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ABSTRACT

The main goal of this thesis was the study and development of
technology, specifically harmonic mixers, working at millimetre and sub-
millimetre frequencies in other to implement systems for imaging

applications.

Before focusing on the development of this technology, it was
important to go into detail about the characterisation of mixer systems. For
this reason, two important studies were reported at the first parts of this
dissertation. This is: the comparison between three different measurement
procedures (the attenuator, gain and noise injection procedures) as well as
three detection methods, and the impact of the use of different IF Chains in
the measurement process. The Gain method turned to be the most reliable
one in terms of more constant values and closer to the average between all
procedures. According to the IF Chain study, the impact of the inclusion of
an isolator between the mixer and the pre-amplifier was analysed. This
Thesis has proved that the increase on the noise temperature of the mixer
due to the inclusion of an isolator could be explained by the mismatch
existing between devices presented in the receiver. So that, depending on
the IF chain used to measure the performance of a mixer, this performance
could be altered by the mismatching existing between the mixer and the IF
chain, which could lead to an increase or a decrease of the mixer NT and
CL. This revealed the importance of a good matching between components

in order to produce comparable results.
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In the last years, it has been done a relevant investigation in the
development of THz systems for imaging applications based on the design
of Schottky diode harmonic mixers. However, this Thesis opens the
possibility of using a COC (cyclic olefin copolymer) substrate in the
development of these components which leads to fewer losses and

therefore, to an improved mixer performance.

Accordingly, the second part of this Thesis dealt with the design,
fabrication and characterization of a Schottky diode sub-harmonic mixer
working at an RF frequency of 220 GHz. This mixer exhibited best noise
temperature below 1000 K and conversion loss of 7.2 dB. Moreover, in
order to prove the fact that a lower losses substrate leads to a better
performance, the comparison between this mixer and the same one
implemented on Rogers Duroid 5880 was carried out. Results showed an
improvement of 300 K and 0.5 dB in the performance of the COC mixer

with respect to the Rogers one.

Once the feasibility of using this substrate in the design of mm-wave
mixers was validated, the development of a 1x8 array was fulfilled. This
dissertation proved the repeatability of the
design/fabrication/characterisation  cycle obtaining minimum noise
temperature values around 1000 K and conversion loss results between 6.8
and 7.8 dB for all the elements that formed the array. Moreover, the
simulated results of this array operating over a Cassegrain system for
imaging applications were reported. The best performance obtained as a
compromise between the S/N value, maximum value of the E field and
shape of the beam cut at -3 dB was reached with an antenna of 24 dB gain.
It is important to highlight that this thesis presents for the first time an
imaging operational array formed by eight Schottky diode mixers.

Furthermore, new approaches in the development of heterodyne
receivers were also examined. Usually, sub-millimetre-wave mixer designs
are based on sub-harmonic architectures, in which the RF frequency is

double the LO frequency. One of the main reasons for selecting this
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configuration is the difficulties to have enough LO power at high
frequencies to pump propetly the diodes. With the reduction in a factor two
of the LO frequency, the LO power criterion can be more easily complied
with. Nevertheless, if the RF frequency keeps increasing, this problem
becomes more arduous to sort out. Even at relatively low frequencies, in
cases where the system (as in imaging applications) implements several
pixels formed by sub-harmonic mixers, the LO power necessity is also a
relevant problem. However, an advanced approach based on the use of a
fourth-harmonic mixer configuration in which the RF frequency is four
times the LO frequency can become in an attractive solution. This
configuration can resolve the aforementioned problems by working with an
LO source operating at much lower frequency where higher power is

available.

A fourth harmonic configuration mixer working at an RF frequency
of 440 GHz was developed and measured for the first time at the WR2.2
band. The fourth-harmonic mixer configuration consists on a harmonic
mixer that by appropriate filtering selects the fourth mixing product of the
LO frequency and the RF frequency. This solution is simpler than other
configurations based on cancellation of the sub-harmonic mixing product
by combining the response of 4 diodes with 90° phase difference. Minimum
noise temperature and conversion loss values of 7914 K and 14 dB
respectively were obtained for a LO power of 9.5 mW, although satisfactory
results were achieved for input LO powers from 7.5 mW to 10 mW.
Although they are far from being comparable with the performance of sub-
harmonic mixers, they offer a good alternative when LO power at high
frequencies results an issue. Moreover, a comparison with a sub-harmonic
mixer operating at the same RF frequency was also presented in this
manuscript. In order to carry on this comparison a frequency doubler from
110 GHz to 220 GHz was developed.

Finally, this Thesis ends with the images taken by the sub-harmonic
mixer operating at 220 GHz and the complete array together with the cuasi-
optical system, provided by the Alfa Imaging Company. The possibility of

taken images with the designed components was proven in both cases.
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Firstly, a single pixel was used, i.e. the sub-harmonic mixer, which was
helped by two lenses to improve the definition over the image. Results
showed a high resolution of the objects and a variation of the level of the
obtained power depending on its nature. The user was able to distinguish
between elements such as the human body, a metallic sheet or a ceramic
material, giving the possibility to identify, via the shape, and detect them.
Finally, some images of a whole person were taken using the 1x8 array and
Alfa Imaging mirror’s system. The images were taken outdoors and at a
distance of 4 metres from the imaging system. The person was completely
distinguished and moreover, a metallic sheet placed on the chest of the
person was also detected, offering an alternative to the actual airport

scanners.

This dissertation was framed within four research programmes given
to the Antenna Group and counted on an industrial background support
which made it of high significance in the THz field. But this dissertation
was not only the result of some research projects but also the starting point

for the Antenna Group to set a THz lab and become a national reference in
this field.
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RESUMEN

El principal objetivo de esta tesis fue el estudio y desarrollo de
tecnologfa, concretamente mezcladores armoénicos, trabajando a frecuencias
de milimétricas y sub-milimétricas con el fin de implementar sistemas para

aplicaciones de imagen.

Antes de centrarse en el desarrollo de esta tecnologfa era importante
conocer en detalle la caracterizacion de sistemas de mezcladores. Por este
motivo, la primera parte de esta Tesis, presentaba dos estudios importantes.
Es decir, la comparaciéon entre diferentes procedimientos de medida (el
método del atenuador, la ganancia y la inyecciéon de ruido) asi como tres
métodos de deteccion, y el efecto de utilizar distintas cadenas de IF en la
caracterizacion. El método de la Ganancia resulté ser el mas fiable en
términos de resultados mas constantes y mas cercanos a la media obtenida
entre todos los procedimientos. En lo referido al estudio de la cadena de IF,
se analizé el efecto de afiadir un aislador entre el mezclador y el pre-
amplificador. Esta tesis ha probado que el aumento de la temperatura de
ruido del mezclador producido por la introduccién del aislador podia ser
explicado por la desadaptaciéon existente entre los componentes que
formaban el receptor. Por tanto, dependiendo de la cadena de IF utilizada
para caracterizar el funcionamiento del mezclador, este funcionamiento
podia alterarse por la desadaptacion existente entre el mezclador y la cadena
de IF, lo que podia llevar al aumento o disminuciéon de la temperatura de
ruido y pérdidas de conversién del mezclador. Esto revel6 la importancia de
tener una buena adaptacion entre componentes a la hora de obtener

resultados comparables.
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En los ultimos anos se ha realizado una investigacioén de relevancia en
el desarrollo de sistemas de THz para aplicaciones de imagen basados en el
disefio de mezcladores armoénicos de diodos Schottky. Sin embargo, esta
Tesis ha abierto la posibilidad de utilizar substratos COC (cyclic olefin
copolymer) en la implementacién de estos componentes, lo que lleva a
menores pérdidas y por tanto, a una mejorfa en el funcionamiento del

mezclador.

En consecuencia, la segunda parte de la Tesis trataba del disefio,
fabricaciéon y caracterizacion de un mezclador sub-armoénico de diodos
Schottky trabajando a una frecuencia de RF de 220 GHz. Este mezclador
presenté minima temperatura de ruido por debajo de 1000 K y unas
pérdidas de conversién minimas de 7.2 dB. Ademas, con el fin de probar el
hecho de que un sustrato con menores pérdidas daba lugar a un mejor
funcionamiento, se realiz6 la comparacién entre este mezclador y uno
idéntico implementado sobre substrato Rogers Duroid 5880. Los resultados
mostraron una mejorfa de 300 K y 0.5 dB en el comportamiento del

mezclador implementado en COC con respecto al de Rogers Duroid.

Una vez comprobada la viabilidad de utilizar este substrato en el
disefio de mezcladores a milimétricas, se realizé el desarrollo de un array de
1x8 elementos. Esta Tesis probé la repetitividad del ciclo de
disefio/fabricacién/medida obteniendo minimas temperaturas de truido
alrededor de 1000 K y pérdidas de conversion entre 6.8 y 7.8 dB para todos
los elementos que formaban el array. Ademas, se mostraron los resultados
de simulacién de este array operando en un sistema Cassegrain para
aplicaciones de imagen. El mejor comportamiento, obtenido como
compromiso entre el valor de S/N, maximo valor del campo E y la forma
del haz a -3 dB, se obtuvo para una antena de 24 dBs de ganancia. Es
importante remarcar que esta Tesis ha mostrado por primera vez un array
operativo formado por ocho mezcladores de diodos Schottky para

aplicaciones de imagen.
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Resumen it

As{ mismo, también se examinaron nuevas variantes en el desatrrollo
de receptores heterodinos. Normalmente, los disefios de mezcladores en
ondas sub-milimétricas se basan en arquitecturas sub-armonicas, en las que
la frecuencia de RF es doble que la de OL. Una de las principales razones a
la hora de seleccionar estas conjuraciones es la dificultad de tener suficiente
potencia de OL para alimentar los diodos de forma correcta. Con la
reduccion de la frecuencia de OL en un factor de dos, se puede alcanzar el
criterio de potencia de OL. Sin embargo, si la frecuencia de RF sigue
aumentando, este problema se convierte arduo de resolver. Incluso a
frecuencias relativamente bajas, en casos en los que el sistema (como en
aplicaciones de imagen) implementa varios pixeles formados por un
mezclador sub-arménico, la necesidad de potencia de OL es un problema
relevante. Sin embargo, una solucién atractiva a este problema puede ser el
uso de mezcladores en configuraciones de cuarto armonico en los cuales la
frecuencia de RF es cuatro veces la de OL. Esta configuraciéon puede
resolver los problemas nombrados anteriormente trabajando con una fuente
de OL operando a frecuencias mucho mas bajas donde es posible obtener

suficiente potencia.

Por primera vez se desarrollaba y media en la banda de WR2.2, un
mezclador en cuarto armoénico trabajando a una frecuencia de RF de 440
GHz. Un mezclador en configuraciéon de cuarto armoénico consiste en un
mezclador armoénico en el que por medio del filtrado apropiado se
selecciona la mezcla del producto de cuarto armoénico de las frecuencias RF
y OL. Esta soluciéon es mucho mas sencilla que otras configuraciones
basadas en la cancelacion del producto de mezclado sub-armoénico
combinando la respuesta de 4 diodos en cuadratura. Los minimos valores
de temperatura de ruido y pérdidas de conversion fueron obtenidos para
una potencia de OL de 9.5 mW con valores de 7914 K y 14 dB
respectivamente, aunque se consiguieron resultados satisfactorios para
potencias entre 7.5 y 10 mW. A pesar de que estos resultados se encuentran
lejos de ser comparables con el comportamiento de mezcladores sub-
armoénicos, ofrecen una buena alternativa cuando la potencia de OL a

frecuencias altas resulta un problema. Ademds, este manuscrito también
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presentaba la comparativa con un mezclador sub-armoénico trabajando a la
misma frecuencia de RF; asi como un multiplicador en frecuencia de 110 a
220 GHz que fue desarrollado con el fin de poder realizar dicha

comparativa.

Finalmente, esta Tesis terminaba con las imagenes tomadas por el
mezclador sub-armoénico operando a 220 GHz asi como por el array de
mezcladores y el sistema cuasi-6ptico cedido por la compafifa Alfa Imaging.
Se probaba en ambos casos la posibilidad de tomar iméagenes con los
componentes disefiados. Primero de todo, se utilizé un unico pixel, es decir,
el mezclador sub-armoénico, al que se afadieron dos lentes para mejorar la
definicién de la imagen. Los resultados mostraron una buena resoluciéon de
los objetos y la variacién del nivel de potencia dependiendo de su
naturaleza. El usuario fue capaz de distinguir entre elementos como el
cuerpo humano, una placa metalica o un material ceramico, obteniendo la
posibilidad de identificarlos, por medio de la forma, y detectatlos.
Finalmente, se tomaron algunas imagenes de una persona completa
utilizando el array de 1x8 elementos y el sistema de espejos de Alfa Imaging.
Las imagenes fueron tomadas al aire libre a una distancia de 4 metros del
sistema de imagen. Se distinguié a la persona completamente y lo que es
mas, se detecté una placa metalica colocada en el pecho de dicha persona,

ofreciendo una alternativa a los escaneres de aeropuertos actuales.

Esta Tesis ha sido enmarcada dentro de cuatro programas de
investigaciéon otorgados al Grupo de Antenas y ha contado con un apoyo
industrial de fondo que la ha dotado de gran significancia en el campo de
los THz. Pero no solo ha sido el resultado de algunos proyectos de
investigacion sino el punto de partida para que el Grupo de Antenas crease
un laboratorio de THz y se convirtiera en una referencia nacional en este

campo.
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CHAPTER1

INTRODUCTION

1.1 Background

Nowadays, the millimetre, 30 to 300 GHz, and sub-millimetre
frequency ranges, 0.3 to 10 THz, have become of great interest for a wide
range of applications such as materials research (spectroscopy, surface
analysis, solid state reactions...), non-destructive testing (imaging/inspection
of foams, ceramics, plastics, paper, textile...), bio-medicine
(pharmaceuticals, biopsies, imaging...), security (counterfeit,
antiterrorism...) and astrophysics (radiometers, atmosphere sensing...). The
main reason is the advantages that this frequency region offers compare to
the infrared and the visible range. The THz region (which includes the
millimetre and sub-millimetre wave range) is situated between the
microwave and the infrared frequencies, Fig. 1-1, and offers the possibility
of obtaining images under extreme situations, such as low visibility
scenarios provoked by clouds, fog, rain or even dust storms, as well as
during the day or at night; which are not possible to obtained at other
frequency ranges. This capability of “seeing” under such difficult scenarios
has become of great importance for a revolutionary range of applications
and has set an inflexion point in the design of imaging cameras, [Sie03a;
Cha07; Tes07; Bog09]. The THz frequency range compared to the
microwave, infrared and X-ray offers good resolution (~mm), good
penetration depth (~cm), it is non-hazardous and high sensitive.

Nevertheless, both metal and water block the radiation at these frequencies.
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Fig. 1-1 Frequency Spectrum [Hwa05].

Furthermore, the atmospheric attenuation along the THz range is
rather high; however, frequency bands in which this attenuation is relatively
low can be found and for this reason, they become ideal candidates for the
development of imaging formation cameras and for many other applications
such as radar [Baell; Cooll; Hanll; Futl2] and communication systems
[Tha95; Yul0O; Hull; Nas13]. These frequency bands are also known as
“working windows” and can be found at different frequencies of the
spectral range, 35 GHz, 94 GHz, 140 GHz, 220 GHz, 280 GHz, etc.
[Wan09; Mar12].

The first image of Fig. 1-2 shows the atmospheric attenuation curves
from 10 GHz to 1000 THz. It is possible to find out different frequency
bands, “windows”, in which the attenuation level decreases. The second
image makes a zoom of the frequencies between 10 GHz to 1 THz. Here,
the atmospheric attenuation curves under various levels of relative humidity
(RH) and fog are shown. It is straightforward to identify the “working
windows” aforementioned. Note also that, as the relative humidity increases
the attenuation level increases and it would make more complicated to

operate at these frequencies.
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Fig. 1-2 Attenuation vs frequency, [Wan09; Mar12].

All natural objects which temperature is above absolute zero emit
passive millimetre wave radiation. This radiation is related to the object
temperature and important differences can be found in the radiation

emitted by a cold and a hot object, see Fig. 1-3.
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Fig. 1-3 Spectral radiation [WIKI].

Every single object has its particular absorption pattern which
identifies him. Passive imaging cameras are based on this fact and, this is
why, it is possible to detect and it is on the way to identify different objects
that emit radiation at the THz range.

Even though the radiation emitted at the THz region is much lower
compared to the emitted at the infrared, around 10° times less, the use of
this frequency range is possible thanks to the better detector’s noise
performance, 10° times better, and the temperature contrast, 10°. Apart
from the fact that THz detectors can reach a performance similar to the
infrared ones, they also offer other important characteristics: they are non-
ionizing that is, their emitted radiation is harmless to the human being; they
offer a good penetration depth (~cm) compare to infrared, which can only
penetrate depths of ~um. This is of great importance in the design of
imaging cameras at these frequencies since opens the possibility to detect
hidden objects.

A passive imaging camera has a similar performance as a photo
camera without flash, i.e., it is able to receive the energy emitted by a scene
without the help of lighting unlike active cameras [Weg09; Llo10; Frill].

upna
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Passive THz imaging cameras allow the user to see objects, materials and
substances from which a different information can be obtained compare to
other frequency ranges, as well as they offer the possibility to see through
clothes (detecting hazardous objects, guns, explosives) [She04; App07;
Liu07; Dav08; SemO8], detect chemical components [YamO04; Ajill],
observe carcinogenic cells, [Cie00; Zha07], etc.; which has opened a wide
variety of applications in the defence [Miy05; Hai07; Zha07] , astrophysics
[Gai98; ThoO4; Wan09, Tho09; Thol2], medical [L6f01; Sie04; Pic06;
Sim09; Nal13] and agriculture sectors [Yon07; Etall; Iri11; Kim12]. Some
examples of the possibilities of a THz passive imaging camera are depicted
in Fig. 1-4, Fig. 1-5 and Fig. 1-6.

@)

Fig. 1-4 (a) Wooden sheet at the visible range. (b) Person and weapon detection at THz,
(Image courtesy Alfa Imaging).

Fig. 1-4 (a) shows a wooden sheet. Nevertheless, it is possible to
observe that a person is hidden behind it since his hands, which are holding
the wooden sheet, are visible. However, it would be impossible to see that
person at the visible range. This is why the same image has been taken at
the THz range, Fig. 1-4 (b). Here the person who was hidden is perfectly
distinguished and which is more important, a hidden gun at the chest’s

person is also detected.



6 Development of Terabertz; Systems for Imaging Applications

4 mm

gl 4 mm

0.05}

0.7

Fig. 1-5 THz skin cancer image (a) on the surface and (b) inside the tissue [TERAa].

The THz frequencies can also be really useful in the improvement of
conventional biopsy processes since it is possible to identify more exactly
the tissue needed to be removed and can facilitate a quicker and more

precise diagnosis, Fig. 1-5.

Fig. 1-6 (a) Leaf at the visible frequency range, (b) transmitted image and (c) reflected
image of the leaf at the THz range, [Etall].

Due to the absorption produced by the water at the THz frequencies,
some applications to measure this value can be developed. An example
could be the detection of plants” water content, Fig. 1-6. The possibility of
knowing at real time the condition of a plant and the necessity to be

watered can be really useful at agriculture sectors.

At the moment, there are some companies that have developed or are
on the way to develop commercial Passive millimetre-wave cameras, mostly

for security and defence applications, Table 1-1.

Company Products Operating Stand-off distances
Frequency

Alfa Imaging Alfa3Series 80-100 GHz 2-20 m

[ALFA]
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Brijot-Microsemi AllClear, 100-200 GHz ~cm
[MIC]
Gen2, 80-100 GHz ~1m
MobileScan 80-100 GHz ~1m
Digital Barriers ThruVision TS4 250 GHz 3-10 m
[DIG] ThruVision TS5 250 GHz 6-20 m
Millivision Portal System 350 Not specified Portal area
Technologies [MIL] Walk-by System 350 ~7m
Stand-off System 3-4m
350
Sago Systems-Trex Sago ST-150 Not specified Not specified
Enterprises [TREX]
Rapidscan Systems Rapidscan 80-100 GHz Not specified
[RAP] WaveScan 200
Smiths detection Ego Not specified Not specified
[SMI]
QinetiQ [QIN] SPO-7R Not specified 14 m

Table 1-1 Commercial passive imaging THz cameras state-of-the-art.

Imaging THz cameras consist currently of a front-end and a receiver.
Usually direct detection is employed in this kind of systems. However, when
the operational frequency increases they become a problem since the low
noise amplifiers, LNAs, used in direct detectors limit the system. This is due
to the fact that they are just becoming to be developed in the last few years
[Deal7; Puk08; ChelOb; Kan10] and therefore, there aren’t commercial low
noise amplifiers above 100 GHz, which make difficult their use at several
hundreds of GHz and impossible above 1 THz. For this reason, the most
commonly used receivers are based on heterodyne receivers [L1o08] instead
of direct detection. Nevertheless, kinetic inductance detectors (KIDS)
[Day03; Iac09; Wooll; Narl3] have become really important in the last few
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years, mostly in the astronomy field, thanks to their high sensitivity values
and the possibility of implementing large arrays.

Within heterodyne receivers [Sch02] superconductor insulator
superconductor (SIS) [Sti94; Bar06; War(08, End09; Bil12; Kerl4] and hot
electron bolometer (HEB) [Sch99; Bed04; Foc04; Ger05; Ger07; Rod10]
can be found up to frequencies of several THz, offering good sensitivity,
Fig. 1-7, with low LO power levels. However, their main disadvantage is
that they need cooling in order to operate, (operational temperature 2 to 4
K) which make them expensive and unable to be used at applications in
which cryogenic cooling is not possible. Then, the most typically
heterodyne receivers used for the development of imaging cameras working
at the millimetre and sub-millimetre wave range are based on Schottky
diode (SD) mixers [Gal95; Meh98; Sil05; Guo08; Dral3] which offers a

good sensitivity at this frequency range and don’t require cooling.
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Fig. 1-7 HEB and SIS mixer state-of-the-art, [Her11].
Depending on the requirements of the receiver, i.e., sensitivity, Fig.
1-8, operating frequency, temperature and LO available power; the selection

among Schottky diode mixers, HEB mixers and SIS mixers can be done.
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Fig. 1-8 Schottky diode, SIS and HEB mixer noise temperature comparison, [TRE].

When talking about SD mixers two kinds of configuration can be
implemented. This is depending on the diodes employed: integrated diodes
[Meh68; Mor05; Ald08] or discrete diodes [ACST; VDI; TERAb; UMS].

The use of discrete diodes (also known as flip-chip) is more
widespread since not everybody has access to foundries in charge of the
fabrication of integrated diodes and it is possible to find them commercially.
Nowadays, there are several companies that commercialized flip-chip
diodes. The most important ones are Virginia Diodes Inc. [VDI], ACST
[ACST], United Monolithic Solutions [UMS] and Teratech Components
Ltd. [TERAD]. All these companies offer varistor diodes typically used for
mixer development. Moreover, VDI, ACST and Teratech also provide
varactor diodes suitable for multipliers designs. Omnysis [OMN] is another
company working on the development of Schottky diodes which is an
important provider of THz range scientific remote sensing instrumentation
for satellites.

However, if integrated diodes are employed, a better performance can
be achieved compared to the use of discrete diodes especially when the
operational frequency increases, [Meh94; Stal0; Ald11, Wan12]. This is due
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to the fact that the diode’s physical characteristics, i.e. the series resistance
and the junction capacitance, can be selected depending on the

requirements of the mixer.

Fig. 1-9 Integrated Schottky diodes [Wan12].

Fig. 1-10 Discrete Schottky diodes [Wan12].

Moreover, when the operational frequency increases (>400 GHz) the
use of discrete diodes becomes more complicated since its functionality is
related to the shape and thickness of the substrate. This is why integrated
diodes are more frequently used at these frequencies since the fabrication

and tolerances required need to be better. One of the reasons why discrete
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diodes don’t reach mixer performances better than integrated ones is the
mixer fabrication processes. These diodes need to be welded to the
microstrip circuit by means of silver epoxy or beam leads which increments
the diode’s series resistance and provokes a worse mixer performance.
Moreover, the use of discrete diodes is usually related to universities and
research laboratories which do not own the facilities to fabricate. It is also a
point to take into account since diodes provided by commercial companies
are never the best fabricated diodes, in terms of low series resistance,

junction capacitance, etc.,, which influences extremely the mixer

b

performance.

Sub-harmonic mixers are the most commonly used heterodyne
receivers. This is usually thanks to the fact that this kind of mixers allow
reaching higher RF frequencies without increasing the LO frequency since

they use LO frequencies which are half the RF frequency.

Sub-harmonic mixers have been greatly used in the last thirty years
and are well known devices. Nevertheless, there are few companies that
commercialized them working at the THz range. The first one is Virginia
Diodes [VDI]; the schottky diode sub-harmonic mixers commercialized by
them are shown below, Table 1-2. See also Fig. 1-11 and Fig. 1-12 for more

information about the mixer blocks and performance developed by VDI.

Model | RF(GHg) | LO(GHy) | IF(GHy) | Tmix(K,DSB) | Lmix(dB,DSB)
WR65SHM | 110-170 55-85 <17 400-800 <7
WR5.ISHM | 140220 | 70-110 <22 500-1000 <75
WR43SHM | 170260 | 85-130 <26 600-1200 <8
WR34SHM | 220330 | 110-165 <33 700-1400 <85
WR2.8SHM | 260-400 | 132-200 <40 800-1500 <9
WR22SHM | 330-500 | 165-250 <40 1000-2000 <95
WRIOSHM | 400-600 | 200-300 <40 1200-2500 <10
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WR1.5SHM 500-750 250-375 <40 1500-3000 <11

WR1.2SHM 600-900 300-450 <40 7500-15000 <15

Table 1-2 VDI sub-harmonic mixer characteristics.

Fig. 1-11 VDI Sub-harmonic Mixers (a) WR-5.1SHM (140-220 GHz) and (b) WR-
0.65SHM (1.1-1.7 THz) [VDI].
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Fig. 1-12 VDI Sub-harmonic mixers performance [VDI].
Radiometer Physics GmbH, RPG, also commercialized schottky

diode mixers, see Table 1-3. Their main characteristics are: extremely low

noise figure, low conversion loss, high RF bandwidth, flat frequency
response, and high IF bandwidth and zero bias, Fig. 1-13 and Fig. 1-14.

[RPG]
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Art. No. RF [GHz] | IF(GHg) Tmix(K,DSB) Lmix(dB,DSB)
SHM-137 110-165 >20 500 6
SHM-150 130-170 >16 1000

SHM-183 167-200 >16 1100 6
SHM-220 185-230 > 18 1100 6
SHM-280 265-295 > 18 700 7
SHM-300 275-300 > 18 1100 7
SHM-324 310-340 > 18 1200 8
SHM-424 380-440 >20 1650 9

Table 1-3 RPG sub-harmonic mixer characteristics.

Fig. 1-13 RPG Sub-harmonic Mixer working at 200 GHz, [RPG].
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Fig. 1-14 RPG Sub-harmonic Mixer performance at 162-198 GHz, [RPG].
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Another company which sells sub-harmonic mixers at the THz range
is FARRAN Technology [FAR]. Their principal mixer models are shown in
Table 1-4 and Fig. 1-15.

Model RF(GHz) LO(GHy) Lmix(dB,DSB)
SPM-08 110-140 55-70 5 typ - 7 max
SPM-06 140-170 70-85 5 typ - 7 max
SPM-05 170-205 85-100 5 typ - 7 max
SPM-04 180-245 90-120 6 typ - 8 max
SPM-03 280-300 140 7 typ - 10 max
SPM-02 350-730 175 8 typ - 12 max

Table 1-4 FARRAN sub-harmonic mixer characteristics.

Fig. 1-15 Farran Sub-harmonic Mixers.

There are other companies such as Hxi, which commercializes

harmonic mixers in the THz range but not sub-harmonic ones.

On the other hand, there are many research groups working on this
topic. Some of the last sub-harmonic mixers results presented in

bibliography are gathered in Table 1-5.

up
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Mixer Ref | RF Freq Snbstrate Diodes CL NT
[Bo12] 92.1 RF/duroid Flip-chip 11.5dB -
5880
[Chel0a] 118 RF/duroid Flip-chip 12.6 dB -
5880
[Liul2] 150 Quartz (127 Flip-chip 6.7dB -
um)
[Walll] 180 GaAs Integrated 4.9 dB 608 K
[Por03] 183 Quartz Flip-chip 5.1dB 530 K
[Zhal0a] 224 Quartz Flip-chip 6.4 dB -
[Wan12] 2205 Quartz (127 Flip-chip | 7.1 simulated -
um)
[Meh98] 240 Quartz Integrated 5.4 dB 510 K
[THoO05] 330 Quartz (50 Flip-chip 6.3dB 700 K
um)
[Wall1] 366 GaAs Integrated 6.9 dB 1220 K
[Hes00] 380 Quartz Flip-chip 8.5dB 850 K
[Sch10] 520-590 GaAs (5 um) Integrated - 2200 K
[HuiO0] 585 Quartz Integrated 8 dB 1200 K
[Tho10] 865.8 GaAs Integrated 8.02 dB 2660 K

Table 1-5 Research groups results on sub-harmonic mixer characteristics.

Note from Table 1-5 that, as commented previously, when the RF

frequency increases integrated diodes are employed.

Apart from the research groups working in this field, there are also

some BEuropean and International projects focused on the development of

mmw and sub-mmw components and cameras. At the moment, the

TeraScreen project (2013-2016) is working on the development of a multi-
frequency THz imaging camera and the INSIDDE project (2013-2015) is

making used of the THz technology in order to analyse unknown details in

paintings, but during the last few years there have been other European

projects focused on research at the THz range such as:
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THz-bridge: Investigated the interaction of THz radiation with
biological systems. (2001-2004)

OPTHER: Had the aim to develop new vacuum devices for
amplification of T-rays (THz frequencies). (2008-2011)

DOTNAC: Proposed to develop a fast, high resolution, non-invasive
and non-contact aeronautic composite parts during production using THz
waves. (2010-2013)

MIDAS: Critical schottky varactor diodes and simulation tools for

fabricating state-of-the-art sub-millimetre wave components and sources
have been developed. (2010-2013)

TeraComp: Worked on THz heterodyne receiver components for
future European space missions. (2010-2013)

TeraComb: Is focused on the development of quantum cascade lasers
based THz frequency combs. (2012-2015)

DOTSeven: Is on the way to develop silicon germanium (SiGe)
heterojunction bipolar transistor (HBT) technologies with cut-off
frequencies up to 700 GHz. (2012-20106)

Moreover the European Space Agency, [ESA11], has also launched
some projects related with this issue and some of the specifications they

demanded for sub-millimetre wave mixers are described in Table 1-6.

RF Freq. NT CL RF Bandwidth
183 GHz <500 K <5dB 19.8 GHz
243 GHz <700 K <6.5dB 8 GHz

325 GHz <900 K <5dB 22 GHz
448 GHz <1700 K <7dB 17.4 GHz
664 GHz <2500 K <9 dB 13.4 GHz

Table 1-6 ESA sub-harmonic mixer requirements.

Taking into account the state-of-the-art presented here, there has

been a long study on millimetre and sub-millimetre wave components but

up::<
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more limited in the development of systems such as imaging cameras.
Therefore, it is stil an important research field since there is a great
commercial attention paid on it. The Spanish and European Governments
are providing projects focused on this field with the intention of developing
commercial devices and imaging cameras at the THz region. Due to this,
this thesis has been focused on the development of millimetre and sub-
millimetre wave components in order to design a THz imaging camera,

framed within the following research projects:

CENIT-Seduce- Development of explosives detection systems in
public institutions and infrastructures (2008024012) provided by the
Spanish Industry Administration. (2009-2011)

TEC-Development of THz Imaging Cameras based on metamaterial
technology provided by the Spanish Science and Innovation
Administration, TEC 2009-11995. (2010-2013)

INNPACTO- Development of a sub-millimetre wave range Imaging
Camera for security applications provided by the Spanish Science and
Innovation Administration. (2010-2013)

FP7 TeraScreen- Multi-frequency multi-mode Terahertz screening for
border checks provided by the European Commission. (2013-2016)

1.2 Framework and Scope of the research

This dissertation began when the THz frequency range was becoming
of great interest due to the new applications that offered compared to other
frequency ranges. Thanks to the importance this frequency range was
obtaining, relevant research projects were funded with the aim of
developing THz technology due to the commercial possibilities suspected.
This dissertation is framed within some of these projects and counts on an
industrial background support which makes it of high significance in the
THz field. Applications based on guns, explosives and hazardous objects

detection and identification; systems located at border checks or airports;
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and luggage control; are critical for society security nowadays and become

the main objective of the technology developed within this dissertation.

The funding offer by the Cenit Seduce as well as the INNPACTO
and TEC projects provided the possibility to develop a complete
operational receiver at 220 GHz for defence and security applications. This
receiver became a 1x8 array thanks to the support offered by these projects
and a complete imaging camera, whose receiver was the aforementioned
array, was developed, fabricated and tested. Moreover, the 220 GHz array is
also part of a multi-frequency multi-mode THz screening system which is
been developed at the TeraScreen project. Taking all of this into account, a
significant work has been done within this thesis with a wide range of
industrial and commercial capabilities specially focused on the defence and

security sectofs.

Furthermore, the results of this dissertation will position the Antenna
Group in the development of millimetre and sub-millimetre wave mixers as
a national reference in this field, not only in the designing of mm and sub-
mm wave components but also in their fabrication and testing. The main

contents of this thesis have been divided into seven chapters.

First of all, Chapter 2 studies different measurement techniques
commonly used in the characterization of mixers operating at this frequency
range. It is of great importance since the following chapters of this
dissertation will be based on the development of millimetre and sub-
millimetre wave mixers and a good knowledge of the characterization
techniques is crucial. The three main techniques (the attenuator, noise
injection and gain procedures) are presented, analysed and compared.
Moreover, three detection methods (a power meter (PM), a YIG filter
together with a PM and a Spectrum Analyser) were part of the study. This
research was carried out at the Rutherford Appleton Laboratory in the UK.
Finally, the chapter ends with a study about the use of different IF Chains
in the measurement process which reveals the importance of a good

matching between the components in order to obtained comparable results.

uph:
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The conclusions reached at this chapter will be employed in the

characterization of the components of this thesis.

Chapter 3 presents the complete development and measurements of a
sub-harmonic mixer working at an RF frequency of 220 GHz. Moreover,
COC (cyclic olefin copolymer) substrate has been employed in the design of
all components presented in this dissertation which adds a novelty to the
THz receivers’ implementation, proving that its use leads to a better
performance due to its lower losses. It is also remarkable that the whole
process (design, fabrication and measurement), has been done entirely by

the Antenna Group of Public University of Navarra.

The fourth chapter deals with the development of a 1x8 sub-
harmonic mixer array at 220 GHz which will be the receiver part of a
passive millimetre wave imaging camera implemented by the
aforementioned projects. In this chapter the eight mixer components are
presented and measured and the quasi-optical part of the passive millimetre
wave, PMMW, camera is analysed. Note that it is one of the few 1x8
heterodyne receivers design, fabricated and tested at present. Moreover, this
array will also be implemented in a multi-frequency multi-mode THz
screening camera. This system is been developed by the Terascreen Project
and will be able to operate at 94, 220 and 360 GHz.

The main novelty of the work is presented in Chapter 5. This chapter
presents new approaches in the development of heterodyne receivers and
develops a 4™-harmonic mixer operating at an RF frequency of 440 GHz.
Moreover, a sub-harmonic mixer working at the same RF frequency is also
presented and the performances of both devices are compared. In order to
collate both components, a frequency multiplier (doubler) is developed and
presented in this chapter. All this work is also placed within the

aforementioned research projects.

One of the last chapters, Chapter 6, is focused on the imaging results

of the components presented along this dissertation. Here some images
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taken at the THz range by the sub-harmonic mixer developed in Chapter 2
and the PMMW camera presented in Chapter 3 are shown.

Finally, Chapter 7 presents the conclusions and future research lines

obtained from this dissertation.

To sum up, this thesis concludes with the design, fabrication and test
of a set of new components for the THz field, which are totally functional

and operative for this industry:

* A 1x8 sub-harmonic mixer array receiver which is part of a

THz imaging camera working at 220 GHz.
* A 4™harmonic mixer with an RF frequency of 440 GHz.

* A sub-harmonic mixer operating at an RF frequency of 440
GHz.

* A frequency doubler with an output frequency of 220 GHz.

* Results of the imaging system at 220 GHz.

Up\\
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CHAPTER 2

CHARACTERIZATION OF
MEASUREMENT TECHNIQUES OF
MILLIMETRE WAVE MIXERS

2.1 Introduction

This dissertation is focused on the development of several millimetre
and sub-millimetre wave mixers as commented in Chapter 1. For this
reason, it is of great importance to know the different characterization
procedures available for this technology and to compare them in order to
obtain a conclusion about their differences and which one is best to be
used. The results obtained from this chapter will be the basis of the

measurements done within this dissertation.

There are several procedures commonly employed for measuring the
performance of millimetre and sub-millimetre wave mixers [Fab85; Kan11].
In general they all require the de-embedding of the mixer performance from
Y-factor measurements. The performance of a mixer can vary considerably
depending on the measurement technique employed. However to the best
of our knowledge the different already known procedures employed to
characterize mm and sub-mm wave mixers have not previously been
studied in depth and compared using a reference mixer/receiver test set-up.
Furthermore, as there is no standard approach adopted by the millimetre

wave community for mixer characterization it is difficult to contrast the
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performance of different mixers presented in the literature and in

manufacturer websites.

The aim of this work is to address this issue by measuring the
performance of a 183 GHz sub-harmonic mixer using the three most
common procedures found in the literature, ie. the  “Attenuator
procedure” [Hes99; ThoO4a; ThoO5; ThoO8a], the “Gain procedure” [
Ali93; Tre09] and the “Noise injection procedure” [ Den98; Wan08]. For
each of these procedures three different detection methods have been
studied, i.e. 2 Broadband Power Meter, a Tuneable YIG Filter added to
Broadband Power Meter, and a Spectrum Analyser with 50 MHz resolution
bandwidth.

This comparison has never been done before and although the
procedures presented in this chapter are well-known, it is important to
determine the most appropriate measurement procedure and method for
characterizing a mixer operating at millimetre and sub-millimetre wave
frequencies. Furthermore, the deviations among the different procedures
and methods need to be clarified. This chapter resolves this open

interrogation by a careful analysis.

In addition to the resolution of the best approach to measure a
mm/sub-mm wave mixer by cross-examination through measurement of
the aforementioned procedures and methods, another important open
issue has been investigated and solved — that is the effect of including or
omitting an isolator between the mixer and IF pre-amplifier on the
measured performance of the mixer [ Pos86; Maa05]. There is still a great
controversy over its possible effect since studies assuring that its use is an
advantage can be found in [Maa93; Agi04], meanwhile others rejecting it
[Lau01] or without considering its possible influence | Tra83; Sch06] are
reported in the literature. This chapter will sort out this controversy by
means of studying the influence of the mismatch when the isolator is
introduced into the receiver chain. On one hand, matching between the

mixer and isolator and, on the other hand, between the mixer and the first
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IF amplifier, are found to be the responsible for the encountered

discrepancies in the literature.

2.2 Mixer basic concepts and definitions

A receiver is a system that selects, amplifies and detects a desired
signal isolating it from the rest of signals and noise. The main characteristics
of a receiver are: sensitivity, the ability of detecting weak signals; fidelity, the
ability of reproduce the characteristics of the desired signal; and selectivity,
the ability of reject non-desired signals close to the desired one [Sie03].

2.2.1 Receiver classification

Different kind of receivers can be found depending on the way of

isolating the signal from the interferences.
Homodyne receivers

Homodyne receivers are the simplest ones theoretically but also the
least used at communication systems due to its major problems obtaining a
good selectivity [Sie03b]. The topology followed by this kind of receivers is
presented in Fig. 2-1.

1 -
% —{ ARE A ARE Demod. %

Tuneable

Fig. 2-1 Homodyne receiver topology.
The antenna detected signal is selected and amplified directly to the
required power level for the demodulator operation. This kind of receivers

requires tuneable filters which make them poor on selectivity.

Nowadays, the applications of homodyne receivers are limited to

radar and radiometry working at low frequencies, below 500 MHz.



24 Development of Terabertz; Systems for Imaging Applications

Heterodyne receivers

Heterodyne receivers perform the frequency mixing, which consists
on the conversion of a low power level signal, (commonly called the RF
signal) from one frequency to another (IF frequency which is different to
zero) by combining it with a higher power (local oscillator) signal in a device
with nonlinear impedance (such as a diode or a transistor). In these mixers
its output is proportional to the product of the input voltages defined as
follows, [Sie03]:

Vip(t) = Kvge () vpo(t) 2-1

VRF VIF

VLO

Fig. 2-2 Mixer schematic.

Whete Vgp(t) can be defined as a modulated cartier whose frequency
is frr, Vrp(t) = Vgpx(t) COS(WRFt + gb(t)), and vy, (t) is a sinusoidal
signal with frequency fio, V1o (t) = Vi pcos (Wypt). The mixing of those
signals will give v;r(t) which will consist of two modulated carriers of
frequencies frr + fro and frp — fro with the same modulation as vgg(t).
The final signal v,z (t) will be:

v (t) = gVLOVRFx(t)[COS((WRF +wo)t + ¢(t)) + cos (Wrp — W)t +
¢@)] 2-2
This way, the mixer output signal consists of two replicas of the input

signal with a frequency shifted to £, Fig. 2-3.
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A

frr-fLo flo frF frRr+fLO Frequency

Fig. 2-3 Input and output signals of a mixer.
The mixing of the signals is usually obtained using non lineal elements
such as diodes or transistors. Taking into account that the response of a

non-lineal quadripole can be defined by a polynomial function:

vip(t) = Kyv(t) + Kov(t)? + Kyv(t)3 + - 2.3
The corresponding output signal of the mixer scheme presented in

Fig. 2-2 for an input equal to the addition of Vg and v gwould be defined
by:

vip(t) = Ky (URF(’:) + VLo(t)) + KZ(VRF(t) + V0 (t))z + K3(VRF(t) +
v,0(0)’ + - = 2K, 0, (Ov,0(0) - 2-4

The Equation 2-4 is composed by a group of terms of the following

form Ky, nVrp (£)™ V0 (t)™. If a basic harmonic mixer is desired, the term
that will give the product of the input voltages will depend only of the
coefficient of second grade. The rest of the terms that are part of Equation
2-4 will become spurious mixing products which generate signals of
frequencies mfgrr £ nf;p. These spurious mixing products are known as
intermodulation products of order m + n which power decreases when the
order increases. It is possible to eliminate the intermodulation products by

different methods: using filters or combining several mixers.

The typical topology followed by a heterodyne receiver is presented in
Fig. 2-4.
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w @ b % ——{Demod. jm——p
I— Tuneable
OF

Fig. 2-4 Heterodyne receiver topology.

Sub-harmonic mixers

Sub-harmonic mixers are of great interest as a first stage in the design
of receivers at the millimetre and sub-millimetre wave range. These mixers
are a type of harmonic mixers in which the desired mixing product
is K1 2Vpr (£) Vo (t)?. This kind of mixers mixes the second harmonic of
the LO with the signal giving place the following intermediate
frequency fir = |2f10 % frrl- They offer several advantages compared to
basic harmonic mixers since they make possible to reduce the Local
Oscillator, LO, frequency and so that, they increase the available power at
the require frequency. This way, it is possible to feed different array
configurations with the same LO. The LO frequency is half the radio
frequency, RF.

When working at high RF frequencies (THz frequencies) heterodyne
receivers are usually based on sub-harmonic mixers due to the important
advantages that they offer compare to their colleagues. A sub-harmonic
mixer, as well as a fundamental mixer, is able to detect two different RF
signals (the signal and the image) separated f: the lower side band,
frr(LSB) = 2f;0 — fir, and the upper side band, frr(USB) = 2f;o +

fir-

Power
»
|

2fio

| af | | af A e
i
L] | [,

fir frF(LSB)  frr(USB)

Frequency

Fig. 2-5 Sub-harmonic mixer principle of operation.
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The third order components, 2fpr — fro or 2fL0 — fRF, ate not
produced by an ideally quadratic component and sub-harmonic mixers are
bound to use a couple of quadratic components in order to obtain these

mixing products.

Typically, mixer and frequency multipliers at the millimetre and sub-
millimetre waves are implemented by means of Schottky diodes in order to
mix frequencies. The principle of this kind of diodes resides in the use of
metal contact deposited on a semiconductor substrate of type N, usually
Gallium Arsenide (GaAs). This substrate provides high electron mobility.
Then a very high-conductivity layer is grown up on the top of the substrate
in order to assure low series resistance. The buffer and the substrate are
heavily doped and an N epitaxial layer is grown on top of them Fig. 2.6.
The contact between the metal anode and the epitaxial creates the Schottky

contact [Maas03].
METAL CONTACT (ancde) /
N EPITAXle‘Lc:;Em:m i?_‘ ?_‘.i‘_? ‘_?i?é °

N+ BUFFER LAYER

o

N+ SUBSTRATE
OHMIC CONTACT (cathode)

Fig. 2-6 Schottky-barrier diode cross section.

Depending on the diodes characteristics, the mixer behaviour will be
different. The physical and electrical characteristics of the diode can
influence heavily the mixer performance and therefore, the better the diodes
are the better the mixer design can be. Playing with the anode size, the
epitaxial thickness etc., better ideal factor or series resistance can be reached

and a substantial difference can be seen in the mixer performance.
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Three alternatives of voltage and current polarities are possible when
working with diodes, [Maa03]:

——»
N The 1/V characteristic of the diode when is forward biased
Vv N\ / isgiven by:
- BB I=f(V) =KV +KV?+KV3+KV*+ - 2-5
PR
I
If the voltage is reversed, the odd harmonics become
) v 7 nhegative:
V
+ = I=f(-V)=—-KV+KV*—KV3+KJV*+- 2-6
- |
On the other side, if the diode is reversed biased, then the
+ —— even harmonics are the ones that become negative:
\
) = [=—f(=V) =KV —K,V?+ K V3 — K, V* + .. 2-7
o« |

The diodes employed for nonlinear devices are often connected in
parallel or series in order to eliminate certain harmonics or mixing products.
The possibility to eliminate spurious signals without turn to use filtering is a
valuable solution. There are basically two interconnections when working
with nonlinear devices, the anti-parallel and the anti-series. Sub-harmonic

mixers usually make use of anti-parallel configuration.

Up:.: ‘



Up:.: ‘

Characterization of Measurement Technigues of Millimetre Wave Mixers 29

Fig. 2-7 shows the anti-parallel interconnection of two ideal diodes.
The current in diode A is found from Equation 2-5 and diode’s B current

can be calculated using Equation 2-7.

Y—

MW—e
+ + ln v ls
Vs @ V
L
Fig. 2-7 Anti-parallel diode configuration.
Li=f(V)=KV+KV?>+KV3+KJV*+KV5+- 2-8
Ig=—f(=V) =K,V —K,V?+ K3V3 — K, V* + KV5 + - 2-9
I=1,+1g=f(V) = f(=V) = 2K,V + 2K3V3 + 2KsV5 + -« 2-10

Note that when a heterodyne mixer is analysed V can be replaced
by v, Equation 2-1. So that, the value of I for a sub-harmonic mixer with

an anti-parallel diode configuration can be defined by:

I = 2[K; (vgp + V10) + K3(Wgp + v10)* + Ks(vgp + v10)° + -+ ]=

2[K1(vgp + v10) + K3 (vgp® + 3vpp?vio + 3vgpvyo® + v10%) + Ks(vgp® +
5vrr*vLo + 100pp300% + 10vRp%v,0% + SvRpve* + v0°) +

-] 2-11

Equation 2-11 confirms that the odd harmonics are the only ones
produced by the pair of diodes while the even harmonics remain trapped
inside the pair of diodes due to their anti-symmetry, if and only both diodes
are the same model. This is the main reason why anti-parallel configuration
is used in sub-harmonic mixers and therefore it is the configuration

employed in the mixer design presented in this dissertation.

As previously commented, sub-harmonic mixers have great advantages, for
instance, they offer the possibility of using an LO frequency half the RF,
allowing the use of sources with enough power to pump the millimetre-

wave devices. Another important advantage is the possibility of suppressing
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the noise generated by the lateral bands of the LO signal, and due to the use
of a pair of diodes in anti-parallel configuration, it is easier to match at the
IF band. Nevertheless, they also have some disadvantages mainly owing to
the use of a pair of diodes instead of a single one; they require a more
important level of LO power to pump both diodes and as well, the noise

generated by them will be larger.
Superheterodyne receivers

Superheterodyne receivers are heterodyne receivers which require of a
tuneable local oscillator source. The topology implemented by this kind of

receivers is shown in Fig. 2-8.

Ly

Fig. 2-8 Superheterodyne receiver topology.

—— Demod. =

This kind of receivers is one of the most remarkable and used ones
[Toh14]. They are widely spread in applications such as television [Fis53]
and radio [Bee29]. They are also implemented in other applications such as
airtbones [Chr(02]. Superheterodyne receivers have been the selected ones in
this kind of applications over the 20" century offering the possibility of
working at IF frequencies instead of R with good sensibilities and more
stable systems compare to direct conversion receivers or tuned radio

frequency receivers.
Direct conversion receivers

Direct conversion receivers have the same principle of operation as
heterodyne receivers but in this case the RF frequency is equal to the LO
frequency, Fig. 2-9, and the IF frequency is set to zero.

uph:
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w X IABB % Demod. f—p
3

Tuneable
Q LO=RF

Fig. 2-9 Direct conversion receiver topology.

Their major advantages are that, in this case, they need a low pass
filter and a band base amplifier, i.e. simpler IF stages, which make them
easier to implement; they avoid image rejection issues and they have high
selectivity. However, when talking about THz frequencies the LO source is
required to be at higher frequencies, RF frequency, which complicates the
system. Another important problem is the difficulty related to the
synchronization between both signals, the LO and RF, when the frequency
increases. Nevertheless they are really widespread at lower frequencies

where the LO frequency requirements are not a problem.

Direct conversion receivers are mainly used in cell phones and
communications [Gui05; Kin05], medical imaging devices [Bass12] and

astrophysics [Hoel4].
Double conversion receivers

Sometimes it is necessary to make receivers with more than one
conversion since the selectivity required is too high or they work at a really
wide frequency band. In those cases double conversion receivers are
employed. The topology followed by these receivers is presented in Fig.
2-10.

- & OO % HX) o> & e —
LOl L02

Fig. 2-10 Double conversion receiver topology.
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2.2.2 Receiver parameters

In order to characterize the sensitivity of a receiver, in general, and a
mixer, in particular, two important parameters are used: the conversion loss

and the equivalent noise temperature.

The mixer conversion loss, Ly, is defined by the ratio between the
input power of the RF signal to the IF output power signal. It is usually

express in dB and can be calculated as follows, [Sie03]:
Lnix(dB) = —10log (;’ﬁ) 2-12

Mixers, as any other electronic components, are noise sources. So
that, it is important to have a general idea of the principal kinds of noise

that can be found: Thermal noise, Shot noise and Flicker noise.

Thermal noise: Also called Nyquist noise or Johnson noise. It is
caused by the random movement of the free electron in a conductor due to
thermal agitation. It is generally the most common and can be found in any
lossy element of a passive circuit, such as, resistances, transmission lines or
any other lossy component. In a mixer, a critical point is the diode series

resistance; minimizing it, the noise temperature can be decreased.

Shot noise: Results from the crossing of the free electrons through
the potential barrier. This type of noise only exists when currents are going

over the device. It can be found on Schottky junctions.

Flicker noise: It is thought to be associated to the crystalized
structure of the component. It is considered negligible against thermal noise

when frequency increases.

The different noises which are presented in a mixer can be grouped
and considered as a white noise source. Moreover, the white noise source
can be modelled on a thermal noise equivalent source, and it is
characterized by an equivalent noise temperature, Te, which is proportional

to noise power and expressed in Kelvin degrees (K), Fig. 2-11 .

UPLS
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_No

=B 2-13

Te

Where No represents the noise power, k is the Boltzmann’s constant
(k=1.38 10% W/Hz/K) and B is a fixed bandwidth determined by the most

restrictive bandwidth of the receiver chain in Hz.

/\

\ o
White N l/R \
Noise 0 R | | No R
Source Te /
\ /
\

~

Fig. 2-11 Schematic of equivalent Noise Temperature of a white noise source.
The equivalent noise temperature can also be express as a function of
the Noise Factor of a device, F:
T, = (F—-1)T, 2-14
Where To is the room temperature in Kelvin degrees, and I measures

the deterioration of Signal to Noise Ratio (SNR) between the input and
output of a device, Equation 0-15.

— Si/Ni
F = So/
No

Where Si and Ni are the input power of the signal and the noise

2-15

respectively and So and No represents the output power values respectively.

The mixer noise temperature of a device can be measured by means
of the Y factor which will be explained further on this chapter. It is
important to take under consideration that when measuring the mixer noise
temperature two cases can be contemplated. This is the case of considering
the noise coming from the imaging band or not. In the case of considering
that both, the noise coming from the desired frequency as well as the
imaging band frequency affects the mixer noise temperature; the mixer will
be characterized by the double side band temperature model, TDsB. If only
the noise coming from the desired signal band is considered the mixer will

be characterized by the single side band noise temperature, TssB. This
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dissertation will consider the DSB noise temperature model which is

generally half the SSB mixer noise temperature, Fig. 2-12.

Ts TL Ts

TiL=(Ts+TssB)Grr+TsGim TL=(Ts+Toss)Grr+(Ts+Tose)GiM

Fig. 2-12 'T'ssB and TDSB mixer noise temperature models of a mixer device.
Independently of the mixer noise characterization model, TSSB and
TDSB, the noise presented in a mixer is the same, TL. This is why; a

relation between both mixer noise characterization models can be reached:
Gim
TSSB = TDSB (1 + —) 2-16
Ggr
If a receiver is composed by multiple cascade noisy components with
its own noise temperature, noise figure and gain, the overall noise
temperature can be expressed using the Friss Formula, [Maa93].

Tez | Te T,
T, =Ty +2+2 4 2-17
G1 G163  G1G,G

Fig. 2-13 Cascade system.

The overall noise can also be expressed in terms of noise figure as

follows:

Up:.: ‘
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F,—-1 F3—-1 F4—-1
F=F +2—+23 .
Gy G1G,  G1G,G3

2-18
Equations 2-17 and 2-18 are obtained assuming that:

* The noise contribution outside the system’s final bandwidth
will be rejected by the corresponding filters.

* The most important filtering is done at the final stages of the
system.

* There is no frequency conversion or the spurious noise bands
have been rejected.

* Every component has a lineal behaviour.

The cascade noise system characteristics are dominated by the first
stages since the effect of every stage is softened by the product of the gain
of previous stages. The best option when trying to minimize the noise of a
receiver is locating a low noise amplifier as first stage which allows ignoring
the noise of subsequent stages. Note that in order to design a low noise
temperature system it is important to obtain high gain, Gy, and low T,y
values in the first stage. Nevertheless typical LNAs do not usually counts
with really high gains. Moreover, at the sub-millimetre wave range there are
no LNA’s available and the mixer is the only component at the first stage

of the system which results in noisier systems.

Another important issue of a receiver is the sensitivity, which is
directly related to the noise temperature of the complete system, and can be
defined as the smallest change of temperature of the signal that can be
detected. In order to improve the sensitivity of the system it is important to

maintain the noise temperature as low as possible. It can be express by:

AT = % 2-19

Where Tsys is the noise temperature of the receiver, B is the

operational bandwidth and the integration time.
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2.3 Measurement Procedure

Here the three most commonly employed procedures are described.
But first, in order to understand every measurement procedure a significant
concept has to be explained. This is the Y-factor method, [Réi80; Agil0;
Roh12; Agil4]. This method is widely employed in the characterization of
amplifiers and mixers in order to calculate its gain and noise temperature.
When a noise source is employed, the Y-factor method allows the user to
calculate the internal noise of the device under tests (DUT) and therefore its

noise figure or effective input noise temperature.

In order to carry on with the Y-factor measurements, the DUT is
connected to a source and its power is measured with the source ON and
OFF (Noy and Nggp), Fig. 2-14. The ratio of these two values determines
the Y-factor:

N
y =2~ 2-20
NorFr
b
<
z Tq_; A
23
o

N =kTon BGpyr + Ny oo

source

1~
=
=1

Slope = kBGpyur

; _ LTOFF r
.‘\o” =kT BGD“. + N pUT

source

Nouvr = kT BGpur g

OFF ON
source Source

Noise Temperature (‘K)

Fig. 2-14 Y-factor variables [Roh12].
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2.3.1 Attenuator Procedure

This measurement procedure requires receiver and IF Y-factor
measurements to be performed with and without a coaxial attenuator
connected to the input of the IF chain (between mixer and pre-amplifier).
The measurements result in two simultaneous equations from which mixer
noise temperature and conversion loss can be de-embedded. Fig. 2-15
presents the two receiver measurement scenarios. The receiver Y-factor
measurements are performed by presenting hot (295 K) and cold (80K)
blackbody loads to the feedhorn input. The IF Y-factor measurements are
performed by terminating the input of the IF chain with a 50 Q coaxial load
via a short length of semi-rigid cable. The coaxial load acts as a hot load at

room temperature and a cold load when immersed in liquid nitrogen.

FEEDHORN LO CHAIN FEEDHORN

HOT/COLD LOAD
HOT/COLD LOAD

ATTENUATOR

LO CHAIN

IF CHAIN

IF CHAIN

Fig. 2-15 Attenuator Method set-up.

With the attenuator omitted the receiver Y-factor is:

P T +T,
er — HOT — HOT rX 2_21
Pcorp  TcoLp+Trx

Rearranging, the noise temperature of the receiver is:

Tror—YrxT
Trx — HOT " Yrx! COLD 2_22
Yyr—1

With the attenuator in position the receiver Y-factor is:

Prot Thor+Trx,att
Yixate = = — 2-23
’ Pcorp  TcoLp+Trx,att

Rearranging, the noise temperature of the receiver is:

Taor—Yrx,attTcoLD
T = Txa 2-24
rx,att % 1
rx,att
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Two simultaneous equations result:
Trx = Tmix + LinixTir 2-25
Trx,att = Thix + LmixTIF,att 2-26

Tip and Tjp ¢ are calculated following the same process described

above.

Rearranging Equations 2-25 and 2-26 the conversion loss and the

noise temperature of the mixer are calculated from

Trx—Trx,att
= X rxatt 2-27
Lmix Tir—=TIFatt
and
Tmix = Trx — LnixTir 2-28

2.3.2 Noise-Injection Procedure

This procedure for measuring mixer performance is similar to the
previous method. The only difference is the equipment used to generate the
two different IF noise temperatures. Here, noise is injected into the input of
the IF chain using a noise source and directional coupler. Fig. 2-16 presents
the two receiver measurement scenarios with the noise source switched ON
or OFF. The receiver and IF Y-factor measurements are performed as

described previously.

FEEDHORN FEEDHORN
LO CHAIN LO CHAIN

3 HOT/COLD LOAD

j Noise-injection DIRECTIONAL
J ON COUPLER

3 HOT/COLD LOAD

] Noise-injection
J OFF

DIRECTIONAL
COUPLER

IF CHAIN IF CHAIN

Fig. 2-16 Noise-injection method set-up.
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With the noise source OFF, the receiver Y-Factor is:

Pror _ THor+Trx,0FF 2.29

Pcorp  TcoLp+Trx,0FF

Rearranging, the noise temperature of the receiver is:

Tror—YorrTcoLD 2-30

TrxorF =
T Yorr—1

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

_ Puor _ THor*TrxoN
Yon =3 " TcoLp+T 2-31
COLD coLD*+Trx,0N

Rearranging, the noise temperature of the receiver is:

T =YonT
Tr __ LtHOoT ON{COLD 2_32

x,O0N — Yon—-1

As before, two simultaneous equations result:
Trx,0rF = Tmix + LinixTir,0FF 2-33
Trx,on = Tmix + LinixTiron 2-34
With knowledge of Tjp gpr and Tjp oy the mixer performance can be

calculated.

Rearranging Equations 2-33 and 2-34 the conversion loss and the

noise temperature of the mixer are calculated from:

Trx,0FF~Trx,0N
Liix = - = 2-35
Tirorr—TIF,ON
And
Tnix = rX,0FF — LmixTIF,OFF 2-36

2.3.3 Gain Procedure

This measurement procedure is different from those previously
described requiring Y-factor measurements of a single receiver and IF
chain. These measurements are used to directly calculate the gain of the
mixer. The Y-factor measurements are performed in an identical manner as

described previously.
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From the Y-factor measurement of the receiver the following

equations result:
PHOT,rx = (Trx + THOT)kerB 2-37
Pcorprx = (Trx + Tcorp)kGry B 2-38
Rearranging, the receiver gain is obtained:

_ Pyorrx—PcoLDrx 2.39
rx — -
KB(Tor—TcoLp)

From the Y-factor measurement of the IF chain the following

equations result:
Pyorir = (Tip + Thor)kGipB 2-40
Pcorp,r = (Tip + Teorp)kGipB 2-41
Rearranging, the gain of the IF chain is obtained:

__ Photir—PcoLDIF 2.42

GIF -
KB(Tror—TcoLp)

The mixer gain is then calculated as:

G Prorrx—PcoLD
Gix = 7 = i 2-43
G Phorir—PcoLp,IF
and
_ 1
Lnix = — 2-44
mix

Once the conversion loss is known, the noise temperature of the

mixer can be calculated using Equation 2-28.

2.4 Description of the test receiver

2.41 Nominal Receiver Configuration

The configuration of the test receiver is shown in Fig. 2-17. A
frequency synthesiser attached to a sextupler is used to generate the desired
LO frequency. Following an isolator can be found in order to avoid the

reflected signal to go back to the synthesiser. After that, a variable

up::<
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attenuator is employed to control the power of the LO signal that will get
the mixer. The mixer under test is a sub-harmonic mixer; model number
FDP-044 MTT C developed at the Rutherford Appleton Laboratory, with
an RIF bandwidth 160-200 GHz. This device comprises an integrated anti-
parallel diode circuit fabricated using the UMS foundry process. The mixer,
with feedhorn attached, is shown in Fig. 2-18. The feedhorn is from TRG
Alpha industries (SN861G/387).

HOT/COLD
LOAD

MIXER
FREQUENCY
SYNTHESISER
15.1667 GHz

SEXTUPLER FEEDHORN
ISOLATOR VARIABLE
ATTENUATOR
IF
CHAIN

Fig. 2-17 Schematic of the Test Receiver.

Fig. 2-18 Mixer Block and Feedhorn.
The IF Chain, operating over the bandwidth 2.5-3.5 GHz, consists of

the following components:
* Pre-amplifier: Miteq JS2-02300370-045-0P (SN838791)
Gain: 35 dB
Noise Figure: 0.5 dB
Bandwidth: 2.3-3.7 GHz
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Bias: +41 @ 102 mA

* Bandpass filter: Lorch Microwave 7175-3000/R1000-S
Center frequency: 3 GHz
Bandwidth: 1 GHz

e Amplifier: Herotek A801-251 (SN167864), +12V
Gain: 35 dB
Noise Figure: 3.5 dB
Bandwidsh: 1-10 GHz,
Bias: +1217 @, 149 mA

e Isolator: MfN AT-11A-G0136-AF (SN903737206)
Bandwidth: 24 GHz

The IF chain is thermally stabilised using an active controller. This

hardware is desctibed in Section 2.3.2.

BAND PASS
FILTER AMPLIFIER
—
x —
<t—
PRE-AMPLIFIER ATTENUATOR ISOLATOR

Fig. 2-19 Schematic of the IF Chain.

An identical isolator as listed above shall be connected to the input of

the IF chain to determine its effect on the measured mixer performance.

The Local Oscillator chain, shown in Fig. 2-20, consists of the

following components:
* Frequency synthesiser: HP83752A
* W-band sextupler: RPG AFM-X6-110

* W-band isolator: RPG WFI-110
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*  W-band 90° waveguide twist

* W-band variable attenuator: Hitachi W1518

Fig. 2-20 LO Chain.

2.4.2 Thermal Stabilisation of IF Chain

The temperature of the IF chain is actively stabilised to achieve the
best gain stability of the amplifiers. A Minco heater and PT100 temperature
sensor were mounted to the baseplate of the IF chain, and are controlled via
a Burotherm 2416 PID controller. The IF chain is enclosed in a polystyrene
box for good thermal insulation. The Eurotherm controller was tuned and a
set-point of 43 °C was selected. The thermal stabilisation hardware is shown
in Fig. 2-21 and Fig. 2-22.

Fig. 2-21 IF Chain in Box.
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N

Fig. 2-22 Eurotherm Active Temperature Controller.

The effect of temperature stabilisation is shown in Fig. 2-23 and Fig.
2-24. The graphs show the output power level versus time and noise

temperature of the IF chain for three cases:
* With active temperature control as described above

* With passive temperature control (i.e. with the IF chain enclosed in

the insulated box and allowed to warm up for 45 minutes)

*  With no insulated box
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Fig. 2-23 IF Output Power with/without Thetmal Stabilisation.

In Fig. 2-23 the output power level of the IF chain is plotted over a
60 minute interval. It can be seen that the output power gradually decreases

(as component temperature increases) for the cases of no temperature




Characterization of Measurement Technigues of Millimetre Wave Mixers 45

control and passive temperature control. A constant output power level is
achieved, after an initial settling time, when active temperature control is

employed. The ripple in the constant output power level can be reduced
with fine tuning of the Eurotherm controller.

The IF noise temperatures presented in Fig. 2-24 (calculated using the
gain method and extracting the Tpg) show similar performance when
passive and active control is employed. More variation in the noise
temperature is observed when no temperature control is used. The benefit
of temperature control is not highly evident in this example. This is due to
the fact that the IF bandwidth is narrow (2.5-3.5 GHz). As the bandwidth
increases and component input/output VSWR degrades and varies more
over the bandwidth, it is expected that the benefit of active temperature
control will become more evident.

90
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«
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—=— Passive temp control

No temp control
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o

Noise Temperature (K)
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Fig. 2-24 IF Noise tempetature with/without Thermal Stabilisation.

2.4.3 Preliminary Receiver Set-Up

An LO test frequency of 91 GHz was selected for the mixer tests. A
preliminary receiver Y-factor measurement was undertaken to determine a
suitable LO pump power for all the measurements. The performance of the
receiver is shown in Table 2-1. An LO pump power of 2.5 mW was
selected.
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Pout Attenuation PHOT PCOLD Y-Factor Trec (K)
(mW) (dB) (wW) (nW)

1 17.4 2.45 2.37 1.0337 6299.82

2 14.5 2.60 2.22 117117 1176.06

2.5 13.6 2.57 2.18 1.17889 1121.86

3 12.9 2.69 2.29 1.17467 1150.89

4 11.7 2.85 2.45 1.16326 1236.92

5 10.9 2.98 2.60 1.14615 1391.09

Table 2-1 Mixer performance at 91 GHz LO frequency.

2.5 Detection Methods

Three detection techniques have been employed for each
measurement procedure. The first uses a microwave power meter
(Gigatronics 8542B Universal Power Meter) with associated broadband
power sensor (Gigatronics Power sensor model 80303A 0.01-26.5 GHz),
Fig. 2-25. This broadband measurement technique provides an average
value of mixer noise temperature and conversion loss over the IF
bandwidth. The limitation of this technique is that no resolution is provided
across the IF bandwidth.

Fig. 2-25 Gigatronics Power Meter & Sensor.

The second detection technique incorporates a tuneable YIG filter
(PM 7440) between the output of the IF chain and the input of the

Gigatronics power sensor. The filter has a bandpass response with a
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bandwidth of 34 MHz. The filter tuning is computer controlled via GPIB
interface. The filter requires a bias voltage of 22V.

Fig. 2-26 YIG Filter.
The third detection method makes use of a Rohde and Schwarz FSU
series spectrum analyser, Fig. 2-27. The Analyser is connected to the output

of the IF chain. The settings used for the measurements were RBW=50
MHz, VBW=30 Hz, ST= 1.7s, Detector=RMS.

Fig. 2-27 Rohde & Schwarz FSU Spectrum Analyser.
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2.6 Mixer Results for Attenuator Procedure

2.6.1 Broadband Measurements using Power Meter

Table 2-2 presents the measured mixer performance employing the
attenuator method and broadband power meter. Performance is presented
with and without an isolator connected between the mixer and IF pre-
amplifier. A considerable change in mixer performance is observed with the

inclusion of the isolator.

Use of Isolator Mixer Noise Temperature Mixer Conversion Loss
X) (dB)
Without isolator 691 7.8
With isolator 824 6.9

Table 2-2 Measured Mixer Performance: Attenuator Method, Broadband Power Meter

2.6.2 Narrowband Measurements using YIG Filter
and Power Meter

The measured mixer performance employing the attenuator method
and YIG filter / power meter is shown in Fig. 2-28. Again a considerable
change in performance is observed with the inclusion of the isolator. A
comparison with the broadband results shows that in both cases the mixer
noise temperature is higher and conversion loss is lower with the isolator

included.
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Fig. 2-28 (a) Noise temperature and (b) conversion loss: Attenuator procedure, YIG
Filter/Power meter.

2.6.3 Narrowband Measurements using Spectrum
Analyser

Fig. 2-29 depicts the measured mixer performance employing the
attenuator method and the spectrum analyser. As with the previous results,
the mixer noise temperature is higher and conversion loss is lower with the

isolator included.
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Fig. 2-29 (a) Noise temperature and (b) conversion loss: Attenuator procedure, Spectrum
Analyset.

2.7 Mixer Results for Noise-injection Procedure

2.7.1 Broadband Measurements using Power Meter

The measured mixer performance employing the noise-injection test
procedure and the broadband power meter are presented in Table 2-3. For
this set of measurements the isolator is positioned between the mixer and
coupler. As with the previous test method, the mixer noise temperature is

higher and conversion loss lower when as isolator is employed.
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Use of Isolator

Mixer Noise Temperature

Mixer Conversion Loss

(X) (dB)
Without isolator 750 7.3
With isolator 971 6.5

Table 2-3 Measured Mixer Performance: Noise-Injection Method, Broadband Power

2.7.2

Meter.

and Power Meter

Narrowband Measurements using YIG Filter

Fig. 2-30 exhibits the mixer performance employing the noise-

injection method with YIG filter and the power meter.
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Fig. 2-30 (a) Noise temperature and (b) conversion loss: Noise-injection procedure, YIG

2.7.3

Filter / Power meter.

Analyser

Narrowband Measurements using Spectrum

The mixer performance using the noise-injection method with

spectrum analyser is shown in Fig. 2-31.

upna
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Fig. 2-31 (a) Noise temperature and (b) conversion loss: Noise-injection procedure,
Spectrum Analyser.

2.8 Mixer Results for Gain Procedure

2.8.1 Broadband Measurements using Power Meter

Table 2-4 presents mixer performance employing the gain test
method with broadband power meter. Again noise temperature is higher

and conversion loss is lower when an isolator is included.

Use of Isolator Mixer Noise Temperature Mixer Conversion Loss
X) (dB)
Without isolator 803 6.2
With isolator 896 6.0

Table 2-4 Measured Mixer Performance: Gain Method, Broadband Power Meter.
2.8.2 Narrowband Measurements using YIG Filter
and Power Meter

The mixer performance employing the gain method with YIG filter
and power meter is depicted in Fig. 2-32.
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Fig. 2-32 (a) Noise temperature and (b) conversion loss results gain procedure, YIG Filter.

2.8.3 Narrowband Measurements using Spectrum
Analyser

Fig. 2-33 presents mixer performance employing the gain method

with spectrum analyser.
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Fig. 2-33 (a) Noise temperature and (b) conversion loss results gain procedure, Spectrum
Analyset.

2.9 Comparison of results

A comparison of the results previously shown is done in this section.
The results of every measurement procedure are presented for the different

detection methods employed.
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2.9.1 Broadband Power Meter Results

The three different procedures of calculating the mixer NT and CL
show that in the case of not having the isolator between the mixer and the
pre-amp, the noise temperature is lower. This difference can be appreciated

in Table 2-5 which sums up all the results measured with the Power meter.

Method Set-up Noise Conversion Loss
Temperature (K) (dB)
Attenuator method Set-up +isolator 824 6.9
Attenuator method Set-up 691 7.8
Noise-inject method Set-up +isolator 971 6.5
Noise-inject method Set-up 750 7.3
Gain method Set-up +isolator 896 6.0
Gain method Set-up 803 6.2

Table 2-5 Summary of the Power meter results.

The isolator adds noise to the system but it also makes the results
measured with the different procedures were more similar to each other

than without having it.

Analysing the conversion loss results it is straightforward to see that
they are lower when having the isolator into account independently of the
method employed. Note that some discrepancies can be caused by the
measurement process. The process that has been followed to carry on with
this study is: for every detection method, the setup was ready and the
necessary measurements were done in order to apply the three calculation
procedures. The fact that the setup was reassembled every time the

detection device changed can be the reason why these discrepancies appear.

2.9.2 Narrowband Results using YIG Filter and
Power Meter

Fig. 2-34 shows the summary of all procedures results for the mixer
Noise temperature with, (a), and without using an isolator, (b), at the IF
input measuring it with the YIG filter and the Power meter.




54 Development of Terabertz; Systems for Imaging Applications

1100 1100 B
—e— Attenuator procedure
—e—Gain procedure

1000 Noise injection procedure
1
900 & ‘1 % 1 900
Ve A '
g 800 B\ ‘\/ g 80
Z V z
700 700 —\ 2 /\\./\'\
\ N \\/ A N merg
600 600 ‘\/ : \ \/\/
—e— Attenuator procedure
500 —e—Gain procedure 500k : d
Noise injection procedure i ; : . :
25 2.7 2.9 31 33 35 2.5 2.7 2.9 31 33 35
IF Frequency(GHz) IF Frequency(GHz)
@) (b)

Fig. 2-34 Mixer noise temperature (a) with and (b) without isolator, YIG filter.

The Noise temperature average when having the isolator is around
870 GHz. The Gain procedure is the one that less variation has between

different values, so this would make this procedure the most stable one.

In the case of not having the isolator at the IF chain input the mixer
noise temperature is lower and the results calculated by the three
procedures are further away. When the Attenuator procedure is used the
average is around 600 K. For the Gain procedure the NT average is around
700 K. In the case of the noise-injection procedure the NT average is also

around 700 K but its values are less stable than using the gain procedure.

Fig. 2-35 depicts the summary of all procedures results for the mixer
conversion loss with and without the isolator at the IF input using the YIG

Filter and the power meter to measure them.

As happening with the noise temperature results, in this case the most
stable conversion loss is obtained when the gain procedure is used. The

average value of the mixer conversion loss, when using the isolator is
around 6 dB, Fig. 2-35 (a).

In the case of not using the isolator the results are similar, Fig. 2-35
(b). Using the attenuator procedure the CL average is around 6.5 dB. When
using the gain procedure the CL average approx. 5 dB. For the noise-
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injection procedure the average value is around 5.5 dB. The most stable

procedure in this case is also the gain one.
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Fig. 2-35 Mixer conversion loss (a) with and (b) without isolator, YIG filter.

2.9.3

Narrowband Results using Spectrum Analyser

The summary of all procedure results for the mixer Noise

temperature with and without the isolator using the Spectrum Analyser is

presented in Fig. 2-36.
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Fig. 2-36 Mixer noise temperature (a) with and (b) without isolator, Spectrum Analyser.

In the case of having the isolator the noise temperature results are

approximately between 900 K and 600 K and the average value is around

800 K. It is clear that the most stable results are obtained employing the
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gain procedure although results obtained by the attenuator procedure are

not really far away from them.

For the case in what the isolator is not used, as expected, the noise

temperature decreases. The average value is around 650 K.

Fig. 2-37 exhibits the summary of all procedures results for the mixer

Conversion loss with and without the isolator at the IF input

Spectrum Analyser.
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Fig. 2-37 Mixer conversion loss (a) with and (b) without isolator, Spectrum Analyser.

The average value for the conversion loss in both cases, having the
isolator and not, is around 5.5 dB, and again the most stable method is the
Gain procedure. Anyway, when the isolator is used all the procedures

present similar trends and less variation among them.

2.10 Comparison of Detection Methods

The results obtained for every measurement procedure are now

compared depending on the detection method used.

2.10.1

The complete results of the mixer Noise temperature with and

Attenuator Method

without the isolator for the different detection methods calculated using the

attenuator procedure are presented in Fig. 2-38.

up
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Fig. 2-38 Mixer noise temperature (a) with and (b) without isolator, Attenuator method.

Fig. 2-39 shows the summary of the mixer Conversion Loss with and

without the isolator for the same case.
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Fig. 2-39 Mixer conversion loss (a) with and (b) without isolator, Attenuator method.

For the attenuator method both, the noise temperature results, with
and without the isolator; and the conversion loss results, also with and
without the isolator; have similar values when using different detection
methods. The small discrepancies that might appear are due to the process
followed when measuring, since the set up was reassembled every time the

detection method changed.
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2.10.2 Noise-Injection Method

Fig. 2-40 shows the summary of the mixer Noise temperature with
and without the isolator for the different detection methods using in this

case the noise injection procedure.

1100 1100

—e—Spectrum Analyser
—s—Power Meter
1000 l 10001 YIG Filter
900 ‘ ’ i : ' 900
: v (¥
1

800
A
700 700 { m q
L 4 r i i
600 : 600 i w
—e—Spectrum Analyser Mi ‘x
500 —e—Power Meter 500
YIG Filter . ;

2.5 2.7 2.9 31 33 35 2.5 2.7 2.9 31 33 35

NT(K)
NT(K)

IF Frequency(GHz) IF Frequency(GHz)
@) (b)
Fig. 2-40 Mixer noise temperature (a) with and (b) without isolator, Noise injection
method.

Again, a collection of the mixer Conversion Loss measurements with
and without the isolator for the different detection methods using the noise

injection procedure is depicted in Fig. 2-41.
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Fig. 2-41 Mixer conversion loss (a) with and (b) without isolator, Noise injection method.

In the case of the noise injection procedure, more variation between

consecutive values is appreciated. This can be caused by the noise source

up
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that is used. Using a better noise source could improve the results. Even
though, results obtained using the different detection method are not really

far away, and its behaviour is the expected one.

2.10.3 Gain Method

The compilation of the mixer Noise temperature with and without
the isolator for the different detection methods using the gain procedure is

presented in Fig. 2-42.
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Fig. 2-42 Mixer noise temperature (a) with and (b) without isolator, Gain method.

Fig. 2-43 shows the summary of the mixer Conversion Loss for every

detection method when employing the isolator and not.
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Fig. 2-43 Mixer conversion loss (a) with and (b) without isolator, Gain method.
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The gain procedure is the most stable method in terms of less
variation between consecutive values and flatter results along all the
frequency range. When using different detection techniques, results are
similar and close to each other. It is also appreciable that they are closer
when using the isolator between the mixer and the pre-amplifier. So that, it

is clear that the use of this isolator can provide more reliable results.

2.11 Conclusions

After analysing all the results some conclusions can be extracted.

The use of an active temperature controller makes results being more
stable and reliable. The fact of having the IF Chain under a constant
temperature, avoid variations cause by the scene where the mixer is
measured, the term of the year, or how many people might be at the room
when measuring it. Although the results obtained when not using any
temperature controller are not quite different, it can’t be assured they be as

good when the room conditions change.

Talking about the calculation method, the Gain method seems to be
the more reliable one. Independently of the detection method used, the gain
procedure always have more constant values and comparing them to other
procedures, they are closer to the average between all of them. This might
be because this procedure, unlike the attenuator or the noise-injection
procedures doesn’t use any component that generates noise to calculate the
NT or the CL, such as an attenuator pad or a noise source. For this reason,
it can be concluded that the Gain procedure should be the one to be used
along this dissertation since it is the most stable one in terms of less

variation between consecutive values.

The detection method that provides the highest resolution at the IF
frequency range and indeed, gives a better idea of the performance of the
mixer along different frequencies is the Spectrum Analyser. However, it

does not necessary means that gives the best performance.

uph:



UPLS

Characterization of Measurement Technigues of Millimetre Wave Mixers 61

With regards to the used of the isolator, the next section describes a
deeper study about its influence when characterizing millimetre and sub-

millimetre wave mixers.
2.12 Isolator inclusion analysis

Within this section an explanation about the isolator behaviour is
driven. The change produced in the noise temperature of the mixer due to
the inclusion of the isolator is caused by the existing mismatch between
components. Not only the isolator might affect the noise temperature but
also the different components used in the measurements. This is the reason
why a new set of formulas have been obtained taking into account the
matching between the different elements presented in the set-up. For the
sake of simplicity and to facilitate the comprehension of this section only
the new formulas for the Gain procedure are presented. Two scenarios have
been analysed, having the isolator between the mixer and the IF chain and

without it.

It is known that interface mismatches affect the gain of the system,
and thus indirectly its noise temperature. The gain of a unilateral two-port
device with mismatched termination is defined as, [Maa05]:

1-|Ig|? 1-|ry |2
Gt = S

= 2-45
l1-rfs|2 0 |1-rry |2

Where I3, I, Iy and [ are respectively the input, source, output and
load reflection coefficients, and Gy is the transducer gain with a source and
load of impedance Z,. From Equation 2-45 it can be deduced that an
interface mismatch can increase or decrease the gain, (G), depending on the

reflection coefficients” phase.

2.12.1 Gain method without isolator

The receiver scenario is presented in Fig. 2-44. This figure shows the

different mismatching coefficients between components.
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Fig. 2-44. Receiver scenario.

Taking into account these coefficients the gain of every component

can be rewritten using Equation 2-45 as follows:

_ 1-Irl?
Os = Hrnr 46
Guix = 15211 2-47
_1-nf?
GL = [1-ToyelLl? 2-48

where every component is considered as a unilateral two-port with

mismatched termination.

For this analysis, the Mixer is considered to be matched with the load,
so that, I}, = [s", where * represents the conjugate. Therefore,

1

= TnFe 2-49

Gs

Note that the matching between the RF port of the mixer and the

load cannot be measured, so it won’t be taken into account from now on.

The mixer total gain taking into account the mismatching can be
expressed by the following equations in which Gy includes the input

mismatching:
Grmix = Guix - Gy, 2-50
Expressing the previous equation is terms of conversion loss:

L - 1g 2-51

Lmixt  Lmix

The mixer conversion loss can be rewritten as:
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Lyix = LmixrGy, 2-52
Calculating the power of the system with the hot and cold loads,
Equations 2-53 and 2-54 are obtained:

Pyorrx = kBTuorGrx (1 — IIL13) + kBTyxGryx (1 — [111%)

+kBG gy Tip 2-53
PCOLDrx = kBTCOLDGT'x(:l - |FL|2) + kBTMIXer(l - |1—i|2)
+kBG gy Tip 2-54

The Y-factor can be calculated from Equations 2-53 and 2-54 in
order to calculate the receiver noise temperature taking into account the

existing mismatching.

G
_ PHoTrx _ kBer(THOT(l_|FL|2)+TMIX(1_|FL|2)+TIF£)

= = 2-55
rx G
PcoLprx kBer(TCOLD(1_|FL|2)+TMIX(1_|FL|2)+TIFG+};)
(Tgor+TMmIx+TIF——F——7v)
Gmrx(1-Irel) Thor+TrxT
Yip = T = 2-56
(TcoLp*+Tmix+TiF—————)  TcoLp+Trxr
Gumix(1-IrLl”)
Tror =T + S/ S 2-57
rxT — IMIX

Gmix(1=11L1%)
Rearranging Equation 2-57 the mixer noise temperature can be
calculated:
Tmix = Trxr — Lmix —IE 2-58
a-1rLl®
If the mixer conversion loss calculated in 2-52 is written in terms of

measured conversion loss, Lyixt, and mismatching parameters:

(1-1r1?)

Lyix = LyixrGr = Lyixr m 2-59

=Sz2mixTLI?
Then, the mixer noise temperature de-embedding the output
mismatching circuit can be written as:

TiF
T =T —L _— 2-60
MIX rxT MIXT |1_522MIXFL|2
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Where Ly xr and Ty corresponds to the measured conversion loss
and receiver noise temperature and Ly x and Ty x are the mixer conversion

loss and noise temperature excluding the output mismatching.

2.12.2 Experimental Analysis

In order to check the conclusions derived into previous section, an
experimental analysis with the components that will be used in Chapter 4 is
included. The S parameters of the IF mixer port, and the IF chain with and
without the isolator have been measured and are shown in Fig. 2-45 (a) and
Fig. 2-45 (b) for one of the mixers of the array. Appendix A gathers the
results for the complete array that will be presented in Chapter 4.

——IF chain
2001 ——IF chain + ISO
——Mixer (100-120 GHz)

150

100

w
S

S11(dB)

-100

_70| —TF chain 150
—IF chain + ISO
——Mixer (100-120 GHz)
B! 2

5 6 ! 2

3 4 3 4
Frequency(GHz) Frequency(GHz)

@) (b)

Fig. 2-45. S parameters of the Mixer and the IF chain with and without isolator.

Once the §,; parameters are known, the value of G;, Equation 2-48,
can be obtained, Fig. 2-46 (a), and the de-embedding of the conversion loss
can be calculated, Fig. 2-46 (b).
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Fig. 2-46. (a) GL and (b) mixer conversion loss with and without isolator.

110
Frequency(GHz)

The mixer NT has been recalculated for every LO frequency point at
two different scenarios, taking into account the measured values of the IF
chain with and without isolator. The comparison between the measured
values and the calculated applying the de-embedding presented in Equation
2-60 is depicted in Fig. 2-47.

e

——Measured Iso
2500 ==-De-embedded Iso

1000

i i
50?00 105 115 120

110
Frequency(GHz)

Fig. 2-47. Mixer noise temperature before and after de-embedding.

Fig. 2-47 shows the measured NT and the de-embedded NT, which is
the recalculated NT taking into account the mismatching coefficient; when
the isolator is part of the IF chain and without it. There is an approach
between both cases, with and without isolator, when the de-embedding is
applied. That confirms the theory that the mixer parameters are affected by

the mismatching presented between the components of the receiver. The
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better the matching is the more realistic the NT measured value will be.
Note that the results in both cases (with and without isolator) have still
some discrepancies, this is due to the fact that the components have been
considered a unilateral two-port devices, which in the real case they are
bilateral components since the input and the output are affected by each

othet.

Therefore, the increased on the noise temperature of the mixer due to
the inclusion of an isolator can be explained by the mismatch existing
between components presented in the receiver. Otherwise, although the
inclusion of an isolator has been proved that increments the NT of the
mixer, it has been also proved that results obtained using it had similar
values independently the calculation procedure used, the gain, attenuator or
noise injection method. The pre-amplifier possess a better matching with
the mixer but less stable with frequency, which produces a larger variation
of the NT along the frequency, Fig. 2-45.

Another important issue is the fact that depending on the IF chain
used to measure the performance of a mixer, this performance can be
altered by the mismatching existed between the mixer and the IF chain,
which can lead to an increase or a decrease of the mixer N'T and CL. It is of
real importance to characterize this mismatching since the performance of
several mixers are not comparable if they haven’t been measured under the
same conditions since, as it has been proven in this chapter, the

performance of the mixer is related to the matching between components.
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CHAPTER 3

DESIGN OF A SUB-HARMONIC
MIXER WORKING AT MM-WAVE
FREQUENCIES

THz imaging cameras are taking importance nowadays especially for
defence and security applications. This thesis is therefore focused on the
development of an imaging camera for this kind of applications and, this
chapter is concentrated in a 220 GHz Schottky diode heterodyne receiver.
The research presented here is framed within three different and important
programmes funded by several Spanish Ministries: Cenit-Seduce, TEC and
INNPACTO. When designing a millimetre-wave receiver numerous
parameters need to be taken into account, one of the most important is the
operational frequency. Another one is the selected frequency which comes
from a compromise between the resolution, the penetration depth and the

atmospheric absorbance level.

This chapter presents the design, fabrication and measurement of a
220 GHz room temperature heterodyne sub-harmonic mixer implemented
on a polymer substrate. This material, cyclic olefin copolymer (COC) is a
promising dielectric material with interesting properties, such as high
chemical resistance, low water absorption, good metal adhesion, flexibility,
low permittivity, and low losses in the THz region (0.1-10 THz) [Fis13;
Sen00]. This material, commercialized as TOPAS® [TOP], has been already
employed in several applications, like THz fibers, low-loss interconnects,

waveguides [Nie09] and mesh filters [Pav13]. In addition, transmission lines
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built on this material have been studied up to 220 GHz, showing low losses
[Peyll]. However, despite these encouraging results it has not been
previously used in receiver applications at the millimetre wave frequency
range. Until now, the most commonly used substrate for developing mm-
wave mixers based on the use of discrete flip-chip diodes soldered on a
transmission line at this frequency range was quartz [ChelOa; Hes99;
Tho04; Tho05; ThoO8a; Tre09], although substrates as Rogers duroid can
also be found [Ali93; Zho12]. Therefore, the implementation in general of
mm-wave devices, and in particular, a mm-wave mixer on this novel
substrate is a new and innovative approach. As it is proven within this
chapter, COC substrates provide several advantages regarding quartz or
Rogers substrates: lower losses and, as it is proven for the first time in this
thesis, the capability of direct gold sputtering avoiding the use of any
intermediate material, such as chromium or nickel which is needed when
quartz or Roger substrates are used [Tan09; Ves97]. On the other hand,
their lower melting temperature, when compared with quartz, can be
compensated with longer curing processes if conductive epoxy materials are
used when dye soldering the diodes. Furthermore, the reduced losses versus
conventional substrates lead to better noise temperature values when

designing a millimetre-wave mixer as demonstrated in this chapter.

3.1 COC Substrate

Millimetre-wave mixers are mainly developed in Gallium arsenide
(GaAs) [Walll; Wan08] when using integrated Schottky diodes. Although
mixer designs that make use of integration diodes have better results
[Tholl; Wan13] the inability to fabricate diodes at the Antena Group
facilities has forced the use of commercial flip-chip diodes. When working
with discrete diodes the most common substrates are quartz or rogers
duroid [ThoO5; ChelO]. Within this dissertation the possibility of using
COC substrate is presented offering an innovative option when
implementing this kind of devices. TOPASO is the trade name for Topas
Advanced Polymers cyclic olefin copolymers (COC), [TOP]. The TOPAS
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COC substrate family consist of amorphous, transparent copolymers based

on cyclic olefins and linear olefins.

CHy, — CHy ——1}— cH CH —|

Fig. 3-1 TOPAS© COC structure, [TOP].

Cyclic olefin materials are a new class of polymeric materials with
property profiles that can be customized varying the chemical structure of
the copolymer. Some of the most important benefits that this material

offers are:

* Low density

* High transparency

* Low birefringence

* Extremely low water absorption

* Excellent water vapour barrier properties

* Variable heat deflection temperature up to 170 °C
* High rigidity, strength and hardness

* Very good resistance to acids and alkalis

*  Very good electrical insulating properties

TOPAS© COC has very good electrical insulating properties and a
low dissipation factor. The dielectric constant of TOPAS© COC is 2.34,
which is typical of the values obtained with olefinic materials, Fig. 3-2 (a). It
stays constant in the high frequency area up to 20 GHz. The very low
temperature dependence of the dielectric constant and dissipation factor is
shown by measurements on biaxially oriented film, Fig. 3-2 (b). At 10 kHz
and 100 °C, a value of 0.2 10 was determined.



70 Development of Terabertz; Systems for Imaging Applications

5 100- 104
~
4 80 =
o © ~No
w c ~ ~
£ & [l TS
S =
Z 3 s====dec-do—] g 60
S £
& s m— Topas 6015
£ 2 T 40— ,
9 8 —— high-density
o
% m Topas 6015 ‘3 polyethylene
B —— high-density a
= = pol ( t
1L p(ﬁye(hy]cno 20 polycarbonate
= = polycarbonate
0 1 . 0 —
-50 0 50 100 150 -50 0 50 100 150
Temperature [°C] Temperature [°C]
@) (b)

Fig. 3-2 Effect of temperature (a) on the dielectric constant and (b) on the dissipation
factor tan O of various polymers, [TOP].

These properties are expected to be different in the sub-millimetre
wave range. Therefore, the dielectric constant and the losses of this material
in the 100 to 1000 GHz band have been measured using the Teraview
Spectra 3000 TDS system. For the sake of comparison, these performances
have also been obtained for rogers duroid 5880 and quartz (fused silica)
substrates [Vil02]. The results are shown in Fig. 3-3.
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Fig. 3-3 COC, quartz and Rogers duroid 5880 measurements (a) dielectric constant, (b)
loss tangent.

Fig. 3-3 (a) shows the measured dielectric constant for the three
substrates meanwhile the losses are presented in Fig. 3-3 (b). Losses are

higher than the manufacturer’s previsions since the measured frequency
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range is much higher. Despite that, the measured COC tan  much lower
than typically used substrates, quartz (fused silica) and Rogers. Note also
that the values measured around 100 GHz are quite high, it is due to the

loss of dynamic range at low frequencies that the Teraview Spectra 3000
has.

Considering a microstrip (100 wm width) line built on a 120 um thick
COC substrate, the attenuation due to dielectric losses can be determined

as:

_ koer(seff—l)tam?
- 2\[eerf(er—1)

Where tan 9 is the loss tangent of the dielectric, €, the dielectric

3-1

constant, €4 the effective dielectric constant and k, the propagation
constant in vacuum [Poz05]. Table 3-1 shows the corresponding values of
the dielectric loss for each of the measured substrates at 220 GHz which

will correspond with the mixer operational frequency.

Material tan 6 oty (dB/ mm)
COC 0.0019 0.0412
Quartz 0.025 0.7890
Rogers 0.018 0.3758

Table 3-1 Calculated Dielectric Loss for the Different Substrate Materials.

Analysing the results calculated in Table 3-1 it is straightforward to
check that the COC substrate has the lowest dielectric loss, 0.04 dB/mm,
which is one order of magnitude smaller than Rogers and 19 times less than

quartz (fused silica).

On the other hand, the dielectric constant of COC is similar to
Rogers 5880 substrate which will be used later on to compare the
performances of two millimetre wave mixers implemented with these
substrates. Note that the properties of this kind of polymers make them

suitable to be used as substrate of microwave designs at high frequency.
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One of the most interesting properties of COC substrate is the ability to
support a direct sputtering of gold avoiding the use of any intermediate
material such as chromium or nickel. On the other hand, note that COC
requires low cure temperatures which has to be compensated with longer
time processes. All these characteristics make it ideal for developing
components/devices in applications at the mm and sub-millimetre

frequency range.
3.2  Design process

In this section the sub-harmonic mixer design process is presented.
Note that the design of this mixer is placed within three research projects
focused on the development of receivers on the millimetre and sub-
millimetre wave range for security applications such as explosives detection.
For this reason the operational frequency has been settled to 110 GHz for
the LO frequency and 220 GHz for the RF frequency. It has been chosen
an RF frequency of 220 GHz due to the fact that an atmospheric
attenuation window can be found there, [Ula73; Wan09; Mar12]. Moreover,
the resolution and penetration depth are good enough to detect hidden
objects and explosives (~cm), which are the goals of this dissertation. As it
will be presented later on this thesis, the mixer explained in this chapter will
be part of a 1x8 mixer element array shown in Chapter 3 which will be the
receiver part of a totally functional imaging camera, see Chapter 3 and
Chapter 6.

The design and optimization of the sub-harmonic mixer has been
done combining two software tools: Ansys High Frequency Simulation
Software (HFSS), [ANS], and Agilent Advanced Design System (ADS),
[AGI].

HFESS is a software package that analyses the electrodynamics
behaviour of passive structures based on finite element, integral equation or
advanced hybrid methods to solve a wide range of applications. It computes

scattering parameters (S-parameter) response and electromagnetic field
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distributions for passive and three dimensional structures at high frequency.
In the case of study, the linear behaviour of the sub-harmonic mixer will be

analysed using this software tool.

On the other hand, ADS is a powerful electronic design automation
software for RF, microwave, and high speed digital applications. In this
case, it has been the selected software tool to analyse the non-linear
behaviour of the sub-harmonic mixer. The Harmonic Balance simulation
method has been used in this dissertation, which is a frequency-domain
analysis technique for simulating distortion in non-linear circuits and
systems. This method allows one to determine the noise temperature and

conversion loss of the correspondent mixer.

The use of these two software packages has been done alternatively in
order to optimize the performance of the sub-harmonic mixer. Note that
generally, a mixer design is composed by two input waveguides (LO and
RF) and a channel in which the microstrip circuit will be placed, several
filters employed to select the IF frequency and reject the rest of the signals
(called LO and RF filters) and two diodes placed in anti-parallel
configuration (in order to avoid half the generated harmonics, see Section
2.1.1). With this in mind, a mixer design can be developed. First of all, an
ideal mixer design was done with the goal of calculating the optimal
impedance of the diodes and finding out the best noise temperature and
conversion loss reachable. In order to perform this ideal design some steps
were followed, Fig. 3-4. This ideal mixer design was completely

implemented using ADS.
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Fig. 3-4 Simulation flow of the ideal mixer design and optimization.

Different steps are followed when the ideal mixer parameters are
calculated. First of all, the local oscillator, LO; radiofrequency, RF;
intermediate frequency, IF and high harmonics, HF; ports are defined in
ADS. After that, LO, RF, IF and HF filters are created. These filters are
defined as band pass filters by the ideal S-parameters at the corresponding
frequencies. Moreover, the diode model with its main characteristics is
defined, Fig. 3-5 . The selected parameters correspond to a commercial

model brought to VDI which will be presented later on.

Diode_Model
DIODEM1
Is=0.2 fA
Rs=13 Ohm
N=1.3
Cjo=1.3 fF
Vj=0.73 V

Fig. 3-5 VDI diode model for ADS software.
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Once, all the parameters have been settled, the LO and RF impedance
ports are optimized with the aim of obtaining the minimum noise
temperature and conversion loss possible. Whenever these parameters are
minimized, the diode impedance is calculated and therefore, the final ideal

mixer design is obtained.

The harmonic balance definition used for the simulation is presented

in Fig. 3-6. Its principal parameters are:

*  Max Order: represents the maximum order of the mixing products.

* Freq[l]: is the LO frequency which is swept from 100 GHz to 120
GHz.

* Freq[2]: is the RF frequency which is settled to 2¥L.Ofreq-1.5 GHz.

*  Otrder[1] and Otrder|[2]: are respectively the number of LO and RF
harmonics taken into account.

* Noisecon|[1]: represents noise that will be presented at the frequency
of interest.

* BandwidthForNoise: is the bandwidth for spectral noise simulation
which is recommended to be 1 Hz for measurements of spectral
noise power.

* NoiseConMode: it is “yes” in order to enable noise simulation with

NoiseCons.

@ HARMONIC BALANCE

HarmonicBalance

HB2

MaxOrder=11
Freq[l]=LOfreq
Freq[2]=RFfreq
Order[1]=10

Order[2]=10
BandwidthForNoise=1.0 Hz
Noisecon[1]="NC_USB"
NoiseConMode=yes

Fig. 3-6 Harmonic balance parameters.
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Note that the noise contribution (Noisecon[1]) is modelled on an

harmonic noise controller presented in Fig. 3-7.

HB NOISE CONTROLLER

NoiseCon

NC_USB

InputFreq=R Ffreq
FregForNoise=2*.0freq-R Ffreq
NoiselnputPort=4
NoiseOutputPort=2
NoiseNode[1]=V_IF

Fig. 3-7 Noise source parameters definition.

* InputFreq: represents the noise input frequency which corresponds
to the RF frequency.

* FreqForNoise: is the frequency at which the noise is calculated.

* NoiselnputPort: is the number of the input port, RF port, in the
circuit.

* NoiseOutputPort: is the number of the output port, IF port, in the
circuit.

* NoiseNode[l]: represents the noise voltage value at the IF port.

The ideal schematic of the sub-harmonic mixer is presented in Fig.
3-8. This model counts with ideal filters to select the corresponding
frequency in each band. The ideal conversion loss and noise temperature
are calculated taking into account the RF and LO frequency impedances.
The best value obtained varying these impedances is shown in Fig. 3-9. Best
conversion loss values obtained are in the order of 5.7 dB using the diodes

aforementioned and noise temperature values are around 600 K.
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Fig. 3-9 (a) Noise temperature and (b) conversion loss of the ideal sub-harmonic mixer
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The diode impedances have been calculated from the currents and
voltages at the LO and RF frequencies for the ideal mixer design presented
in Fig. 3-8. The obtained impedances correspond to a minimal noise
temperature of the mixer, which can be obtained when there is an optimal
impedance matching of the diodes, so that ZRF=(ZdiodeIRF//Zdiode2RF)*
and ZLO=(Zdiode1LO/ /Zdiode2LO)*, where * means conjugate. The results
have been obtained for DIODE1 but DIODE2’s impedances are supposed
to be the same since both diodes are identical (Zdiode1LO=Zdiode2LO and
Zdiode1RF=Zdiode2RF). Taking this into account, the impedance at the RF and
LO ports can be expressed as ZRF=(Zdiode1RF/2)* and ZLO=(ZdiodelLO/2)*.
The obtained values related to the analysed LO frequency band are
presented in Table 3-2. These values have been calculated by means of the
currents and voltages presented in each port, LO, RF and diodes, taking
into account an LO frequency band of 20 GHz, an IF frequency of 1.5

GHz and a bandwidth of noise of 1 Hz, see Fig. 3-6.

Freq. (GHz) | ZdiodeLO (Q) | ZdiodeRF (Q) Z1LO (Q) ZRF (Q)
100 485.64 - 325.52i | 184.99 - 72.330i | 242.82 + 162.76i | 92.50 + 36.17i
101 482.58 - 326.58i | 184.46 - 72.83i | 241.29 + 163.29i | 92.23 + 36.42i
102 479.53-327.62i | 183.92 - 73.318i | 239.77 + 163.81i | 91.96 + 36.66i
103 476.5-328.631 | 183.39 - 73.801i | 238.25 + 164.32i | 91.69 + 36.90i
104 473.48-329.62 | 182.85- 74.28i | 236.74 + 164.81i | 91.43 + 37.14i
105 470.47 - 330.581 | 18231 - 74.7551 | 235.24 + 165.29i | 91.16 + 37.38i
106 467.48 - 331.52i | 181.78 - 75.226i | 233.74 + 165.76i | 90.89 + 37.61i
107 4645 - 332.431 | 181.24 - 75.693i | 232.25 + 166.21i | 90.62 + 37.85i
108 461.54 - 333311 | 180.7 - 76.156i | 230.77 + 166.66i | 90.35 + 38.08i
109 45859 - 334.181 | 180.17 - 76.6151 | 229.30 + 167.0% | 90.08 + 38.31i
110 455.66 - 335.011 | 179.63 - 77.069i | 227.83 + 167.51i | 89.81 + 38.53i
111 452.74 - 335.831 | 179.09 - 77.52i | 226.37 + 167.91i | 89.55 + 38.76i
112 449.83 - 336.62i | 178.55 - 77.967i | 224.92 + 168.31i | 89.28 + 38.98i
113 446.94 - 337.391 | 178.02 - 78.400i | 223.47 + 168.6% | 89.01 + 39.20i

up
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114

444.07 - 338.131

177.48 - 78.8481

222.03 + 169.071

88.74 + 39.42i

115

441.21 - 338.86i

176.94 - 79.2831

220.60 + 169.43i

88.47 + 39.64i

116

438.36 - 339.561

176.4 - 79.7141

219.18 + 169.78i

88.20 + 39.86i

117

435.53 - 340.24i

175.86 - 80.1411

217.77 + 170.12i

87.93 + 40.07i

118

432.71 - 340.91

175.32 - 80.5641

216.36 + 170.451

87.66 + 40.28i

119

429.91 - 341.541

174.78 - 80.9841

214.96 + 170.771

87.39 + 40.49i

120

427.12 - 342.161

174.25 - 81.4i

213.56 + 171.08i

87.12 + 40.70i

Table 3-2 Ideal diode impedance.

The optimum diode impedance calculated at the LO frequency has

values around 460 Q for the real part and -330 Q for the imaginary part. On

the other hand, the optimum diode impedance calculated at the RF

frequency presents values around 180 € for the real part and -80 Q for the

imaginary part.

Fig. 3-10 shows their corresponding LO and RF reflection

coefficients. A good sub-harmonic mixer design should have diode

impedances as close as possible to the calculated ideally, in order to have the

lowest conversion loss, related to Zrr, with a low input power, related to

Z.1.0.
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Fig. 3-10 Optimum (a) LO, (b) RF reflection coefficient for an LO frequency of 100 to 120
GHz.

Once the ideal mixer design has been completely done and a general
idea of the values of the matching diode impedance and the minimum noise
temperature and conversion loss reachable has been obtained, the mixer
design is worked out. It is important to recall the main existing differences
between the ideal design and the “real” mixer design. The first one comes
from the definition of the LO and RF ports which are simple ports in the
ideal case but waveguide ports when the “real” mixer design is
implemented. Moreover, the waveguide to microstrip transitions are also
defined in the “real” mixer design, which are not used in the ideal one. In
addition, the LO and RF filters will change from ideal filters to “real” filters
designed in microstrip technology and taking into account the kind of
substrate and the waveguide channel on which they will be placed. With all

of these considerations in mind the mixer design is performed.

As commented, the aim of the mixer design was obtaining the
minimum noise temperature and conversion loss in the widest frequency
range. Taking this into account, several steps have been carried out as

presented in Fig. 3-11.
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Fig. 3-11 Simulation flow of the mixer design and optimization

First of all, the mixer was divided into different parts for the purpose
of minimize the simulation time and simplify the design. So that, the mixer
design was split into five different parts: the 3D diodes model, the RF and
LO filters and the RF and LO transitions. All of them were designed using
HFFS and after that, the S-parameters of every section were obtained. Once
the S-parameters were calculated, they were imported in an ADS mixer
analysis model. ADS software was used to analyse the non-lineal behaviour
of the mixer and calculate its noise temperature and conversion loss. The
best performance of the mixer, in terms of less noise temperature and
conversion loss, will be obtained when the impedance at the diodes, is
closed to the calculated in the ideal design. A typical manner of varying this
impedance is using different ideal transition lines in order to gather the
mixer sections (i.e. the LO and RF filters, the diodes and LO and RF
transitions) and do a de-embedded of the diode impedance. The ideal
optimization is done using ideal transitions lines from ADS library.

Straightaway, their corresponding optimized transition line is simulated in
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HFSS and once more, it is imported in the ADS model and optimized

again. Those steps are repeated until an optimised design is obtained.

3.3 Sub-harmonic Mixer Results

The mixer device employs Schottky diodes in anti-parallel
configuration, Fig. 3-12, in order to mix the RFF and LO signals. The diode
3D model has been created by the Antenna Group taking into account the
physical dimensions of the commercial diodes as well as the different layers
that form a diode. Note that this is an approximate model of the VDI
diodes that will be employed in the fabricated mixer, which can lead to

slight differences between the simulation performance and the measured

one.

Passivation
layer, SiOz

Metallic
contact, Au

Epitaxial layer,
GaAs

Fig. 3-12 HFSS scheme of the Schottky diode.
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Fig. 3-13 HFSS Schottky diode dimensions.

As commented previously, the use of an anti-parallel configuration

has been decided in order to avoid the mixed even harmonics, as they will

be trapped inside the pair of diodes. However, the Antenna Group doesn’t

have either the resources nor the capability to fabricate diodes so that,

commercial diodes have been used for this mixer, namely the VDI SC1T2-
D20 [VDI], with the following characteristics: saturation current Is= 0.2 fA,

series resistance Rs= 13 Ohm, ideality factor n= 1.3, the zero voltage

junction capacitance Cjo= 1.3 fIF and the diode forward voltage Vj= 0.73 V.

These parameters determine the diode characteristics and are defined as:

Saturation current: It is also known as reverse saturation current and
represents  the  part of  the  reverse  current  in
a semiconductor diode caused by diffusion of minority carriers from

the neutral regions to the depletion region.

Series resistance: It can be calculated as the voltage deviation from the

extrapolated line at its high-current end, see Fig. 3-14.

Ideality factor: is a measure of how closely the diode follows the ideal
diode equation. It represents the unavoidable imperfections in the

junction, typically between 1 and 2.

Zero voltage junction capacitance: It is related to the depletion layer

charge in a p-n diode at zero bias.
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* Diode forward voltage: Refers to the voltage drop that occurs when
an electrical current passes through a diode in an electrical circuit. For

silicon diodes the diode forward voltage drop is about 0.7 volts (V).

Current
(mA) | Closest-FitLine —
1000.0 - = ly
— AV
‘f Rg = AVg/ g
100.0 —1
lo =1 exp(-qV / nKT)
10.0 [ AV n =DV /0.05783
10 <«— Data Points
1 1

1 1
0.40 0.50 0.60 0.70
Diode Voltage (V)

Fig. 3-14 Diode 1/V charactetistic [Maa03].

The sub-harmonic mixer is implemented in microstrip technology
over the COC substrate, and the different parts shown in Fig. 3-15

composed it.

RF
RF Transition

LO Filter

Fig. 3-15 Longitudinal section of the sub-harmonic mixer showing its different parts and
components.

The RF and LO signals are coupled to the mixer through standard
rectangular waveguides. The RF frequency has been set to 220 GHz so the
rectangular waveguide chosen has the following dimensions: 1092x546 pm,
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WR-4. For the LO waveguide the dimensions chosen are: 2032x1016 pm,
WR-8.

The LO Filter is a stepped-impedance Low Pass Filter, LPF, with a
cut-off frequency below 110 GHz. This filter will not let the LO signal pass
through the IF port and will completely direct it towards the diodes. The
RF Filter is also a stepped-impedance LPF but in this case the cut-off
frequency is between 110 GHz and 220 GHz letting the LO frequency pass
towards the diodes but avoiding the RF frequency to go through the LO
and IF ports (see Fig. 3-16 and Fig. 3-17) [Maa98]. Stepped-impedance
filters have been selected due to their simplicity and easiness to be
fabricated.

S  mm o
| & | L

(@)

—sll
-Sp——s21

S parms(dB)
S parms(dB)

35
40
45

o 50 100 150 200 250 790 95 100 105 110 115 120 125 130
Frequency(GHz) Frequency(GHz)

() ©
Fig. 3-16 (a) LO filter model and (b), (c) S11 and Sa1.
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Fig. 3-17 (a) RF filter model and (b) S11 and S.

The LO and RF transitions are designed to gather the maximum
power for the mixer. The input LO and RF waveguides have been reduced
in height to improve the operational bandwidth when adapting the TE,,
mode to the quasi-TEM mode of the microstrip line, (0.5 x 2.030 mm and
0.3 x 1.092 mm respectively) [Hes97; Shi97], see Fig. 3-18.
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Fig. 3-18 (a) LO Transition, LOT, model and (b) LOT Si1 and Sa1, (¢) RF Transition , RFT,
model, (d) RFT Si1 and So1.

The microstrip channel dimensions are 0.5 x 0.254 mm. The channel
width has been chosen taking into account that the waveguide is working as
monomode and the height has been chosen double the substrate thickness
which initially was 127 pm.

The dimensions of the complete mixer design are presented in
Appendix B as well as the ADS simulation schematic components.

In order to analyze how the substrate thickness influences the mixer
performance a parametric study has been carried out. Note that this study
has been done before optimizing the mixer design; this is why some

differences with the final mixer results can be appreciated.
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Fig. 3-19 (a) Noise temperature, (b) conversion loss, (c) LO matching, (d) RF matching
variation as function of the thickness substrate.

It can be seen in Fig. 3-19 that if the operational bandwidth (107 to
118 GHz) is taken into account the mixer performance is almost the same
independently the thickness substrate. According to the noise temperature
another variation can be found, the performance becomes less flat when the
substrate’s thickness increases, see frequencies around 107 GHz in Fig.
3-19 (a). Small differences can be appreciated for the case at LO and RF
matching. Finally a substrate thickness of 4 mils (101.6 um) has been
selected because it is possible to find it commercially (TOPAS 6015).

The mixer performance can also be influenced by the diode series
resistance, for this reason, a parametric study of this variable has also been
performed. Although it is a parameter that the designer can’t change
physically it is important to know how it can influence the mixer

performance.
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Fig. 3-20 (a) Noise temperature and (b) conversion loss dependences with the Diode series
resistance.

Fig. 3-20 shows that the higher the diode’s series resistance is the
higher the mixer noise temperature and the conversion loss will be. It is
important to keep the diode Rs as low as possible in order to achieve good
performances. The diode Rs is defined by the anode length, the epilayer
thickness and some other characteristics of the diode structure.
Nevertheless, although commercial diodes are used and the manufactures
provide its series resistance value, this value increases when the diodes are
welded to the microstrip circuit of the mixer due to the use of silver epoxy.
Another element that increases the resistance of the complete mixer is the
connector, since it is also welded by means of silver epoxy. Therefore a
careful fabrication process will become in an important issue for the final

results.

In order to optimize the design, analyse the diode’s non-lineal
behaviour and reach a good performance of the mixer in terms of low noise
temperature and conversion loss, ADS is used. The ADS simulation process
is presented next. This simulation process is divided into 3 steps. The first
simulation step was done importing all the HFSS parameters of each mixer
section. Every single block is connected by means of an ideal transition line
provided by the ADS library.
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This transition line allows the user to select the impedance and

R'lN the operational frequency. So that, once these values are fixed,
z=0hm the mixer design can be optimized changing the length of the
E=Degree

F=GHz ideal TT..

As well as with the ideal mixer design, Harmonic Balance analysis has

been used to study the performance of the mixer, see Section 2.3.

The impedance of every port has to be defined in ADS. Z_RF and
Z_LO are the port impedances of the corresponding waveguides for the
TE,, mode and can be calculated using HFSS. Z_LO is determined by the
simulation of the LO transition, its value corresponds to the impedance of
the LO port of the waveguide, Fig. 3-21 (a). Z_RF can be found the same
way, Le. it is the impedance value of the RF port of the simulated RF
transition, Fig. 3-21 (b).

LO Port

.

LNCE
o=

@ (b)
Fig. 3-21 HFSS 3D model (a) LO transition and (b) RF transition.

The obtained HFSS values 482 Q and 512 Q (port impedances of the
waveguide in HFSS at the corresponding frequencies 110 and 220 GHz)
respectively have been settled in ADS. Z_IF defines the impedance of the
IF port and it has been set to 100 Q which is a compromise between the
expected IF impedance of the pair of diodes 150 € and the input
impedance of the IF low noise amplifier (LNA) 50 €, [ThoO5]. The
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harmonics of higher order than 2*fro are modelled with embedding
impedance of Z_HF=10+j0 [Hes906].

-
L]

BPF_RFOL_

LO_WG
A<2030um HPF_250GHz_
8=1020um DIODE2
Model=DIODE M1 (5 HFpor2
Num=8
27_t

—~L = E

BPF_RFOL LPF_106Hz-

294.0 Ohm LPF_10GH7_
£=50
F=110GHr

J DODEL
Model=DIODE M1

22,10
Freq=LOfreq
PLEP_LOmMW ]

HPF_2506HE,

HEpors LPF_10GHz
Num=9
2:7_HF

HPF_10GH?
He Fpor o

= Num=7
- 22 F

Num=4
=1 RF

Freal1 R Ffieq =
PlLpolaridbmbow(p_RFI0) =

Fig. 3-22 Schematic of the first step of the Mixer ADS simulation process.

Once the mixer model is determined, Fig. 3-22, the first optimization
run can be performed. For this optimization the TL employed to connect
the different mixer blocks are swept in order to reach a valuable result in
terms of low noise temperature and conversion loss (which will be
equivalent to a good diode matching). Whenever a good solution is
obtained, the next step can be done. In the second step of the simulation
process, the ADS ideal transition lines are replaced by S-parameter blocks
with the corresponding transition line simulated in HFSS, i.e. the ideal TL
becomes real TL, Fig. 3-23. This transition line is calculated by means of a
proportional rule between the wavelength and the degrees of the ADS TL.
For example, if an ideal transition line of the following characteristics in
ADS, see Fig. 3-23 (a), has to be simulated in HFSS, Fig. 3-23 (b), the ideal

to real transition line transformation is done as follows:
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o Je
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TL1

7=82 Ohm
E=90
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@) (b)
Fig. 3-23 (a) ADS ideal transition line and (b) equivalent transition line in HFSS (real TL).

7= 82 Q corresponds to a microstrip transition line of 100 pm width
over a COC substrate of 101.6 um located inside a metallic block of 500 um
width x 254 um height.

The parameter E corresponds to the electrical length of the ideal
transition line in degrees. In this example E= 90. This value is the one that
determines the TL length. If a transition line of the characteristics shown in
Fig. 3-23 is simulated in HFSS its wavelength at 100 GHz is ~ 2049.9 um.
So that, the following rule can be applied in order to know the equivalent
length of an ideal TL line of E=90.

2=2049.9 pm —> E=360
;vr]‘ ; ET]A=90

In this case, A;; =512.5 um.

Fig. 3-24 shows the ADS schematic of the second step done during

the sub-harmonic mixer simulation process.
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Fig. 3-24 Schematic of the second step of the Mixer ADS simulation process.

The S parameters of the equivalent TL simulated in HFSS are inserted
in ADS. In the second step of the ADS simulation process a fine
optimization can be done changing the length in HFSS of these real TLs in
order to get the best NT and CL possible. Whenever a competitive solution
is obtained (understood as low noise temperature and conversion loss), the

simulation process can continue with the final step.
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Fig. 3-25 Schematic of the third step of the Mixer ADS simulation process.
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The final simulation step corresponds to the simulation of the
complete circuit, i.e. all the blocks are connected. The circuit (see Fig. 3-20)
is simulated completely in HFSS and its S-parameters are imported to ADS
aiming to confirm that the mixer performances; noise and conversion loss,
are close to their ideal values calculated in Section 3.3. Note that the
dimensions of the complete mixer device depicted in Fig. 3-25 are gathered
in Appendix B.

Fig. 3-26 Schematic of the HFSS complete mixer design.

Fig. 3-27 shows the differences along the optimization process. The
red line refers to the last simulation which corresponds to the most realistic
one since a full HFSS simulation has been performed with the complete
mixer. Obviously some differences can be appreciated. Nevertheless, these
discrepancies are quite small and can confirm that the simulation process
followed is consistent.

1800 ’/
10
‘ / V4
14 / // 8 /
~ ~
2 g —
T 6
Z /] s
Z O
3 (S 4
e —First step 2 —First step
——Second step ——Second step
4 — Third step : — Third step
100 105 110 115 120 foo 105 110 115 120
Frequency(GHz) Frequency(GHz)

@) (b)




UPLS

Design of a Sub-Harmonic Mixer working at MM-Wave Frequencies 95

0
-5 \ -5
10 : 10} _
o o
Tos Zs O\
= =
= —
»n ©n
20 20
25 i ——First step 25 g ——First step
—Second step ——Second step
—— Third step —— Third step
o0 105 110 115 120 300 205 210 215 220 225 230 235 240
Frequency(GHz) Frequency(GHz)
© CY

Fig. 3-27 (a) Noise temperature, (b) conversion loss, (c) LO matching, (d) RF matching, for
the optimization process.

Simulated noise temperature, Fig. 3-27 (a), presents values below
1000° K over a 14 GHz bandwidth (centred on 107 GHz) in all cases, with
a minimum value of 631 K at 115 GHz. On the other hand, conversion
loss, Fig. 3-27 (b), has minimum values of 6 dB and they are below 7 dB in
a bandwidth wider than 12 GHz (centred on 107 GHz). The final
simulation, third step of the process, shows an LO matching below -5dB in
a bandwidth of 10 GHz. Analysing also the RF matching it can be seen that
the S,; presents values below -10dB in a bandwidth of 26 dB (centred on
213 GHz).

The diode impedance as well as the impedance at the LO and RF port

have been calculated for the final mixer design.

Freq.(GHz) | ZdiodeLO (Q) | ZdiodeRF () ZLO (Q) ZRF (Q)

100 NaN-NaNi NaN-NaNi NaN-NaNi NaN-NaNi
101 481.78-322571 | NaN-NaNi | 240.89 + 161.29i NaN-NaNi
102 460.37 - 280461 | 173.6 - 74.3251 | 230.19 + 140.23i | 86.80 + 37.1625i
103 437.06 - 241.861 | 166.65 - 68.804i | 218.53 + 120.931 | 83.33 + 34.40i
104 421.63 - 220411 | 162.46 - 65.747i | 210.81 + 110.21i | 81.23 + 32.87i
105 409.13 - 204.731 | 159.24 - 635151 | 204.57 + 102361 | 79.62 + 31.76i
106 401.21 - 196.051 | 157.25 - 623471 | 200.61 + 98.02 | 78.62 + 31.17i




96 Development of Terabertz; Systems for Imaging Applications
107 398.25 - 194.25i | 156.51 - 62.272i | 199.12 + 97.13i 78.25 + 31.141
108 395.85-193.19i | 155.89 - 62.3591 | 197.92 + 96.60i 77.95 + 31.18i
109 399.08 - 200.19i | 156.75 - 63.724i | 199.54 + 100.09i | 78.38 + 31.86i
110 401.21 - 205.681 | 157.31 - 64.866i | 200.60 + 102.84i | 78.65 + 32.43i
111 409.52 - 221.82i | 159.63 - 67.709i | 204.76 + 110.91i | 79.81 + 33.85i
112 414.92 - 234.48i | 161.29 - 70.0071 | 207.46 + 117.24i | 80.64 + 35.00i
113 426.15 - 260.681 | 164.98 - 74.373i | 213.08 + 130.34i | 82.49 + 37.19i
114 433.63 - 282.851 | 167.92 - 78.1751 | 216.81 + 141.42i | 83.96 + 39.09i
115 443.76 - 318.48i | 172.73 - 84.1481 | 221.88 + 159.24i | 86.36 + 42.07i
116 446.33 - 334.84i | 174.86 - 87.2281 | 223.17 + 167.42i | 87.43 + 43.61i
117 447.93 - 348.94i | 176.79 - 90.021i | 223.97 + 174.47i | 88.40 + 45.01i
118 432.14 - 29231 | 168.99 - 81.622i | 216.07 + 146.151 | 84.50 + 40.81i
119 407.47 - 231.951 | 160.39 - 72.872i | 203.73 + 115.97i | 80.20 + 36.44i
120 385.32-190.28i | 153.99 - 67.601i | 192.66 + 095.14i | 76.99 + 33.81i

*NaN=Not available. It is employed for really high values.
Table 3-3 “Real” approx. diode impedances.

Table 3-3 shows that the diode impedance at the LO frequency has
values between 385 to 480 € for the real part and between -200 to -350 Q
for the imaginary part. Remember that the ideal design had values around
460 and -330 Q respectively. On the other hand, the diode impedance at the
RF frequency has values between 153 to 173 Q for the real part and -60 to -
90 Q for the imaginary part. Note that these values are close to the obtained
for the ideal mixer design (around 180 and -80 Q respectively), see Section
2.3.

Fig. 3-28 shows the corresponding reflection coefficients in the Smith
Chart as function of frequency for the LO and RF ports. Note the good
agreement with the calculated for the ideal sub-harmonic mixer analysis,
Fig. 3-10. Note also, that the minimum noise temperature, 631 K, and
conversion loss, 5.9 dB, values obtained, Fig. 3-27, are close enough to the
ideal ones, 600 K and 5.7 dB respectively, Fig. 3-9.

up
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Fig. 3-28 Real (a) LO, (b) RF ports reflection coefficients.

A comparison of the port impedances for the ideal mixer and the
final design is depicted in Fig. 3-29. The real and imaginary part of the LO
and RF port impedance are compared. Note that a good agreement is
achieved for the RF impedance port which is related to a low conversion
loss. On the other hand, the LO matching port is also quite good (related to
a low input power) and the best matching point is located between 114
GHz to 118 GHz in which, as it will be presented later on this chapter, the
best mixer performance has been measured.
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Fig. 3-29 LO and RF port impedances comparison between ideal and final mixer design (a)
710 real part, (b) ZLO imaginary part, (c) ZRF real part and (d) ZRF imaginary part.

The mixer behaviour has been optimized for an LO input power of
2.5 mW but in order to analyse its behaviour a simulation of the noise
temperature and conversion loss have been done for different power input
values, see Fig. 3-30.
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Fig. 3-30 (a) Noise temperature and (b) conversion loss dependences with the Lo input
power.

The best performance is obtained for input values between 2 and 3
mW, as expected since it was optimized for similar input values.
Nevertheless, neither the noise temperature nor the conversion loss varies
considerably when the input power changes except for the case in which the

LO power is 1 mW. For this case the operational bandwidth, understood as
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bandwidth in which the NT is below 900 K, is reduced and the CL

increases heavily.
3.4 Mixer fabrication process

This section describes the complete fabrication process of the mixer
presented in this chapter. The COC material will be the substrate to

fabricate the microstrip mixer circuit.

A thin layer of gold (between 1-2 ) is for the first time directly
deposited on the COC substrate as conductor material using a QUORUM
Q 150 TS Sputtering system. As a difference with other sub-mm wave
materials, it has been proven that COC can be directly gold sputtered,
without using any intermediate material, such as chromium or nickel, as
needed when quartz is used. This clearly simplifies the manufacturing

process.

Afterwards, the microstrip circuit is printed into the golden substrate
using a laser milling machine, LPKF ProtoLaser 200. This equipment allows
the user to print circuits at high frequencies over substrates specially design
to work at these high frequencies. The equipment parameters are adjusted
to obtain a precise finished and to avoid coarse edges. ProtoLaser 200 has a
power of 12 W and it is able to print structures with a resolution of 25 um
although best results are obtained for details above 50 um. Taking into
account the mixer design, the critical distance comes from the gap left for
the diode’s welding. This gap has a size of 80 um, therefore it is not

considered a problem.
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(@)
Fig. 3-31 (a) QUORUM Q 150 TS Sputtering System, (b) LPKF ProtoLaser 200.
A set of circuits has been fabricated. They are removed by means of
using a Disk Dicing Saw 321. In this case the COC thickness doesn’t have
to be lowered down since a commercial substrate thickness is employed,;

nevertheless, if necessary, it could be done using the same tool.

Fig. 3-32 Disco Automatic Dicing SAW DAD 321.
Some photos of the resulting microstrip mixer circuit are shown in
Fig. 3-33; i.e., (a) the RF transition and the gap where the diodes will be
welded (this gap is 80 long), (b) the RF filter together with a section of
the LO Filter, (c) the LO filter and (d) the microstrip section where the IF

connector is placed.
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Fig. 3-33 Several photos of the microstrip mixer circuit on Topas substrate.

The diode used for the sub-harmonic mixer implementation is a VDI
model in antiparallel configuration. This diode is welded to the microstrip
line, within the microstrip gap, using EPO-TEK-H20E silver loaded epoxy
adhesive. This epoxy is specifically designed for microelectronics and
optoelectronics applications. The microstrip circuit is positioned and
aligned into the metallic block where the metallic waveguides are
implemented (see next section) and then it is also welded to it. The
temperature used for the welding procedure is kept low in order to ensure
the COC’ characteristics are not affected since its melting temperature is
180° C; in particular, a curing process of 4 hours at 100°  is followed.
Some photos of the welding results are depicted in Fig. 3-34.
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Fig. 3-34 Photos of the (a) microstrip welded to the metallic block, (b) the IF connector
area and (c) the diodes welded to the microstrip.

Once the mixer is assembled, the diode series resistance was
measured. First the current through the diodes is measured using Keithley
2611 System Source Meter and the series resistance is calculated thanks to
the I-V curve. The obtained values are 18.8 Q for the positive side and 16.3
Q for the negative side for a voltage value of 0.8 V.

Note that according to the diode specifications, its series resistance is
13 Q, therefore, an increase between 3 and 5 ohms has been obtained due

to the losses produced by the silver epoxy and the microstrip line.
3.5 Mixer Block design

The mixer block designed for the sub-harmonic mixer is presented in

this section. The block was fabricated on aluminium and the IF connector
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used was a K-connector. Moreover, the LO and RF ports have the standard
flange at WR8 and WR4 with 4-40 UNC screws. The block is divided into
two parts and each one has half the waveguide circuit. Both mixer block
parts will be assembled together using metric screws 2 as well as the IF

connector.

Fig. 3-35 Images of the designed mixer block.

More information about the block dimensions and some images of

the final fabricated block are gathered in Appendix B.
3.6 Mixer Measurement

The setup used to characterize the sub-harmonic mixer is shown in
Fig. 3-30.

The LO signal is generated by a high power mm-wave source Elva
Backward Wave Oscillator in the range of 100 to 125 GHz. The signal gets
to an isolator, Elva Mod: IF-08 S-0405/05, which avoids reflections
towards the LO generator. After that, the LO signal power is selected to
achieve the appropriate power level at the LO port of the mixer. The IF
chain employed to measure the sub-harmonic mixer consists of two IF
amplifiers (GAMP0100.0600SM10) with 35dB gain, a Hewlett Packard
power sensor and the EPM Series Power Meter from Agilent. Both
amplifiers are biased +5 V using a Power Supply FAC-363B from Promax.
An RF feedhorn, 32240-25 S/N203160 Flann Microwave, is attached to the
RF port of the mixer.
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Fig. 3-36 Mixer setup for characterization.

The mixer noise temperature and conversion loss are calculated using
the Y-Factor method [Agi04] using liquid nitrogen and room temperature as
cold and hot sources respectively [Maa93]. The hot load is obtained placing
an absorbance material, Tesselating TeraHertz RAM, in front of the RF
feed horn. In order to get the cold load, the absorbance is submerged into
liquid nitrogen and place in front of the RF antenna. Thanks to the
difference in power between the hot load and the cold load the Y-factor is
calculated. The IF chain noise temperature is also calculated following the
same procedure. In this case, a cable with a 50 Ohm load is attached to the
IF pre-amplifier in order to simulate the hot load. The cold load is obtained

submerging this cable into liquid nitrogen.

The IF Y-factor measurements and the calculated noise temperature

are presented below:

*  Power with hot load (290 K): 1.267 mW.
* Power with cold load (77 K): 0.623 mW.
1.267 _ 290+T;p

Y= —=—=— 3-3
0.623  77+Tp

Typ = 1292 K 3-4

The performance of the mixer is extracted from these measurements.

Note that this process is carried out for different LO frequencies and

upna
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powers. The measured mixer noise temperature is shown in Fig. 3-37 (a) for
an LO power of 2 mW, 2.5 mW and 3 mW. The best result is obtained for
118 GHz for a supplied LO power of 2.5 mW.
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—POL=2mW —POL=2mW
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Fig. 3-37 Measured (a) noise temperature and (b) conversion loss of the mixer vs.
frequency for different LO Powers.

Fig. 3-37 (b) includes the conversion loss values obtained for different
LO power levels. Note that the best results are obtained for a LO power
level of 2.5 mW.

It is important to note the low levels of LO power needed to feed the
sub-harmonic mixer. Good performances of the mixer have been obtained
from power levels of 2 mW, this means that a good matching of the diodes

has been obtained.

The dependence of the DSB noise temperature with the frequency
for the best LO power levels (between 2 and 3 mW) is plotted in Fig. 3-38
(a). The best result is obtained for an LLO frequency of 118 GHz having the
minimum noise temperature value of 946 K. Conversion loss results have a

minimum value of 7.2 dB measured for an LO frequency of 120 GHz, Fig.
3-38(b).
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Fig. 3-38 (a) Noise temperature, (b) conversion loss comparison between mixer simulation
and measurement.

Fig. 3-38 also presents the comparison between the simulated and
measured results. The differences are noticeable and can be produced by
several factors. First of all, the fabrication process can influence the results,
moreover, the variations in the diode characteristics (anode area, epitaxial
doping...) compared to the simulated model and in the chip mounting
(position of the microstrip to the waveguide transition, position of the
diode, waveguide short...) can also cause discrepancies. Higher noise
temperature and conversion loss can also be due to the unbalance of the
diodes. If the diode characteristics change then also the embedding
impedances change. All that, will affect the mixer performance and so that,

the discrepancies observed could be understood.

One of the most important claims of this chapter is the use of the
COC substrate due to its lower losses when compared with conventional
substrates used in the development of sub-mm wave components. In order
to demonstrate this issue, the same mixer design has been fabricated and
measured using Rogers duroid 5880 substrate. The choice of this substrate
versus quartz comes from the fact that both materials, i.e., COC and Rogers
duroid 5880 exhibit a similar dielectric constant value and the same mixer

design can be used for both.

upna
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Fig. 3-39 (a) Noise temperature and (b) conversion loss comparison between mixers
fabricated using Topas and Rogers 5880 substrate.
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Fig. 3-39 shows the measured noise temperature and the conversion
losses for the two identical mixers fabricated in COC and Rogers 5880
substrates for an LO power between 2 and 3 mW. Once manufactured, the
measured series resistance of the mixer implemented in Rogers is 21.10 Q
for the positive side and 22.3 Q for the negative side. Note that when
measuring the series resistance once the mixer block is assembled, the

substrate is taken into account.

The results clearly indicate better performance offered by the mixer
fabricated with COC substrate versus the one built in Rogers 5880. In
particular, an improvement of 300 K in noise temperature values and 0.5dB

for the conversion losses has been obtained.

3.7 New sources of noise

Due to the differences appreciated between the simulated and
measured performance of the mixer, see Fig. 3-38, a deeper study in
bibliography has been done with the intention of finding a reason for this
fact. Searching around, a new source of noise presented in mixer has been
found [ThoO4]. This is called the hot electron noise and was demonstrated
by [Heg85] and [Cro87]. They said that when the current density that

crosses the junction is quite important, the electrons distribution is warmed
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up and an excess noise appears. For this reason, the equivalent noise
temperature of the series resistance varies during an LO cycle and can be

expressed as:
Tre = To + K1 3-5

Where K is the noise constant and I; the current that crosses the
diodes. In order to determine the contribution of this source of equivalent
noise at IF, it is necessary to take into account the correlation between the
different current harmonics generated by the LO signal. ADS software is
not considering this noise and indeed it is not possible to model it in a
rigorous way. Nevertheless, it is possible to do an approximation of the hot
electron noise contribution considering the LO current as non-correlated.
These harmonic currents generate noise in an independent way at the IF
output. In order to estimate the excess noise, the equivalent noise source
for the hot electron noise is considered as proportional to the sum of

squares of the LO harmonic currents.

[ThoO4] says that in the case of a sub-harmonic mixer with LO
currents in the order of mW, 4 current harmonics are taken into account.

Therefore, the spectral power density of the noise source is determined by:

(v?) = 4kpRsK Ynslia(m)|? 3-6

Where K is the noise constant determined by the anode diameter, the
relaxation time, the electronic mobility and the doping of the epitaxial zone
[Cro87]. [ThoO4] selects a K=2.44¥10" K/A® and we will take the same
value since it is not possible for us to know or measure the diode

parameters required to calculate it.

Taking into account the current values of the different LO harmonics
calculated in ADS, the spectral power density can be calculated. The series
resistance, Ry in our case is considered 13 Q and the K value is 2.44*10’

K/ A’ Therefore the spectral power density is:

uph:
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2
(v?) = 4% 1.38% 1072313 x 2.447 107 * 1.9  10™> = 3.33 = 10‘19:— =
zZ

-10 V_
5.77 * 10 N

Once the spectral power density has been calculated it can be added

to the mixer performance including two Noise voltage sources in series with
the diodes, see Fig. 3-42 and Fig. 3-41.
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Fig. 3-40 Schematic of the ADS mixer design including the calculated Hot Electron Noise
Source (HENS).
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Fig. 3-41 Schematic of the Noise Voltage Source implemented in ADS.
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. . .V .
V_Noise represents the Spectral Density Power in N calculated in

VHz

Equation 3-25. Finally, including the hot electron noise the simulation of
the sub-harmonic mixer at 220 GHz has been carried out obtaining an
increase of noise temperature value. A frequency shift in the simulation is
again obtained compared to the measured results (5 GHz shift) probably
due to fabrication tolerances, for this reason this shift has been applied to
the simulation results in order to compare them to the measured results, see
Fig. 3-42.
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Fig. 3-42 Noise Temperature comparison between measurements and simulation with
HENS.

Fig. 3-42 shows a better agreement between simulation and
measurements. For this reason a conclusion can be reached: the increment
noise appreciated in measurements compared to previous simulations can
be explained thanks to the hot electron noise and the fabrication process

and tolerances.

The hot electron noise source does not influence the conversion loss
simulation. For this reason, a study about the parameters that can affect it
has been done. It is well know that the diode series resistance contributes to
the increment of its value, see Section 2.3, but it is not the only one. A
mismatching between the mixer IF port and the connector also increases
the conversion loss. Varying the IF port impedance of the ADS schematic

mixer the conversion loss changes, obtaining higher values, more similar to

upna
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the measured ones. Fig. 3-43 shows the increase in the conversion loss

related to the IF port impedance.
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Fig. 3-43 Conversion loss dependence with the IF port impedance.

Taking these results into account a comparison between the measured
conversion loss and the simulated results including a mismatching in IF port

has been done, see Fig. 3-44.
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Fig. 3-44 Noise Temperature comparison between measurements and simulation including
the IF mismatching.

Fig. 3-44 shows a good agreement between simulation and results,

therefore, the previous discrepancies can partially be explained.
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3.8 Conclusions

Within this chapter a heterodyne receiver which will be part of an
imaging array explained in Chapter 4 has been introduced. Moreover, this
chapter has shown the improvement in the performance achieved by using
COC substrates in millimetre wave devices. In particular the design,
fabrication and measurement of a sub-harmonic mixer working at mm-wave
frequencies implemented on a COC substrate have been presented. Its
performance (noise Temperature values below 1000 K together with
conversion losses values of 7.2 dB have been obtained with very low
supplied levels of LO power, 2.5 mW) represent 300 K noise temperature
and 0.5 dB conversion loss reduction with respect to those obtained by the
same mixer built on a Rogers substrate. Therefore, the use for the first time
of COC substrate at sub-mm wave frequencies has led to obtain better
performances when designing sub-mm wave devices due to its lower losses.
Furthermore, direct sputtering of gold over COC substrate has been proven
to be reliable which introduces a strong advantage versus other
conventional substrates. The use of COC material opens the possibility of
improving the state-of-the-art performances of mm-wave mixers by

integrating the flip-chip diodes on this substrate.
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CHAPTER 4

DESIGN OF AN IMAGING ARRAY AT
220 GHz

This chapter presents the development of an imaging camera
operating at 220 GHz for defence and security applications. The
development of this camera is implemented within two research projects,
INNPACTO and Terascreen. Here the array receiver design, the measured
performance of each mixer element that forms the array and the cuasi-

optical system are presented.
4.1 Array Design

The array presented in this chapter is based on the sub-harmonic
mixer developed in Chapter 3. Here a configuration of eight mixer elements
is implemented. The only difference compared to the mixer design of
Chapter 3 is the fabrication process since instead of using a proto laser a lift

off procedure will be employed, see Section 3.3.

The main goal of this section is the metallic block design in which the
microstrip circuit will be inserted. Several issues (array configuration,
assembled, IF connection...) have to be taken into account when designing
the blocks since it is important to develop a compact and functional array to

be integrated with the imaging camera.

The same model block is used in the eight mixer elements in order to
reduce the total cost owing to it is easier and cheaper to fabricate a single

model. It is also important to consider the optimal array configuration.

113
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Note that this array will be part of an imaging camera (at the Terascreen
project the array will be integrated with a receiver at 94 GHz and another
one at 360 GHz), for this reason the resolution (understood as distance
between beams) and swept area (understood as area possible to capture) has
to be the better and the larger as possible. First of all a symmetrical (both
array lines perfectly aligned) 2x4 array configuration was considered. The
main problem this set up presents is based on the resolution obtained since
the pixels captured by every mixer element are separated a distance around
100 mm and what it’s more, due to the configuration of the imaging
camera, see Section 3.4, the system is able to do a mechanical movement to
sweep a vertical area which this configuration is not taking advantage of
(detectors situated on the same vertical will capture almost the same
information). This is why an offset configuration was taking into account.
In this case, the array is composed by two lines of 4 elements in which the
line on top is misfit to align the joint of two of the elements of the line

below, see Fig. 4-1.
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Fig. 4-1 Different views of the proposal mixer array configuration.

The principal advantage of this configuration is the increase in the
resolution without losing any information since the pixels are now separated

a distance approximately of 50 mm, half the distance of the previous set-up.

Nevertheless, although the offset configuration was the ideal one and
the selected to be implemented, finally an array set-up of 1x8 elements was
fabricated, see Fig. 4-2. The reason of this change was due to fabrication
issues. In order to feed the LO mixer ports, a power splitter is used. This
power splitter was designed by members of the Antenna Group and the
initial idea was fabricating two 1x4 power divisors. Finally due to fabrication
costs this was replaced by a single power 1x8 splitter and indeed the mixer
array configuration was changed to 1x8 elements. Although the resolution is
lower, the possible horizontal sweeping area has been increased giving the
possibility to obtain larger images. Moreover, in order to avoid extra losses
in the splitter fabrication the waveguide channels need to be cut in the E
plane and therefore, the input LO and RF waveguides of the mixer will

have horizontal polarization, see Fig. 4-2.
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Fig. 4-2 Schematic of the final mixer array configuration.

T e

~a
E Field

Fig. 4-3 Schematic of the 1x8 splitter.
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Fig. 4-4 Simulated S-params of the 1x8 splitter.

Fig. 4-4 represents the HFSS simulated S-parameters of 1x8 splitter.
Note that the S11 is below -20 dB for the complete operational frequency
band and S21 (which represents the transmission of each of the output

waveguides of the splitter) is -6 dB also in the whole frequency band.

The array elements are aligned to each other by means of pins
allocated at the lateral sides of the blocks, see Fig. 4-5. The blocks also have
alignment pins placed on the back face in order to align two lines which are

not used in this configuration.
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Fig. 4-5 Pins alighment of the blocks.

Once the array configuration was fixed the IF connector position had
to be considered; a K-connector K103F from Anritsu. Due to the fact that
each mixer block will be assembled laterally with another one, the only
possibility for the IF connector position was having it vertically to the
microstrip circuit, i.e. on the top side of the mixer blocks. Some options
were considered in order to weld it to the circuit, i.e. a wire bonding
(between the connector pin and the microstrip circuit), welding it using
silver epoxy (directly depositing silver epoxy touching both the connector
and the microstrip circuit). Finally, because of its simplicity, (make a
bonding on the connector pin was quite tricky since it is not a planar
surface), the option of welding it to the microstrip circuit by means of silver

epoxy was chosen. The IF connector configuration is presented in Fig. 4-6.

Channel Block

Microstrip
Circuit

\ Substrate

Silver Epoxi

K-connector Pin

K-connector

Fig. 4-6 IF connector configuration.

Note that the connector pin and the substrate are perpendicular and

touching each other.
4.2  Array fabrication

In this section the microstrip circuit fabrication process is presented.

Note that the mixer presented in Chapter 3 was fabricated using a Proto-
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laser machine, here the circuits are elaborated using photolithography. This
process is more complicated and requires a good parameters set-up in order
to get a high quality result. If the process is followed correctly the results
obtained are better than with other techniques.

This process requires the following elements:

* The substrate to fabricate the microstrip circuit is TOPAS
with 4 mils (101.6 um) thickness.
* A gold target used for the deposition process.
* Photoresist AZ9260.
*  Developer 400K.
* Az100K in order to use it as stripper.
To carry out the complete fabrication process some equipment is

employed. All this equipment is located inside the Antenna Group Clean
room ISO 7.

N

Fig. 4-7 Clean Room ISO 7.

* LabSpin 6 Spin from SUSS for the coating process.

* MaskAligner MBJ4 from SUSS used to expose the circuits to
UV light.

* A mask with the circuits printed on it.

*  Sputtering system Q150T from QuarumTech employed to
deposit gold on the TOPAS substrate.
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©
Fig. 4-8 (a) SUSS LabSpin 6, (b) Mask Aligner and (c) Sputtering system.
The process followed to fabricate the mixer circuits using

photolithography is presented below.

* C(Clean & Dry: First of all it is necessary to clean the wafer, 4”°
diameter, using isopropyl. After that it is warmed up during 2
minutes at a temperature of 100 ® C in order to dehydrate it

and favor the adhesion of the photoresist to the substrate.

* Coating: This step consists on covering the wafer using
photoresist, PR. In order to get a uniformly coating, the wafer
is placed in the Spincoater (rotatory platform) and, by means
of a syringe, the PR is poured. The parameters used for the
coating process are: 2400 rpm during 45 seconds which
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provides a thickness of 5-6 um of PR. The thinner the
deposited PR layer the better if it is thicker than the gold layer
that will be deposited after that. After several tests it can be

concluded that these values are the optimal ones. See Fig. 4-9
(@)

Softbake: The photoresist needs to be cured; this is achieved
leaving it on a hot-plate at 100 ® C during 6 minutes (1 minute

for every um of deposited PR).

Rehydrate: It is recommendable to rehydrate the photoresist
before exposing it to the UV light in order to get a better

absorption and therefore achieve a correctly developing.

UV exposure: With the purpose of “transferring” the circuits
to the wafer, it is necessary to expose the PR to UV light, to
that end; the wafer with the PR coating is placed in the mask
aligner. The exposure parameters are: exposure type: Hard
Contact (10 sec), exposure time: 30 sec (1093 m]/cm?).

Developing: In order to complete the circuits transferring
process it is required to do a developing. To get that, the
wafer is submerged into a solution 1:4 of AZ400K with
deionised water, DI water, during 90 seconds and after that, it
is cleaned with DI water in order not to develop it too much.
Next, it is dried using the spincoater working at 4000 rpm.
This process can be compared to a photography developing.

Metallization via sputtering: Finally the wafer needs to be
metallized, so that, it is completely put inside the sputtering
system and it is covered with gold, see Fig. 4-9 (b). Between 1
and 2 um of gold is deposited.
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@ (b)
Fig. 4-9 Microstrip mixer circuit (a) at the coating process (photoresist) and (b) at the
metallization process (gold).

* Stripping: The excess PR and gold that covers the PR needs
to be removed. With this intention, the wafer is submerged
into a solution 1:1 of AZ100K and DI water. It is left there
during 5 minutes and after that, the PR is easily moved away.
If any excess is left, Fig. 4-10, acetone can be used to

completely remove it.

Fig. 4-10 Some excess after cleaning with the stripper.

A photo of one of the final mixer circuits is presented in Fig. 4-11. It
is possible to appreciate all the sections of the mixer microstrip circuit: the
LO filter, the LO transition, the RF filter, the space left for the diodes and
the RF transition. The circuit is perfectly defined and no imperfections are
appreciated.
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Fig. 4-11 Photo of the complete microstrip mixer circuit.

4.3 Array Measurement

The eight mixer blocks that form the receiver array have been

fabricated and the microstrip circuits have been assembled on them.

> |
Fig. 4-12 The eight mixer fabricated blocks that form the array.

This section presents the characterization of each of the mixer
elements of the array. In order to reduce the length of the results presented
here only the comparison of the performance of the eight detectors are
presented. The complete set of results is gathered in Appendix C.

The setup used to characterize the mixer array is shown in Fig. 4-13.
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Fig. 4-13 Mixer setup for characterization.

This is the same set-up that was used for the characterization of the
sub-harmonic mixer presented in Chapter 3. Note that the IF chain
employed to measure the performance of the mixer array elements is the
same that the one in Chapter 3, same IF noise temperature. The same
process is followed to measure the performance of every element of the
array. In this case 8 mixers based on the same designed model have been
measured. For every single mixer a VDI diode in antiparallel configuration
has been used and its series resistance, before and once the complete block
has been assembled, has been calculated. The performance of every mixer is
presented in Fig. 4-14.
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Fig. 4-14 Measured (a) noise temperature and (b) conversion loss of the elements of the
array.
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Fig. 4-14 shows the comparison results of the measured noise
temperature and conversion loss of the different mixers of the complete

array.

It is possible to apreciate a similar behavious of all the receivers. After
analysing individually every element a conlusion can be reached: the best
frequency point of performances can be found at 116 GHz. Almost every
mixer has its minumun NT and CL located at this frequency. This is a good
result since it can be determined that the mixer fabrication is repeateble and

every element provides a comparable performance.

Diode Series | Block Series Block Rs Best Mixer Best Mixer
Resistance | Resistance (2) | Unbalance Noise Conversion
Q) Q) Temperature Loss

(K //GHz) | (dB//GHz)
Mixer 1 135 | 124 | 20.7 | 215 -0.8 1044 @116 7.1 @116
Mixer 2 145 | 147 | 17.27 | 17.32 -0.05 1082 @113 6.8 @114
Mixer 3 125 | 124 | 17.57 | 17.24 0.33 1066 @116 7.4 @116
Mixer 4 11.7 12| 23.62 | 24.09 -0.47 1052 @116 6.8 @116
Mixer 5 127 | 141 | 23.41 | 24.54 -1.13 1394 @115 7.8 @115
Mixer 6 13.7 | 15.3 | 18.97 | 20.31 -1.34 1211 @116 7.5 @116
Mixer 7 143 | 14.6 | 2097 | 21.53 -0.56 962 @116 6.7 @116
Mixer 8 132 | 12.6 | 1558 | 145 1.08 1052 @116 6.8 @116

Table 4-1 Summary of the performance of the eight mixer elements.

Table 4-1 summarizes the series tresistance of the diode and the
complete block as well as the best performance of each mixer component.
In general, a low block series resistance provides lower mixer noise
temperature values, see Mixer 1, Mixer 2, Mixer 3, Mixer 7 and Mixer 8
results. However, an increase in the mixer conversion loss is appreciatede if
the diodes are unbalanced, see Mixer 1, Mixer 3. Mixer 5 and Mixer 6 have
high series resistance and their diodes are quite unbalanced which gives a
worse mixer performance. Although this is not happening in Mixer 7 and
Mixer 8. The reason for Mixer 8 disagreement can be that the unbalance of

the diodes is compensated with really low values of series resistance,
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however, Mixer 7 presents the best NT anc CL values despite the Rs is not
the lowest one and either the unbalance value. Althogh it is well known
that the diode series resistance influences the mixer performance it is not
the only paramenter. The junction capacitance (which is not measured
within this dissertation) as well as the fabrication tolerances (microstrip
dimensions, block dimesions, diode position) are also essential and difficult
to compare since we are dealing with differences of um. Nevertheless, a
general conclusion can be done, if the diodes series resistance and the diode
unbalance is high this will lead to higher mixer noise temperature and

conversion loss.

Some photos of sections of different mixers of the array are

presented below.

Fig. 4-15 (a) IF connector gap and microstrip port, (b) diode, (c) LO and (d) RF transition.
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CY
Fig. 4-16 (a) IF microstrip port and gap for connector, (b) LO transition, (c) RF filter and
(d) RF transition.

In these pictures some of the LO transitions, the diode welding and
the filters are depicted.

4.4 Imaging System Description

The imaging array developed within this thesis is the receiver part of a
millimetre-wave passive imaging camera developed in the INNPACTO
project leaded by Alfa Imaging [ALFA] as well as in the TeraScreen project.
Within TeraScreen project a multi-frequency (94, 220 and 360 GHz)
scanning imaging camera is expected to be developed. First off all a receiver

operating at 94 GHz was developed by Alfa Imaging and as a consequence
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the imaging system was adjusted to work at this frequency, since it is the
lowest operational frequency. The quasi-optical system employed for the
imaging system consists of two mirrors placed in a Cassegrain
configuration. Note that the 220 GHz receiver array will be attached to the

imaging system which is already fabricated and working.

That imaging system consists of a main reflector, a hyperbolical with a
curvature radius of 1508.4 mm, a taper constant of -1.83 and a diameter of
840 mm. A sub-reflector which is an oval spheroid with a curvature radius
of 3703.7 mm, tapper constant of 81.05 and a diameter of 280 mm. The
distance between both reflectors is 635 mm. The receiver is situated at 370
mm. The main reflector is at an angle of 3.3187° while the sub-reflector is at
10.0856°, see Fig. 4-17.

280 mm Sub-reflector

Feed

Main reflector

Fig. 4-17 Dimensions of the analysed cassegrain system.
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This configuration provides a vertical sweep generated by the rotation
of both the main reflector and the sub-reflector thanks to two motors. This
rotation will draw an ellipse depending on the angle of rotation of the

reflectors, (main reflector, sub-reflector), see Fig. 4-18.

(-90,90)°

(0,0)° (180,180)°

(90,-90)°

Fig. 4-18 Ellipse draw of the equivalent movement of the beam generated by an array
element situated at the positive side when rotating the reflectors, for elements on the
negative side the ellipse draw will be the symmetrical to this one.

Ix1 | 1x2 | 1x3 | 1x4 | 1x5 | 1x6 | 1x7 || 1x8

-Y Y

Fig. 4-19 Schematic and real image of the positioning of the array receiver.
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When studying the central position, the complete array has been
analysed for the (0,0)° rotation of the reflectors, since the elements situated
at the positive side (elements 5,6,7 and 8 Fig. 4-19) with no rotation will
generate the symmetrical points of the elements at the negative side
(elements 1,2,3 and 4 Fig. 4-19) with a rotation of (180,180)°. For this

reason, only this position (0,0)°, is simulated for all the imaging system.

Element Array | X-Position | Y-Position
1x1 -73.5 0
1x2 -52.5 0
1x3 -31.5 0
1x4 -10.5 0
1x5 10.5 0
1x6 31.5 0
1x7 52.5 0
1x8 73.5 0

Table 4-2 Summary of the position of each mixer element inside the imaging system.

The mixer element X-position of Table 4-2 is determined by the
width of the mixer block, 21 cm. The Y-position is the height of the

receiver regarding the imaging system which in this case is set to zero.

The imaging system configuration together with the positioning of a

single feed and a simulation of the beam path is shown in a 3D simulation

in Fig. 4-13.

uph:
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Output plane
a“

Cassegrain system

Fig. 4-20 Cassegrain mirror configuration used for the imaging set-up.
4.5 Imaging System Analysis

The mirror set-up was optimized by the Antenna Group for the
imaging system operating at 94 GHz and with a 21 dB feedhorn feed. This
configuration is already fabricated and available for measurements.
Nevertheless, this set up has also been used with no change for the current

imaging system operating at 220 GHz.

Taking into account that the imaging system was optimized for a
lower operational frequency the performance of the quasi-optical system
will get worse when working at 220 GHz. Anyway, the receiver was
optimized to match with the best performance with the imaging system.
Initially the configuration was analysed taking into account a receiver with a
26 dB feedhorn since a couple of antennas of this characteristics (standard
gain horns) were already available at the Antenna Group. Nevertheless,
some simulations have been carried out using different antenna directivities
in order to select the appropriate directivity for the system to work the best

way. To carry out these simulations the software GRASP 9.8 has been used.

The GRASP analysis is defined by different steps done during the

simulation in order to calculate the performance of the system. These steps
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are called TASKS. Note that GRASP does not allow the user to work with a
passive system, i.e. the receiver will become an emitter in order to analyse
the behaviour of the system. The different steps followed in the simulation

of the imaging camera presented in this thesis are:
TASK 1: Get currents from Feed to Subreflector.
TASK 2: Get currents from Subreflector to Main reflector.
TASK 3: Get field from Main reflector to the field cut plane at 4 m.

TASK 4: Get currents from Main reflector to Subreflector, equivalent

to calculate the reflector block.
TASK 5: Add field from the Subreflector to the field cut plane.

The goal of this simulation is to analyse the behaviour of the different
elements of the array at the reflectors that form the system as well as in the
imaging plane which is set at a distance of 4 metres. In order to compare
these behaviour a relation of the improvement between the desired
signal/noise and the non-desited one is calculated at the imaging plane,
called SNR. Moreover, GRASP is able to calculate the relative power hitting
the scatter (Power) normalized to 1 W, also known as the spill-over
efficiency (Mspir), and the maximum value of the electrical field (MaxE) at
the imaging plane which is another parameter to take into account when
analysing the behaviour of the array elements. These parameters are shown
in the following tables for different antenna directivities (26 dB, 24 dB, 22
dB and 20 dB).

Taking into account the power hitting the Main reflector, TASK 2,
and the reflector block, TASK4, the power at the Imaging plane, called
here Prnaging, can be calculated as the subtraction of both values.

Morteovet, the S/N parameter has been defined as:

SNR = 20log(maxE) — Spillover 4-1

In which the Spillover is obtained from the 7)gp;; calculated by
GRASP.
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Spillover = 10log (1 — Nspinr) 4-2

The final array configuration has been analysed taking into account
different antenna directivities for the eight elements. In this chapter the
simulation results of elements 1x5 (central element), 1x8 (far right of the
array) and 1x1 (far left) are presented. The performance of the complete
array is gathered in Appendix D. The choice of these elements is due to the
location in the array since it is important to know how the central elements
will work as well as the lateral ones as they are further from the optical axis
and indeed their performance will get worse. Note also; as it will be
presented later on this chapter, the performance of element 1 and 8 won't
be the same considering that they represent different sides of the swept
ellipse and their distance to the reflectors are different due to the taper of
the mirrors, see Fig. 4-17 and Fig. 4-18.

*  Mixer 1x5
Antenna TASK 1 TASK 2 TASK 4
Directivity Power rlspill (dB) Power T/Spiu (dB) Power T/Spiu (dB)
26 dB 0.971 0.128 0.951 0.220 0.121 9.171
24 dB 0.963 0.162 0.930 0.314 0.134 8.734
22 dB 0.965 0.154 0.929 0.321 0.165 7.819
20 dB 0.933 0.300 0.903 0.445 0.183 7.382
Antenna Imaging Plane SNR
Directivity Power M i (dB) Spill-over Max E
26 dB 0.829 0.812 -7.683 0.033 -21.921
24 dB 0.796 0.988 -6.914 0.035 -22.180
22 dB 0.764 1.171 -6.264 0.031 -23.994
20 dB 0.720 1.427 -5.528 0.023 -27.238

Table 4-3 GRASP results for element 1x5 of the mixer array.
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The performance of the mixer located in the position 1x5 of the array
has been evaluated in GRASP. The results obtained for this mixer are
presented in Table 4-3. Different antenna directivities have been taking into
account, from 26 dB to 20 dB. Evaluating the results, the best antenna
directivity for this element would be 26 dB in terms of best S/N value.

20

0

26 dB [-3 dB, -0.01 dB]
(S>24 dB [-3 dB, -0.01 dB]
@&22 dB [-3 dB, -0.01 dB]
: @&>20 dB [-3 dB, -0.01 dB]
%o -70 -60 -50 40 30
X (mm)

Fig. 4-21 Beam cut at -3 dB of element 1x5 for different antenna directivities at the imaging
plane.

The beam cut at -3 dB at the imaging plane (4 metres distance) for the
antenna directivities analysed are shown in Fig. 4-21. See that the 20 dB
antenna would be automatically dismissed since the 3 dB beam cut
provides deformed shape which will generate a distorted view. The most
circular beam cut is generated by the 24 dB antenna; moreover, the
maximum MaxE value is also provided by this antenna. For this reason,
taking into account only element 1x5 the choice of the antenna directivity
will be between 26 and 24 dB. Note also that depending on the directivity
of the antenna the illuminated region of the mirror will change. The higher
the directivity of the antenna is the more concentrated the beam will be and
as a consequence the better the spill-over efficiency will be however, these

will lead to a higher blockage.
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*  Mixer 1x8
Antenna TASK 1 TASK 2 TASK 4
Directivity Power rlspill (dB) Power T/Spiu (dB) Power T/Spiu (dB)
26 dB 0.957 0.192 0.938 0.277 0.068 11.687
24 dB 0.938 0.277 0.915 0.385 0.062 12.074
22 dB 0.934 0.299 0.898 0.467 0.081 10.924
20 dB 0.923 0.346 0.890 0.506 0.119 9.260
Antenna Imaging Plane SNR
Directivity Power M i (dB) Spill-over Max E
26 dB 0.870 0.603 -8.873 0.034 -20.601
24 dB 0.853 0.690 -8.332 0.033 -21.325
22 dB 0.817 0.877 -7.378 0.029 -23.344
20 dB 0.771 1.127 -6.411 0.023 -26.279

Table 4-4 GRASP results for element 1x8 of the mixer array.

In the case of the 1x8 element, the best performance, in terms of best

S/N, is obtained with an antenna directivity of 26 dB.

30

20

Y (mm)

.39

26 dB [-3 dB, -
(@©&>24 dB [-3 dB, -
@22 dB [-3 dB, -
@20 dB [-3 dB, -

0.01 dB]

7

0.01 dB]
0.01 dB]
0.01 dB]

-390 -380

-370
X (mm)

-360 -350

Fig. 4-22 Beam cut at -3 dB of element 1x8 for different antenna directivities.




136

Development of Terabertz; Systems for Imaging Applications

Fig. 4-22 shows the beam cuts at-3 dB of element 1x8 for different
directivities. A less circular pixel shape can be observed since the ray is now
hitting the external part of the mirror. This will cause a higher aberration of
the image captured by these elements. Nevertheless, the most circular beam
cut shape is obtained when the 24 dB antenna is employed.

*  Mixer 1x1
Antenna TASK 1 TASK 2 TASK 4
Directivity Power T/Spi” (dB) Power T/Spi” (dB) Power T/Spi” (dB)
26 dB 0.944 0.252 0.931 0.310 0.192 7.161
24 dB 0.925 0.337 0.920 0.363 0.208 6.827
22 dB 0.931 0.313 0.923 0.347 0.236 6.279
20 dB 0.902 0.446 0.879 0.560 0.238 6.230
Antenna Imaging Plane SNR
Directivity Power M i (dB) Spill-over Max E
26 dB 0.739 1.315 -5.829 0.023 -26.824
24 dB 0.712 1.473 -5.410 0.027 -26.125
22 dB 0.688 1.626 -5.053 0.031 -25.204
20 dB 0.641 1.932 -4.448 0.030 -26.039

Table 4-5 GRASP results for element 1x1 of the mixer array.
In this case, the best antenna directivity is 22 dB in terms of less S/N
and maximum MaxE. Note the different behaviour between element 1x1

and 1x8 since they correspond to different sides of the ellipse drawn by the
beam when the reflectors are moving.
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20
~
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g 0 -
E
>~
26 dB [-3 dB, -0.01 dB]
(S>24 dB [-3 dB, -0.01 dB]
22 dB [-3 dB, -0.01 dB]
) &20 dB [-3 dB, -0.01 dB]
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Fig. 4-23 Beam cut at -3 dB of element 1x1 for different antenna directivities at the imaging
plane.

Fig. 4-23 depicts the beam cut at -3 dB obtained for element 1x1 at
the imaging plane, i.e. at 4 m distance. The beam has an oval shape due to
its position on the array. Again, the most circular shape is obtained for an
antenna of 24 dB.

After analysing the complete array, see Appendix D, a compromise
about the best antenna directivity used at the imaging system has to be
reached. First of all, if the central elements are taking into account, the
antenna directivity that fits better with the system in terms of S/N could be
26 or 24 dB, however, element 1x1 requires lower directivity to work in its
best way. To get to an agreement, the parameter MaxE has to be analysed.
This parameter corresponds to the level of the electrical field at the imaging
cut plane, at distance of 4 metres to the system. If a directivity of 22 dBs is
chosen the E field available for all elements is more equalized understood as
less variation between elements (MaxE values range between 0.029 and
0.032, difference of 0.003), however the beam shape is distorted. On the
other hand, if a directivity of 26 dB is selected the difference between these
values (0.012) is larger enough not to have a balanced performance of the
imaging array. An intermediate point would be in this case the use of a 24
dB antenna with a difference MaxFE values of 0.008. On the other hand, if
the S/N parameter is trying to be equalized the better antenna directivity
would be 22 dB (variation between values 1.80) instead of 24 dB (variation
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4.8) and 26 dB (variation 6.223). However, as commented, the beam cuts
are less circular specially when analysing the elements situated at the left

side of the array (elements 1x2 and 1x1, see Fig. 4-23).

For this reason, in order to get a compromise between the maximum
MaxE value, the beam shape and the minimun S/N value a 24 dB antenna
is finally chosen. This way, the array elements E field levels move between
0.027 and 0.035, values of S/N between -26.121 and -21.325 and a circular
beam shape at -3 dB is obtained for all elements that forms the imaging
array. Note that the imaging system has also been analysed for the 22 dB

antenna obtaining similar results.

The quasi-optical system has been analysed taking into account all the
elements of the array and the movement of the elliptical mirrors. This
movement provides the possibility of scanning a complete vertical line of a
length of approximately 2 metres. The beam cut at -3 dB at the imaging
plane is depicted in Fig. 4-24 (a) for the complete array and the quasi-optical
system in its initial position. Fig. 4-24 (b) depicts the beam cut of the array
at different points: having the mirrors in its initial position and with the

mirrors rotated to the position to scan the maximum distance.
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Y A3 @ 3 3 o @ 4
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Fig. 4-24 Beam cuts at -3 dB at the imaging plane (a) for the central position. (b) Beam cuts
-3 dB at the imaging plane simulating the maximum scanning area.
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The rotation of the mirrors provides a vertical scanning of
approximately two metres; see Fig. 4-24 (b). Thanks to the location of the
array elements is also possible to obtain a horizontal scanning area of
around 800 mm. Both factors give a scanning area of 2x0.8 m at a distance

of 4 m, which is a sufficient area to scan a person.

Below the beam cuts of two of the analysed elements, using an

antenna of 24 dB directivity, are presented.

50r 0

25

Y (mm)

-25

-50
X (mm)
Fig. 4-25 Bean cot of element 1x5.

Fig. 4-25 presents the beam cut at 4 m distance emitted by a receiver
located in position 1x5 of the array. Here the most circular shape is

appreciated since it is emitted by one of the central elements of the array.
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Fig. 4-26 Beam cut of element 1x5 at the (a) upper and (b) lower position.
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If the mirror rotation is done, the beam cut at the upper and lower
positions is obtained, Fig. 4-26. A distortion of the beam shape is produced
at these positions. It is due to the fact that the beam hits the mirror at the

external zone so that, the aberration provoked by it is higher.

25

Y (mm)

251

00 350
X (mm)

Fig. 4-27 Bean cot of element 1x1.

The results obtained from the simulation of element 1x1 of the array
are presented in Fig. 4-27 and Fig. 4-28 for the central position and the
lower and upper positions respectively. The beam cut at 4 metres distance
for element 1x1 is less circular compared to previous elements. This can be
explained due to the configuration of the system. Note that the main
reflector and the sub-reflector had a slight tilt which produces a worse
performance of one side of the array receiver (left side) since the distance to
the mirror is larger. Moreover, the elements located at the far left and far
right are further to the focal point than the central ones which also

generated and aberration of the beam.
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Fig. 4-28 Beam cut of element 1x1 at the (a) upper and (b) lower position.

4.6 Conclusions

The design of the multi-pixel receiver has been carried out. The
mechanical requirements has been analysed and finally, an array of 1x8
elements has been developed and measured obtaining a similar performance

for all of them in terms of noise temperature and conversion loss.

Moreover, the simulated results of this array operating over a
Cassegrain system for imaging applications have been reported. A study of
the required antenna for the system to work in its best way has been done.
A 24 dB antenna has been chosen for the receiver array as a compromise
between the S/N, MaxE and the shape of the beam cuts at -3 dB.
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CHAPTER 5

DEVELOPMENT OF SUB-
MILLIMETRE WAVE COMPONENTS

5.1 Introduction

The current technology available at the sub-millimetre wave range
does not provide, in most cases, enough power to feed the available
components due to the high operational frequencies. This can result in an
important problem when arrays of sub-harmonic mixers need to be
pumped at these frequencies, such as the array presented in Chapter 4. For
this reason, new approaches have to be done in order to fix this problem.
This is why; a 4™-harmonic mixer is presented in this Chapter. The use of
this kind of devices make possible to reach high RF frequencies having a
compromise between the operational LO frequency and the power available
at that frequency which results in an advantageous solution. This is possible
thanks to the decrease in LO frequency which leads to have enough power
to work at that frequency which is of great importance when high amounts

of power are required to feed the array of mixers.

When designing imaging systems some parameters such as the
operational frequency are taking into account. It is important to operate at
frequencies in which an attenuation window is presented, but this is not the
only reason. The operational frequency also sets the resolution and the
penetration depth, which increase with frequency. For this reason, it is
meaningful to have the possibility of increasing the RF frequency in order

to improve the resolution and the performance of the system.
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In this chapter a sub-harmonic mixer working at an RF frequency of
440 GHz built in COC substrate is presented. Moreover, the use of a 4™
harmonic mixer instead of the sub-harmonic mixer is studied. Both
components are design, fabricated and measured and a comparison between
them is done. In order to measure the sub-harmonic mixer with the
equipment available at the Antenna Group facilities a doubler at 220 GHz
has been design and is also presented in this Chapter.

5.2 Sub-harmonic mixer working at 440 GHz

As it was presented in Chapter 3 a sub-harmonic mixer is also
presented in this section. The main difference between both designs is the
choice of the RF frequency. In this case, an RF frequency of 440 GHz has
been selected. The election of this frequency is due to several things. First
of all, it is double the operational frequency of Chapter 3’s mixer.
Moreover, the 4™-harmonic mixer that is going to be presented in this
chapter will work at an LO frequency of 110 GHz (RF frequency of 440
GHz) due to the fact that the Antenna Group counts with a source with
enough power at this frequency. For all of this, the operational RF
frequency is set to 440 GHz and therefore, an LO frequency of 220 GHz is
used with an IF band between 1 to 6 GHz in order to have the possibility to

compare both mixers performance.

The design procedure employed for the sub-harmonic mixer at 440
GHz is the same as the one presented in Chapter 3. First of all an ideal
approach of the performance of the sub-harmonic mixer has been
calculated in ADS. The ideal model of the sub-harmonic mixer is presented
in Fig. 5-1. This model counts with ideal filters to select the corresponding
frequency in each band. The ideal conversion loss and noise temperature

are calculated taking into account the RF and LO frequency impedances.
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Fig. 5-1 Ideal mixer design of the sub-harmonic mixer working at 440 GHz.

Best value obtained varying these impedances is shown in Fig. 5-2.
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Fig. 5-2 (a) Noise temperature and (b) conversion loss of the ideal sub-harmonic mixer.




146

Development of Terabertz; Systems for Imaging Applications

Best conversion loss values reached are in the order of 6 dB using

the VDI diodes and noise temperature values are around 700 K.

The diode impedances have been calculated form the currents and

voltages at the LO and RF frequencies for the ideal mixer design presented

in Fig. 5-1. The obtained impedances correspond to a minimal noise

temperature of the mixer, see Chapter 3. Taking this into account, the

impedance at the RF and LO ports can be expressed as ZRF=(ZdiodelRF/2)*
and ZLO=(Zdiode1LO/2)*. The obtained values related to the analysed LO

frequency band are presented in Table 3-2.

Freq. (GHz)

ZdiodeLO (Q2)

ZdiodeRF (Q)

Z10 (Q)

ZRF (Q)

200

261.21 - 298.051

128.86 - 90.461i

130.61 + 149.03i

64.43 + 45.23i

201

259.72 - 298.051

128.86 - 90.461i

129.86 + 149.03i

64.43 + 45.23i

202

258.22 - 298.091

128.45 - 90.6481

129.11 + 149.05i

64.23 + 45.32i

203

256.73 - 298.13i

128.04 - 90.833i1

128.37 + 149.06i

64.02 + 45.42i

204

255.25 - 298.16i

127.63 - 91.0171

127.62 + 149.08i

63.82 + 45.51i

205

253.77 - 298.19i

127.23 - 91.198i

126.89 + 149.09i

63.61 + 45.60i

206

252.30 - 298.20i

126.82 - 91.378i

126.15 + 149.11

63.41 + 45.691

207

250.84 - 298.22i

126.41 - 91.5571

125.42 + 149.11i

63.21 + 45.78i

208

249.38 - 298.23i

126 - 91.7331

124.69 + 149.11i

63.00 + 45.871

209

247.93 - 298.23i

125.6 - 91.908i

123.96 + 149.12i

62.80 + 45.951

210

246.48 - 298.23i

125.19 - 92.0811

123.24 + 149.11i

62.60 + 46.04i

211

245.05 - 298.22i

124.79 - 92.252i

122.52 + 149.11i

62.40 + 46.13i

212

243.61 - 298.211

124.39 - 92.421i

121.81 + 149.11

62.19 + 46.21i

213

242.19 - 298.19i

123.98 - 92.5891

121.09 + 149.11

61.99 + 46.30i

214

240.77 - 298.171

123.58 - 92.7551

120.38 + 149.08i

61.79 + 46.38i

215

239.35 - 298.14i

123.18 - 92.92i

119.68 + 149.07i

61.59 + 46.46i

216

237.95 - 298.11i

122.77 - 93.0821

118.97 + 149.05i

61.39 + 46.54i

217

236.54 - 298.071

122.37 - 93.2431

118.27 + 149.04i

61.19 + 46.62i

218

235.15 - 298.03i

121.97 - 93.4031

117.57 + 149.01i

60.99 + 46.70i

up
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219 233.76 - 297981 | 121.57-93.5611 | 116.88 + 148.991 | 60.79 + 46.78i
220 232.38-297.931 | 121.17-93.7171 | 116.19 + 148.971 | 60.59 + 46.86i
221 231.00 - 297.881 | 120.77 - 93.871i | 1155+ 148.94i | 60.39 + 46.94i
222 229.63-297.811 | 120.37 - 94.0241 | 114.81 + 148911 | 60.19 + 47.01i
223 228.26 - 297.751 | 119.98 - 94.1761 | 114.13 + 148.871 | 59.99 + 47.09i
224 226.91 - 297.681 | 119.58 - 94.3251 | 113.45 + 148.841 | 59.79 + 47.161
225 225.55-297.611 | 119.18-94.4741 | 112.78 + 148.8i | 59.59 + 47.24i
226 224.21 -297.531 | 118.79 - 94.621 112.1 + 148.761 | 59.39 + 47.31i
227 222.87-297.451 | 118.39 - 94.7651 | 111.43 + 148.721 | 59.20 + 47.38i
228 221.53-297.361 | 117.99 -94.9091 | 110.77 + 148.681 | 59.00 + 47.451
229 220.2 - 297.271 117.6 - 95.051i 110.1 + 148.631 58.8 + 47.531
230 218.88 -297.181 | 117.21 - 95.1911 | 109.44 + 148.591 | 58.60 + 47.60i
231 217.56 -297.081 | 116.81-95.331 | 108.78 + 148.541 | 58.41 + 47.67i
232 216.25-296.971 | 116.42-95.4671 | 108.12 + 148.491 | 58.21 + 47.73i
233 214.94 - 296.871 | 116.03 - 95.6031 | 107.47 + 148.431 | 58.01 + 47.80i
234 213.64 - 296.761 | 115.64 - 95.7371 | 106.82 + 148.381 | 57.82 + 47.87i
235 212.35 - 296.641 | 115.25- 95.871 | 106.17 + 148.321 | 57.62 + 47.941
236 211.06 - 296.521 | 114.86 - 96.0021 | 105.53 + 148.261 | 57.43 + 48.00i
237 209.78 - 296.401 | 114.47 -96.1321 | 104.89 + 148.2i | 57.23 + 48.071
238 208.50 - 296.281 | 114.08 - 96.2611 | 104.25 + 148.141 | 57.04 + 48.13i
239 207.23 - 296.151 | 113.69 - 96.3881 | 103.61 + 148.071 | 56.84 + 48.19i
240 205.96 - 296.021 | 113.78 - 96.4871 | 102.98 + 148.011 | 56.89 + 48.24i

Table 5-1 Ideal optimal diode impedance.

The diode impedance at the LO frequency has values around 220 €
for the real part and 298 Q for the imaginary part. On the other hand, the
diode impedance at the RF frequency has values around 120 Q for the real
part and 149 Q for the imaginary part.

Fig. 3-10 shows their corresponding LO and RF reflection
coefficients. As it was already studied in Chapter 2, a good sub-harmonic

mixer design should have diode impedances as close as possible to the
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calculated ideally, in order to have the lowest conversion loss, related to

Zrr, with a low input power, related to Zro.

@) (b)
Fig. 5-3 Optimum (a) LO, (b) RF reflection coefficient.

Once the ideal analysis of the sub-harmonic mixer working at 440
GHz has been carried out, the next step is the design of the mixer in HFSS.
The longitudinal section of the complete mixer is presented in Fig. 3-15.
Again, commercial diodes have been used for this mixer, namely the VDI
SC1T2-D20 [VDI], with the characteristics described in Chapter 3.
Moreover, the mixer has also been built in COC substrate [TOP] due to the
better performances of this substrate (see Chapter 3, Section 3.7).

LO Transition

RF Filter

Diodes | | RF Transition

LO filter

Fig. 5-4 Longitudinal section of the sub-harmonic mixer showing its different parts and
components.
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The coupling of the RF and LO signal is done by means of standard
rectangular waveguides. The RF frequency has been set to 440 GHz so the
rectangular waveguide chosen has the following dimensions: 508x254 pm,

WR-2. For the LO waveguide the dimensions are: 1092x546 um, WR-4.

The LO and RF filters are stepped-impedance Low Pass Filter, LPF,
with a cut-off frequency below 220 GHz for the LO filter and between 440
and 220 GHz for the RF filter (see Fig. 3-16 (a) and Fig. 3-17 (a)) [Maa98].
Their S-parameters are presented in Fig. 3-16 (b) and Fig. 3-17 (b). The
dimensions of both filters as well as the rest of sections that forms the
mixer are presented in Appendix B.

Port 1 Port 2
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oS : :
) 50 100 150 200 250 300
Frequency(GHz)

Fig. 5-5 (a) LO filter model and (b) S11 and S21.
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Fig. 5-6 (a) RF filter model and (b) S11 and S21.

The same way it was done in Chapter 3, the LO and RF transitions
are designed to gather the maximum power for the mixer and they have also
been reduced in height (300 x 1092 um and 170 x 508 um respectively)

[Hes97; Shi97].
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—Sl11
—s21

50 100 150 200 250
Frequency(GHz)
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Fig. 5-7 (a) LO Transition, LOT, model and (b) LOT S11 and S21, (c) RF Transition ,
RFT, model, (d) RFT S11 and S21.

The microstrip channel dimensions are 240 x 200 um (monomode
operation). The TOPAS substrate employed in the design of this mixer is
the same as in Chapter 3, ie. it has a thickness of 101.6 um, that’s why a
200 um height waveguide has been chosen.

The ADS design procedure employed for this mixer is the same as the
one presented in Chapter 3. This is the reason to show only the last
simulation results. The ADS schematic is shown in Fig. 5-8.
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Fig. 5-8 ADS sub-harmonic mixer schematic.

The simulated noise temperature and conversion loss are presented in
Fig. 5-9 (a) and (b) respectively. N'T values around 1000 K are obtained for
frequencies close to 214 GHz and 235 GHz, having a minimum value of
833 K at 233 GHz. On the other hand, the conversion loss stays below 8
dB from 208 to 236 GHz, having its minimum result, 6.3 dB, at 215 GHz.
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Fig. 5-9 Simulated (a) N'T, (b) CL, (c) OL Sy and (d) RF Sy.

The LO and RF matching have also been calculated in ADS and the
results are shown in Fig. 5-9 (c) and (d) respectively. The LO §,; is below -5

dB almost for the complete bandwidth which can assure a correctly

performance of the device in terms of required input power. On the other
hand, the RF §,, is below -5 dB from 425 GHz to 470 GHz. The small
peaks presented in the figures are related to the ADS simulation tool and

are not expected to appear in the measurements.

The impedance values of the diode and the ports at the LO and RF

frequencies are gathered at Table 5-2.

Freq. (GHz)

ZdiodeLO (Q2)

ZdiodeRF ()

Z1.0 (Q)

ZRF (Q)

200

242.66 - 382.34i

135.98 - 122.241

121.33 + 191.17i

67.99 + 61.121

201

254.67 - 354.99i

134.42 - 113.881

127.34 + 177.51

67.208 + 56.941i
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202

261.16 - 334.51

132.83 - 108.151

130.58 + 167.251

66.414 + 54.076i

203

263.92 - 319.59i

130.91 - 103.8i

131.96 + 159.8i

65.454 + 51.899i

204

266.03 - 307.461

130.9 - 97.786i

133.02 + 153.73i

65.45 + 48.893i

205

266.86 - 298.711

130.64 - 96.9161

133.43 + 149.35i

65.322 + 48.458i

206

267.08 - 292.62i

130.91 - 95.9451

133.54 + 146.31i

65.454 + 47.972i

207

266.79 - 288.8i

130.8 - 95.568i

133.4 + 144.4i

65.398 + 47.7844

208

266.09 - 286.88i

130.52 - 95.5871

133.04 + 143.44i

65.26 + 47.794i

209

264.96 - 286.52i

130.32 - 95.6971

132.48 + 143.261

65.16 + 47.848i

210

263.55 - 287.531

129.48 - 95.9961

131.78 + 143.77i

64.739 + 47.998i

211

261.81 - 289.76i

129.95 - 97.2451

130.91 + 144.88i

64.975 + 48.622i

212

259.75 - 292.99i

129.76 - 98.7031

129.88 + 146.51

64.879 + 49.352i

213

257.38 - 297.02i

129.53 - 100.241

128.69 + 148.51i

64.766 + 50.121i

214

254.7 - 301.611

129.28 - 101.891

127.35 + 150.81i

64.639 + 50.945i

215

251.73 - 306.4i

129.28 - 103.961

125.87 + 153.2i

64.64 + 51.9821

216

248.74 - 310.911

128.71 - 105.131

124.37 + 155.46i

64.353 + 52.5651

217

245.8 - 315.051

128.52 - 106.711

122.9 + 157.53i

64.26 + 53.357i

218

242.95 - 318.48i

128.2 - 108.16i

121.48 + 159.241

64.098 + 54.079i

219

240.47 - 321.09i

127.86 - 109.2i

120.24 + 160.55i

63.931 + 54.599i

220

238.34 - 322.71

127.44 - 110.051

119.17 + 161.35i

63.721 + 55.0241

221

236.62 - 323.34i

126.98 - 110.561

118.31 + 161.67i

63.491 + 55.281i

222

235.27 - 323.141

126.49 - 110.811

117.63 + 161.57i

63.243 + 55.405i

223

234.2 - 322.371

125.98 - 110.851

117.1 + 161.191

62.988 + 55.4261

224

233.25 - 321.351

125.45 - 110.841

116.62 + 160.67i

62.723 + 55.418i

225

232.24 - 320.461

124.91 - 110.851

116.12 + 160.231

62.454 + 55.4261

226

230.99 - 320.06i

124.36 - 111.021

115.5 + 160.03i

62.181 + 55.511i

227

229.31 - 320.48i

123.87 - 111.421

114.65 + 160.241

61.934 + 55.712i

228

223.9 - 325.051

123.3 - 112.331

113.51 + 161.03i

61.648 + 56.165i

229

219.71 - 329.691

122.77 - 113.661

111.95 + 162.531

61.384 + 56.8291

230

214.12 - 336.151

122.23 - 115.581

109.85 + 164.84i

61.114 + 57.791i

up
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231

2006.68 - 344.61i

121.65 - 118.221

107.06 + 168.07i

60.824 + 59.109i

232

196.78 - 355.151

121.02 - 121.71

103.34 + 172.31i

60.512 + 60.848i

233

183.55 - 367.91

120.33 - 126.671

98.389 + 177.58i

60.167 + 63.334i

234

165.55 - 382.751

118.92 - 132.831

91.774 + 183.95i

59.458 + 66.4131

235

141.25 - 398.881

117.47 - 141.161

82.777 + 191.37i

58.735 + 70.582i

236

109.89 - 414.411

114.89 - 150.991

70.624 + 199.44i

57.447 + 75.497i

237

72.346 - 426.891

107.95 - 166.011

54.946 + 207.2i

53.974 + 83.007i

238

38.137 - 434.4i

93.534 - 184.261

36.173 + 213.441

46.767 + 92.1281

239

21.124 - 440.181

63.439 - 199.241

19.068 + 217.21

31.72 + 99.62i

240

242.66 - 382.34i

32.236 - 203.061

10.562 + 220.091

16.118 + 101.53i

Table 5-2 “Real” approx. diode impedances.

Again the reflection coefficients are calculated for the final mixer

design. Note that there is a good agreement with the calculated for the ideal

analysis, Fig. 3-10. However, the noise temperature values obtained for the

ideal case, 700 K, are lower than the “real” approx. ones, 833 K, meanwhile

the conversion loss has reached a good agreement, 6.3 dB.
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Fig. 5-10 Real (a) LO, (b) RF reflection coefficients.

If the real and imaginary part of the LO and RF impedance port are

compared, a good agreement between the ideal and the “real” results are
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obtained, especially for the RF impedance. That means that similar
conversion loss values are obtained.

300

. 300 .
—Ideal Mixer —Ideal Mixer
===Real Mixer ===Real Mixer

250 : 250
3
Q N 200 e
— N, -
N E N -7
a Mol e -
% 150 P e
o R N g
fam s T T T T —— G
= 7 ———— e =]
3 e LECT NN .8
~—~——
4 100 S 2100
AN =]
N =
\\
50 o 50
\
AY
\
N
200 205 210 215 220 225 230 235 240 %0 205 210 215 20 ms 20 235 240
Frequency(GHz) Frequency(GHz)
@) )
300 300
—Ideal Mixer —Ideal Mixer
-=-Real Mixer -=-Real Mixer
250l 250
)
o7 200F

£z, 200 N

& <

N S 150

Q: o

3 150 >
o g
— S 100 -
< g 7
D b0 -
o4 1 A R S R N NS NS SRRt
FE ] Mt SRR ol ittt i
o
N 0
\
\
00 205 210 215 220 225 230 235 240 Yoo 205 20 215 w0 25 230 35 240
Frequency(GHz) Frequency(GHz)
© C)

Fig. 5-11 LO and RF port impedances comparison between ideal and “real” mixer design
(a) Z10 real part, (b) ZL.O imaginary part, (c) ZRF real part and (d) ZRF imaginary part.

5.3 Doubler at 220 GHz

The design of this multiplier comes from the necessity of measuring
the sub-harmonic mixer presented in previous section. Microwave
multipliers usually employed varactor diodes which make use of the diode’s
nonlinear capacitance characteristic, in order to get a multiplication of the
input signal, [Ald10, Mae0O8b]. However, varactor diodes, [Mar(01], are used
to multiply microwave signal to low harmonics, rarely over four times the

source frequency. This kind of components are inherently narrow band and
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are able to obtained good efficiency and low noise when properly designed,
some examples of doublers [Chel3; Ald11; Silll] and triplers [Lil2;
Mae08a;L.ul2] can be found in bibliography. The dominant noise source in
a varactor multiplier is the thermal noise of its series resistance and of its

circuit losses and it is important to maintain them small [Maa03].

Varistor diode multipliers have not been employed widely in
microwave systems due to they are significantly less efficient than varactor
multipliers and are also limited in output power. Moreover, their efficiency
decreases rapidly when harmonic number increases and they are rarely
practical for generating harmonics above the second one. However, they
offer great stability and are capable of wide bandwidths. Reactive
multipliers, that is varactor multipliers, are capable in practice of achieving
efficiencies vatying as 1/n where n is the multiplication factor. On the other
hand, resistive multipliers, that is varistor multipliers, are theoretically

capable of efficiency no better that 1/n* which is obviously much worse,
[Maa03].
A doubler with varistor diodes, UMS DBES105a [UMS], is presented

in this section. The selection of this kind of diodes is due to their low cost
and the stock available at the Antenna Group facilities. It has been
demonstrated the possibility of developing doublers [Wul2; Yao08; Chel2;
Hro13] and triplers [Zhal0, Zhal2, Zhal3] using these diodes, however, the
performance obtained by them presents a simulated doubler efficiency no
better than 13 % and 16% for the tripler for an input power of 20 dBm,
achieving a 3.5 % tripler measured efficiency and between 0.316% to 3.16%

measured doubler efficiency.

A doubler with and input frequency of 110 GHz, so that the output
frequency will set to 220 GHz, is presented next. The longitudinal section
of the design doubler is shown in Fig. 5-12.
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Fig. 5-12 Longitudinal section of the doubler showing its different parts and components.

The doubler design consists of two waveguide-to-microstrip
transitions, two filters and a pair of diodes. Moreover, a DC bias port is also
presented in order to feed the diodes.

Output =

Input Port

Fig. 5-13 Doubler HFSS 3D model.

The main characteristics of the UMS GaAs schottky barrier diodes
employed for this design are: high cut-off frequency of 3 THz, high

breakdown voltage, -5V, low parasitic inductances and a good ideally factor,
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1.2. Every UMS DBES105a is a planar flip-chip type with two anodes
arrange in series. For this design, the two anodes are split and connected in
anti-series configuration. The 3 D model of the pair of diodes is presented
in Fig. 5-13. Note that two beam leads are employed in order to connect the
diodes to ground. In addition, note that the diodes are place in anti-series
configuration in order to obtain the second harmonic of the input

frequency signal, Equation 5-4.

\75 q) ’ \-/}-A
RL I
-Vi+
Vs (Tu +
- Ve

Fig. 5-14 Two diodes in anti-series configuration [Maa03].
Due to the circuit’s symmetry V4 = Vg = V and therefore:
IL = IA + IB 5'1

Where I, and Iy can be calculated from Equation 3.5 and 3.6:

Li=f(WV)=aV +bV2+cV3+dV*+eV> + - 5.2
Ig = f(=V) = —aV + bV? — cV3 + dV* —eV5 + - 5.3

So that,
Iy =1I,+Ig = 2bV? + 2dV* + - 5.4

The output current presented in the load, Ry, is an even-degree
function of the voltage across the non-linear elements. It is also possible to
calculate the loop current, i.e. the current trapped inside the diodes for this
configuration, by recognizing that Iy = —Ip for the current components

presented in Ij50p:
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Lpop = 1a = —Ig = aV + cV> + - 5-5
From Equation 5-5 is possible to see that [j40p is an odd-degree

function of V. As it happened with the anti-parallel configuration, the anti-

series configuration is able to separate the even- and odd-frequency
components.

The input frequency filter will have a cut off frequency below 110
GHz and will avoid the input signal to go through the DC bias port. It has
been chosen a stepped impedance filter.
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Fig. 5-15 S11 and Sa1 doubler input frequency filter.

The output frequency filter is also a stepped impedance filter. In this
case, its purpose is to reject the output signal, second harmonic of the input

signal, to go towards the input port and the DC bias port. Its cut-off
frequency will be below 220 GHz.
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Fig. 5-16 Doubler output frequency filter (a) model and (b)S11 and Sz1.

Two probe transitions have been designed in order to couple the
signal from the waveguide to the microstrip channel. There are two
common ways to develop a probe type transition. In both ways the
microstrip enters the waveguide through a window on the broadwall of the
waveguide. In the longitudinal case, which is the one presented here; the
surface of the substrate aligns along the direction of propagation of the
waveguide. A matching network consisting of a high impedance microstrip
line and a quarter-wave impedance transformer is used to achieve
broadband matching, [Leo99].
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Fig. 5-17 (a) Input Transition model and (b) S11 and Sz1, (c)Output Transition model and
(d) S11 and Sy

In order to have the possibility to fabricate the microstrip circuits
using the laser machine and the sputtering equipment, the high impedance
section of the RF transition was eliminated and afterwards the transition
was optimized, see Fig. 5-17 (a). The reason to eliminate this section was
due to the fact that laser equipment only has a resolution of 50 pum
nevertheless the photolithography fabrication process is able to achieve
widths below 20 pm.

The complete microstrip and block dimensions of the doubler are
presented in Appendix B.

The doubler final ADS schematic is presented in Fig. 5-18. Note that
the doubler is completely simulated in HFSS and imported to ADS. Also,
the diodes are presented in an anti-series configuration and they are

reversed biased, i.e. the input voltage is negative.
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Fig. 5-18 ADS doubler schematic.

The efficiency simulation results as well as the simulated output
power are presented in Fig. 5-19 and Fig. 5-20. Two input power cases have
been analysed. First of all, an input power of 20 mW was chosen, Fig. 5-19,
since the output power values obtained for this case would be the required
ones to feed a single mixer. The second analysed case was taking into
account an input power of 100 mW, which will be the required one to feed

a possible array placed after the doubler.
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Fig. 5-19 Doubler simulated (a) efficiency and (b) output power for an input power of 20

mW.

A maximum efficiency value of 14 % is obtained at 215 GHz giving
an output power of 2.75 mW, which is an optimal value to feed a typical
sub-harmonic at these frequencies.

On the other hand, when the input power is increased to 100 mW,

the efficiency is a bit lower, 12.8%, giving an output power of 12.8 mW
which could be enough to feed an array of 4 sub-harmonic mixers.
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Fig. 5-20 Doubler simulated (a) efficiency and (b) output power for an input power of 100

mW.
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5.4 Fourth-harmonic mixer working at 440 GHz

Usually, millimetre-wave mixer designs are focused on sub-harmonic
mixers, in which the RF frequency is doubled the LO frequency, see
Chapter 2 and section 2 of Chapter 5. The actual technology available at the
sub-millimetre wave range does not provide in most cases enough power to
feed the available components due to the high operational frequencies. This
can result in an important problem when arrays of sub-harmonic mixers
need to be pumped at these frequencies. However, a new approach for this
issue is presented here; this is the use of a fourth-harmonic mixer in which
the RF frequency is four times the LO frequency. This configuration is a
good solution since the LO frequency can be a much lower frequency than
in sub-harmonic mixer designs and as a consequence, a wide range of
components can be found at those frequencies, i.e. 110 GHz [Qua03;
Sch08; Gun08; Mao12; Mic13].

A fourth harmonic configuration mixer is developed here and
measured for the first time at this frequency range. A fourth-harmonic
mixer configuration consists on a harmonic mixer that by appropriate
filtering selects the fourth mixing product of the local oscillator, LO,
frequency and the radio frequency, RF. This solution is simpler than other
configurations based on cancellation of the sub-harmonic mixing product
by combining the response of 4 diodes with 90° phase difference [Sch08].
In this case, an LO frequency of 110 GHz has been chosen, so that, the RF
frequency will be 440 GHz and the IF signal will be calculated by fip =
4f10 — frr- It is well-know that the fourth harmonic mixing product has a
lower level of power compared to the second harmonic mixing product
(fir = 2f10 — frr), for this reason a higher pumped of power will be
required. This can be seen as a disadvantage but, if a sub-harmonic mixer is
used instead an LO frequency of 220 GHz should be used and therefore, a
more complicated and expensive LO power should be required. On the
other hand, if a LO power working at 110 GHz is used, a doubler would be

necessary to reach the LO frequency of the sub-harmonic mixer and hence
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the same power problem as in the fourth harmonic mixer might be
presented concerning the doubler efficiency. This topology has been studied

in sections 5.2 and 5.3.

When analysing the diode configuration in a sub-harmonic mixer
design, an anti-parallel interconnection is commonly used. The reason why
this configuration is the most renowned is due to the fact that a suppression
of half of the harmonics is well-done. When talking about fourth-harmonic
mixers the same configuration is employed but in this case, the first mixing

product, 2fL.0, has to be filtered out and the second one, 4fL0, is selected.

.
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la vyl

Li=f(WV)=aV +bV? +cV3+dV*+eV> + -
Iz =—f(=V)=aV —bV? +cV3 —dV*+eV> + -
I=1+15=f(V)—f(=V) =2aV + 2cV3 + 2eV5 + -
The harmonics presented in a two diodes anti-parallel configuration
with f.o=110GHz and frr=440 are indicated in Table 5-3.

Frequency Harmonic Frequency Harmonic
0 GHz 4fLO-fRF 1.210 THz 5fLO-4fRF
110 GHz fLO 1.210 THz 3fLO+2fRF
220 GHz 2fLO-fRF 1.320 THz 3fRF
330 GHz 5fLO-2fRF 1.430 THz 3fLO-4fRF
330 GHz 3fLO 1.430 THz 5fLO+2fRF
440 GHz fRE 1.540 THz 2fLO+3fRF
550 GHz 3fLO-2fRF 1.650 THz fLO-4fRF
550 GHz 5fLO 1.760 THz 4fL.O-5fRF
660 GHz 2fLO+{RF 1.760 THz 4fL.O+3fRF

up
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769.8 GHz fLO-2fRF 1.871 THz fLO+4{RF
878.7 GHz 4fL.O-3fRF 1.980 THz 2fLO-5fRF
881.7 GHz 4fLO+{RF 2.092 THz 3fLO+4fRF
990.6 GHz fLO+{2RF 2.200 THz 5fRF
1.099 THz 2fLO-3fRF

Table 5-3 Mixing harmonics presented in two diodes anti-parallel configuration.

The schematic of the ideal ADS design of the 4" harmonic mixer is

presented in Fig. 5-21. In this case the LO frequency is set to 110 GHz and
the RF to 440 GHz, see Fig. 5-22. Note also that the noise controllers are

now selecting the noise of the fourth harmonic, i.e. 4f; o — frp, Fig. 5-23.
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Fig. 5-21 ADS 4%-harmonic schematic.
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Fig. 5-22 Harmonic balance parameters.
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NoiseNode [1]=V_IF

Fig. 5-23 Noise source parameters definition.

Fig. 5-21 model counts with ideal filters to select the corresponding
frequency in each band. The ideal conversion loss and noise temperature
are calculated taking into account the RF and LO frequency impedances.
The best value obtained varying these impedances is shown in Fig. 5-24.
Best conversion loss values obtained are in the order of 8.5 dB using the
diodes VDI SC1T2-D20 [VDI], and noise temperature values are around
1550 K.
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Fig. 5-24 (a) Noise temperatutre and (b) conversion loss of the ideal 4 -harmonic mixer.
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The diode impedances have been extracted from the 4™-harmonic
ideal mixer design and ZRF=(ZdiodelRF/2)* and ZLO=(Zdiode1LO/2)* where
* means conjugate, have been calculated. The obtained values related to the

analysed LO frequency band are presented in Table 5-4.

Freq. (GHz) | ZdiodeLO () | ZdiodeRF (Q) Z1.0 (Q) ZRF (Q)
100 2447 - 885651 | 81.428 - 32.3431 | 122.35 + 44.282i | 40.714 + 16.172i
101 243.91-89.0311 | 81.428 - 32.343i | 121.95 + 44.5161 | 40.714 + 16.172i
102 243.11 - 89.4931 | 81.164 - 325111 | 121.56 + 44.747i | 40.582 + 16.255i
103 242.32- 89.9491 | 80.899 - 32.675i | 121.16 + 44.9751 | 40.45 + 16.338i
104 241.54-90.3991 | 80.635 - 32.838i | 120.77 + 45.1991 | 40.317 + 16.419i
105 240.75 - 90.842i | 80.371 - 32.998i | 120.37 + 45.421i | 40.185 + 16.499i
106 239.96 - 91.281 | 80.107 - 33.156i | 119.98 + 45.64 | 40.053 + 16.578i
107 239.18 - 91.7111 | 79.844 - 333111 | 119.59 + 45.856i | 39.922 + 16.656i
108 238.4-921371 | 79.58-33.464i | 1192+ 46.0681 | 39.79 + 16.732i
109 237.62- 92,5561 | 79.318 - 33.615i | 118.81 + 46.278i | 39.659 + 16.808i
110 236.85- 92,971 | 79.055 - 33.763i | 118.42 + 46.4851 | 39.528 + 16.882i
111 236.07 - 93.3781 | 78.793 - 33.909i | 118.04 + 46.689i | 39.397 + 16.955i
112 2353-93.7811 | 78531 - 34.052i | 117.65 + 46.891 | 39.266 + 17.026i
113 23453 - 94.1781 | 78.27 - 34.194i | 117.27 + 47.089i | 39.135 + 17.097i
114 233.76 - 94.5691 | 78.009 - 34.332i | 116.88 + 47.2851 | 39.004 + 17.166i
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115 233 - 94.9551 77.748 - 34.4691 | 116.5 + 47.4771 | 38.874 + 17.2341
116 232.24 - 95.3351 | 77.488 - 34.6031 | 116.12 + 47.668i | 38.744 + 17.3011
117 231.48 - 95.711 | 77.228 - 34.7351 | 115.74 + 47.8551 | 38.614 + 17.367i
118 230.72 - 96.081 | 76.968 - 34.8641 | 115.36 + 48.041 | 38.484 + 17.432i
119 229.96 - 96.4441 | 76.709 - 34.992i | 114.98 + 48.222i | 38.355 + 17.4961
120 229.21-96.8031 | 78.473 - 35.0191 | 114.6 + 48.4021 | 39.237 + 17.51i

Table 5-4 Ideal diode impedances.

The diode impedance at the LO frequency has values around 230 €
for the real part and 92 Q for the imaginary part. On the other hand, the
diode impedance at the RF frequency has values around 80 € for the real
part and 33 Q for the imaginary part. A straightforward relation between the
impedance values obtained for the 4™-harmonic mixer and the sub-
harmonic mixers (the one with an RF frequency of 220 GHz and the other
one with an RF frequency of 440 GHz) cannot be observed. Although it is
true that the real parts of the RF and LO impedances for the sub-harmonic
mixer at 440 GHz and the 4™-harmonic mixer are not quite different
(Zagiodert_suvharm=120 € and  Zgogerr 40780 €& Zgoaero_swbham =230 € and
Zgiodero_an=220 €).

In Fig. 5-25 the calculated LO and RF reflection coefficients are
shown. It will be important to approximate as much as possible the values
of the reflection coefficients of the real mixer design to the calculated

ideally in order to obtain good results.

UPLS
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@) (b)
Fig. 5-25 Optimum (a) LO, (b) RF reflection coefficient.

Having a brief idea of the ideal performance of a 4™-harmonic mixer
with the characteristics described previously, a complete design is
developed. The same procedure presented previously in this dissertation has
been followed in order to get the final mixer design. The longitudinal
section of the mixer is depicted in Fig. 5-20.

|

RF Filter

LO Transition

- P — —
e —aw o= s——
~ —

LO filter Diodes
RF Transition

Fig. 5-26 Longitudinal section of the 4™ -harmonic mixer showing its different parts and
components.

The 4"-harmonic mixer consists of two microstrip filters, two
waveguide to microstrip transitions and a pair of diodes. This mixer makes
use of the same flip-chip schottky diodes employed for the rest of the
mixers developed along in this thesis, i.e. VDI SC1T2-D20 [VDI].
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The LO Filter is a Hammerhead filter. This filter will not let the LO
signal pass through the IF port and will completely direct it towards the
diodes. Its response is presented in Fig. 5-27 (b). The selection of this kind
of filter, instead of the typically used stepped impedance LPF, is due to the
dimensions determined by the channel, since it made really difficult to
design a stepped filter at 110 GHz with such a limited width dimension.
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Fig. 5-27 (a) LO filter model and (b) S11 and S| parameters.

The RF Filter is a stepped-impedance LPF with a cut-off frequency
between 110 GHz and 440 GHz letting the LO frequency pass towards the

diodes but avoiding the RF frequency to go through the LO and IF, Fig.
5-28.
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Fig. 5-28 (a) RF filter model and (b) S11 and S21 parameters.

The LO and RF transitions are designed to gather the maximum
power for the mixer. Their performance is shown in Fig. 5-29 (b) and (d)
respectively. Their dimensions are 0.5 x 2.030 mm and 0.170 x 0.254 mm
respectively for the section reduced in height [Hes97; Shi97]. The complete
bunch of dimensions is gathered in Appendix B.
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Fig. 5-29 (a) LO Transition, LOT, model and (b) LOT Si1 and Sa1, (¢) RF Transition , RFT,
model, (d) RFT Si1 and Sa1.

The RF transition is good enough (around -20 dB §,,) to couple the
RF signal to microstrip line although the LO transition is not quite good.
This will lead to an increase in the input power required to pump the

diodes.

Once the different mixer parts are defined the optimization procedure
can begin until the final design is obtained. Fig. 5-21 depicts the final ADS

schematic of the 4"-harmonic mixer.

RF port

Fig. 5-30 ADS final schematic of the 4t"-harmonic mixer.
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Simulated noise temperature, Fig. 5-31 (a), has values below 2000 K
over a 5 GHz bandwidth (centred on 111.5 GHz) with a minimum value of
1500 K at 110 GHz. On the other hand, conversion loss, Fig. 5-31 (b), has
minimum values of 8.5 dB and they are below 10 dB in a bandwidth wider
than 8 GHz (centred on 112 GHz).
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Fig. 5-31 Simulated (a) N'T, (b) CL, (c) OL S11 and (d) RF S11.

The obtained LO matching is quite poor which will mean that a
higher input power will be required. Nevertheless, the RF matching is good,
having values below -8 dB from 428 GHz to 452 GHz.

The diode impedance and port impedance have also been calculated

for this mixer. They are presented in Table 5.5.
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Freq. (GHz) | ZdiodeLO (Q) | ZdiodeRF (Q) ZLO (Q) ZRF (Q)
100 NaN + NaNi NaN + NaNi NaN + NaNi NaN + NaNi
101 250.66 - 45.738i | 84.36-5.2828i | 125.33 + 22.8691 | 42.18 + 2.6414i
102 253.83 -48.0751 | 87.612 + 6.0062i | 126.91 + 24.0371 | 43.806 - 3.0031i
103 257.24 -49.381i | 101.82 + 11.554i | 128.62 + 24.691 | 50.912 - 5.777i
104 259.81-51.898i | 114.04 + 7.481i | 129.91 + 25.949i | 57.02 - 3.741i
105 259.59 - 53.044i | 125.36 - 0.84558i | 129.79 + 26.522i | 62.68 + 0.423i
106 261.18 - 54.578i 133.08 - 11.8i | 130.59 + 27.289i 66.54 + 5.9i
107 260.34 - 54.826i | 136.49 - 23.162i | 130.17 + 27.413i | 68.25 + 11.58i
108 262.02-56.312i | 135.47-39.354i | 131.01 + 28.1561 | 67.74 + 19.68i
109 261.59 - 56.63i | 133.85-50.771i | 130.79 + 28.315i | 66.93 + 25.39i
110 264.63 - 58.51i | 126.41-61.097i | 132.31 +29.255i | 63.20 + 30.55i
111 266.79 - 59.6551 | 116.95-66.2531 | 133.39 + 29.828i | 58.47 + 33.126i
112 27221 - 62.4261 | 107.97 - 69.9591 | 136.11 + 31.213i | 53.99 + 34.98i
113 280.27 - 66.936i | 100.96 - 69.562i | 140.14 + 33.4681 | 50.48 + 34.78i
114 287.2-71.231i | 94.867 - 68.1231 | 143.6 + 35.615i | 47.43 + 34.06i
115 281.31-68.487i | 89.832-63.022i | 140.65 + 34.2431 | 44.92 + 31.51i
116 310.44 - 89.4861 | 86.3-64.4991 | 155.22 + 44.7431 | 43.15 + 32.25i
117 180.91 - 23.661i | 79.337 - 33.983i | 90.457 + 11.831i | 39.67 + 16.99i
118 338.57 - 122371 | 83.594 - 56.639i | 169.28 + 61.184i | 41.80 + 28.32i
119 4352 -273.661 | 97.831-72.145i | 217.6 + 136.83i | 48.92 + 36.07i
120 361.43 -166.72i | 93.833 - 64.72i | 180.71 + 83.359i | 46.92 + 32.36i

*NaN=Not available. It is employed for really high values.
Table 5-5 “Real” approx.. diode impedances.

Fig. 5-32 shows the calculated reflection coefficients of the mixer.

up
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Fig. 5-32 “Real” approx.. (a) LO, (b) RF reflection coefficients

The real and imaginary parts of the mixer Z;, and Z;; impedances
are compared to the ideal ones. It can be appreciated that a slight difference
between them is presented but the variation is not extremely high, see Fig.
5-33. Note that the peaks that appear at high frequencies of Z;, Real and
Imaginary part are supposed to be simulation incoherencies produced by

the software and not real results.
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Fig. 5-33 LO and RF port impedances comparison between ideal and final mixer design
(a) Zro real part, (b) Z1.0 imaginary part, (c) ZRF real part and (d) ZRrF imaginary part.

o 00 106 8 10 12

i
Frequency(GHz)

The 4"-harmonic mixer design is considered quite good in terms of
noise temperature and conversion loss taking into account that it is the first
time such a device is developed at this frequency range. It will be important
to compare the simulated results with the measured one in order to validate

the simulation process.

However, if the hot electron noise source analyzed in Chapter 3 is
included in the simulation of a 4™-harmonic mixer, a considerable increment
on the noise temperature is appreciated since this noise is higher when the
LO power increases. For this reason, it is really important to take it into
account, since the LO power values handle at the 4™_harmonic mixer design

are of 9 mW, considerably higher than for a sub-harmonic mixer (2.5 mW).

The spectral power density can be calculated from the current values
of the different LO harmonics calculated in ADS. The series resistance, Ry
is 13 Q and the K value is 2.44*¥10” K/A? see Chapter 3. Therefore the

spectral power density is:

(v2) = 4%1.38% 1072313 % 2.447 x 107 * 5.578 x 107° = 9.79 *
—19V* _ -10 V_ :
10 ol 9.8967 * 10 T 5-6
The same way it was done in Chapter 3, the spectral power density is
added to the mixer performance including two Noise voltage sources in

series with the diodes.

upna
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The noise temperature of the 4™ harmonic including the hot electron

noise source is depicted in Fig. 5-34.
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Fig. 5-34 Simulated 4th-harmonic noise temperature taking into account the hot electron
noise source.

Note that the minimum NT is now around 3600 K, which is more
than 2000 K degrees higher. For this reason it is of real importance to
consider this noise when designing mixers that require high amounts of LO

powet.

If the mixer characteristics are simulated taking into account the hot

electron noise and varying the input power Fig. 5-35 is achieved.
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Fig. 5-35 Simulated noise temperature and conversion loss varying the input power.

values between 8 to 12 mW but it drastically increases when the input

Note that a slight difference is appreciated when the input power has
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power is below that. For this reason the differences between the simulation
and measurements can be also a consequence of a bad couple of the power,
mainly due to a bad LO transition. Remember that the designed LO

transition was not really good. So that, a better performance could be
obtained when improving it.

5.5 Mixers comparison performance

In this chapter a sub-harmonic mixer and a 4™_harmonic mixer both
with RF frequency settled to 440 GHz have been developed. The simulated
noise temperature and conversion loss of both mixers are presented in Fig.
5-36. The sub-harmonic mixer has a minimum noise temperature around
850 K and a minimum conversion loss of 6.3 dB. On the other hand, the
fourth-harmonic mixer presents minimum noise temperature values close to
3800 K and 8.5 dB for the conversion loss when the hot electron noise
source is taken into account. It is also remarkable that the sub-harmonic
mixer presents a larger operational bandwidth. However, it is important to

take into account the application in order to choose between one design
and the other.
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Fig. 5-36 Comparison of simulated (a) N'T and (b) CL of the Sub-harmonic and 4-

harmonic mixers
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5.6 Mixers measurements

The components presented in this Chapter have been fabricated
following the same process as the one presented in Chapter 4. In the case of
the sub-harmonic mixer and the 4™-harmonic mixer developed here, the
dicing process becomes more difficult considering that the dimensions of

the microstrip circuits are smaller.

Due to some fabrication issues related to the doubler, the
measurements of both, the doubler and the sub-harmonic mixer, have not
been included in the manuscript. Although both blocks have been
fabricated and the sub-harmonic mixer is completely assembled, the
manufacturing of the doubler, ie. the microstrip and diodes welding
process, has not been implemented. For this reason, the sub-harmonic
mixer characterization has not been accomplished since the Antenna Group
equipment does not contain up to now a 220 GHz power source. These
measurements are expected to be included during the presentation of this

dissertation.

5.6.1 4™ -harmonic Mixer

The 4"-harmonic mixer has been fabricated and measured. The set-up
employed to carry out with the measurement is the one previously used
both in the measurements of the sub-harmonic mixer, described in Charter
3, and in the array, presented in Chapter 4. This set-up counts with an Elva
Signal Generator, an isolator and the same IF chain with a bandwidth form
1 to 6 GHz, see Fig. 5-37. Note that in both cases (4"-harmonic mixer and
sub-harmonic at 220 GHz) the LO frequency band employed is the same,
the only difference is the power required to pump the diodes (around 9 mW
and 2.5 mW respectively). The main difference between both measurements
set-ups is the RF feed-horn antenna, which in this case is a WR-2.2 standard

wave horn antenna.
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Fig. 5-37 Measurement set-up.

A first measurement gave unexpected results due to the high noise
temperature and conversion loss obtained, see Measurement 1 Fig. 5-38.
This increase in the mixer characteristics was mainly due to fabrication
issues. The mixer channel had been reduced to 240 um and the microstrip
circuits were more difficult to be cut by means of the dicing machine. This
process was improved and another 4*-harmonic mixer was fabricated and a
great advancement was obtained, Measurement 2 Fig. 5-38. Note that all the
results presented in the following graphs are obtained for the best input LO
power which varies between 7 mW and 10 mW depending on the

frequency.
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Fig. 5-38 4™ harmonic measurements 1 and 2.
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The first measurement showed minimum noise temperature values of
10811 K at 460 GHz meanwhile the second one had 7887 K at 448 GHz.
On the other hand, minimum conversion loss values were 18.1 dB at 460
GHz for the first one and 16 dB at 444 GHz for the second one. An
improvement of 3000 K and 2 dB have been observed. Moreover, a shift
between the first measurement and the second one is also obtained. All of
this suggests that the fabrication of the first mixer was not the optimal one,
and that the process has been improved considerable in the second one, i.e.,
the sputtering process has been perfected as well as the dicing of the

microstrip circuits.

A third mixer was fabricated in order to confirm that the NT and CL
results of the 4™ harmonic mixer were consistent since a considerable

difference between measurements and simulation were presented, see Fig.
5-39.

H ; —Measurement ;
420 430 440 450 460 470 480
RF Frequency(GHz)

Fig. 5-39 Noise temperature comparison between simulation and measurement of the 4t-
harmonic mixer.

Note that the noise temperature curve of both, the simulation and
measurement, has the same tendency, the difference comes in the values
(around 4000 K difference).

Four different measurements have been done of mixer 3 in order to
check the stability of the device.
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Fig. 5-40 Noise temperature and conversion loss of mixer 3.

All measurements were taken under the same conditions and

employing the same set-up and IF chain but were taken in different days. It

can be concluded that the 4™-harmonic mixer measurements are stable and

repeatable.

measurements are presented in Table 5-6.

The NT and CL minimum values obtained for these

Measurement Noise Temperature (K) Conversion loss (dB)
1 7914 @ 448 GHz 14.11 @ 444 GHz
2 8260 @ 448 GHz 14 @ 448 GHz
3 8154 @ 448 GHz 14 @ 448 GHz
4 8587@ 444 GHz 14.3 @ 444 GHz

Table 5-6 Minimum measured NT and CL of mixer 3.

Note that almost all minimum values are taken at 448 GHz.

Moreover, the differences appreciated in the conversion loss are negligible
and a wvariation of 600 K (less than 8%) is obtained for the noise

ternper ature.

Taking into account the differences between the measurements and

simulation, see Fig. 5-41, it is believed that the ADS software is not taking

into account correctly the influence of the second harmonic frequency (220

GHz) also generated by the diodes in the 4™-harmonic mixer topology.
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Fig. 5-41 NT and CL comparison between all the fabricated 4®-harmonic mixers and

simulation.

Nevertheless, although more research needs to be done in the
software definition, good measurements have been obtained and a state-of-
the-art has been stablished with this design, since there is no bibliography in
which 4"-harmonic mixers at 220 GHz are developed and measured.

Once the stability of the 4™-harmonic mixer design was validated, a

measurement of Mixer 3 for different frequencies and LO powers was

done, see Fig. 5-42.
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Fig. 5-42 NT and CL of the mixer for different LO powers.

Note that the mixer performance presents slight differences when the

input LO power varies, giving acceptable performances from 7.5 mW to 10

mW.
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5.7 Conclusions

This chapter has performed the design, fabrication and
characterisation of a sub-harmonic mixer working at an RF frequency of
440 GHz as well as a 4™-harmonic mixer working at the same RF frequency.
Moreover, the development of a doubler at 220 GHz has been done in
order to obtain the required input frequency and power for the sub-

harmonic mixet.
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CHAPTERG6

IMAGING RESULTS AT 220 GHZ

6.1 Introduction

Along this dissertation the interest related to the design of imaging
cameras at the millimetre and sub-millimetre wave range has been shown.
Chapter 3 presented the development of a sub-harmonic mixer at 220 GHz
and Chapter 4 a complete array of eight elements. For this reason, the main
goal of this chapter is to present the performance of both devices working
as a mm-wave imaging receiver. First of all, the performance of the sub-
harmonic mixer has been characterized at the Antenna Group laboratory
working as a single pixel. Afterwards, the array receiver has been tested
using the Alfa Imaging cuasi-optical system in a not-controlled

environment.
6.2 Imaging Sub-harmonic Mixer 220 GHz

The objective that is pursuing with these measurements is to check
the correctly performance of the sub-harmonic mixer presented in Chapter
3 working as an imaging receiver for security and defense applications. In
order to check this statement different images have been obtained. When
taking about security and defense applications the main goal is to detect
guns or hazardous objects. For this reason, having the ability to detect

metals or ceramic materials is decisive in these kinds of applications.

The set-up employed to carry out the measurements is presented in

Fig. 6-1. This set-up consists on a feedhorn attached to the sub-harmonic
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mixer RF port and two lenses placed in front of them to improve the
imaging resolution. At the output of the IF port two amplifiers
(GAMP0100.0600SM10) with 35dB gain are placed before the IF detector
(ACSP-2656NZC3).

IF CHAIN

DATA
ADQUISITION

IF DETECTOR

—>
<—
to ISOLATOR  MIXER Convencional Measurement
SOURCE > c Jone
and dielectric
lens
5cm 5cm 5cm

Fig. 6-1 Imaging set-up at 220 GHz.

The measurement zone is located in a XY-positioning system which is
able to move in both axes. A zone of 150x150 mm is swept taking 100
points in each direction. The integration time is set to 100 milliseconds so
that, [JT=0.16 K has been achieved. An image of 100x100 pixels is
obtained.

The results are recorded by a computer using Labview homemade
software and presented without any post-processing in Fig. 6-2 for the case
of a LO frequency of 118 GHz and compared with its corresponding image
at the visible range. In this image it is possible to identify clearly a hand and
a silver ring in one of her fingers. Note that when taking the image, the
hand was introduced inside a plastic glove, Fig. 6-2 a). A really good
resolution has been obtained since the edge of both, the hand and the ring,
are perfectly distinguished. Moreover, the passive sub-mm wave receiver is

able to see through the plastic glove.
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60 70 80 90 100

©

Fig. 6-2 a) Image measured at the visible range, b) Image without the plastic glove at the
visible range, ¢) millimetre image at 220 GHz.

Some other examples of the possibilities of the imaging system are
presented below. All these images have been taken under the same
conditions of the mixer performance, ie. LO power 2.5 mW and LO
frequency 118 GHz. Fig. 6-3 clearly shows a hand and a metallic sheet
situated on it. It is possible to identify the metallic sheet and its contour.
This is of real importance since it can be conclude that the sub-harmonic

mixer working as a single pixel is able to perfectly detect metals.
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Fig. 6-3 a) Image measured at the visible range, b) millimetre image at 220 GHz.
In the case of Fig. 6-4 a ceramic knife was measured. Here it is
possible to distinguish the knife shape and although the power differences

between the reflected power of the scene and the knife are low, it is feasible
to detect it.

@) (b)
Fig. 6-4 a) Image measured at the visible range, b) millimetre image at 220 GHz.
Two other images have been obtained using a metallic adhesive tape
to draw the shape of a gun, Fig. 6-5, and a fish, Fig. 6-6. Both images
perfectly show the contour and are clearly identified.




Imaging Results at 220 GHz 191
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@) (b)
Fig. 6-5 a) Image measured at the visible range, b) millimetre image at 220 GHz.

20 40 60 80 100

(b)
Fig. 6-6 a) Image measured at the visible range, b) millimetre image at 220 GHz.

After analyzing the whole bunch of images taken at 220 GHz it has
been proven that the sub-harmonic mixer developed in Chapter 3 is able to
work as an imaging camera. It is able to perfectly detect metals and ceramic
materials opening the possibility to use it in security and defense

applications such as detection guns and hazardous objects.
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6.3 Imaging Mixer Array 220 GHz

Chapter 4 presented a mixer array composed of 8 sub-harmonic
mixers working at an RF frequency of 220 GHz. Here the imaging results
will be shown.

The quasi-optical system also presented in Chapter 4 will be
employed in order to take some images at 220 GHz. Note that, as
commented before, this system is optimized for an RF frequency of 94
GHz, which makes the system not to work in its best when the frequency

changes. The images were taken at the Alfa Imaging facilities in Madrid.

Alfa Imaging counts with an imaging camera made up by two mirrors
located in a Cassegrain configuration, see Fig. 6-7. Note that the complete
system was analysed carefully in Chapter 4.

Feed—>®

Output plane
-

™

Cassegrain system

Fig. 6-7 Alfa Imaging quasi-optical system
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The data employed for the images acquisition is presented in Table
o-1.

Frame Rate 10 fps

Resolution at 4 m 2.5cm

Field of view 1.2x05m

Number of pixels 16x 16

Table 6-1 Alfa Imaging system acquisition data.

First of all the complete system array was assembled as well as the
acquisition data card. The acquisition data card was developed by Alfa
Imaging and no information is available. Moreover the imaging data was
taken by a single detector instead of the completed array (8 detectors). The
reason why only a single device was employed was due to some imbalance

with the acquisition data and the mirrors programing.

In order to feed the complete array an Elva Q-A.M source at a single
frequency, 110 GHz, has been used, Fig. 6-8 . The output power required to
feed the diodes has been adjust and a power splitter has been used to divide
the input power into eight output channels in order to feed the eight mixers
that form the array. The input power to each mixer was set to 2.2 mW.
Note that the main limitations of these measurements are the LO frequency
and the LO input power. The LO frequency is set to 110 GHz and it does
not correspond to the best frequency point in terms of less noise
temperature and conversion loss, see Chapter 4. In addition, the input
power is the same value in all mixers and although the array elements have
similar behaviour, see Chapter 4, some discrepancies in the performance

can be seen.
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Fig. 6-8 Local oscillator source.

Fig. 6-9 shows some images of the final block assembled with four

RF antennas and the power splitter analysed in Chapter 4.

Fig. 6-9 Mixer array and splitter assembly.

Note that the complete array is perfectly aligned with the splitter. It is
important since a misalignhment can lead to a loss of LO power and
deteriorate the array performance. Fig. 6-9 also shows two different pairs of
antennas. Both of them are standard gain horns but the red ones are WR-4
(170-220 GHz) with 26 dB gain, and the green ones have less gain, 24 dB,
and are WR-3 (220-325 GHz). These antennas were used since they were
part of the Antenna Group material. Although the cuasi-optical system was
analyzed in Chapter 4 and the best behavior was obtained for antennas of

24 dB, they were fabricated after these measurements were performed.
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Fig. 6-10 Mixer array with the IF chain assembled.

Moreover, four of the IF chain are also assembled in Fig. 6-10. They
consist on 2 amplifiers, GAMP0100.0600SM10, with 35 dB gain, and an IF
detector, ACSP-2656NZC3, same IF chain used in Section 6.2. Following
the detector a 3 dB attenuator has been used in order to adequate the
output signal to an optimal working zone of the detector, see the detector
Voltage-Power curve Fig. 6-11.

Detector response
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Fig. 6-11 Detector response.
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The output voltage measured for the four mixer elements were
between 105 mV and 135 mV which corresponds to the zone in which the

angle of slope of the detector response is steeper, see Fig. 6-11.

The quasi-optical system requires the mixer array to be located at the
optical axis therefore, a support has been used to elevate and adjust the
position of receiver. This support was made of Teflon and it was also
secured to the camera. Some images of the array and the support are shown
in Fig. 6-12.

Fig. 6-12 Array and base used for the imaging set-up.
Whenever the receiver is situated on the support and perfectly

adjusted, the complete device is located within the quasi-optical system.
Some photos of the final configuration are presented in Fig. 6-13. Note that
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the Teflon support is fixed to an XY-positioning system which will move in

the horizontal axis in order to take an image.

Fig. 6-13 Complete receiver inside the quasi-optical system.

The acquisition card developed by Alfa Imaging is also assembled in
the system.

Some previous tests have been done with Mixer 2. Note that this
mixer is neither at the optical axis nor at a central position which will be
lead to a loss of information and the image will be unfocused. However, the
system is not taking images as an array but as a single element configuration.
Moreover, the support and therefore the mixer will be sweeping a
horizontal zone in order to take an image. For this reason, Mixer 2 has been
the selected one in order to take the image, since it will be able to sweep a

larger zone due to its location inside the camera.
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Some of the first captured images are presented in Fig. 6-14, Fig. 6-15
and Fig. 6-16.

Fig. 6-14 Image of a metallic sheet at 5 metres distance.

Floor reflection

Fig. 6-15 Image of a metallic sheet at 6 metres distance.
Fig. 6-14 and Fig. 6-15 show a metallic sheet located at 5 and 6 metres
distance respectively. In both cases it is perfectly identified. Note also that a

great part of the image corresponds to the reflection of the floor.
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Fig. 6-16 Image of a person with a metallic sheet behind at 6 metres distance.

However, Fig. 6-16 does not have a clear image of the person who is
in front of the metallic sheet. It can be known intuitively that there has been
a change regarding images of Fig. 6-14 and Fig. 6-15 but nothing else.

A second group of tests have been done. In this case, four mixers
have been capturing images at the same time. The assembly of the complete
system has been improved trying to have everything assembled more
carefully and fastened stronger in order to avoid any uncertainty. In
addition, the location of the receiver inside the camera has also been
adjusted and the antennas of the array are located at the focal line. Some

photos of the set-up process are depicted in Fig. 6-17.

A i H
Fig. 6-17 Photos of the mixer array set-up.
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The left image of Fig. 6-17 shows a top view of the splitter, mixer
array, RIF antennas and the complete IF chain (amplifiers, detector and 3 dB
attenuator) place on the Teflon stand employed to fix the receiver inside the
imaging camera. In the central image the amplifier’s feeding cables have
been added. A complete view of the Teflon stand and the array are depicted
in the right image. Note that the LO source also appears at the photo.

Fig. 6-18 Photos of the complete imaging camera.

Fig. 6-18 presents the inside part of the imaging camera (left side) and
the complete camera and the computer employed to run the imaging

acquisition software.

During this second group of tests four of the eight mixers are
operating. Note that these mixers are working as single receivers and not as
an array. The operational mixes, situated from the right to the left, are:
Mixer 2, Mixer 6, Mixer 8 and Mixer 1. See Chapter 4 to have a view of

their performance in terms of noise temperature and conversion loss.

The output signal of these mixers after the IF chain was measured

and the obtained values are presented in Table 6-2.

Mixer Element | IF Output (mV)

Mixer 2 -110

Mixer 6 -130

Mixer 8 -123
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Mixer 1 -124

Table 6-2 Output voltage of the mixers.

The output voltage of the mixers is similar in the four cases as well as
the mixer performance, see Chapter 4. For this reason a similar behavior is
expected. However, it is important to take into account that the mixers are
located at different positions regarding the imaging system, and therefore,
the field of view of each mixer will be slightly different. Moreover, the array
is moving horizontally thanks to the XY-positioning system, and the same

image will be taken 4 times (one time for each horizontal sweeping).

Some of the obtained results are presented below. Note that the
measurements have been done outside in order to take advantage of the sun

light illumination.

Fig. 6-19 A person on her knees at a distance of 4 metres.

The silhouette of the person is shown perfectly in Fig. 6-19. The
arms, head and trunk are perfectly distinguished. However, a lengthening of
the image is observed. It is due to the reflection provoked by the floor since
the measurements are taken outside. This reflection will be appreciated in all

the images.
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Metallic sheet

Fig. 6-20 A person holding a metallic sheet at a distance of 4 metres.

Fig. 6-20 depicts a person holding a metallic sheet. Note that this
sheet is identified in the image taken at 220 GHz. This is an important
achievement since it demonstrates that the system is able to distinguish
between different materials such as clothes and metals which can be of

relevant interest for defence applications.

Fig. 6-21 A person seated on a chair at a distance of 4 metres.
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Again, a person seated on a chair is captured in Fig. 6-21. The metallic
sheet behind the person is detected as well as the silhouette of the person.
This metallic sheet is used in order to increase the contrast between the
person and the scene in view of the fact that a passive system has been

designed.

Mixer 2 Mixer 6 Mixer 8 Mixer 1

Fig. 6-22 A person seated on a chair at a distance of 4 metres taken by the four operational
mixers.

An image of a person seated on a chair at 4 m distance has been taken
with the four operational mixers (mixer 2, mixer 6, mixer 8 and mixer 1 of
Chapter 4), Fig. 6-22. Note that the mixers are working as single receivers
which are sweeping the horizontal axis therefore, the images taken by them
are different from each other depending on the position with respect to the
centre of the mirror configuration. For example it is possible to appreciate
how Mixer 2 is able to scan entirely the person while the rest of the mixers
only see part of her.
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6.4 Conclusions

The performance of the mixer built in COC as a receiver of a passive
imaging camera has been measured for two different scenarios. The first
one employing a single detector and two lenses, the second one as an
imaging array located inside a quasi-optical system. Both cases offer the
possibility of taking images at the millimetre wave range and are capable of

detecting metallic objects.

In the case of the mixer laboratory measurements working as a single
pixel, images of 15x15 cm have been taken and metallic objects smaller than
2 cm have been detected. Moreover, the images have great quality and
different contours and shapes are perfectly distinguished. In addition, the
option of distinguishing ceramic materials has been tried giving good

results.

On the other hand, the images captured outdoor by Alfa’s imaging
system shows its ability to scan a person completely. Images of 1.2 x 0.5 m
have been obtained with a resolution of 2.5 cm. Moreover, the feasibility of
detecting hidden metallic objects has been proved. Post-processing
techniques can be applied in order to improve their quality, i.e. avoid the
floor reflection, improve the contrast, etc. However, it stays out of the

scope of this dissertation and is expected to be done by Alfa Imaging.

Finally, it is important to highlight the fact that the system was
operating a single receiver and not as an array. Nevertheless, it is expected
to work properly in an array configuration regarding the behaviour

presented in Chapter 4 and this one.
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CHAPTER 7

CONCLUSIONS AND GUIDELINES
FOR FUTURE RESEARCH

In this chapter the main results obtained in this thesis will be

summarized. Then, some guidelines for future research will be provided.
7.1 Conclusions

The promising THz applications developed on the last few years have
made of this field an attractive and with future potential sector. For this
reason, the Spanish Government, as well as many others, has launched
meaningful research programmes focused on the development of
technology at these frequencies. Consequently, this thesis is framed within 4
research projects given to the Antenna Group focused on the development
of millimetre and sub-millimetre wave components. Moreover, the Antenna
Group has also been able to set a THz lab with the required equipment to
fabricate and measure these components becoming a reference research

Group in Spain.

In this thesis the design, fabrication and measurement of several mm
and sub-mm wave components, and particularly Schottky diode mixers,
have been done. Schottky diode mixers are still used as the first element of
receiver front-ends to down-convert the signal collected by the antenna to
microwave frequencies where it can be amplified, demodulated and analysed
in an easy way. Schottky diode mixers have the advantage over other sensor

technologies to work at room temperature as well as cryogenic temperatures
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for improved noise performance, which make them the technology of
choice for many different applications; such as THz imaging cameras,
biochemical material identification, medical imaging, wideband wireless
communication systems, etc. Planar Schottky technology made great
progress in late 1990s, and nowadays it is a well-known technology.
Nevertheless, some improvements and new developments have been

proposed within this thesis.

In Chapter 2, two important analyses were reported, a comparison
between three different measurement procedures as well as three detection
methods, and the study of the impact of use of an isolator between the
mixer and the IF chain in the mixer performance. Talking about the
calculation method, the Gain method resulted to be the most reliable one.
Independently of the detection method used, the gain method always had
more constant values and comparing them to other methods employed,
they were closer to the average between all of them. Moreover, there can’t
be said that a performance detection method is the best but when using the
Spectrum Analyser more information is obtained. This detection method
provides the highest resolution at the IF frequency range, so gives a better
idea of the performance of the mixer along different frequencies. According
to the isolator study, Chapter 2 proved that the increased on the noise
temperature of the mixer due to the inclusion of an isolator can be
explained by the mismatch existing between devices presented in the
receiver. Otherwise, although the inclusion of an isolator has been proven
that increments the NT of the mixer, it has been also checked that results
obtained using it had similar values independently the calculation procedure
used, the gain, attenuator or noise injection method. This suggested that the
pre-amplifier possess a better matching with the mixer but less stable with
frequency, which produced a larger variation of the NT along the
frequency. Another important issue is the fact that depending on the IF
chain used to measure the performance of a mixer, this performance can be
altered by the mismatching existed between the mixer and the IF chain,

which can lead to an increase or a decrease of the mixer N'T and CL. It is of

uph:
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real importance to characterize this mismatching since the performance of
several mixers are not comparable if they haven’t been measured under the
same conditions since, as it has been proven in Chapter 2, the performance

of the mixer is related to the matching between components.

Chapter 3 presented the development of a sub-harmonic mixer
implemented on COC substrate which thanks to its electrical characteristics,
leads to less losses and therefore, to a better performance of the mixer. This
mixer had best noise temperature values below 1000 K and conversion loss
of 7.2 dB. Moreover, a comparison between this mixer and the same one
implemented on Rogers 5880 was done. The COC mixer performance
showed in Chapter 3 represents 300K noise temperature and 0.5 dB
conversion loss reduction with respect to those obtained by the same mixer
built on a Rogers substrate. Therefore, the use for the first time of COC
substrate at these frequencies has led to obtain better performances when
designing mm and sub-mm wave devices due to its lower losses. Although
the mixer presented in Chapter 3 does not improve the state-of-the-art
mainly due to the use of flip-chip diodes; the use of COC material opens
the possibility of improving the state-of-the-art performances of mm-wave

mixers by integrating the discrete diodes on this substrate.

In Chapter 4, a complete Schottky diode mixer array was presented
and its performance was measured. In addition, the mechanical design of
the array was analysed and a configuration of 1x8 mixer elements array was
done. The repeatability of the mixer design that makes up the array was
confirmed. The mixer elements of the array have minimum noise
temperature values around 1000 K most of them located at 116 GHz.
Conversion loss results were between 6.8 and 7.8 dB for the eight elements.
Moreover, the simulated results of this array operating over a Cassegrain
system for imaging applications have been reported. The best performance
obtained as a compromise between the S/N value, maximum value of the E
field and shape of the beam cut at -3 dB was reached with an antenna of 24
dB gain. This is the first time an imaging operational array formed by eight
Schottky diode mixers is presented.
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Chapter 5 included new approaches in the development of
heterodyne receivers. This chapter presented the design and for the first
time fabrication and measurements of a 4*-harmonic Schottky diode mixer
operating at an RF frequency of 440 GHz. Best noise temperature
measurements of 7914 K and conversion loss of 14 dB were obtained. This
kind of device offers an attractive solution in imaging applications when
arrays of harmonic mixers need to be implemented and not enough local
oscillator power is available to feed them appropriately. Moreover, a sub-
harmonic mixer working at the same RF frequency was also developed and
the performances of both devices were compared. Furthermore, a
frequency doubler from 110 GHz to 220 GHz was designed in order to
feed the subharmonic mixer operating at 440GHz.

In Chapter 6, diverse images taken by a single mixer or the complete
array together with the cuasi-optical system, provided by Alfa Imaging, are
shown. In this chapter, the possibility of taken images with the designed
components in this thesis is proven in both cases. Firstly, a single pixel is
used, i.e. the sub-harmonic mixer presented in Chapter 3, which is helped
by two lenses to improve the definition over the image. Results show a high
resolution of the objects and a variation of the level of the obtained power
depending on its nature. Images of 15x15 cm were obtained, with an
integration time of 100 milliseconds and 100x100 pixels, observing a good
resolution. The user was able to distinguish between elements such as the
human body, a metallic sheet or a ceramic material, giving the possibility to
identify, via the shape, and detect them. Finally, some images of a whole
person are taken using the array presented in Chapter 4 and Alfa Imaging
mirror’s system. The images are taken outdoors and at a distance of 4
metres from the imaging system. Alfa’s system provides a field of view of
1.2x0.5 m, a resolution of 2.5 cm and a frame rate of 10 fps. The person is
completely distinguished and moreover, a metallic sheet placed on the chest
of the person is also detected, offering an alternative to the actual airport

scanners.
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7.2 Guidelines for future research

In this thesis different millimetre and sub-millimetre wave
components have been designed, fabricated and measured for the first time

in Spain.

Concerning Schottky diode mixers it is the first time these devices are
developed by the Antenna Group. For that reason some guidelines for
future research are the improvement of the design and simulation processes
trying to develop more accurate results which can predict in a better way the
measurements. Although the hot electron noise source added to the mixer
simulation gave a better idea of the real noise temperature and a good
agreement was obtained for the sub-harmonic mixer, it didn’t happen the
same with the 4™-harmonic mixer. Moreover, a complete optimization of
the filters impedance and structure could be done in ADS at the same time
the mixer performance characterization is done maybe obtaining more

competitive results.

A complete integration of a THz camera can also be entirely
developed, taking into account the applications, scatter configuration (i.e.
Casegrain, Gregorian, Offset, etc.) and operational frequency, obtaining

better imaging results.

Related to the 4™-harmonic mixer design more research can be done
in this field. It is believed that the ADS software is not taking into account
the second harmonic frequency, 220 GHz, in the calculation of the mixer
characteristics due to the differences appreciated between the simulation
and measurements. For this reason, a new simulation model should be
employed in order to estimate the noise temperature and conversion loss.
Moreover, the study of a new configuration which can derive the second
harmonic could be implemented in order to the decrease the mixer noise or

even a 5"-harmonic conficuration could be implemented.
g p
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Finally, a new doubler design could be implemented using the most
commonly employed diodes, varactor diodes, which can offer a better

performance in terms of efficiency and operational bandwidth.

Analysing the complete thesis, future research could be done looking
for other applications rather than security. For example, an imaging camera
for skin cancer detection or plants water control could be promising

applications.
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APPENDIX A

MISMATCHING ANALYSIS

The S parameters of the IF mixer port, and the IF chain with and
without the isolator have been measured for the eight mixers that form the
array presented in Chapter 4. Moreover, the noise temperature and
conversion loss of each mixer has been calculated taking into account the

mismatching analysis presented in Chapter 2.
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Fig. A-1 (a) and (b) Measured S11 receiver components, NT (c) and CL (d) comparison
between measured and de-embedded values.
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Fig. A-2 (a) and (b) Measured S11 receiver components, NT (c) and CL (d) comparison
between measured and de-embedded values.
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Fig. A-3 (a) and (b) Measured S11 receiver components, NT (c) and CL (d) comparison
between measured and de-embedded values.
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Fig. A-4 (a) and (b) Measured S11 receiver components, NT (c) and CL (d) comparison
between measured and de-embedded values.
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Fig. A-5 (a) and (b) Measured S11 receiver components, NT (c) and CL (d) comparison
between measured and de-embedded values.
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A.6 Mixer 6
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Fig. A-6 (a) and (b) Measured S11 receiver components, NT (c) and CL (d) comparison
between measured and de-embedded values.
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A.7 Mixer 7
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Fig. A-7 (a) and (b) Measured S11 receiver components, NT (c) and CL (d) comparison
between measured and de-embedded values.
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A.8 Mixer 8
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Fig. A-8 (a) and (b) Measured S11 receiver components, NT (c) and CL (d) comparison
between measured and de-embedded values.
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APPENDIX B

DESIGNED DEVICES DIMENSIONS
AND ADS SOFTWARE
COMPONENTS

The aim of this appendix is to present the dimensions of the sub-
harmonic mixer developed in Chapter 3, as well as the sub-millimetre wave
devices developed in Chapter 5. Moreover, the ADS simulation blocks used

for the simulation process are also depicted and explained here.

B.1 Sub-harmonic Mixer with RF frequency equal
to 220 GHz

The dimensions of the sub-harmonic mixer circuit developed in
Chapter 3 are depicted here:

220

253 90
576 1010 396 468 535 160
| 50 2 | Lieo
260 165 400 521 527 1000
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Some images of the final fabricated block are shown here:
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Some images of the elements of the array are shown below:
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Some images of the complete array attached to the splitter and the

antennas with the optimum gain are presented here:
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B.2 Sub-harmonic Mixer with RF frequency equal
to 440 GHz

The dimensions of the sub-harmonic mixer circuit developed in

Chapter 5 are depicted here:
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1,864
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Some photos of the real block are gathered below:
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B.3 Frequency Doubler 110 to 220 GHz

The dimensions of the doubler circuit developed in Chapter 5 are

depicted here:
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Some images of the doubler metallic block:
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B.4 4™ harmonic Mixer with RF frequency equal to
440 GHz

The dimensions of the 4™-harmonic mixer circuit developed in
Chapter 5 are depicted here:
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Some real images of the final fabricated and assembled block are

shown below:
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Images of the open block and the microstrip line welded to the Block

and connector are shown below:

B.5 ADS Symbols

+¥ P_nHarm ¥
PORT3
Nums=3 P_nTone
z=z_LO PORTA4 -
- Freg=LOfreq Num=4 _+_
— P[1]=P_LOmW Z=7_RF -

Freq[l]=R Ffreq
P[1]=polar(dbmtow(P_RF),0)
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i Num: Port number

Term
IF port2 Z: Source impedance (Ohm)
Num=6
Freq: fundamental frequency (GHz
7=7 L0 q quency (GHz)
T P: N-th harmonic power level. Use
— polar(dbmtow(0),0) for phase
7
RWG
LO_ WG
A=2032 um
B=1016 um
L = 2 mm _g_ Er L’ e o 1
4|
! A 4
. :::: . A: Inside width of enclosure
RWG B: Inside height of enclosure
RF_WG
A=1092 um L: Waveguide length
B=546 um
L=1 mm
Current probe used to measure the
@ current at a reference point.
|_Probe
[_LO
V_LO Represents a variable that measures

the voltage at a reference point.
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Diode Model: Model instance name which
DIODE1 is refer to the diode model defined.

5 7/ Model=DIODEM1
|
— Diode Model Is: Saturation current
DIODEM1 Rs: Ohmic resistance
Is=0.2 fA
> N: Emission Coefficient (with Is,
Rs=13 Ohm . .
N=13 determines diode DC
— j0=.1 3 fF characteristics)
Vi=0.73 V Cjo: Zero-bias Junction capacitance
Vj: Junction Potential
Isolat: Isolation (dB)
Z1: Reference Impedance port 1
Circulator Z.2: Reference Impedance port 2
CIR3 Z.3: Reference Impedance port 3
Isolat=100. dB
21=7 LO
Z2=conj(Z_LO)
23=7 _LO
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S1P
SNP1
File=

!
]

SNPn: Name of S-parameter data block, in

which n represents the number of ports.

File: Name of data file containing 1-port S-, Y-,
or Z-parameters for this component. The file
extension and directory path are optional.
Default extension is .s7p and the default directory
is <pr>/data where <ptj> is your current project

directory.
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CHARACTERIZATION OF THE

APPENDIX C

MIXER ARRAY ELEMENTS

This appendix gathers the series resistance measurements of every

mixer element of the array presented in Chapter 4 for two cases: first for the

diodes employed in every mixer, and after for the complete block (once the

diodes and the IF connectors are welded to the microstrip circuit placed in

the metallic block). Moreover, the noise temperature and the conversion

loss of every mixer are presented here.

C.1 Mixer1

Series
Resistance (Q)

Single Diode

Complete block

Positive side

Negative Side

Positive Side

Negative Side

13.5

12.4

20.7

21.5

Best
Performance

Noise Temperature (K)

Conversion Loss (dB)

1044

7.1
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Fig. C-2 Measured (a) noise temperature and (b) conversion loss Mixer 1.

C.2 Mixer 2

Series Single Diode Complete block
Resistance ()

Positive side Negative Side | Positive Side Negative Side

14.5 14.7 17.27 17.32

Best Noise Temperature (K) Conversion Loss (dB)
Performance

1082 6.8
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Fig. C-4 Measured (a) noise temperature and (b) conversion loss Mixer 2.

C.3 Mixer 3

Series Single Diode Complete block
Resistance (Q)

Positive side Negative Side | Positive Side Negative Side

12.5 12.4 17.57 17.24

Best Noise Temperature (K) Conversion Loss (dB)
Performance

1066 7.4
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Fig. C-6 Measured (a) noise temperature and (b) conversion loss Mixer 3.

C.4 Mixer4

Series Single Diode Complete block
Resistance ()

Positive side Negative Side | Positive Side Negative Side

11.7 12 23.62 24.09

Best Noise Temperature (K) Conversion Loss (dB)
Performance

1052 6.8
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Fig. C-7 Series resistance Mixer 4.
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Fig. C-8 Measured (a) noise temperature and (b) conversion loss Mixer 4.

C.5 Mixer 5

Series Single Diode Complete block
Resistance (Q)

Positive side Negative Side | Positive Side Negative Side

12.7 14.1 23.41 24.54
Best Noise Temperature (K) Conversion Loss (dB)
Performance

1394 7.8
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Fig. C-10 Measured (a) noise temperature and (b) conversion loss Mixer 5.

C.6 Mixer 6

Series Single Diode Complete block
Resistance ()

Positive side Negative Side | Positive Side Negative Side

13.7 15.3 18.97 20.31

Best Noise Temperature (K) Conversion Loss (dB)
Performance

1211 7.5
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Fig. C-11 Series resistance Mixer 6.
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Fig. C-12 Measured (a) noise temperature and (b) conversion loss Mixer 6.

110
Frequency(GHz)

C.7 Mixer7

Series Single Diode Complete block
Resistance (Q)

Positive side Negative Side | Positive Side Negative Side

14.3 14.6 20.97 21.53
Best Noise Temperature (K) Conversion Loss (dB)
Performance

962 6.7
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Fig. C-13 Series resistance Mixer 7.
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Fig. C-14 Measured (a) noise temperature and (b) conversion loss Mixer 7.

C.8 Mixer 8

Series Single Diode Complete block
Resistance ()

Positive side Negative Side | Positive Side Negative Side

13.2 12.6 15.58 14.5

Best Noise Temperature (K) Conversion Loss (dB)
Performance

1052 6.8
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Fig. C-15 Series resistance Mixer 8.
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Fig. C-16 Measured (a) noise temperature and (b) conversion loss Mixer 8.
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APPENDIX D

IMAGING ARRAY GRASP ANALYSIS

This appendix gathers the analysis of the imaging array presented in
Chapter 4 using GRASP. First of all the results of spill-over efficiency and
SNR for every element of the array and 20, 24, 22 and 20 dB directivities
are presented. Finally, the beam cuts at -3 dB of the complete array for 24

dB antenna directivity are shown.

D.1 Antenna Directivity 26 dB

Array TASK 1 TASK 2 TASK 4
Element Nspin Npi (dB) Nspin N pi (dB) Nspin N spi (4B)
1x1 0.944 0.252 0.931 0.310 0.192 7.161
1x2 0.961 0.172 0.935 0.291 0.172 7.646
1x3 0.967 0.145 0.943 0.255 0.153 8.152
1x4 0.973 0.120 0.948 0.230 0.136 8.650
1x5 0.971 0.128 0.951 0.220 0.121 9.171
1x6 0.972 0.125 0.952 0.212 0.106 9.736
1x7 0.965 0.156 0.946 0.243 0.086 10.675
1x8 0.957 0.192 0.938 0.277 0.068 11.687

Array Imaging plane
Elelement Myt M (dB) Spill over Max E SNR
1x1 0.739 1.315 -5.829 0.023 -26.824
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1x2 0.763 1.174 -0.255 0.026 -25.479
1x3 0.790 1.024 -0.778 0.029 -23.974
1x4 0.812 0.905 -7.258 0.032 -22.748
1x5 0.829 0.812 -7.683 0.033 -21.921
1x6 0.846 0.725 -8.130 0.035 -21.088
1x7 0.860 0.655 -8.537 0.035 -20.606
1x8 0.870 0.603 -8.873 0.034 -20.601

Table D-1 GRASP results mixer array with an antenna directivity of 26 dB.

D.2 Antenna Directivity 24 dB

Array TASK 1 TASK 2 TASK 4
Element Npit Ngpi (@B) Npin Npir (@B) Npint Mspur (dB)
1x1 0.925 0.337 0.920 0.363 0.208 6.827
1x2 0.950 0.224 0.921 0.357 0.188 7.264
1x3 0.959 0.181 0.924 0.344 0.169 7.728
1x4 0.961 0.171 0.928 0.323 0.152 8.193
1x5 0.963 0.162 0.930 0.314 0.134 8.734
1x6 0.961 0.174 0.930 0.317 0.113 9.459
1x7 0.958 0.187 0.931 0.310 0.095 10.219
1x8 0.938 0.277 0.915 0.385 0.062 12.074

Array Imaging plane
Elelement Myt M i (dB) Spill over Max E SNR
1x1 0.712 1.473 -5.410 0.027 -26.125
1x2 0.733 1.347 -5.740 0.030 -24.717
1x3 0.755 1.220 -6.110 0.033 -23.546
1x4 0.777 1.098 -6.510 0.035 -22.634
1x5 0.796 0.988 -6.914 0.035 -22.180
1x6 0.816 0.881 -7.361 0.035 -21.757
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1x7 0.836 0.777 -7.854 0.035 -21.389
1x8 0.853 0.690 -8.332 0.033 -21.325

Table D-2 GRASP results mixer array with an antenna directivity of 24 dB.
* Phi1 cut (lower position)
The system has the following characteristics:
Rotation Main reflector | -90
Rotacion Sub-reflector | 90
Array TASK 1 TASK 2 TASK 4
Element N epin N it (4B) N pin Npinr (4B) N pin UC)
1x1 0.934 0.297 0.914 0.393 0.001 28.466
1x2 0.956 0.197 0.935 0.292 0.002 27.741
1x3 0.960 0.177 0.938 0.276 0.002 27.447
1x4 0.963 0.162 0.940 0.267 0.002 27.325
1x5 0.963 0.162 0.940 0.267 0.002 27.325
1x6 0.960 0.177 0.938 0.276 0.002 27.359
1x7 0.956 0.197 0.935 0.292 0.002 27.724
1x8 0.934 0.297 0.914 0.393 0.001 28.447
Array Imaging plane
Elelement Myt M (dB) Spill over Max E SNR
1x1 0.912 -0.399 -10.562 0.026 -21.307
1x2 0.933 -0.300 -11.757 0.029 -18.995
1x3 0.937 -0.284 -11.979 0.031 -18.083
1x4 0.939 -0.275 -12.120 0.033 -17.589
1x5 0.939 -0.275 -12.120 0.033 -17.589
1x6 0.937 -0.285 -11.976 0.031 -18.085
1x7 0.933 -0.300 -11.757 0.029 -18.995
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1x8 0.912 -0.399 -10.563 0.026 -21.307

Table D-3 GRASP results mixer array with an antenna directivity of 24 dB for Phi 1 cut.

* Phi 2 cut (upper position)

The system has the following characteristics:

Rotation Main reflector | 90
Rotacion Sub-teflector | -90
Array TASK 1 TASK 2 TASK 4

Element N pin Npinr (4B) N pin Npinr (4B) N epin N pinr (AB)

1x1 0.934 0.297 0.914 0.393 0.001 28.466

1x2 0.956 0.197 0.935 0.292 0.002 27.741

1x3 0.960 0.177 0.938 0.276 0.002 27.447

1x4 0.963 0.162 0.940 0.267 0.002 27.325

1x5 0.963 0.162 0.940 0.267 0.002 27.325

1x6 0.960 0.177 0.938 0.276 0.002 27.359

1x7 0.956 0.197 0.935 0.292 0.002 27.724

1x8 0.934 0.297 0.914 0.393 0.001 28.447

Array Imaging plane

Elelement Moyt M i (dB) Spill over Max E SNR
1x1 0.912 -0.399 -10.562 0.026 -21.307
1x2 0.933 -0.300 -11.757 0.029 -18.995
1x3 0.937 -0.284 -11.979 0.031 -18.083
1x4 0.939 -0.275 -12.120 0.033 -17.589
1x5 0.939 -0.275 -12.120 0.033 -17.589
1x6 0.937 -0.285 -11.976 0.031 -18.085
1x7 0.933 -0.300 -11.757 0.029 -18.995
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1x8

0.912

-0.399

-10.563

0.026

-21.307

Table D-4 GRASP results mixer array with an antenna directivity of 24 dB for Phi 2 cut.

D.3 Antenna Directivity 22 dB

Array TASK 1 TASK 2 TASK 4
Element Nspin Npi (dB) Nspin Npi (dB) Nspin N spiu (4B)
1x1 0.931 0.313 0.923 0.347 0.236 6.279
1x2 0.940 0.267 0.926 0.333 0.217 6.629
1x3 0.952 0.214 0.927 0.327 0.199 7.001
1x4 0.962 0.170 0.928 0.325 0.181 7.412
1x5 0.965 0.154 0.929 0.321 0.165 7.819
1x6 0.961 0.172 0.926 0.335 0.144 8.424
1x7 0.947 0.236 0.912 0.401 0.112 9.507
1x8 0.934 0.299 0.898 0.467 0.081 10.924

Array Imaging plane
Elelement Myt M (dB) Spill over Max E SNR
1x1 0.688 1.626 -5.053 0.031 -25.204
1x2 0.709 1.495 -5.358 0.032 -24.594
1x3 0.728 1.379 -5.654 0.032 -24.298
1x4 0.746 1.270 -5.958 0.031 -24.159
1x5 0.764 1.171 -6.264 0.031 -23.994
1x6 0.782 1.068 -6.616 0.030 -23.727
1x7 0.800 0.970 -6.986 0.030 -23.530
1x8 0.817 0.877 -7.378 0.029 -23.344

Table D-5 GRASP results mixer array with an antenna directivity of 22 dB.
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D.4 Antenna Directivity 20 dB

Array TASK 1 TASK 2 TASK 4
Element Npit Npi (AB) Npint Ngpi (@B) Npint Mspur (AB)
1x1 0.902 0.446 0.879 0.560 0.238 6.230
1x2 0.932 0.304 0.888 0.514 0.224 6.500
1x3 0.937 0.282 0.899 0.465 0.210 6.770
1x4 0.935 0.290 0.903 0.443 0.196 7.067
1x5 0.933 0.300 0.903 0.445 0.183 7.382
1x6 0.933 0.302 0.901 0.453 0.163 7.874
1x7 0.934 0.297 0.901 0.453 0.145 8.400
1x8 0.923 0.346 0.890 0.506 0.119 9.260

Array Imaging plane
Elelement Myt M i (dB) Spill over Max E SNR
1x1 0.641 1.932 -4.448 0.030 -26.039
1x2 0.665 1.774 -4.745 0.031 -25.541
1x3 0.688 1.623 -5.061 0.028 -25.934
1x4 0.707 1.508 -5.326 0.026 -26.543
1x5 0.720 1.427 -5.528 0.023 -27.238
1x6 0.738 1.320 -5.815 0.022 -27.336
1x7 0.756 1.212 -6.133 0.022 -26.862
1x8 0.771 1.127 -6.411 0.023 -26.279

Table D-6 GRASP results mixer array with an antenna directivity of 20 dB.

up




Imaging Array GRASP Analysis

257

D.5 Comparison
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Fig. D-1 Bean cut of the mixer array for different antenna directivities.
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Fig. D-2 Bean cut of element 1x1.
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Fig. D-3 Beam cut of element 1x1 at the (a) upper and (b) lower position..
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Fig. D-5 Beam cut of element 1x2 at the (a) upper and (b) lower position.
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Fig. D-7 Beam cut of element 1x3 at the (a) upper and (b) lower position.
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D.9 Element 1x4 24 dB antenna
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Fig. D-9 Beam cut of element 1x4 at the (a) upper and (b) lower position.
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D.10 Element 1x5 24 dB antenna
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Fig. D-11 Beam cut of element 1x5 at the (a) upper and (b) lower position.
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D.11 Element 1x6 24 dB antenna
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Fig. D-13 Beam cut of element 1x6 at the (a) upper and (b) lower position.
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D.12 Element 1x7 24 dB antenna

Y (mm)

-20

Y (mm)

-25

-30

-35

900 -250
X (mm)

Fig. D-14 Bean cut of element 1x7.
0 -850
-5
-10

=900
-15
" -

.’

- -950
-40 -10?900

=250 -200
X (mm) X (mm)

@) (b)

Fig. D-15 Beam cut of element 1x7 at the (a) upper and (b) lower position.
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D.13 Element 1x8 24 dB antenna
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This disertation presents the design, fabrication and measurement of different

Terahertz systems for Imaging applications. A couple of sub-harmonic
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mixers, a 1x8 sub-harmonic mixer array, a 4"-harmonic mixer and a

frequency doubler are inmplemented within this Thesis.
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