ansys HFSS.

Firstly, the components of the frequency doubler are discussed. A top view
of these elements and their predicted response are shown in Figure 3.16.

0

-
-

.
_20‘ P S —_—
| . ] v
40 Y Y
20 0 60 30
Frequency (GHz)

) ——

Magnitude(dB)

-600
0

20k \/r\\.
’ “s\
£ _40 Ky

) 50 100 150
Frequency (GHz)

-10 A\ P /v
Fal N Y
~0 50 100 150
Frequency (GHz)

—

(=3

N
Magnitude(dB)

0

—
()
N
Magnitude(dB)

% -------------- --:,—\
d 200 e V
( ) € -40
&
£ -60; i i i
Frequency (GHz)
Su S2 L

Figure 3.16: Top view and predicted response of the frequency doubler passive
circuits: (a) Low pass filter for DC-Bias, (b) DC-Block 1 for MMIC source, (c)
Stepped impedance low pass filter (LPF1) and (d) DC-Block 2 for LO.

The first filter that can be observed, filter (a) (LPF DC-Bias), is the low-pass
filter of the DC-Bias. The cut-off frequency is 50 GHz, which allows the DC
voltage to pass and provides around 25 dB rejection at MMIC source frequency
(frn)- The second filter (DC-Block 1) is a high-pass filter with 65 GHz cutoff
frequency and 0.35 dB insertion loss at IN frequency. In Figure 3.16(c) we can
see the stepped impedance low pass filter (LPF 1). This kind of filter presents
a great advantage for our design, since the required low impedance section
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widths are relatively narrow, which avoids higher order mode propagation in the
channel. The rejection for LO is about 10 dB and the IN signal is in the pass
band with low insertion losses. Finally, the last filter, (d), is another DC-Block
(DC-Block 2), which rejects the IN signal with more than 12 dB insertion loss
and lets only the LO signal reach the subhamonic mixer circuit. The dimensions
of all these circuits are compiled in Appendix B.

The layout of the subharmonic mixer circuit components and its response is
shown in Figure 3.17. First, IF output low-pass filter (LPF IF), which lets only
the IF signal pass and rejects the higher frequencies, is shown in Figure 3.17(a).
The hammerhead configuration has been chosen because of its compactness and
high rejection, about 20 dB for LO signal (i.e. the output of the doubler). The
low-pass filter that rejects the RF signal (LPF 2) is again a stepped-impedance
low-pass filter, whose rejection is 20 dB. The last element shown in Figure 3.17(c)
is the waveguide probe that couples the RF signal to the microstrip. The probe
is short-circuited, which provides the DC return for the diodes. Its insertion
losses are lower than 0.5 dB from 276 GHz to 330 GHz.

The isolation between ports is another important parameter we have to take
into account when design a mixer. This parameter measures the amount of
power that leaks from one port to another one. If the leakage is high, the
signal interferes with the other port signal degradating the final behaviour of
the circuit. In this case, it is about 30 dB for LO signal at IF port. As the RF
port is a waveguide probe and both IF and LO are below the cutoff frequency,
isolation for this port is beyond 60 dB.

Finally, the length and width of the matching lines are calculated in order
to adjust the diodes embedding impedance for best performance.

3.3.4 Non-linear analysis

The Load-Pull technique is used to obtain the embedding impedance of the
diodes for best performance at fry, i.e. the MMIC source frequency which is
the input of the doubler, and at fro, i.e. the output of the frequency doubler
and LO and at RF frequency for the subharmonic mixer. The results of the
Load-Pull analysis, carried out to match the diodes on the substrate with the
filters and the probe transition, are shown in Figure 3.18.

The minimum conversion losses of the mixer are obtained with diode em-
bedding impedance Zpp = 28 — j11 and Zpo = 90.59 — j46.6 for RF and
LO frequency, respectively. For the frequency doubler, the minimum conver-
sion losses are obtained for diode embedding impedance Zpo = 90 — j86 and
Zin = 223 — j136 for LO and IN frequency, respectively.
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Figure 3.17: Top view and predicted response of passive circuits used in the
subharmonic mixer: (a) IF Hammer-head filter, (b) Stepped impedance LPF for
RF rejection and (c) RF E-Probe transition between waveguide and microstrip.
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Figure 3.18: Load-Pull analysis results and matching procedure:(a) Doubler
frequency multiplier and (b) Subharmonic mixer.

For the frequency doubler analysis we have swept the input power from
6 dBm to 12 dBm, since the nominal output power of the 38 GHz Triquint
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TGV4704-FC frequency multiplier will be around 10 dBm. From the analysis
realized in ADS we predicted the output power of the doubler and therefore its
efficiency. These results are shown in Figure 3.19.
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Figure 3.19: Predicted response of the frequency doubler for different LO input
power levels: (a) Output power and (b) Efficiency.

We can observe that the output power is above 0 dBm from 147 GHz to
154 GHz for 12 dBm and 10 dBm IN power. In case of 8 dBm IN power the
output signal of the doubler is above 0 dBm from 150 GHz to 153 GHz. For
6 dBm the output power is below 0 dBm, which may be insufficient to pump
the mixer diodes. The efficiency in this bandwidth is higher than 10 % for all
cases. For 12, 10 and 8 dBm, where the output is around 4, 2 and 0 dBm,
the efficiency is 15 %. For 6 dBm the output is around -3 dBm, therefore the
efficiency is around 12 %. Thus, the doubler is narrow band but its bandwidth
is enough for our design, since it covers the range of frequencies generated by
the MMIC source. These results were obtained using -1.16 V DC bias.

On the other hand, in the subharmonic mixer case, -30 dBm RF input has
been considered for the harmonic balance analysis. The RF frequency has been
swept, keeping the IF fixed to 2 GHz (frr = 2 X fro + fir =4 X fIN + fIF).
Finally, the whole circuit is evaluated with HFSS and ADS combination for
different power levels of the doubler local oscillator. The predicted results are
shown in Figure 3.20.

The conversion loss of the mixer for 12 dBm IN power is around 8.5 dB from
300 GHz to 307 GHz and the mean value for the whole band, from 298 GHz
to 310 GHz, is 9.6 dB. The mean DSB Equivalent Noise Temperature (ENT)
is 1300 K. For 10 dBm IN power the mean performance of the mixer in this
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Figure 3.20: Predicted results of combined frequency doubler/subharmonic
mixer for for different MMIC source power levels: (a) Conversion Loss and
(b) DSB Equivalent Noise Temperature.

frequency range is: 11 dBm CL and 1900 K ENT. These values are similar
to those shown in the literature. However, the performance of the mixer for
8 and 6 dBm IN power shows a significant degradation. For 8 dBm the con-
version loss becomes 18.1 dBm and the DSB ENT is 8100 K. For 6 dBm the
mixer performance significantly degrades, the average DSB ENT increases to
around 38000 K and the CL to 23.8 dB. Summarizing, with enough power at
the input, i.e. more than 8 dBm, the doubler provides enough power to pump
the subharmonic mixer. Otherwise, the performance significantly degrades. Ta-
ble 3.2 shows a comparison between this work and the state-of-the-art for mixers
around 300 GHz.

Table 3.2: State of the art of Schottky diode subharmonic mixers working at
similar frequencies to this work.

Ref Frequency (GHz) | CL (dB) | ENT (K)
[ ] 300-360 6.5 1270
[ ] 365-395 10 2500
[Recl5] 320-350 8 2000
[ ] 290-310 9-10 2000-2600
[ ] 320-360 10-11 N.A
[ ] 320-360 9 3000
Combined doubler/mixer 298-310 11 1900
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3.3.5 Thermal analysis

The safety temperature of the diodes is the same as for fourth harmonic mixer,
Section 3.2.5. The analysis is done using the Thermal Solver of CST studio for
the four diodes of the doubler since the power for these diodes will be high,
around 10 dBm. The result is shown in Figure 3.21.

0 10 20 30 40 50 60

Figure 3.21: 3D illustration of the result of the thermal analysis of the frequency
doubler.

As we can see, the maximum temperature is 60 °C. Therefore, it is safe for
these diodes to work with this power level. However, it is important to notice
that four diodes are used instead of two in order to manage the power [Jial7].
The analysis of the mixer antiparallel diode pair has not been carried out since
the LO power is around 2 dBm for the best case and the diodes are not biased.
Therefore, high temperatures will not be reached and no risk is foreseen.
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3.4 Fabrication and measurements

The manufacturing process has been split into two phases. The fabrication of
circuits on the substrate by means photolithography is realized at the Public
University of Navarra (see Appendix A for details). Meanwhile, the metallic
housing blocks are CNC machined in an external workshop. Finally, the Schot-
tky diodes are fabricated by United Monolithic Semiconductor (UMS) foundry.

For characterization, the Y-Factor gain method was used | , ,
]. An schematic of the setup for Y-Factor characterization of the mixers is
shown in Figure 3.22. The hot load is obtained placing a piece of WAVASORB
material | ] in front of the RF antenna. For the cold load measurement
the RAM material is introduced in a container with liquid nitrogen and af-
terwards, placed in front of the RF antenna. Using the power difference the
Y-Factor is calculated, thus, the DSB equivalent noise temperature of the re-
ceiver is obtained. The mixer equivalent noise temperature and conversion loss
are afterwards obtained by removing the IF chain contribution.

Hot/Cold
Load

Integrated
LO-Mixer

RF
Antenna

PLL

Spectrum
Analyser

Figure 3.22: Schematic of the Y-Factor setup used for mixer characterization.

LNA "LNA

The IF chain consists of two LNA amplifiers (GAMP0100.0600SM10 | D
with 35 dB gain and 1.8 dB NF. Their output was connected directly to a
Keysight N9030A spectrum analyzer, where the power at 2 GHz was measured.
A 20 dBi standard gain horn antenna was connected to the RF port of the
mixer and the Y-Factor technique was applied using liquid nitrogen and room
temperature as cold and hot loads respectively | ]
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3.4.1 Local Oscillator

The local oscillator is fabricated using photolithography on 670 pm thick Rogers
3210 (e, = 10.2 and tand = 0.0027) and shaped with a LPKF H-100 milling
machine. Afterwards, it has been mounted alone in a board in order to check
that the output signal is stable. For this purpose, the control voltages of the
MMICs are set by an Arduino Due [Ard19]. The local oscillator is connected
to a phase lock loop to control the oscillation frequency. An image of the setup
can be seen in Figure 3.23.

Figure 3.23: Photograph of the MMIC based local oscillator setup and zoom on
the Spectrum Analyzer screen showing an example of its output.

3.4.2 Fourth harmonic mixer

The fourth harmonic mixer has been printed on Topas COC also using pho-
tolithography and copper metallization using e-Beam evaporator. The mixer is
about 20 mm long, 340 pm wide and 100 pum thick. A picture can be seen in
Figure 3.24.

For the assembly, firstly the Schottky diodes were shaped using a Disco
Dicing Saw DAD321. Once they have been cut they are welded to the microstrip
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Figure 3.24: Picture of the fourth harmonic mixer printed on Topas COC sub-
strate.

circuit by means of silver epoxy (EPOTEK H20E). Silver epoxy and diodes
placement were realized with a wire bonding and die placing machine (TPT
HBI16D). Afterwards, the diode I-V curve is measured and the substrates are
placed in the housing metallic block. Finally, bonding with silver epoxy is done
from the local oscillator Rogers substrate to the mixer substrate. A picture of
the fourth harmonic mixer in the metallic housing block with an inset showing
the UMS diodes in detail can be seen in Figure 3.25.

(a) (b-)

Figure 3.25: (a) Picture of the fourth harmonic mixer assembled on the metallic
housing block bonded to the local oscillator. (b) Picture of the enclosed mixer
block ready for measurement.

The characterization was carried out using the Y-Factor procedure and set-
up above described. A picture of the real setup is shown in Figure 3.26.

The measured mixer results are shown in Figure 3.27, where the comparison
between the measured and the simulated performance can be observed.

The performance of the fabricated mixer is plotted with a blue solid line.
The measurement of the ENT has been done changing the LO frequency with
the PLL from 74 GHz to 77 GHz and evaluating at a fixed 2 GHz IF frequency,
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Figure 3.26: Y-Factor setup for fourth harmonic mixer characterization.
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Figure 3.27: Comparison of the simulated and experimental performance of the
fourth harmonic mixer for an Intermediate Frequency, IF = 2 GHz.

taking into account that the RF and the LO frequencies satisfy (frr = 4 X
fro + frr). The mean ENT is 18000 K and the conversion losses are 18 dB.
There is a noticeable difference with respect to the best case of the simulated
mixer, insomuch as the simulation is pretty stable and the ENT is about 7000 K.
Observing the conversion loss, the behaviour of the fabricated mixer is similar
to the case in which the LO power is about 6 dBm.

The mixer performance when sweeping the IF for a fixed LO frequency, in
this case fro = 75 GHz, has also been measured. The predicted response
compared with the characterized performance is shown in Figure 3.28.
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Figure 3.28: Comparison of the simulated and experimental performance of the
fourth harmonic mixer for an Local Oscillator, LO = 75 GHz, sweeping the IF.

The evaluated performance of the fourth harmonic mixer is plotted with a
blue dashed line with diamonds. The measurement has been done changing the
IF and using a fixed 75 GHz LO frequency.

The mean measured ENT is 45000 K, although a more stable and better
performance is obtained from 4 GHz to 14 GHz, mean value 25000 K. However
the circuit has an increasing ENT from 14 GHz to 20 GHz and below 4 GHz.
The mean conversion losses are 20 dB. There is a difference with respect to
the case in which the LO power is 12 dBm, since the mean ENT is 4500 K
and the CL is 15 dB. When the LO power is 6 dBm, the circuit presents mean
ENT equal to 43000 K and the CL are 23 dB. In general the performance of
the fabricated fourth harmonic mixer is more similar to that simulated with LO
power about 6 dBm.

Since the LO power can neither be controlled nor monitored, the main reason
for the worse performance is ascribed to the mixer being underpumped. In
addition, the diodes are welded, which may introduce a non desired resistance,
besides the small misalignment of assembly. Finally, the tolerance errors of
fabrication can contribute to the additional losses. Nonetheless, despite of the
increasing losses of the performance of the manufactured mixer, the results are
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promising, since the circuit is completely integrated.

3.4.3 Combined doubler/subharmonic mixer

The manufacturing process includes photolithography for the circuits on Rogers
3210 and Topas substrates and CNC machining for the housing metallic block.
Photographs of all mixer circuits printed on Topas are shown in Figure 3.29.

(a)

(b)

()

Figure 3.29: Pictures of the subharmonic mixer: (a) Subharmonic mixer printed
on Topas COC without IF and LPF for DC bias filters. (b) Harmmerhead filter
for IF and (c) LPF for DC Bias.

The assembly procedure is the same as that followed in the fourth harmonic
mixer (3.4.2). A picture of the subharmonic mixer in the metallic housing block
with inset showing the UMS diodes can be seen in Figure 3.30.

Figure 3.30: Photograph of the subharmonic mixer mounted in the metallic
housing block: (a) MMIC source and doubler /subharmonic mixer with inset of
the UMS diodes. (b) Enclosed housing metallic block.
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Figure 3.31: Setup for Y-Factor measurement where the board with Arduino
Due for IN tuning can be observed.

Again the procedure to compute the evaluate Y-Factor is the same as for
the fourth harmonic mixer. A picture of the characterization setup can be seen
in Figure 3.31.

The values of conversion loss and equivalent noise temperature obtained
by the Y-Factor measurement technique are compared with those predicted by
simulation and shown in Figure 3.32(a) and 3.32(b), respectively.

15000

125007 % iy
10000

7500}

<
=
z
w
5000h)
5 1 2500 3
[+-Measured —10 dBm -- 9 dBm ---8 dBm| [-+-Measured—10 dBm -- 9 dBm---8 dBm|
998 300 302 304 306 308 310 ?98 300 302 304 306 308 310
Frequency (GHz) Frequency (GHz)

(a) (b)

Figure 3.32: (a) Measured conversion loss and (b) Measured equivalent noise
temperature of the combined doubler/subharmonic mixer and its comparison
with predicted performance for a fixed IF = 2 GHz.

The mean measured ENT is 4800 K, which, compared with the simulations,
is around twice higher than the predicted performance. The minimum value is
1976 K, achieved at 305 GHz, and almost matches the simulated prediction. The
same happens with the conversion losses, the measured mean value is 14 dB and
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at 305 GHz we have the best measured conversion loss, which is 11 dB. These
results are higher than the predicted response, where 10 dBm MMIC source (IN)
power was considered. However, if lower IN power is considered, the response
matches the measurement results. As a matter of fact, the measured response
is in good agreement with the prediction for 9 dBm IN power, as shown in
Figure 3.32(a) and 3.32(b).

The mixer performance when sweeping the IF for a fixed IN frequency has
also been measured. The predicted response, compared with the characterized
performance, is shown in Figure 3.33.
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Figure 3.33: Comparison of the simulated and experimental performance of the
combined doubler /harmonic mixer for a MMIC source frequency, fixy = 75.5
GHz, sweeping the IF.

The mean measured ENT is 4000 K and the best performance, i.e. minimum
noise is obtained at 1 GHz, whose value is 1200 K. The mean conversion losses
are 13 dB. It can be appreciated that there is a little difference with respect to
the case in which the IN power is 12 dBm, since the mean ENT is 2000 K and
the CL is 9 dB. When the IN power is 10 dBm the circuit presents mean ENT
equal to 3200 K and the CL are 11 dB. If the IN power is 8 dBm then the CL
and ENT are 16 dB and 5600 K, respectively. In conclusion, the performance
of the fabricated combined doubler/harmonic mixer seems to be more similar
to that in which the MMIC source (IN) power is about 9 dBm.

This lower power can be explained by the additional losses in the manufac-
tured circuit. In addition to this, the power generated by the MMIC source is
not constant in the working frequency band.
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3.5 Conclusions

Two different fourth harmonic mixers with integrated MMIC based source have
been presented in this work. Firstly, a 300 GHz fourth harmonic and, secondly,
a 300 GHz combined doubler/mixer were manufactured. The MMIC source acts
as a LO for the fourth harmonic mixer and as a input signal for the doubler of the
combined doubler/mixer, the output of the doubler is then used as LO for the
mixer. This cost effective solution allows the use of low frequency MMIC sources
based on COST components, which can be developed on planar technology. This
allows having all the receiver packaged in the same metallic housing block.

The results show good performance, which is mainly limited by the MMIC
source output power. The response of the combined doubler/subharmonic mixer
is better, but at the expense of increasing the complexity of design and fabri-
cation. Nonetheless, the presented results show the possibility of integration
of a full THz receiver in the same single packaging metallic block, with the
consequent reduction of mass and volume.

The behavior of the mixers is satisfactory and the results are not far from
the the state-of-the-art. A comparison between this work and other published
mixers working at similar frequencies is shown in Table 3.3.

Table 3.3: State-of-the-art of Schottky diode mixers working at similar frequen-
cies to this work.

Ref Frequency (GHz) | Harmonic | CL (dB) | ENT (K)
[ ] ond 300-360 6.5 1270
[ ] 2nd 365-395 10 2500
[ ] 2nd 320-350 8 2000
[ ] 2nd 290-310 9-10 2000-2600
[ ] ond 320-360 | 10-11 N.A
[ ] ond 320-360 9 3000
[Lil6] Ath 369-477 14 -
[ ] 4th 430-460 14 10000
[ ] 4th 320-500 18 -
Fourth mixer 3.4.2 4th 298-310 18 18000
Doubler/mixer 3.4.3 2nd 298-310 14 4000
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Chapter

Optoelectronic Transmitter Based
on UTC-PD source and Schottky
Diodes Frequency Tripler

The use of photodiodes is a good solution for high frequency signal generation
in high data rate communications. Besides, they are suitable to be implemented
in wireless system | ]. In order to achieve wider bandwidth, which implies
the possibility of higher data rate, higher frequencies are required. To this aim,
frequency multiplication of a lower frequency signal is a good solution.

In this work, Schottky diodes, which are the most common multiplying de-
vice [ , , ], are used for frequency multiplication of a sub-
milimeter wave signal generated by a UniTravelling Carrier Photodiode (UTC-
PD). There are other alternatives, such as Heterostructure Barrier Varactors
(HBVs), which are very efficient and can manage high output power levels, but
they present the disadvantage of being narrowband element | , ]. An-
other solution could be to use an active multiplier, based on High Electron Mo-
bility Transistors (HEMT), which, being active devices, feature good efficiency
but present less stability than a passive multiplier| ]. Reactive Schottky
diodes, known as varactor diodes, are also a good solution for multiplication but
they have the same narrow bandwidth problem as HBVs. Therefore, the best
solution in our case is the use of varistor Schottky diodes that are able to per-
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form wide bandwidth with good stability. However, their conversion efficiency
is slightly lower than with the other devices.

In this section, an integrated transmitter will be presented, based on a bal-
anced frequency tripler using varistor Schottky diodes. Figure 4.1(a) shows the
overall block diagram of the proposed system. The input source is a UTC photo-
diode, pumped with two optical signals, which generate a signal in the W-Band.
Therefore, the output signal of the final device will be around 300 GHz.

The frequency tripler uses a balanced configuration featuring an antiparallel
pair of diodes. The main advantage that this design offers is the integration of
the signal source and the tripler in the same substrate. This way a compact
integrated transmitter is achieved. A perspective view of the circuit is shown in
Figure 4.1 (b).

Photonic

Local Frequency

Oscillator Tripler

100 GHz 300 GHz

Optoelectronic
Transmitter

Optical signal
-~ Electrical signal

Figure 4.1: (a) Block diagram of the 300 GHz optoelectronic transmitter based
on UTC-PD and Schottky diode technology. (b) 3D view of the whole trans-
mitter. The top metallic block is shown with transparency in order to see the
substrate and the bottom metallic part.
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4.1 100 GHz source based on UTC-Photodiode

One of the key components in this proposed 300 GHz transmitter is a high speed
UTC photodiode (UTC-PD). This type of photodiode has been dominant for
generation of high power mm-Wave and sub-THz carrier signals using photonic
techniques. Thanks to the separated absorption and carrier generation regions,
the space-charge effect is reduced, what results in higher saturation power levels
as compared with PIN photodiodes.

The UTC-PD used for this work was manufactured at III-V Lab [Roul?2],
with 50  coplanar electrical output. They have an active area of 4 x 15 um?,
and up to 1 mW output RF power at 120 GHz. The photodiode chip, fabri-
cated on 120 pm thick indium phosphide (InP) substrate, was mounted on an
aluminium nitride (AIN) subcarrier for improved heat dissipation.

(b)

30 %2 9% % 9 100
Frequency (GHz)

Figure 4.2: (a) 3D perspective view of the integrated UT'C-PD to tripler passive
circuit; (b) Close view of the UTC-PD 50 €2 coplanar structure excited by a
discrete port providing the input signal; (¢) Simulated frequency response.

The performance of the transition from the UTC-PD MMIC and the copla-
nar input of the tripler has been studied with Ansys HFSS. This includes the
circuit to allow DC biasing of the PD. Figure 4.2(a) shows the full-wave electro-
magnetic model of the UTC-PD integrated with the input section of the tripler
passive circuit.
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The RF coupling between the PD and the PCB is addressed by using silver-
filled epoxy, which avoids the inductance of the bond wires when wire bonding
is used. The UTC-PD chip is modelled as a 5 um thick coplanar waveguide
(CPW) on InP with 50 Q impedance, as shown in Figure 4.2(b). To achieve
closest approximation, the conductive epoxy is realized as slabs of silver.

The simulated response is shown in Figure 4.2(c). It can be noticed that the
overall insertion loss (S21) between the input (UTC-PD) and the passive circuit
stays lower than 1 dB in the complete input signal frequency range (90 — 100
GHz). The isolation (S31) between input port and DC port is better than 23
dB.
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4.2 UMS Schottky Diode

A 3D perspective view of the antiparallel diode configuration is shown in Figure
4.3.

Figure 4.3: Perspective view of the balance configuration of Schottky diodes.

The flip-chip is about 200pum %80 pum. We use a balanced configuration
featuring the equivalent to an antiparallel pair of Schottky diodes, i.e. the
Schottky diodes are in series regarding to the DC bias but in antiparallel with
respect to the RF. This configuration (details in Section 1.2.3) works only with
odd harmonics and suppresses the even harmonics, which implies a more efficient
design for tripler configurations. In our case we are interested in the third
harmonic and we reject the other ones.
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4.3 Design procedure

The frequency tripler is designed around an antiparallel configuration of Schot-
tky diodes. This flip-chip is over 130 pm thick Rogers RT /Duroid 5880 dielectric
substrate (e = 2.2 and tand = 0.009). Grounded coplanar waveguide is printed
on this substrate. It also makes use of vias to assure electric contact between
coplanar and bottom grounds, which improves the behaviour of the transmission
line. A scheme of the whole circuit is shown in Figure 4.4.

Schottky
Diodes

Figure 4.4: Scheme of the integrated photodiode and Schottky diode frequency
tripler.

As it has been already said, the input source (IN) is a photodiode whose
signal has a frequency range between 90-100 GHz and around 0 dBm output
power. The photodiode is fed by an optical fiber and a Bias-T is also necessary
to bias it. The Bias-T consists of a low-pass filter for the DC and a DC-Block
that reject the DC and allow to pass only the high frequency signal. After the
DC-Block of the Bias-T, a low-pass filter is used. This filter has been designed
based on a stepped impedance configuration because of the simplicity of its
design with a narrow fullprint. The goal of this filter is to reject the output
of the diodes so that they go only to the output E-Probe. This probe not
only excites the WR-3 waveguide but also acts as a high pass filter, since the
photodiode signal is below the cutoff frequency of the waveguide. The Schottky
diodes are biased, as it was commented; therefore, a low pass filter is necessary
to block the RF and IN signals.
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4.3.1 Passive circuit designs

The four circuits that are necessary for the implementation of the transmitter
are discussed bellow. Their 3D-views and predicted responses using full wave
simulator HFSS are shown in Figure 4.5.
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Figure 4.5: Passive circuits: perspective view and simulations. (a) Bias-T, (b)
LPF for IN signal, (¢) LPF for DC bias and (d) Waveguide transition.

Bias-T The Bias-T, Figure 4.5(a), is used to bias the photodiode with a DC
voltage. Therefore it is important to notice the low insertion losses of the DC-
Block, whose mean value is 1.3 dB, and the high rejection of the low pass filter.
The DC port is isolated by 17.21 dB from the W-Band signal of the photodiode.

Low pass filter for IN signal This filter has a rejection for the RF signal of
23.3 dB at 300 GHz and the insertion loss for input frequency is very low, 0.13
dB at 100 GHz. The cutoff frequency is 160 GHz, as shown in Figure 4.5(b).

Low pass filter for DC bias Figure 4.5(c) shows the LPF for DC bias,
which presents 59 GHz cut-off frequency. This filter lets the DC voltage pump
the diodes and blocks both source signal and RF signals. Besides, the rejection
of these signals with this filter improves the conversion loss of the frequency
tripler. The rejection is 15 dB at 100 GHz.
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Waveguide transition The waveguide transition, Figure 4.5(d), acts as a
high pass filter for all signals except the RF, insomuch as the cutoff frequency
of the waveguide is 178 GHz. The insertion loss for the RF is less than 0.5 dB
in the whole band and the return loss is below 20 dB.

These components are connected by coplanar lines, whose length is optimized
taking into account the nonlinear analysis of the multpiplier.

4.3.2 Non-linear analysis

For the load-pull analysis of the balanced configuration, see Figure 4.6, the
impedances at input (IN) and at output (RF) frequencies have been calculated.
The best performance of the tripler is obtained with diode embedding impedance
Zpp = 46.75 — 573 Q and Z;y = 124+ 576 ) for RF and IN frequency, respec-
tively.

Diode Impedance RF ——
Diode Impedance LO ——
MatchingRF ®e ®

0 MatchingLO A A A

Figure 4.6: Load-Pull analysis results and matching procedure for the balanced
configuration performing antiparallel pair of Schottky diodes.

The full 3D model used for the simulation can be seen in Figure 4.7.

We are considering a coplanar waveguide with vias which is covered with
a standard metallic lid. The height of the lid is chosen to be 400 pm, since
this height does not disturb the fields. This circuit is simulated using the finite
element method of the software package Ansys HFSS.

Once it has been simulated, the S-parameters of this circuit are exported and
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Figure 4.7: 3D perspective of the transmitter model used for simulation.

used in the harmonic balance simulation of ADS. The predicted performance is
shown in Figure 4.8.
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Figure 4.8: Performance of the photodiode fed frequency tripler. a) Efficiency
and b) output power.

In Figure 4.8(a) we can observe the efficiency of the frequency tripler and
in Figure 4.8(b) the output power. The performance has been analysed for
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different values of photodiode power in order to evaluate the degradation of the
behaviour when the input power is too low, i.e., the limit of operation. For the
range of input powers analysed, the efficiency of the tripler increase when the
input power to the multiplier also increases. The performance of the tripler is
therefore limited by the output power level of the photodiode. This could be
improved if a W-band amplifier were used to increase the power level.

The analysis has also been carried out for different frequencies, in order to
determine the bandwidth of the frequency tripler and the output power of the
system. The efficiency is rather stable in frequency for all input power levels; in
any case, for 0 dBm we obtain the best case. The efficiency is around 0.7 to 1.3
% for the whole bandwidth. For -5 dBm we obtain that the efficiency goes from
0.5 t0 0.8 % and in the worst case, for -10 dBm input power, it performs around
0.1 %. The output power is, therefore, around 8.5 uW for the whole bandwidth
for an input power of 0 dBm, whereas for -5 dBm the power is around 1 yW.

4.3.3 Thermal analysis

The performance of the Schottky diodes may be degraded with the temperature
as has been already explained in previous sections. For this reason a thermal
analysis is realized in this section. Even though in this case the power of the
photodiode that reaches the Schottky diodes is not very high, the diodes are
biased and this DC current increases the temperature.

The predicted temperature obtained with the mechanical and thermal mod-
ule of the commercial software CST is shown in Figure 4.9. As we can observe,
the temperature in this case is 74 °C which is within the safety working range.

Figure 4.9: Thermal analysis of the multiplier Schottky diodes.
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4.4 Conclusions

In this chapter we have presented a transmitter working in the THz frequency
band for high speed wireless communications. The device has been realized in-
tegrating an UTC photodiode and a frequency tripler based on Schottky diodes.
The main advantage of this device is the high integration level, since it com-
bines both chips, i.e. photodiode and Schottky diodes, on the same substrate
and packages them in the same housing metallic block.

The feasibility of this prototype has been demonstrated by simulations, as
measurements is still pending. The output power we can achieve at 300 GHz
is about 12 uW in the best case. This low output power is limited by the low
power level generated in the photodiode and could be compensated using a LNA
at W-Band in order to obtain a higher input power to the frequency tripler, with
the consequence of higher output power at 300 GHz. Nonetheless, it is a good
demonstration of integration, which could be of interest for future THz wireless
links.
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Chapter

Integrated mixer-multiplier based
on GaAs membrane Schottky

diodes

During the last years, the interest in terahertz and submillimetre wave receivers
has increased due to the high possibilities for ultrafast communications, space
and atmospheric observation, applications in security imaging, etc. The receiver
described in this chapter performs at 600 GHz. This frequency is of interest for
observation of meteorological phenomena.

However, the design of receivers at this frequency faces difficulties associated
with the local oscillator (LO). A standard subharmonic mixer would require a
300 GHz LO. This can be obtained from a lower frequency signal by frequency
multiplication. If this last component is individually designed and assembled a
bulky solution is obtained,which is prone to problems due to misalignments and
losses in the flange interfaces. Therefore, integration of the frequency multiplier
and the mixer would be a more efficient solution, with advantages in terms of
performance, size and mass.

In this case, due to the high frequency, an integration solution based on
discrete diodes would not be possible. Therefore, a solution based on integrated
GaAs membrane Schottky diodes is proposed.

113



CHAPTER 5. INTEGRATED MIXER-MULTIPLIER BASED ON GAAS
MEMBRANE SCHOTTKY DIODES

5.1 Design methodology

The literature about the development of frequency multipliers and mixer is very
extensive, see | ] for a review. The concepts about the designs of these
kind of circuits have been used in this work. In addition, new concepts have
been taken into account, such as the interaction between both circuits, the mixer
and the frequency multiplier.

5.1.1 GaAs membrane Schottky diode technology

The main advantage of GaAs membrane technology resides in the fact that
these diodes are integrated with the substrate. This monolithic integrated cir-
cuits (MICs) avoid the problems associated to the manual assembly of discrete
diodes. Besides, for high frequencies, the use of discrete diodes is limited by the
performance of the supporting substrate, which must be thin enough. However,
the use of a thin membrane allows the use of integrated diodes up to several
terahertz | , , , ]. For the diodes on membrane we begin
with a six layer structure | ]. These layers as described in Table. 5.1.

Table 5.1: Layers of GaAs membrane Schottky diodes.

No. Layer Material Thickness [nm]  Doping[em 3]
5 Active GaAs 64 3 x 1017
4 Contact GaAs 1500 > 10"
3 Top Etch Stop Aly55Gag.a5As 60 Undoped
2 Membrane GaAs 3000 Undoped
1 Bottom Etch Stop  Alp.75Gag.25As 400 Undoped
0 Substrate GaAs ° Semi-insulated

Then, patterning of the ohmic contacts is realized. Afterwards, the Schottky
contacts, the air bridge and membrane shape, and finally the passive circuitry,
i.e., beam leads, filters and waveguide probes are created.

In this case, we aim at designing a subharmonic mixer integrated with a
frequency tripler for the local oscillator, equivalent to the behaviour of a sixth
harmonic mixer from the frequency conversion point of view. Therefore, the
antiparallel configuration is used in order to avoid even harmonics and achieve
the best performance for the tripler and subharmonic mixer. An image of the
antiparallel Schottky diode pair can be seen in Figure 5.1.
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Figure 5.1: Antiparallel configuration of Schottky diodes.

The area of the anode depends on the frequency band in which they are
intended to work. The anode size for the mixer working at 600 GHz is 0.7 um?,
the series resistance is 19 €2, saturation current, I, is 1.3 fA, junction capaci-
tance, C;, is 1.4 fF and ideality factor n = 1.2. The tripler works from 100 GHz
to 300 GHz. It has an anode size of 1.2 um? with the following parameters:
series resistance is 10 2, saturation current, I, is 1.9 fA, junction capacitance
C; is 24 fF and ideality factor n =1.18 .

5.1.2 Topology

An schematic version of the whole structure is shown in Figure 5.2. It can be
seen that, besides the diodes, some filters and waveguide probes are needed to
get the desired mixer behaviour.

Waveguide
to Stripline
transition

Antiparallel
Schottky
Diodes (RF) |

Waveguide |
to Stripline
transition |

Antiparallel
Schottky
Diodes (LO)

Low-|

Low-Pass ‘ Pass
Filter (IN)

Filter (LO) ‘

High-Pass
Filter (LO)

RF IN

Figure 5.2: Schematic of the integrated tripler-mixer.

The waveguide probes are necessary to couple the E-field in the rectangular
waveguide to the membrane stripline. Then we need the low-pass filter for the
mixer, in order to avoid the signal higher than 500 GHz going through the IF
bend or the tripler circuit. The low-pass filter for IF is used to isolate this
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circuit from the local oscillator, i.e. the output of the frequency tripler, and
radiofrequency signal.

The tripler circuit has two filters. The first one is a low-pass filter at 100 GHz
to isolate the input waveguide from the 300 GHz signal generated after the
multiplication.The second one is a high-pass filter used to prevent the 100 GHz
signal from the IN signal to couple to the mixer, since only the 300 GHz LO
signal, i.e. the output of the tripler, is allowed to go through this filter. Finally,
some matching lines are needed to match the diodes to the rest of the circuit.
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5.2 Passive circuits design

The passive circuitry is going to be described and analysed in this section. As it
has been said before, it consists of waveguide probes, filters and matching lines.
All these components are realized in stripline technology, using a 3 pm thick
GaAs membrane with the following parameters: ¢, = 12.6 and tand = 0.0004.
This substrate is enclosed in a 340 ym x 150 pum waveguide channel. A top
view of all passive circuits and simulations results can be seen in Figure 5.3.
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Figure 5.3: Top view and predicted response of the passive components of the
sixth harmonic mixer. (a) Stepped impedance LPF for IF; (b) Waveguide tran-
sition for IN; (c) LPF for IN; (d) High pass filter for LO; (e) LPF for LO; and
(f) waveguide transition for RF.
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5.2.1 Filters

The filters are necessary to avoid undesired effects provoked by frequencies out
of the region of interest, caused by spurious harmonics. In this case, the low-pass
filters have been designed using the stepped impedance configuration. This one
is the most common topology for low-pass filters due to the easy implementation
and good performance even with a reduced number of steps. Every passive
component has been designed and simulated using Ansys HFSS (High Frequency
Structure Simulator) 2017.

Figure 5.3(a) is a low-pass filter that let pass only the intermediate frequency
and reject all frequencies higher than 50 GHz. The cutoff frequency of the filter
is 100 GHz, so that the intermediate frequency will pass and higher frequency
will be attenuated or rejected to isolate the IF output from the non-desired
higher frequency signals.

The next step consists in the design of a low-pass filter to let the input signal
pass to the diodes and reject the output of the tripler (LO) in order to avoid
this signal going to the input waveguide. This filter can be seen in Figure 5.3(c).
The cutoff frequency of the filter is about 200 GHz and it is well matched around
100 GHz. For the output signal of the tripler, i.e. 300 GHz, the rejection is
quite high, about 22 dB. This way, the LO signal will not go to the input source.

A high-pass filter is also necessary in order to avoid the input signal at
100 GHz to reach the mixer, and can be seen in Figure 5.3(d). The insertion
loss is 12 dB for IN frequency and the return loss is 0.5 dB, whereas the pass-
band for the LO frequency has 0.12 dB insertion loss and 20 dB return loss.

Finally, the last filter required is a low-pass filter and can be observed in
Figure 5.3(e). The cutoff frequency is 396 GHz, therefore the local oscillator at
300 GHz can go through the filter as well as the intermediate frequency, but the
higher frequency, related to the radiofrequency signal, is rejected. The insertion
loss for RF (580-680 GHz) is higher than 40 dB.

5.2.2 Waveguide probes

Stripline to waveguide transitions are necessary to characterize this planar cir-
cuit with waveguide measurement equipment. Besides, this kind of transitions
are also necessary in order to integrate it with waveguide based components,
such as horn antennas. In this work the most usual transition has been imple-
mented, the E-probe, which is realized by introducing a microstrip line through
an aperture in the E-plane of a rectangular waveguide. This way the quasi-
TEM mode of the microstrip line couples to the T'F1y mode of the rectangular
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waveguide.

The microstrip to WR10 waveguide transition for the input source can be
seen in Figure 5.3(b). We can observe the behaviour of the transition: the Si;
is below -15 dB from 100 GHz to 115 GHz. In principle, the frequency tone for
our input is 105 GHz so the transition fits this frequency. Besides, the insertion
loss is about 0.5 dB.

The waveguide probe for the RF input can be seen in Figure 5.3(f). The
input waveguide in this case is WR1.5. The return loss for the radio frequency
signal (580-650 GHz) is better 15 dB and the insertion losses are lower than
0.5 dB.
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5.3 Non-linear analysis

Once the passive circuitry has been designed and simulated, the non-linear
behaviour can be analysed. To this end, Keysight’s Advanced Design System
(ADS) has been used. The first step consists in the analysis of the performance
of the Schottky diodes acting as a mixer and tripler by means of the load-
pull technique, so that the optimum values of embedding impedance can be
determined. The second one is the simulation of the whole circuit and the
calculation of the matching lines needed to obtain the more similar behaviour
to the ideal one.

5.3.1 Load-pull technique
The load-pull technique is applied for matching and shown in Figure 5.4.
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s Diode ImpedancelO —— S
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Figure 5.4: Load-pull analysis results. (a) Tripler: Red solid line corresponds
to the diode embedding impedance at IN frequency and black solid line at
LO frequency. (b) Mixer: Red solid line corresponds to the diode embedding
impedance at LO frequency and black solid line to RF. The dots correspond to
the obtained values of embedding impedance.

Figure 5.4 represents the load-pull analysis results in the Smith chart. We
can see the circles for which the conversion losses are constant. In this case,
the mixer has a minimum of CL equal to 5 dB. In order to achieve this opti-
mum performance, for the frequency tripler we obtain that the diode embedding
impedance is Z;y = 85.4 + 532.7Q2 and Z;o = 57.4 — j23.7Q2 for IN and LO,
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respectively. For the mixer case, the minimum conversion losses are obtained for
diode embedding impedance Z;o = 25.49+ j12.23Q2 and Zrpr = 30.6 — j60.13Q2
for LO and RF, respectively. It is important to notice that the bigger the circle
the higher the losses, that is, the bandwidth is narrower for lower conversion
loss. Therefore, a trade-off between both parameters must be established.

5.3.2 Simulation of mixer behaviour

The matching lines in between the filters were optimized to obtain the required
embedding impedance. The obtained values are indicated with dots in Fig-
ure 5.4. Using these values, the full model of the integrated tripler/mixer was
constructed. A perspective view of the 3D model used for the simulation and
evaluation of the integrated sixth harmonic mixer is shown in Figure 5.5.

Figure 5.5: 3D view of the integrated tripler/mixer used for simulation.

As it has been already described in this thesis, firstly the linear behaviour of
the whole structure is simulated using commercial software HFSS. Once the S-
parameters are obtained, they are exported and used for the non-linear analysis
in ADS. In this circuit we have an input signal at 106 GHz, whose power will
be swept from 10 mW to 30 mW in order to determine the point for which the
tripler generates enough power to pump the mixer diodes and the stability for
different input power. The other input is the radiofrequency signal which is set
to be -30 dBm from 600 to 660 GHz. The IF frequency is swept according to
the RF taking into account that f;r = frr —2 X fro = frr — 6 X fin. We do
not have any bias voltage, since both configurations are antiparallel.
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Figure 5.6: Conversion Loss and Equivalent Noise Temperature for different
levels of input power.

We can see the estimated conversion loss (CL) and equivalent noise temper-
ature (ENT) in Figure 5.6. It is observed that the conversion loss is very stable
in both frequency and power. However, we need power higher than 10 mW at
100 GHz, since the output power of the tripler is not enough to pump the mixer
diodes. The best conversion loss is around 10 dB for 30 mW. This is a good
result, close to the state-of-the-art at these frequencies and with the advantage
that comes from having the frequency tripler integrated. The ENT is around
1500 K, which is agreement with the state of the art in this frequency range.
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5.4 Thermal Analysis

In previous chapters the thermal analysis has been realized for UMS Schottky
diodes and the importance of such analysis has been commented. In this case,
the specifications are different since the diode fabrication technology is different.
The maximum temperature allowed for a normal behaviour is 180 °C. The
diodes could support more temperature but they would not endure much time.
Therefore, it is important to work below this temperature.

A thermal analysis of the Schottky diodes used for tripler frequency multipler
is shown in Figure 5.7. The thermal analysis of the mixer diodes is not realized
because the input power will be the output power of the tripler, which is low
enough to be safe.

Figure 5.7: Thermal analysis of the Schottky diodes for: (a) 30 mW and (b)
20mW.

As it can be observed, the temperature is almost at the limit for an input
power of 30 mW, reaching a temperature about 150 ° C. However for 20 mW
the diodes are working in the safety region and the conversion loss and ENT are
good enough, therefore we can conclude the performance of the diodes is safe.
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5.5 Conclusions

In this chapter a mixer based on Schottky diodes GaAs membrane technology
has been presented. The prototype is a sixth harmonic configuration mixer
performing like a subharmonic one thanks to the integration of a frequency
tripler based on Schottky diodes in the same substrate as the mixer. The mean
predicted conversion loss are 10 dB and the ENT is around 1500 K. The main
advantage of this design consists in its simple integration. This is of great
interest e.g. in space aplications, given the reduction of volume and cost that
implies. Also the fact that the combined tripler/mixer is built on the same
substrate is very convenient to avoid misalignments, which become more limiting
when frequency increases.
The prototype fabrication is still pending.
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Chapter

Conclusions and future work

This final chapter summarises the main results that have been obtained in this
Thesis. Furthermore, some guidelines for future research are provided.
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6.1 Conclusions

In this dissertation, different configurations for integrated sub-mm wave and
terahertz components have been explored. First, a design method for tran-
sitions has been developed and applied to several waveguide technologies. In
addition, several contributions to the design of integrated sub-mm receivers and
transmitters based on Schottky diodes have been made. In particular, the main
conclusions of this thesis are the following:

e A theoretical method for the calculation of the transitions dimensions
without optimization, based on the small reflections and Chebyshev trans-
former theories has been presented. Four inline transition from planar
to waveguide technology have been developed based on this theoretical
method.

— The first prototype consists of a microstrip line with a taper and
a Chebyshev transformer in waveguide technology. Although the
transition presents a good performance, it requires a H-plane cut
in the waveguide that needs a very good contact between top and
bottom parts, making its assembly a bit cumbersome.

— The second transition we have developed in this work is similar to the
previous one, also based on the combination of a Chebyshev trans-
former and a microstrip linear taper. However, instead of using stan-
dard waveguide technology we have used Groove Gap Waveguide
technology, which solves the problems caused by the H-plane cut.

— The third one, also based on GGW technology, presents an addi-
tional improvement for assembly, making it even easier than the one
presented in second prototype. The substrate does not require any
shaping insomuch as it covers the whole bottom metallic block. Thus,
the assembly is easier and misalignments are avoided. However, all
GGW sections are either partially or totally filled with dielectric.
Therefore, it is necessary to make a combination of ridge and groove
gap technology in order to avoid high order mode propagation.

— Finally, the last transition is a further improvement of the third one.
In this case, we have also combined ridge and groove gap technology.
However, the substrate does not cover the whole bottom metallic
block and does not fill any waveguide step, avoiding the possibility
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of high order mode propagation. Besides, there is not any inter-
mediate impedance, therefore the design procedure using Chebyshev
transformer is simplified, since it is not split into two different steps.

e We have shown the feasibility of integrating a compact terahertz receiver
with an integrated MMIC based Local Oscillator (LO) in a single enclosing
metallic block. Two different designs have been studied:

— Firstly, a subharmonic mixer combined with a frequency doubler so
that, in terms of frequency conversion, it has the behaviour of a fourth
harmonic mixer. It has been characterized and, although limited by
the available LO power, its performance is close to the state of the
art.

— A further improvement in terms of integration can be obtained if a
fourth harmonic mixer configuration is used. However, this config-
uration has been found to be more dependent on the available L.O
power.

Both configurations demonstrate a cost effective solution for integrated
THz receivers.

e An new scheme of integrated optoelectronic transmitter has been designed.
The UTC-PD source is integrated along with a Schottky diode tripler so
that the combination of both chips provides a good solution for THz wire-
less links for communications. The amount of power that the prototype
provides is not very high and should be improved by the use of amplifiers.
However, the integration concept could be a good starting point for future
THz transmitters based on photonic sources.

e Finally, a combined tripler/mixer device based on GaAs membrane tech-
nology is proposed. In this design we have increased the frequency to work
at 600 GHz. In order to develop a receiver at this frequency, the use of
discrete welded Schottky diodes must be discarded. That is why GaAs
membrane technology is a good solution, since the diodes are integrated
to the substrate during the fabrication process and the thickness is only
3 pm, so that the losses ascribed to the substrate are reduced. The main
advantage of this device is that it performs like a subharmonic mixer with
a sixth harmonic configuration. This allows to work with a low frequency
local oscillator with high enough power to pump the diodes.
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6.2 Conclusiones

En este trabajo se han explorado diferentes configuraciones de componentes
integrados en la banda de terahercios y ondas submilimétricas. Primero, se
ha desarrolado un método de diseno para transiciones y ha sido aplicado en
diferentes tecnologias guia de onda. Ademads, se han implementado y estudiado
diversas contribuciones al diseno de receptores y transmisores basados en diodos
Schottky funcionando en el rango de terahercios. En particular, las principales
conclusiones de esta tesis son las siguientes:

e Se ha presentado un método teérico para el cdlculo de las dimensiones
de las transiciones sin necesidad de optimizacion basado en la teoria de
pequenas reflexiones y el transformador de Chebyshev. De acuerdo con este
método tedrico se han presentado cuatro transiciones en linea de tecnologia
planar a guia de onda.

— El primer prototipo que se ha presentado consiste de una linea mi-
costrip con un taper y un transformador Chebyshev en guia de onda.
Aunque la transicion presenta un buen funcionamiento, tiene el corte
en el plano-H y eso requiere asequrar un buen contacto entre las
partes superior e inferior de la caja metdlica, haciendo tanto la fab-
ricacion como el ensamblado tareas dificiles.

— La sequnda transicion desarrollada en este trabajo es muy similar al
diseno anterior, basado en el transformador Chebyshev y un taper
microstrip. Sin embargo hemos usado tecnologia groove gap waveg-
uide en vez de guia de onda estdndar. Por lo tanto, el corte en el
plano-H ya no es un problema.

— El tercer diseno, también basado en tecnologia GGW, presenta una
mejora en cuanto al ensamblado haciéndolo incluso mdas facil que en
el sequndo diseno. El substrato no requiere ningun corte de forma
especifica ya que cubre por completo la superficie de la caja inferior,
haciendo mds facil el ensamblado y evitando desalineamientos. Sin
embargo, todas las guias del adaptador de impedancia estan parcial o
totalmente rellenas de dieléctrico, por lo que para evitar propagacion
de modos de orden superior hay que hacer uso de una combinacion
de las tecnologias ridge y groove gap waveguide.

— Finalmente, la dltima transicion que se presenta es muy similar a
la anterior. En este caso también hacemos uso de las tecnologias
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ridge y groove gap wavegquide; sin embargo, el substrato no cubre la
totalidad de la superficie de la caja inferior y tampoco rellena ni total
ni parcialmente ningun paso del transformador Chebyshev, evitando
la posibilidad de propagacion de modos de orden superior. Ademds,
no hay ninguna impedancia intermedia, por lo tanto el diserio del
transformador Chebyshev se simplifica al no tener que dividirlo en
dos pasos.

e Se ha mostrado la posibilidad de integrar un receptor compacto en tera-
hercio junto con un oscilador local integrado basado en MMIC en un solo
bloque metdlico. Se han implementado dos disenos diferentes:

— Primero, un mezclado subarmédnico combinado con un doblador de
frecuencia de tal forma que, en términos de frecuencia, el compor-
tamiento es el de un cuarto armdnico. El dispositivo ha sido car-
acterizado y aunque limitado por la potencia que ofrece el oscilador
local, su rendimiento es cercano al estado del arte.

— Una mejora adicional en términos de ingracion se puede obtener si
se usa la configuracion cuarto armonico. Sin embargo, esta config-
uracion resulta ser mds dependiente de la potencia disponible por el
oscilador local.

Ambas configuraciones han demostrado ser una solucién econémica para
el desarrollo de receptores integrados en la banda de terahercios.

e Se ha propuesto un nuevo diseno de transmisor optoelectronico integrado.
La fuente UTC-PD se integra con el triplicador basado en diodo Schottky
de tal forma que la combinacion de ambos chips proporciona una buena
solucion para los enlaces de comunicaciones en THz. La cantidad de po-
tencia que el prototipo proporciona no es muy alta y deberia ser mejorada
con el uso de amplificadores. Sin embargo, el concepto es realmente in-
teresante desde el punto de vista de integracion y podria ser un buen punto
de partida para futuros transmisores de THz basados en fuentes foténicas.

e Por dltimo, se propone un dispositivo combinado mezclador/triplicador
basado en la tecnologia de membrana de Arseniuro de Galio. En este
diseno se ha incrementado la frecuencia de trabajo hasta 600 GHz. Con
el fin de desarrollar un receptor a esta frecuencia debemos descartar la
idea de trabajar con diodos discretos y soldarlos, con el fin de evitar de-
salineamientos e incrementos de su resistencia. De modo que la idea de
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trabajar con arseniuro de galio es una buena solucion, ya que los dio-
dos estdn integrados al substrato desde el momento de la fabricacion y al
ser el grosor de la membrana de 3 um, las pérdidas asociadas a €l son
minimas. La principal ventaja de este dispositivo ademds, es el hecho de
que su comportamiento es similar al de un mezclador subarmdnico mien-
tras su configuracion es la de un sexto armdnico. FEsto permite trabajar
con osciladores locales de mds baja frecuencia con mucha mds potencia.

130



CHAPTER 6. CONCLUSIONS AND FUTURE WORK

6.3 Guidelines for future investigation

There are some points that may be key for the improvement of the devices
performance presented in this Thesis.

e The application of the packaging techniques explained in Chapter 2 to the
harmonic mixer development; this way it could be possible to avoid the
use of the air channel, which simplifies assembly and substrate shaping
and enhances the behaviour of the planar to waveguide transition.

e Further increase the integration level by building the local oscillator and
harmonic mixer in the same substrate thanks to the commercial availabil-
ity of mm-Wave planar technology devices.

e Integration of a W-Band LNA amplifier at the output of the photodiodes
in order to obtain a higher amount of power at the input of the Schottky
diodes of the frequency tripler, so that the final output power is enough
for high speed wireless THz links.
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6.4 Pautas para futuras investigaciones

Hay algunos puntos que pueden ser clave para la mejora del rendimiento de los
dispositivos presentados en esta tesis.

e La aplicacion de las técnicas de empaquetado descritas en el capitulo 2 al
desarrollo del mezclador; de esta manera se podria evitar el uso del canal
de aire, facilitar el ensamblado y corte del substrato y también mejorar el
comportamiento de la transicion de tecnologia planar a guia de onda.

o [Integrar el oscilador local en el mismo substrato que el mezclador armdnico
gracias a la disponibilidad de dispositivos que funcionan en tecnologia pla-
nar a frecuencias milimétricas.

e Integracion de amplificador LNA en banda W a la salida del fotodiodo para
obtener una potencia suficiente que al alcanzar los diodes del triplicador
de frecuencia logren una potencia de salida factible para el funcionamiento
de un enlace de alta velocidad en frecuencia de terahercio.
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Appendix

Photolithography

The fabrication of the prototypes has been realized by means of a standard
photolithography procedure. This can be described as the process that transfers
an specific pattern, which has been previously plotted into a photomask, into a
photoresist using ultraviolet light. An schematic of this process at the Group
of Antennas cleanroom facility is shown in Figure A.1.
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Figure A.1: Schematic of the photolithography procedure at the Public Univer-
sity of Navarra’s facilities.
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In this case, we have used the AZ nLof2070 negative photoresist with 7 um
thickness. Taking this into account, the procedure can be determined by the
main following steps:

e Photoresist deposition: previously the substrate has been cleaned with
acetone and isopropyl alcohol. Using the SpinCoater a 7 um photoresist
layer is deposited on the Topas COC substrate.

e Exposure: After deposition, the photoresist must be baked for 90 sec-
onds. Then, the exposure is realized, transferring the pattern from the
photomask to the photoresist. In order to do that, the Mask Aligner
MJB4 is used during 15 seconds.

e Metallization: Once the pattern has been transferred, we have to make
a post exposure bake and use the AZ726mif developer for 2 minutes to
properly remove the not exposed photoresist. Then, using the E-Beam
Evaporator, the metallization of 20 nm of chrome in order to improve the
adherence of copper is realized. Afterwards 2 um of copper are deposited.

e Stripping: Now the whole substrate is metallized. Therefore, we have to
remove the photoresist with the copper. The NI555 stripper is employed
for this purpose.

After the circuits are metallized it is necessary to cut the substrate. In this
facility, the process is done with a Dicing Dicing Saw (DAD 321). For the
assembly, firstly the Schottky diodes must be shaped using also Disco Dicing
machine. Once they have been cut, they are welded to the microstrip circuit
by means of silver epoxy (EPOTEK H20E). Placing of the silver epoxy and
afterwards, of the diodes, is realized with the wire bonding and die placing
machine (TPT HB16D). An image of the DAD321 and TPT HB16D can be
seen in Figure A.2.

Once the diodes are placed, we heat the silver epoxy at 105°C for an hour.
An image of the welded diodes can be seen in Figure A.3.

Finally the I-V curve of a UMS schottky diodes is checked to be sure they
are well welded. An example of a measurement of one I-V curve is shown in
Figure A.4.
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THve wulLiuer

Figure A.2: Pictures of the: (Left) Dicing Saw DAD321 and (Right) TPT
HB16D die bonder.

Figure A.3: Welded diodes.(Left) Antiseries Schottky Diodes configuration for
doubler multiplier. (Center) Antiparallel Schottky Diodes for subharmonic

mixer. (Rigth) Balance diodes featuring antiparallel configuration for the tripler
multiplier.
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Figure A.4: I-V measured curve of an UMS Schottky diode.
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Appendix B

Prototype dimensions and pictures
of the receivers and transmitter

In this Appendix we compiled the layout of the receivers and the transmitter
devices, their dimensions and some pictures of the prototypes that have been
fabricated in the cleanroom at Public University of Navarra.
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APPENDIX B. PROTOTYPE DIMENSIONS AND PICTURES OF THE
RECEIVERS AND TRANSMITTER

B.1 Dimension drawing of the prototypes

Firstly, the whole layout the fourth harmonic mixer is shown in Figure B.1. The
layout of the combined doubler/sub-harmonic mixer is shown in Figure B.2. The
schematic of the frequency tripler multiplier is shown in Figure B.3. Finally, the
sixth harmonic mixer and its annotation of dimensions is shown in Figure B.4.
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Figure B.1: Layout and dimensions of the fourth harmonic mixer.
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Figure B.2: Layout and dimensions of the combined doubler/sub-harmonic
mixer.
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Figure B.3: Layout and dimensions of the frequency tripler multiplier.
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Figure B.4: Layout and dimensions of the integrated tripler/subharmonic mixer
layout.
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RECEIVERS AND TRANSMITTER

B.2 Pictures of the fabricated prototypes

Pictures has been taken with the Mitutoyo Hyper MF-U 176-402-43 measuring
microscope. Images of the fourth harmonic circuit are shown in Figure B.5.

Figure B.5: Pictures of the fourth harmonic mixer fabrication. (a) Tee for the
local oscillator; (b) Waveguide E-Probe transition; (¢) Low pass filter and (d)
Hammerhead filter.

Pictures of the doubler of the subharmonic mixer can be seen in Figure B.6.

Figure B.6: Pictures of the doubler of the subharmonic mixer fabrication. (a)
DC-Block for LO; (b) Low pass filter for DC feed; (c¢) Low pass filter for LO
and (d) DC-Block for 2xLO.

Pictures of the sub harmonic mixer in Figure B.7.

145
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Figure B.7: Pictures of the subharmonic mixer fabrication.(a)Hammerhead filter
for IF frequency; (b) Low pass filter for 2xLO and (¢) Waveguide E-probe
transition.
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Appendix

Y-Factor Measurement

The Y-factor technique is the most employed method in the characterization
of amplifiers and mixers | , , ]. Tt is used for characterizing
the gain and the noise temperature. There are three different alternatives for
measuring the Y-Factor: the attenuator procedure, noise-injection procedure
and the gain procedure.

In order to make the Y-factor measurement, the device under test (DUT) (in
this case a mixer) is connected to a noise source. Then, the power is measured
for both cases, with the noise source ON and OFF. The ratio of these two values
establish a line that determines the DUT gain, see Figure C.1.

The Y-factor is then computed as:

Non
Y =—" C.1
Norr (G-
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N,.= 'kT:::-(‘BGm'r +Npur

Slope = kBGpyr

Ny = KT BGour + Npyr o eeeeee

Nowr = kTper BGpr ~”~1

OFF ON
v i V

source

Figure C.1: Y-Factor variables (Image obtained from [Roh12]).

148



APPENDIX C. Y-FACTOR MEASUREMENT

C.1 Attenuator Procedure

This measurement procedure is performed with and without a coaxial attenuator
connected to the input of the IF chain. The receiver Y-Factor measurements
are performed presenting the hot and cold load to the receiver input. Without
the attenuator the Y-Factor of the receiver is:

Y;"x:

Pror _ Thor + Trs (C.2)
Pcorp  Tcorp + T

Rearranging the noise temperature, we have the following equation:

Tror — YraTcorp
Try = .
Y. 1 (C.3)

With the attenuator we have:

K'w,att = PHOT = THOT T Trw,att (04)
Pcorp  Tcorp + Traate
Thus,
Tror — Yrz attTcoLp
Tr:c att = : .
att T p— (C.5)
Equating the two equations

T’rz,att = Tmzz + LmirTIF,att (07)

Then, the conversion loss and the noise temperature of the mixer are calcu-

lated from
T’I“ZL’ - Traz,att

Trr — T1ratt
Tmiw = Trw - LmszIF (09)

Lz = (C.8)
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APPENDIX C. Y-FACTOR MEASUREMENT

C.2 Noise-Injection Procedure

This procedure is similar to that described in the previous section. The noise
is injected into the input of the IF chain with a noise source and a directional
coupler. Then the Y-factor is computed as follows.

With the noise source OFF, the receiver Y-Factor is:

Yorp — Puor _ Thor +Trs0rF (C.10)
Pcorp  Tcorp + Tre,0FF '

Then, the noise temperature of the receiver is:

Tror — YorrIcorp (C.11)

Trz OFF —
' Yorr —1

With the noise source ON, the receiver Y-Factor is:

P, T Ths
Yon = Hor _ dwor + ,ON (C.12)
Pcorp  Tcorp + Trs,on

In this case, the noise temperature of the receiver is:

Tror — YonTcorp (C.13)

T =
rx,ON YON 1

Equating the two equations we have:

Trw,0rF = Thnie + L Trr0orF (C.14)

Trz,ON = Tm1$ + LmizTIF,ON (015)

Finally, the conversion loss and noise temperature of the mixer are calculated
as:

Trz,orr — TrzoN
Lmi, r — : - C.16
* Tirorr —Tiron ( )
Trmiz = Tre,0FF — LimizTTFR0FF- (C.17)
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APPENDIX C. Y-FACTOR MEASUREMENT

C.3 Gain Procedure

For the measurement we use two noise temperatures, one of them is ambient
temperature (Tmor = 273 K) and the other one is cold (Tcorp = 77 K),
obtained by means of a liquid nitrogen immersed load.

The power at the receiver is:

where T, is the equivalent noise temperature of the receiver, Tg is the room
temperature Tcorp and Tyor, Gre is the gain, B is the bandwidth and kp is
Boltzmann’s constant.

The Y-factor is:

y,, = LHOTwM (C.19)
Pcorp,.,

where the measurement of the receiver are
Puorye = (Tre + Tuor)ksGra B (C.20)

PCOLD,TI = (Trm’ + TCOLD)kBGrJ:B (C21)

and the receiver gain, therefore is

PHOT re PCOLD rT
Grp = : : C.22
ksB(Tuor — Tcorp) ( )

From the IF chain we obtain

Prorye = (Tir + Tror)kpGre B (C.23)
Pcorprs = (Tir + Tcorp)kpGra B (C.24)

which results in P P
Crr wor,ir — PcoLp,Ir (C.25)

~ kpB(Twor — TcoLp)

and finally the conversion loss of the mixer is

Lmiw =

L Pyor,ir — PcorLp,1r (C.26)
Gmic  Prorsre — PcoLpDra

Once the conversion loss is calculated, the noise temperature is computed
using the Equation C.9.
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TiQuint @

SEMICONDUCTOR TGV2204-FC
19 GHz VCO with Prescaler

Key Features

® Frequency Range: 18.5 - 19.5 GHz

®  Output Power: 7 dBm @ 19 GHz

® Phase Noise: -105 dBc/Hz at 1 MHz offset,
fc=19 GHz

Prescaler Output Freq Range : 2.31 — 2.44 GHz
Prescaler Output Power: -6 dBm

Bias: Vcc =5V, Itotal = 165 mA Typical
Technology: HBT3

Chip Dimensions: 1.28 x 1.71 x 0.38 mm

Measured Performance Primary Applications

Bias conditions: Ve = 5 V, ltotal = 165 mA ®  Automotive Radar

Product Description

The TriQuint TGV2204-FC is a flip-chip voltage
controlled oscillator (VCO) designed to operate at
frequencies that target the automotive Radar
market. The TGV2204-FC is designed using
TriQuint's proven HBT3 process and front-side Cu
/ Sn pillar technology for simplified assembly and
low interconnect inductance.

The TGV2204-FC is a VCO that typically provides
7 dBm output power at 19 GHz with < -105 dBc/Hz
phase noise at 1 MHz offset . The integrated
divide-by-8 prescaler eases PLL design. The
TGV2204-FC is an excellent choice for
applications requiring frequency stability in transmit
chain architectures.

The TGV2204-FC has a protective surface
passivation layer providing environmental
robustness.

Lead-free and RoHS compliant.

Output Fregueney (GHz)

Offsst

-110 -

Phase Noles (dBe/Hz) @ 1 MHz

TriQuint Semiconductor:  www. triquint.com (972)994-8465 Fax (972)994-8504 Info-mmw@tgs.com
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154



APPENDIX D. TRIQUINT DATASHEET

TriQuint @

SEMICONDUCTOR TGV2204-FC

Table |
Absolute Maximum Ratings 1/
Symbol Parameter Value Notes
Vce Collector Voltage 1V 2/
Vtune Tune Voltage 1V
Itotal Collector Current 276 mA 2/
1/ These ratings represent the maximum operable values for this device. Stresses beyond those listed

under “Absolute Maximum Ratings” may cause permanent damage to the device and / or affect
device lifetime. These are stress ratings only, and functional operation of the device at these
conditions is not implied.

2/ Combinations of supply voltage, supply current shall not exceed the maximum power dissipation listed
in Table IV.
Table Il
Recommended Operating Conditions
Symbol Parameter 1/ Value
Vce Collector Voltage 5V +5%
Itotal Collector Current 165 mA
Vtune VCO Freq Tune Voltage 0-8V
1/ See assembly diagram for bias instructions.

TriQuint Semiconductor: www. triquint.com (972)994-8465 Fax (972)994-8504 Info-mmw@tgs.com
November 2009 © Rev D
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TriQuint @

SEMICONDUCTOR TGV2204-FC

Table Il
RF Characterization Table
Bias: Vcc =5V, Itotal = 165 mA, typical

SYMBOL PARAMETER TEST MINIMUM NOMINAL MAXIMUM UNITS
CONDITIONS
RF Out Output Power f=19-19.25 GHz 5 7 13 dBm
PN Phase Noise @ 1 f=19-19.25 GHz -107 dBc/Hz
MHz Offset
F/8 Pout Prescaler Output f=19-19.25 GHz -1 -6 2 dBm
1/ Power 1/
F/8 Freq Prescaler Output f=19-19.25 GHz 2.31-2.44 GHz
Frequency
Fout 2V Output Frequency, 18.6 18.95 19.2 GHz
Viune =2V
Fout 8V Output Frequency, 194 19.56 20.0 GHz
Vtune =8V
1/ Single-ended output power measurement

TriQuint Semiconductor: www. triquint.com (972)994-8465 Fax (972)994-8504 Info-mmw@tgs.com

November 2009 © Rev D
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TriQuint @

SEMICONDUCTOR TGV2204-FC

Table IV
Power Dissipation and Thermal Properties
Parameter Test Conditions Value Notes
Maximum Power Dissipation Tbaseplate = 70 °C Pd=TBD W 112/
Tjunction = TBD °C
Tm =TBD Hrs
Thermal Resistance, 8jc Vee=5V Bjc = 80.4 (°C/W)
Id =165 mA Tjunction = 133.5°C
Pd=0.825W Tm =TBD Hrs
Tbaseplate = 70 °C
Mounting Temperature Refer to Solder Reflow
Profiles (pp 11)
Storage Temperature -65to 150 °C
1/ For a median life of 1E+6 hours, Power Dissipation is limited to
Pd(max) = (150 °C — Tbase °C)/6jc.
2/ Junction operating temperature will directly affect the device median time to failure (MTTF). For
maximum life, it is recommended that junction temperatures be maintained at the lowest possible
levels.

Median Lifetime (Tm) vs Channel Temperature

1.E+13

1.E+12
1.E+11 4
1.E+10
1.E+09
1.E+08
1.E+07
1.E+06 -

Median Lifetime (Hours)

1.E+05

1.E+04
25 50 75 100 125 150 175 200

Channel Temperature (°C)
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TriQuint ‘@

SEMICONDUCTOR

TGV2204-FC

Measured Data on Face-down (flipped) Die on Carrier Board

5V, Itotal = 165 mA

Bias conditions: Vcc

Py
T8

Viune (V)

1°8}JO
ZHW | @ (zH/oGP) 2s|oN aseyd

Viune (V)
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TiQuint @.
SEMICONDUCTOR TGV2204-FC

Measured Data on Face-down (flipped) Die on Carrier Board

Bias conditions: Vcc = 5V, Itotal = 165 mA

VCO Output Power (dBm)

Vtune (V)
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TriQuint @.
SEMICONDUCTOR TGV2204-FC

Electrical Schematic

F/I8+ FI/8-
Out Out

I Prescaler |

| rev2204-Fc

N —
100

v

O

Vcec Vtune

Bias Procedures

Bias-up Procedure Bias-down Procedure
Vtune set to ~ +2 V (for desired Freq) Reduce Vccto O V.
Vccsetto5V +5% Turn Vtune to 0 V

For single-ended use of the prescaler (F/8+),
the F/8- output pin may be left open

TriQuint Semiconductor: www. triquint.com (972)994-8465 Fax (972)994-8504 Info-mmw@tgs.com
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TriQuint @

SEMICONDUCTOR TGV2204-FC

Mechanical Drawing
Drawing is for chip face-up
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Units: millimeters

Thickness: 0.38

Die x,y size tolerance: +/- 0.050

Chip edge to pillar dimensions are shown to center of pillar

Pillar #4, 7, 10, 12-15 DC Ground 0.075 ¢ Pillar #6 Prescaler Out 0.075¢
(F/8+)
Pillar #1, 3 RF CPW 0.075 ¢ Pillar #8 Vtune 0.075 ¢
Ground
Pillar #2 RF Out 0.075 ¢ Pillar #9 Vbb (Not Used) 0.075 ¢
Pillar #5 Prescaler Out 0.075 ¢ Pillar #11 Vce 0.075¢
(F/8-)

GaAs MMIC devices are susceptible to damage from Electrostatic Discharge. Proper precautions should
be observed during handling, assembly and test.
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TiQuint @.
SEMICONDUCTOR TGV2204-FC

Recommended Assembly Diagram

Alumina substrate board
Thickness: 0.38 mm

& &
£=99
Prescaler F/8- Output |
Prescaler F/8+ Output | £
©: |5
- == RF Gnd
; . RFout
o ~arT RF Gnd

\

i

TGV2204-FC Die
(flip-chip bonded)

TGV2204-FC data
represented in this
datasheet was
taken using co-
planar waveguide

. Dg (CPW) transition
roun P on the substrate
/ and ground-signal-
ground probes
D
Vtune Vcc

Die is flip-chip bonded / bumped to carrier

NOTE: Vcc should be bypassed sufficiently to avoid phase noise
degradation. Bypass capacitors of 1 uF and 470 uF are recommended.

Tuning port should also be free of supply noise.

GaAs MMIC devices are susceptible to damage from Electrostatic Discharge. Proper precautions should
be observed during handling, assembly and test.
9
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TriQuint @

SEMICONDUCTOR TGV2204-FC

Assembly Notes

Component placement and die attach assembly notes:

Vacuum pencils and/or vacuum collets are the preferred method of pick up.
Air bridges must be avoided during placement.
Cu pillars on die are 65 um tall with a 22 um tall Sn solder cap.

Recommended board metallization is evaporated TiW followed by nickel/gold at pillar attach interface. Ni is the adhesion layer for
the solder and the gold keeps the Ni from oxidizing. The Au should be kept to a minimum to avoid embrittlement; suggested Au /
Sn mass ratio must not exceed 8%.

Au metallization is not recommended on traces due to solder wicking and consumption concerns. If Au traces are used, a physical
solder barrier must be applied or designed into the pad area of the board. The barrier must be sufficient to keep the solder from
undercutting the barrier.

Reflow process assembly notes:

Minimum alloying temperatures 245 C.
Repeating reflow cycles is not recommended due to Sn consumption on the first reflow cycle.
An alloy station or conveyor furnace with an inert atmosphere such as N2 should be used.

Dip copper pillars in “no-clean flip chip” flux prior to solder attach. Suggest using a high temperature flux. Avoid exposing entire
die to flux.

If screen printing flux, use small apertures and minimize volume of flux applied.
Coefficient of thermal expansion matching between the MMIC and the substrate/board is critical for long-term reliability.
Devices must be stored in a dry nitrogen atmosphere.

Suggested reflow will depend on board material and density.

See Triquint Application Note for flip-chip soldering process: TBD

Typical Reflow Profiles for TriQuint Cu / Sn Pillars

Process Sn Reflow
Ramp-up Rate 3 °Clsec
Flux Activation Time and Temperature 60 — 120 sec @ 140 — 160 °C
Time above Melting Point (245 C) 60 — 150 sec
Max Peak Temperature 300 °C
Time within 5 CIC of Peak Temperature 10 — 20 sec
Ramp-down Rate 4 -6 °Clsec

Ordering Information

Part Package Style

TGV2204-FC GaAs MMIC Die

GaAs MMIC devices are susceptible to damage from Electrostatic Discharge. Proper precautions should
be observed during handling, assembly and test.

10
TriQuint Semiconductor: www. triquint.com (972)994-8465 Fax (972)994-8504 Info-mmw@tgs.com
November 2009 © Rev D

163



APPENDIX D. TRIQUINT DATASHEET

TiQuint @

SEMICONDUCTOR TGC4703-FC

19 to 38 GHz Doubler

Key Features

*  RF Output Frequency Range: 38 — 38.5 GHz
* Input Frequency Range: 19 — 19.25 GHz
* 14 dBm saturated Output Power

* 8dB nominal Conversion Gain
* 30 dB input Frequency Isolation at output
* Input Return Loss > 15 dB

*  Output Return Loss > 8 dB
Measured Performance *  Bias: Vd =35V, ldq = 65mA, Vg1 = -0.4 V,
Vg2 = +0.2 V Typical
Bias conditions: Vd = 3.5 V, Vg1 = -0.4 V, Vg2 = +0.2 V, *  Technology: 0.13 um pHEMT with front-side

Cu/Sn pillars

Idq = 65 mA Typical ®  Chip Dimensions: 1.16 x 2.85 x 0.38 mm

Eosf — — Primary Applications
5 W1 *  Automotive Radar
g2 11— ‘*‘ :[ :l: * E-Band Communication
x _12
F-3op S I I 8 I R
82104 | —
2ol -
g Product Description
F
3 7 | | | | | | | The TriQuint TGC4703-FC is a flip-chip frequency
6 doubler. It combines an input and output buffer
) 2 it Peaver (4Bm). 10 12 amplifier and a frequency doubler for use in
automotive radar. The TGC4703-FC is designed
using TriQuint’s proven 0.13 ym pHEMT process
50 T ‘ — T 25 and front-side Cu / Sn pillar technology for
O @ FundFreq 0P @2xFundFreq simplified assembly and low interconnect
40 1o em i @Fund T e I inductance. Die reliability is enhanced by using
§ 3 TriQuint's BCB polymeric passivation process.
3 30 15 5
5 ‘ ‘ ‘ % The TGC4703-FC typically provides 14 dBm
5 20 17 o ﬂ» “ 14302 saturated output power with 8 dB conversion gain.
o 3
2 2 Lead-free and RoHS compliant.
10 ‘ ‘ 5 &
— Fundamental
‘ ‘ — 2x Fundamental
0 0

14 19 24 29 34 39 44 49
Frequency (GHz)
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TriQuint @
’ GC4703-FC
Table |
Absolute Maximum Ratings 1/
Symbol Parameter Value Notes
Vd-Vg Drain to Gate Voltage 55V

vd Drain Voltage 40V

Vg Gate Voltage Range -1t0+0.45V

Id Drain Current 170 mA

Ig Gate Current Range -0.5t0 +3.0 mA

Pin Input Continuous Wave Power 13dBm
1/ These ratings represent the maximum operable values for this device. Stresses beyond those listed

under “Absolute Maximum Ratings” may cause permanent damage to the device and / or affect
device lifetime. These are stress ratings only, and functional operation of the device at these

conditions is not implied.

Table Il
Recommended Operating Conditions

Symbol Parameter 1/ Value
vd Drain Voltage 35V

Idg Drain Current, No RF signal at Input 65 mA
Id Drain Current, RF signal at Input 135 mA

Vg1 Multiplier Stage Gate Voltage -04V
Vg2a, Vg2b | Amplifier Stages Gate Voltage +0.2V

See electrical schematic diagram for bias instructions.
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TiQuint @

SEMICONDUCTOR

Table llI

TGC4703-FC

RF Characterization Table
Bias: Vd =3.5V, Idq = 65 mA, Vg1 =-0.4 V, Vg2 = +0.2 V Typical

SYMBOL PARAMETER TEST CONDITIONS | MINIMUM | NOMINAL | UNITS
IRL Input Return Loss Fin = 19.00 -19.25 15 dB
GHz
ORL Output Return Loss Fin = 38.00 — 38.50 8 dB
GHz
Pout Output Power Fin =19.25 GHz 8 10.5 dBm
(RFin = 0 dBm) Fout = 38.5 GHz
Pout Output Power Fin = 19.25 GHz 125 135 dBm
(RFin = 6 dBm) Fout = 38.5 GHz
Isol Isolation Fin = 19.00 -19.25 30 dB
GHz
Fout = 19.00 -19.25
GHz
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TiQuint @

SEMICONDUCTOR TGC4703-FC
Table IV

Power Dissipation and Thermal Properties

Parameter Test Conditions Value Notes
Maximum Power Dissipation Tbaseplate = 126.5 °C Pd = 0.560 W 1/2/8/
Tchannel = 150 °C
Tm =2.4E+7 Hrs
Thermal Resistance, 6jc Vd=35V Bjc = 42 (°C/W) 3/
Vgl =-0.4V Tchannel = 104 °C
Vg2 =+0.2V Tm = 6.6E+9 Hrs
Id=0.135A
Pd=0.473 W
Tbaseplate = 85 °C
Mounting Temperature Refer to Solder Reflow
Profiles (pp 11)
Storage Temperature -65 to 150 °C
1/ For a median life of 2.4E+7 hours, Power Dissipation is limited to
Pd(max) = (150 °C — Tbase °C)/bjc.

2/ Channel operating temperature will directly affect the device median time to failure (MTTF). For
maximum life, it is recommended that channel temperatures be maintained at the lowest possible
levels.

3/ For this flip-chip die, the baseplate is a plane between the Cu/Sn pillars and the test board. For the
TGCA4703-FC, the critical pillars for thermal power dissipation are 24 thru 28 and 30. (See Mechanical
Drawing.)

Median Lifetime (TM) vs Channel Temperature

1.E+13

1.E+12
1.E+11 4
1.E+10
1.E+09 ~
1.E+08 -
1.E+07 7
1.E+06 -

Median Lifetime (Hours)

1.E+05 7

1.E+04
25 50 75 100 125 150 175 200

Channel Temperature (°C)

TriQuint Semiconductor: www. triquint.com (972)994-8465 Fax (972)994-8504 Info-mmw@tqs.com
November 2009 © Rev A

167



APPENDIX D. TRIQUINT DATASHEET

TiQuint @

SEMICONDUCTOR TGC4703-FC

Measured Data on Flipped Die on Carrier Board
Bias conditions: Vd = 3.5V, Idq = 65 mA, Vg1 =-0.4 V Vg2 = +0.2 V Typical
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Measured Data on Flipped Die on Carrier Board
Bias conditions: Vd = 3.5V, Idq = 65 mA, Vg1 =-0.4 V Vg2 = +0.2 V Typical
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Measured Data on Flipped Die on Carrier Board
Bias conditions: Vd = 3.5V, Idq = 65 mA, Vg1 =-0.4 V Vg2 = +0.2 V Typical
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Electrical Schematic

Va1 i 100 pF
(3 @ )
CPW Gnd (21) | TGC4703-FC CPW Gnd (10)
v ¥
RF IN (22) | b_L}-——.RF OUT (11)
v | &
CPW Gnd (23) CPW Gnd (12)
(19)
Va2 (24 & 27)|(25 &28) |(26'&30) Gnd
9 3 100 pF (13) (6,8,15,
16,20,30)
Vol i 100 pF (7
Bias Procedures
Bias-up Procedure Bias-down Procedure
Vg1, Vg2 setto-0.4 V Turn off RF signal to input
Vd setto +3.5V Reduce Vg1, Vg2 to -0.4 V. Ensure Id ~
0mA
Adjust Vg2 ONLY more positive until Id is 65 mA Turn Vdto O V

(Vg ~+0.2V)

Apply RF signal to input
Id will be ~135 mA
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Mechanical Drawing
Drawing is for chip face-up

58 &8 8 8 %8 § 2 o8
o o 5] =3 — — — — o o oo
1.160
.- N N N NS N S
B A4 A4 A4 A4 A4 4 A4
12 3456 7 8 9,0] -
O 0.723
0647 ———1023 24 25 260 1104—— o600 0.582
0531 —————++————0 28 0533
F——— 0392
0422 —1022 27 ZM%
.326
0196 — 12120 [19 18 17 (16 —1514| 13 0384
0.128 ra Pa\ ? 0.378
0.000 ] I I I ] I ]
g2 I B 2 83233 2 8 &
S+- n Q » S A YO ® @ - o~
o o o o o ~— - - - o N o N
Units: millimeters  Thickness: 0.380
Die x,y size tolerance: +/- 0.050
Chip edge to pillar dimensions are shown to center of
pillar
Pillar #22 RF In 0.075 @ Pillar #7 Vd1 0.075 @
Pillar #11 RF Out 0.075 @ Pillar #3 Vd2a 0.075 @
Pillar #10, 12, RF CPW 0.075 @ Pillar #9 Vd2b 0.075 @
21,23 Ground
Pillar #17 Vg1 00750 Plllar1§6,1£é, DC Ground 0.075Q0
- 20, 24-
Pillar #19 Vg2a 0.075 9 28 30
Pillar #13 Vg2b 0.075 3 Pillar #1, 2, 4, Mech. 0.075 9
5,14,18, | Support Only
29
GaAs MMIC ices are ptible to from Electrostatic Di ge. Proper p. ti hould

be observed during handling, assembly and test.

TriQuint Semiconductor: www. triquint.com (972)994-8465 Fax (972)994-8504 Info-mmw@tqs.com
November 2009 © Rev A

172



APPENDIX D. TRIQUINT DATASHEET

TiQuint @&
SEMICONDUCTOR TGC4703-FC

Recommended Assembly Diagram

GND
100 pFMEﬂmo oF

@ a g E a
O / TGC4703-FC Die
va2
RFIn RF Out
FFin E
§§§ TGC4703-FC data
represented in this
& g WQ datasheet was

taken using co-
GND 100 pF GND planar waveguide
(CPW) transition on
the substrate and
ground-signal-
Vd ground probes

Die is flip-chip soldered to a 15 mil thick alumina test substrate

GaAs MMIC devices are susceptible to damage from Electrostatic Discharge. Proper precautions should
be observed during handling, assembly and test.
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Assembly Notes

Component placement and die attach assembly notes:

Vacuum pencils and/or vacuum collets are the preferred method of pick up.
Air bridges must be avoided during placement.
Cu pillars on die are 65 um tall with a 22 um tall Sn solder cap.

Recommended board metallization is evaporated TiW followed by nickel/gold at pillar attach interface. Ni is the adhesion layer for
the solder and the gold keeps the Ni from oxidizing. The Au should be kept to a minimum to avoid embrittlement; suggested Au /
Sn mass ratio must not exceed 8%.

Au metallization is not recommended on traces due to solder wicking and consumption concerns. If Au traces are used, a physical
solder barrier must be applied or designed into the pad area of the board. The barrier must be sufficient to keep the solder from
undercutting the barrier.

Reflow process assembly notes:

Minimum alloying temperatures 245 °C.
Repeating reflow cycles is not recommended due to Sn consumption on the first reflow cycle.
An alloy station or conveyor furnace with an inert atmosphere such as N2 should be used.

Dip copper pillars in “no-clean flip chip” flux prior to solder attach. Suggest using a high temperature flux. Avoid exposing entire
die to flux.

If screen printing flux, use small apertures and minimize volume of flux applied.
Coefficient of thermal expansion matching between the MMIC and the substrate/board is critical for long-term reliability.
Devices must be stored in a dry nitrogen atmosphere.

Suggested reflow will depend on board material and density.

Typical Reflow Profiles for TriQuint Cu / Sn Pillars

Process Sn Reflow
Ramp-up Rate 3 °C/sec
Flux Activation Time and Temperature 60 — 120 sec @ 140 — 160 °C
Time above Melting Point (245 °C) 60 - 150 sec
Max Peak Temperature 300 °C
Time within 5 °C of Peak Temperature 10 -20 sec
Ramp-down Rate 4 —6°C/sec

Ordering Information

Part Package Style
TGC4703-FC GaAs MMIC Die
GaAs MMIC devices are ptible to d: from Electrostatic Discharge. Proper precautions should

be observed during handling, assembly and test.
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38 to 77 GHz Doubler and Medium Power Amplifier

2 0
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Measured Performance

Bias conditions: Vd =4.0 V, Vg1 =-0.4 V, Vg2= 0.2 V,
Idg = 180 mA Typical

Output Power at 2 x Input Freq

6 -4 2 0 2 4 6 8 10 12 14 16
Input Power (dBm)

60 15
55 +— — —
Output @ 2x Fund Freq -
.50 (Fund Freq:+11 dBmat —T110 §
g a5 Input ] r
o
5w BERE s
§ oy |11 3
2 35 1 Gwerd a
30 4™ — —10 3
Input @ Fund Fundamental
25 +|Freq Fundamental —
20 I I | 5
30 35 40 45 50 55 60 65 70 75 80 85 90
Frequency (GHz)

Key Features

*  RF Output Frequency Range: 76-77 GHz

*  Input Frequency Range: 38.0-38.5 GHz

*  Two outputs — Out1 (Main) and Out2 (12 dB
coupled from Out1)

* 14 dBm saturated Output Power

* 5dB Conversion Gain

* 50 dB Input Frequency Isolation at output

* Input Return Loss > 8 dB

*  Output Return Loss > 10 dB

® Bias:Vd=3.75V, Idqg = 180 mA,
Vg1 =-0.4V Vg2 =+0.2 V Typical

*  Technology: 0.13 um pHEMT with front-side
Cu/Sn pillars

®  Chip Dimensions: 3.38 x 1.37 x 0.38 mm

Primary Applications
*  Automotive Radar
* E-Band Communication

Product Description

The TriQuint TGC4704-FC is a flip-chip frequency
doubler. It combines an output medium power
amplifier and a frequency doubler at frequencies in
the automotive radar frequency band. The
TGC4704-FC is designed using TriQuint's proven
0.13 um pHEMT process and front-side Cu / Sn
pillar technology for simplified assembly and low
interconnect inductance. Die reliability is
enhanced by using TriQuint's BCB polymeric
passivation process.

The TGC4704-FC typically provides 14 dBm
saturated output power with 5 dB conversion gain.

Lead-free and RoHS compliant.
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Table |
Absolute Maximum Ratings 1/
Symbol Parameter Value Notes
Vd-Vg Drain to Gate Voltage 55V

vd Drain Voltage 40V

Vg Gate Voltage Range -1t0+0.45V

Id Drain Current 330 mA

Ig Gate Current Range -0.5t0 +3.0 mA

Pin Input Continuous Wave Power 16 dBm
1/ These ratings represent the maximum operable values for this device. Stresses beyond those listed

under “Absolute Maximum Ratings” may cause permanent damage to the device and / or affect
device lifetime. These are stress ratings only, and functional operation of the device at these
conditions is not implied.

Table Il
Recommended Operating Conditions

Symbol Parameter 1/ Value

vd Drain Voltage 3.75V
Idq Drain Current, No RF signal at Input 180 mA
Id Drain Current, RF signal at Input 240 mA

Vg1 Multiplier Stage Gate Voltage -04V

Vg2a thru Vg2d | Amplifier Stages Gate Voltage +0.2V

1/ See electrical schematic diagram for bias instructions.
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Bias: Vd =3.75V V, Idq = 180 mA, Vg1 =-0.4 V, Vg2 = +0.2 V Typical

Table llI

TGC4704-FC

RF Characterization Table

SYMBOL PARAMETER TEST CONDITIONS | MINIMUM | NOMINAL | UNITS

IRL Input Return Loss Fin = 38.0 — 38.5 GHz 8 dB

ORL Output Return Loss Fin=76.0 - 77.0 GHz 10 dB

Pout Output Power (Pin =8 Fin = 38.5 GHz 115 12.5 dBm
dBm) Fout = 77 GHz

Pout Output Power (Pin = Fin = 38.5 GHz 13.0 14.0 dBm
10 dBm) Fout = 77 GHz

Isol Isolation Fin = 38.0 — 38.5 GHz 50 dB

Fout = 38.0 —38.5 GHz
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Table IV
Power Dissipation and Thermal Properties

Parameter Test Conditions Value Notes
Maximum Power Dissipation Tbaseplate = 128.8 °C Pd=12W 1/2/3/
Tchannel = 150 °C
Tm = 2.4E+7 Hrs

Thermal Resistance, 6jc Vd=4.0V 6jc = 17.7 (°C/W) 3/
Vgl =-0.4V Tchannel = 102 °C
Vg2 =+0.2V Tm = 9.8E+9 Hrs
Id=0.240 A
Pd =0.960 W
Tbaseplate = 85 °C
Mounting Temperature Refer to Solder Reflow
Profiles (pp 12)
Storage Temperature -65 to 150 °C
1/ For a median life of 2.4E+7 hours, Power Dissipation is limited to
Pd(max) = (150 °C — Tbase °C)/bjc.

2/ Channel operating temperature will directly affect the device median time to failure (MTTF). For
maximum life, it is recommended that channel temperatures be maintained at the lowest possible
levels.

3/ For this flip-chip die, the baseplate is a plane between the Cu/Sn pillars and the test board. For the
TGC4704-FC, the critical pillars for thermal power dissipation are 24 thru 33. (See Mechanical
Drawing.)

Median Lifetime (Tm) vs Channel Temperature
1.E+13

1.E+12 4
1E+11 +-----
1.E+10 4
1.E+09
1.E+08 1
1.E+07 A
1.E406 T A

Median Lifetime (Hours)

1.E+05 4

FETI

1.E+04
25 50 75 100 125 150 175 200

Channel Temperature (°C)
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Output Power at 2 x Input Freq

Measured Data on Flipped Die on Carrier Board

Bias: Vd = 4.0 V, Idq = 180 mA, Vg1 =-0.4 V, Vg2 = +0.2 V Typical
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Measured Data on Flipped Die on Carrier Board

Bias: Vd =4.0 V, Idq = 180 mA, Vg1 =

-0.4V, Vg2 = +0.2 V Typical
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Measured Data on Flipped Die on Carrier Board

Bias: Vd = 4.0 V, Idq = 180 mA, Vg1 =-0.4 V, Vg2 = +0.2 V Typical

IRL, ORL (dB)
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Measured Data on Flipped Die on Carrier Board

Bias: Vd = 4.0 V, Idq = 180 mA, Vg1 =-0.4 V, Vg2 = +0.2 V Typical
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Electrical Schematic

V7
100 pF F @ @ & ©F @
TGC4704-FC %(12)
(1) - (R1l; )0UT2
v | 3(14)
RF IN
@
©
(23) RF OUT1
- (10)

T B A T R

(24&29) |(25&30) | (26&31) | (27 &32) |(28 &33) Gnd

Vg1 T pF gp:rg;,s,
Vg2
9 3 100 pF  (1g) (a7 (16) (15)

Bias Procedures

Bias-up Procedure Bias-down Procedure

Vg1, Vg2 setto-0.4 V Turn off RF signal to input

Vd setto +3.75 V Reduce Vg1,2t0-0.4 V. Ensure Id ~ 0
mA

Adjust Vg2 ONLY more positive until Id is 180 mA Turn Vdto O V

(Vg ~ +0.2V)

Apply RF signal to input
Id will be ~240 mA
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Mechanical Drawing
Drawing is for chip face-up

$ 8 33 8§ 8 § 8 8 & &8
S =} [SIr=1 — - - ol ol ol © o
‘— 1.370
1.244 ! ‘ ‘ l ‘ : \5
1 2 3 4 5 6 7 8
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0.778 22 O 10
0.682 < 0.683
0.587 o sz J&
0.457 O 21 29 30 31 32 33 11 0.458
20 19| 18 17| 16 15 (1413 12
0.126 o o0 O O
0.000 ‘ T il I A v
o p=4 < ® O < f=] [fe] o
8 3 & 8 3 8 2 8 &
o o =} - - \—‘ ’J - i [ @
58 B b o8
- - dal Qo
Units: millimeters Thickness: 0.380
Die x, y size tolerance +/- 0.050
Chip edge to pillar dimensions are shown to center of pillar
Pillar #22 RF In 0.075 @ Pillar #15 Vg2d 0.075 3
Pillar #10 RF Out1 0.075 0 Pillar #2 vd1 0.075 &
(Main)
Pillar #13 RF Out2 0.075 @ Pillar #4 Vd2a 0.075 @
(Coupled)
Pillar #9, 11, RF CPW 0.0750 Pillar #5 Vd2b 0.0750
12, 14, Ground
21,23 Pillar #6 Vd2c 0.075 @
Pillar #20 Vot 00759 Pillar #7 vdad 0.075@
Pillar #18 Vo2a 00758 Pilar#13 | DCGround | 00750
Pillar #17 Vg2b 0.075 @ 819,24
thru 33
Pillar #16 Vg2c 0.075 @

GaAs MMIC devices are susceptible to damage from Electrostatic Discharge. Proper precautions should
be observed during handling, assembly and test.
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Recommended Assembly Diagram

RF Out2
100 pF|ﬁ G/ND 100 pF (Coupled)

TGC4704-FC Die
k|~

RF Out1
(Main)

RF In

TGC4704-FC data
represented in this
datasheet was
taken using co-

planar waveguide
(CPW) transition on
vd the substrate and
ground-signal-
ground probes

Die is flip-chip soldered to a 15 mil thick alumina test substrate

GaAs MMIC devices are susceptible to damage from Electrostatic Discharge. Proper precautions should
be observed during handling, assembly and test.
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Assembly Notes

Component placement and die attach assembly notes:

Vacuum pencils and/or vacuum collets are the preferred method of pick up.
Air bridges must be avoided during placement.
Cu pillars on die are 65 um tall with a 22 um tall Sn solder cap.

Recommended board metallization is evaporated TiW followed by nickel/gold at pillar attach interface. Ni is the adhesion layer for
the solder and the gold keeps the Ni from oxidizing. The Au should be kept to a minimum to avoid embrittlement; suggested Au /
Sn mass ratio must not exceed 8%.

Au metallization is not recommended on traces due to solder wicking and consumption concerns. If Au traces are used, a physical
solder barrier must be applied or designed into the pad area of the board. The barrier must be sufficient to keep the solder from
undercutting the barrier.

Reflow process assembly notes:

Minimum alloying temperatures 245 °C.
Repeating reflow cycles is not recommended due to Sn consumption on the first reflow cycle.
An alloy station or conveyor furnace with an inert atmosphere such as N2 should be used.

Dip copper pillars in “no-clean flip chip” flux prior to solder attach. Suggest using a high temperature flux. Avoid exposing entire
die to flux.

If screen printing flux, use small apertures and minimize volume of flux applied.
Coefficient of thermal expansion matching between the MMIC and the substrate/board is critical for long-term reliability.
Devices must be stored in a dry nitrogen atmosphere.

Suggested reflow will depend on board material and density.

Typical Reflow Profiles for TriQuint Cu / Sn Pillars

Process Sn Reflow
Ramp-up Rate 3 °C/sec
Flux Activation Time and Temperature 60 — 120 sec @ 140 — 160 °C
Time above Melting Point (245 °C) 60 - 150 sec
Max Peak Temperature 300 °C
Time within 5 °C of Peak Temperature 10 -20 sec
Ramp-down Rate 4 —6°C/sec

Ordering Information

Part Package Style
TGCA4704-FC GaAs MMIC Die
GaAs MMIC devices are ptible to d: from Electrostatic Discharge. Proper precautions should

be observed during handling, assembly and test.
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