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en français L'étude des atmosphères, de leur dynamique et de leurs composés nécessite l'utilisation de techniques d'observation complémentaires passives et actives couvrant le spectre électromagnétique, de l'ultra-violet aux ondes centimétriques. Depuis quelques décennies, la radiométrie passive dans les longueurs d'onde submillimétriques suscite un réel intérêt. Cette montée en fréquence offre non seulement la possibilité de cartographier l'atmosphère avec une résolution spatiale supérieure à celle obtenue par radiométrie micro-onde, mais également celle de caractériser les particules des nuages de glace haute altitude (qui in fluencent fortement le transfert radiatif de l'atmosphère) à l'aide d'observations multi-canal combinées en fréquences. Dès lors, l'utilisation d'un réseau de récepteur hétérodyne permet d'atteindre un compromis flexible et adapté aux différentes techniques de sondage afin d'atteindre une haute résolution spatiale, une large couverture d'observation et une bonne sensibilité radiométrique. Le travail de thèse se concentre sur l'étude et le développement d'éléments de détection pour la constitution dun réseau de récepteurs hétérodynes aux fréquences submillimétriques. Nous étudions les différentes problématiques liées à la réalisation d'un réseau de récepteurs à diode Schottky, fonctionnant à température ambiante entre 300 et 400 GHz et présentons l'état de l'art des architectures adaptées au déploiement d'un spectro -imageur submillimétrique. Les points abordés pour répondre à certaines de ces problématiques, aboutissent sur des réalisations et test de composants. La conception et le test d'un mélangeur subharmonique à 380 GHz est démontré en utilisant des diodes semi-conducteurs avec une technologie industrielle. Une solution de réduction des besoins en puissance de l'oscillateur local est proposée avec la définition, la conception et les tests dun mélangeur subharmonique à 330 GHz décliné en deux configurations. Ces mélangeurs à diodes antiparallèles polarisables et leurs circuits IF sont réalisés avec des technologies de laboratoire. L'intégration des sous-parties de réception et de génération de signaux du système sur un circuit monolithique est proposée via la conception d'un circuit combiné tripler / mélangeur subharmonique à 330 GHz. Ce circuit permet d'obtenir une grande compacité de l'élément de réception (20 A), et ce ci, en couvrant un champ focal 2D et en nécessitant l'utilisation d'un oscillateur local à 60 GHz avec une puissance de 100/125 mW.

Introduction

From the beginning of humanity, thoughts hâve focused on the possibility of a world of information hidden by our senses. This idea was first introduced by the Greek philosopher Plato in the " Allegory of the Cave" in which he imagines a group of people who hâve lived chained in a cave ail of their lives, facing a blank wall and watching the projection of things passing in front of a tire behind them. Their analysis of the world is limited to these shadows, forming what they think to be their reality. When one of the people discovers the world outside of the cave and cornes to understand that the shadows on the wall are not constitutive of reality, he attempts to pass on what he lias seen but few listen to him and the majority don't believe him. Since Plato used this allegory, scientists hâve discovered that light widespreads over an infinité electromagnetic spectrum which our eyes cover only partially, commonly called " visible". The historical division of the electromagnetic spectrum generally corresponds to the bandwith of a dedicated signal collecting and/or detecting technology Fig. 1.1. In the context of this thesis we focus on Submillimeter wavelengths (3 mm to 0.1 um) and the Terahertz frequency range (100 GHz to 3 THz), filling the technological gap with both electronics and far-IR optics Systems. The millimeter and submillimeter Chapter 1. Introduction région is rich in spectral signatures of atmospheric and interstellar clouds. This electromagnetic wave domain présents great interest for applications as separate as scientific astrophysics [Siegel 2002] and Earth atmospheric sounding [START_REF] Prigent | [END_REF]], security screening [Cooper 2010], communication Systems [Hopkins 2005], biology and medical imaging [Siegel 2004]. The list of applications at millimeter and submillimeter wavelengths continues to grow as new fields emerge through the development of increasingly mature technology. The présent technological study is stimulated by the requirement for the analysis of the atmospheric content and the expected deployment of future instruments in the 300-360 GHz frequency range, corresponding to about 0.8 to 1-mm radiation wavelength.

Firstly we develop in this chapter the general requirements for Earth atmospheric sounding and we explain some dimensioning issues of radiometers and list both air-borne and space-borne radiometers dedicated to Earth observations. Secondly we recall the principles of the heterodyne détection chain System before reviewing state-of-the-art submillimeter wavelength technology and we introduce in the following section array receiver development which is the " raison d 'être" of this research study. In the présent work the application of the receiver array technology is related to Earth observations because of the recent interest of the atmospheric community in millimeter and sub-millimeter radiometry, but the reader should be aware that the proposed technology could be bénéficiai to other fields in future years.

Applications Frequency (Hz)

Radio-frequencies Gamma-rays .... Size scale Figure 1.1: The electromagnetic spectrum witli wavelength (expressed in meter) and frequency (expressed in hertz) on a logarithmic scale from the shortest gamma-ray to the longest radiowave. Sub millimeter wavelenghths are located between the high-frequency eclge of the microwave band, and the long-wavelength edge of far-infrared light. Radio spectrum of the " invisible" 3 1.1.1 High frequency radiometry dedicated to atmospheric spectral analysis

To fully understand the requirements for building a submilimeter wave heterodyne radiometer -and moreover an array receiver -we need to better understand the main purposes of the scientific study and the observational and retrieval mechanisms of the atmospheric properties in general and more specifîcally employed at submillimeter wavelengths.

1.1.1.1 Objective of atmosphère analysis at millimeter and submillimeter wavelengths

The atmosphère consists of molécules species that, are differently distributed vertically with varions den sifies. The measurement objective is to detect the signatures of both major and minor molecular constituents. For this reason, down-looking (including nadir) sounding can be used for the characterization of water vapor and oxygen mainly within the troposphère (from ground level up to 10-15 km) while limb sounding (illustrated in Fig4.2) can map the distribution of atmospheric species in the upper part of the atmosphère. from [START_REF] Prigent | [END_REF]], Bottom : STEAM-R project for limb sounding of the atmosphère (UT/LS) 300-360

GHz frquency channel.

Chapter 1. Introduction

Figl.2 illustrâtes the existence of different atmospheric constituents and their impact : at ground level and looking upward along the vertical the sum of the contributions of H2O, O2 and O3 can reduce the zénith opacity by about 2 orders of magnitude at 325 GHz (H2O line) and 1 order of magnitude at 330

GHz (window channel) relatively to the 100 GHz window channel. Figl.2 also présents the different lines of atmospheric constituents (H20, O3, CO and N20) that the STEAM-R mission could record by limb sounding in the upper TYoposphere/Lower Stratosphère (UT/LS).

In order to better understand the Earth-Atmosphere System behaviour, continuons monitoring is required in real time, of the properties of the Earth's atmosphère on both a global scale at every altitude.

This would help to verify and improve atmospheric Numerical Weather Prédiction models and General Circulation Models used for meteorological forecasting and climate modelling respectively.

In this regard global and précisé measurements are needed to constrain the different model assumptions. The évaluation of the models can be performed with the use of space-based radiometry and radiative transfer studies. The radiative transfer properties of the atmosphère dépend 011 the précisé knowledge of different parameters : the absorption of the main constituents of the atmosphère, the surface emissivity and the radiative and physical properties of the hydrometeors (e.g. rain drops, ice crystals). Passive radiometer sensors measure electromagnetic radiation emitted, absorbed or scattered by the atmospheric components, which is then used to infer the atmospheric properties trougli a data inversion process [START_REF] Ulaby | [END_REF]]. The inversion process consists in using well established or under-development procedure codes that are designed to extract information like the concentration of the species, the altitude layer of the émission and the ice particle diameter, sonie parameters needed to evaluate the models as an input to the climate model.

For the Earth's atmosphère, one distinguishes gaseous contributions to absorption and scattering from cloud and précipitation. For instance vertical profiles of water vapour content can be inferred from ob servations with multiple-channels centred on some water vapour lines (e.g. 183 GHz in Figl.5). The pressure-related broadening of the lines offers the possibility to sound at different altitudes the atmo sphère: at higli altitude (low pressure), the line is rather narrow while at low altitude (higli pressure)

the line is broadened. A radiometer equipped with different sub-channels around a spécifie line would then give informations about the atmosphère at different altitudes: the doser the observation band is to the line center the more the measurement gives information on high altitude atmospheric layers and respectively the further away, the more on low altitude atmospheric layers. Weight functions for a given line and atmosphère type are used to identify the contributions of different parts of the atmosphère in the measured brightness températures (Fig. 1.6). At submm wavelengths the radiation measured from satellites over ice clouds is dominantly affected by the scattering of the ice particles. Sub-millimetre wave radiometry can then characterize the ice phase in clouds [Buehler 2005[START_REF] Jimenez | [END_REF]]. Sub-millimetre wave radiometry could also be used for rain détection and quantification [Bizzarri 2005] [Defer 2008].

1.1.

Radio spectrum of the "invisible" 5 CIWSIR calculation for gamma distribution. IMC 0.001 g/m3 Wc note that efforts are also undertaken in the analysis of the polarization measurement of cirrus cloud particles depending on their shape, aspect ratio and to a less extent their orientation. The properties of the atmosphère (e.g. profiles of watcr, vertically integrated ice water content, rain rate) can thon be retrieved from the radiometric observations with the use of multi-frequency retrieval schemes based on modelled atmospheric microphysics profiles.

Ail this information derived from passive heterodyne observations in the radio-frequency domain are combined with the data retrieval from other instruments to characterize fully the atmopshere. Fig. 1.4 illustrâtes how they cover the vertical distribution of the particles in a water cloud. Indeed, the informa tions related to clouds and how cloud ice and water particles are converted to précipitation are of primary interest and a dedicated mission was therefore proposed in [Bizzarri 2005]. High altitude ice crystal cirrus clouds also hâve a strong impact on the atmospheric radiative exchanges, not only by refecting the solar radiation but also by trapping the long-wave radiation and reducing the thermal energy escaping the earth [START_REF] Jimenez | [END_REF]]. They play a major rôle in the energy budget of the atmosphère and are regarded as crucial éléments for global warming studies and a mission was recently proposed [Buehler 2005]. Submillimeter wavelength sounding with array receivers offers to characterize these ice clouds with several advantages expressed in the next sections.

Advantage of going up in frequency

Visible and infrared observations from geostationary satellites hâve been available for three décades and provide only information on the top of the clouds. The microwave frequency band from few GHz to 100 GHz is traditionally used for global characterization of water vapor content of tropospheric clouds located from ground lcvel up to an altitude of 10-12 km. Sub-millimeter wave radiometry offers ncw perspectives for the characterization of clouds and rain on a global scale [START_REF] Jimenez | [END_REF]], [Defer 2008] and [Surussavadee 2006]. Submillimeter radiometry offers extended advantages to microwave sounding as listed below:

1. A better spatial resolution: Sub-millimeter technology offers of deploying a geostationary sensor that would monitor continuously the évolution of the clouds at an adéquate spatial resolution with a relatively small antenna [Bizzarri 2005]. For low orbit missions, spatial resolution sampling (< 5 km) can be achieved with even finer sampling if receiver arrays are used.

Particle characterization:

The high altitude of cirrus clouds makes difficult the in-situ charac terization of their microphysical properties. If IR radiometry sees only smallest particles and radars only the largest, sub-millimeter radiometry offers an opportunity to see the particle responsible for most of the cloud ice, as shown in Fig. 1.3; low frequencies are more sensitive to large particles, wfiereas the higher the frequency the smaller the particle size it can detect. Different submm channels can then be used to quantify the particle size distribution and provide accurate measurements 1.1.

Radio spectrum of the " invisible" nadir from [Eymard 2001]. thanks to the ESA database [START_REF] Earth | Commitee on Earth and Observation Satellites, The Earth and Observation Handbook[END_REF]].
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Radio spectrum of the " invisible" 9 of integrated ice content and effective particle diameter [START_REF] Jimenez | [END_REF]].

We note that recent theoretical studies on the atmospheric sounding capabilities of space borne submillimeter wavelengths hâve shown that cloud content, cloud profile, rain détection and quantification, as well as properties of ice particles, can be derived from brightness températures simultaneously measured at different frequencies above 100 GHz with multi-channel retrieval algorithms [Defer 2008].

We now will give an overview of the submilimeter wavelength technologies available in order to build a radiometer suitable for the need and requirements of high frequency atmospheric science. We start with a list of the existing and proposed instruments, then we describe the heterodyne détection chain and the state-of-the art componentry at each frequency. The component requirements hâve to be integrated to form a complété radiometer fulfilling the science requirement as described in section 1.1.5. These paragraphs also include a section on the heteroyne receiver array, its scientific "raison d:être", and its main issues in order to finally introduce the main focus of this research study.

Submillimeter instrument review for atmospherical survey

Atmosphère observation program sélection is highly compétitive and demanding on the liability and maturity of the involved measurement technologies1 and retrieval techniques. The process usually takes several years from the définition of the instrument (spécification often derived from atmospheric and radiatic transfer modelling undertaken in parallel to the research and technology development), leading to a démonstration stage deployment on an airborne platform followed in the best case by a space-mission for global coverage exploitation. Tab 1.1 covers the main programs and instruments for atmospheric sounding, either flown or proposed, and their dedicated operating frequencies. The first satellite System using radiometers close to 100 GHz was launched in 1987 within the American Defense Meteorological

Program. Today the number of Earth observation instruments is increasing with the scientific goals and technological advantages cited previously.

Nevertheless, this list doesn't include any instrument composed of mono-frequency arrays rnainly because of the difficulty to develop heterodyne array receivers at high frequencies. Indeed, instrumentalists still face the major challenge of providing substantial numbers of channel in a compact and reliable form. In order to understand the main issues we first discuss the définition of the heterodyne détection chain and existing technology at these frequencies. Only after that description can we start to highlights the issues of their intégration in a more global System for heterodyne array receiver applications: it is this which drives the présent research objectives. Introduction 1.1.3 The heterodyne détection chain

The heterodyne technique lias been used for signal détection since 1948 (Torrey and Whitmer) and lias been widely used since then in most télécommunication Systems for emiting or detecting radio-frequency signais. The principle of heterodyne détection is to convert the collected signal to a fixed intermediate frequency that can be more easily processed than the original one. The radio signal of interest at frequency

Frf is collected by an antenna, then a mixer combines the F^f signal to a second monochromatic signal Flo which has been produced by an oscillator circuit in the receiver, called the local oscillator (LO). This mixing produces two new frequencies, at the sum (F^f + Flo) and différence (Frf -F lo) of the original frequencies (see Sec2. 1.1). The remaining différence frequency is called the intermediate frequency (F/f).

The IF signal contains the information of the original signal at Frf but can be more easily amplified and analysed (detected) due to its much lower frequency. The signal is amplified by a low noise amplifier (LNA), before being detected (square law detector) and analysed. The earth/space observation Systems Sf Power spectral density, W Hz'1 Radio spectrum of the ^invisible" 11 hâve low noise requirements that are challenging to meet. Therefore spécial care is given to build low noise receivers. The sensitivity of the System dépends on its noise température as given in eq.1.2. If we consider the receiver as a cascaded System, with the mixer being the first element and the IF LNA being the second, the noise température of the overall System is given by the Friis formula:

Tsys -Te\ + -+ T, e3

Ge\ GelGe2

+ (1.1) This équation shows that the noise characteristics arc dominated by the first element of the chain. Spécial care has to be given on the spécification of this element. Fig. 1.7 illustrâtes the different operation of a heterodyne System with an amplifier as first element.. As we will see in the next paragraph, the first element is substituted by the mixer in order to avoid noisy amplifier in ultra -low noise submillimeter receivers.

Submillimeter heterodyne technology overview

The two fundamental éléments of a receiver chain are the first element detector -amplifier or mixer -and its local oscillator source. Therefore this section is constituted of two paragraphs which are distinctely dedicated to the signal détection and génération. The Submillimetre wavelength / Terahertz frequency range is covered by optic and electronic technologies (see Fig. 1.8). We give a brief overview of the main technologies covering this range from 100 GHz to 1 THz.

Submillimetre technology for heterodyne détection

In Fig. 1.7 the first element of the heterodyne détection chain is either a low noise amplifier or a mixer, and is perhaps the main focus of technology development at submillimetre wavelengths with the aim of low noise and compact circuits.

Tn recent years, low noise amplifiers hâve rapidly pushed forward the sub-millimeter régime as illustrated in Fig. 1.8. In particular, the High Electron Mobility Transistor (HEMT) technology show very promising performance, e.g. [START_REF] Kangaslahti | [END_REF]] 18 dB gain up to 180 GHz and 300 K of noise température. At 270 GHz, 7.5 dB noise figure (1340 K of noise température at ambient) has been reported [START_REF] Gaier | [END_REF]].

We note that the amplifiers discussed consist of multistage amplifiers Systems that are limited by the successive stage noise contribution. This should be improved by increasing the gain per stage. Therefore efforts are conducted in order to increase the gain of these devices. As an example a 16-dB gain LNA has been reported at 340 GHz [Deal 2007].

Three major technologies are used for the making of very low noise mixers, which comparative perfor mances are illustrated in Fig. 1.9: 1. Superconductor-insulator-superconductor, also known as SIS tunnel junction, is a two-terminal diode consisting of two superconductors separated by a very thin layer of insulating material. In operation, the SIS must be cooled to a température significantly lower than the superconducting transition température of its électrodes, 4.2 K for lead-and niobium-based devices. The modest local oscillator power requirement make them suitable for arrays [Legg 1996]. Nevertheless the cutoff frequencies are limited by the superconducting gap below 1 THz. Submillimeter wave / Terahertz source devices are adressed by a substantial list of technologies, documented in [Siegel 2002]. They are convenienly divided in two groups : the optics components and the electonics components; each of them competing for building up a new field of high power, compact and monochromatic wide-band submillimeter wave and terahertz sources. Frorn the optical side, we list the photo-mixers, the far infrared lasers (FIR laser),the free électron lasers (FEL), the short-pulse lasers, quantum cascade lasers) and the Josephson effect crystal oscillators. From the electronic side we hâve the solid State devices oscillators (Gunn diodes, impatt diodes), the tubes (carcinotrons, klystrons, backward wave oscillator (BWO)), the amplifiers (III-V MMIC) and the multipliers (GaAs Schottky multipliers).

Nevertheless we are tempted to think that new hybrid-technology Systems will combine the advantages of space technologies in a more complété and complexe System. We note that the tubes source are powerful, but at the price of bulky, power hungry System with discrète frequency operation. Therefore they are not suitable for Earth observation mission deployment and hybrid-systems design. We discuss in the few following Unes the technologies that offer a high level of compactness suitable for array receiver development.

From the optical side, photomixers are attractive compact solid-state sources with broadband frequency tunability. They can operate as low as W-Band and be possibly used as a noise source [START_REF] Huggard | [END_REF]].

Nevertheless they still offer power an order of magnitude below room-temperature multipliers. Quantum cascade lasers [Williams 2007] are ultracompact attractive solutions with reported lowest frequency at 
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Frequency (6Hz) 1. Fundamental oscillators : Gunn diode are often used as a W-band driver for multiplier chain, because they offer about 20 dBm power across the band. Unfortunately they hâve few manufacturers and suffer from their mechanical tunability whicli is problematic for air and spaceborne applications.

Other type of oscillator based on transistor MMIC technology are under-development : InP, SiGe-HBT and CMOS push-push oscillators hâve been measured at -15 dBm at 131 GHz [Huang 2005] (CMOS) and -26 dBm at 190 GHz [Wanner 2005](SiGe-HBT), but with low DC/RF efficiency. In [Radisic 2007] a InP HEMT process give 25 pW at 346 GHz.

2. Amplifiers : As with low noise amplifiers, InP offers performance advantages over GaAs, for power applications. In particular, the increased current gain allows for higher frequency amplifiers with broader bandwidth. Amplifiers hâve been designed and built with 1.5 octaves of bandwidth up to 160 GHz. These amplifiers are capable of generating between 10 and 30 mW across the band [Pukala 2008].

Harmonie génération and multipliers :

(a) A solution for going higher in frequency is to extract the n^-harmonic oscillator signal. In [Seok 2010] the fourth harmonie of a Colpitts oscillator with SiGe-BiCMOS process shows ~-37 dBm at 589 GHz.

(b) Optimized MMIC multipliers at E-band using CMOS technology in a tripler gives a reported ~-27 dBm output power with > 30 dB harmonie rejection in [START_REF] Kuo | [END_REF]].

(c) Schottky multipliers offer compact low consumption power sources with an operation range up to 3 THz. They are preferred for space applications thanks to recent HIFI Herschel hér itage. At W-band the intégration of Scliotkky MMIC components give reported a few mW [START_REF][END_REF]], and a maximum efficiency of 5% and more than 1 mW output power lias been measured over the band 80-95 GHz for UMS2 commercial-foundry-based tripler [Wang 2009].

At 1 THz, a few mW lias been reported in [Maestrini 2010].

The component performance requirement is a major concern for scientific studies. From the instrumenlatist point of view, they are not the only focus to build a whole radiometer fulfilling the science requirement. The following paragraphs introduce the section on radiometer System requirements, as a single-beam receiver. Indeed they are still many issues to be adressed before assembling arrays of heterodyne receiver, and the compréhension of its issues start with a single receiver element. Active Systems hâve a transmitter that emits radio waves in determined directions that are reflected back towards the transmitter returning information on the distance and the range of objects. They sometimes use the doppler properties of moving objects in order to retrieve the radial velocity information. Passive Systems measure directly the electromagnetic radiation without any émission from the sensors. Heterodyne passive Systems are dedicated to spectral analysis or total power analysis which are the main focus in this study.

The passive radiometer Systems often comprise a scanning miror to observe alternatively the scene to be characterized and two calibration targets, often one hot load and one cold reference load, an antenna for signal collection and a heterodyne front end (see section 1.1.3) which downconverts the signal and preserve the information of the high frequency signal. The downconverted signal is then sent to an IF processor before intégration and spectrum digital analysis (Fig 1.11).

The requirement of passive radiometer Systems is the sélection of the frequency channel of the scene to be observed, the intrument sensitivity, the spatial and vertical resolution of the System :

1. The sélection of the frequencies : Passive radiometers can be divided in two types depending on their observation procedure. On one hand, imaging radiometers return information in atmospheric window-channels relatively transparent to electromagnetic radiation (i.e. far from a molecular rotational line) and give information on surface emissivity. On the other hand sounding radiometers are dedicated to vertical température and water vapor profile retrieval. Imaging and sounding radiometers are complementary as the channel Windows are often used as a reference for surface contribution estimation in vertical profiling retrieval from sounding measurements. Related to this, the first two spécifications of eacli channel are the central frequency, and B the frequency bandwidth.

Additionally, the window channel can be duplicated to retrieve separately the vertical and horizontal polarization. The requirement of the two channels can be different regarding the nature of the observed scene [Defer 2010].

2. The radiometric sensitivity, either absolute or relative.The sensitivity of a radiometer in the total power mode is shown in [Tiuri 1964] as the idéal case in eq. ( 1.2

) AT = (1.2)
Where r is the intégration time and Tsys the System noise température. The longer the intégration time and the wider the frequency bandwidth, the better the sensitivity. The radiometric sensitivity dépends on the System noise température which is highly related to the first element of the détection chain as seen in eq.(l.l). In this study the mixers are designed to reach optimum performances at subillimeter frequencies. In eq.( 1.2) it is assumed that the gain of the receiver is constant. This assumption is not true in practice : the effect of receiver instability is given in eq. (1.5) where G AT = rs",^(2_) + (^p (1.3) The sensitivity équation can be optimized by different calibration methods whieh are deseibed in [START_REF] Ulaby | [END_REF]].

3. The spatial resolution should be consistent with the purpose of the radiometric observations as in for example, global circulation model (GCM) spatial resolutions. The horizontal resolution is a tradeoff between antenna size, altitude of the platform (aircraft or spacecraft) and is inversely proportional to frequency. For an optic System of diameter D and focal lengtli 1, the angular resolution 9 is given by the following relation:

• / n\ 1.22A , " sin{0) = -jy- (1.4)
With ab being the distance between two points, we also hâve :

D = Aé <L5>

These two relations imply that millimeter imaging Systems require large optical Systems. Therefore the higher the frequency, the better the spatial resolution from a geostationnary orbit with an antenna of a resonable size. The vertical resolution is related to the channel frequency and the channels bandwidth. From the radiometric sensitivity formula eq.( 1.2) depending on bandwidth and intégration time, we deduce that we hâve to broaden the bandwith in order to increase the Chapter 1. Introduction sensitivity.

If we want a précisé information about altitude, we need a small bandwith. The bandwidth is therefore determined as a trade-off between good sensitivity and précision about the altitude of measurementfDefer 2010].

An idéal receiver should hâve the performance quality of a low noise, dual-polarization and multifrequency receiver. It lias been proposed in [START_REF] Chattopadhyay | [END_REF]] a receiver architecture that would offer to combine both sensitivity improvement and enable multipixel receiver intégration. This receiver detects both polarizations with an orthomode transducer (OMT) with 8 sideband-separating balanced mixers and 2 local oscillator sources. Nevertheless such an idéal front-end component should be integrated in a compact and portable System. Here is the main difficulty for developing the field of submillimeter heterodyne array receiver. In the next paragraph we will review the outcome of novel architecture of hét érodyne receiver arrays, and list the main issues for efficient System intégration. This review introduces our research objective, which is to contribute to this new development field of receiver arrays.

Submillimeter heterodyne array receiver development

This section focusses on the development for on-growing demand for the building of arrays of heterodyne submillimeter receivers. The following sections highlight advantages of receivers arrays, the technological issues when developing such receivers and state of the art of submillimeter receiver arrays. The main issues when increasing in frequency are the choice of the technology (wide band RF coupling, with a high sensitivity) coupled with its intégration (low transmission losses, compacity, low DC power consumption, low local oscillator source consumption).

Scientifîc drive for building arrays for spectral analysis

The need of atmospheric science requires higher frequencies and higher sensitivities. Moreover, the use of high frequency multi-pixel receivers will offer new possibilities of observations that are currently limited by single-pixel radiometers. Meteorological prédiction will benefit from regular and wide coverage data rate from space-borne or airborne observations. This can be fulfîlled with arrays of heterodyne receiver that offer a trade-off between sensitivity. mapping speed and coverage area (see Fig. 1.12). Multi-pixel receivers allow the scientist to increase the observing intégration time in order to improve the sensitivity of the receivers for a fixed satellite velocity/scanning mechanism and coverage area. Tndeed, an observation with doubled time leads to a sensitivity increased by a factor of square two as seen in eq.(1.2). For a fixed intégration time and coverage area, it could increase the satellite vclocity and respectively, for a fixed intégration time and coverage rate, increase coverage area. We note that the velocity is altitude dépendent so if we change the velocity we change the altitude. For geostationnary sensors, the satellite does not move but the scanning mechanism can be modified to provide a better répétition of in the measurement of a spécial area on Earth within the instrument field of view. One other application of Schottky radiometers can be found in the correction of the phase errors introduced by water vapour in the atmosphère in astrophysic ground-based telescope Systems. In the Atacama Large Millimeter Array (ALMA) telescope, one radiometer is mounted on each of the antenna and provide real-time measurement of the brightness température of the atmosphère near the 183 GHz émission line of water [START_REF] Hills | Design and Development of 183GHz Water Vapour Radiometers[END_REF]]. Mutlipixel receivers could provide a more complété information on the wave front of light for a mcchanically miror correction performed with today active optics technology [START_REF] Viallefond | Private communications[END_REF]].

Main technological issues regarding heterodyne array receivers

The status of heterodyne submillimeter array receivers is driven by astrophysics and aeronomy. There are many challenges and considérations in developing large array heterodyne receivers. In particular SIS multipixel receiver technologies are highly being developed in ground astronomy (SMART, HERA, PoleSTAR). Little research or development of multipixel array dedicated to atmospheric science at these frequencies has been yet completed.

The challenges in developing large arrays of heterodyne detectors are related to the components inté gration and the System intégration. Indeed the intégration involves System analysis of every stage from feed-horn spacing, amplifier chip design to interfaces of the sub-system related to technology choice and lower level circuit design architecture constraints. Ail these issues are interconnected and aimed at similar goals of diffraction and quantum-noise limited Systems. From the low noise and power amplifier side, many efforts still need to be conducted, with many outcomes in compact receivers. MMIC integrated receivers using mHEMT 3 hâve demonstrated the intégration of a heterodyne receiver [START_REF] Vassilev | [END_REF]], including the first element LNA stage, followed by a mixer and its LO chain. In order to reacli a wide band coupling, the MMIC receiver has to be connected to a RF waveguide to microstrip probe whicli requires a supplementary wirebonding which might be limiting when going up in frequency. The performance reacli 3.7 dB NF in the 90-130 GHz frequency band. Some effort hâve been conducted in [START_REF] Samoska | [END_REF]] for monolithically integrating waveguide transitions in a S-MMIC amplifier technology.

Schottky diode MMICs olfer a viable solution for low loss submillimeter-wave mixers. Two different configurations can be used to integrate the mixer and the frequency multiplier; either integrate the mixer and multiplier that are based on separate substrates via waveguide components as in [Wang 2009] and [START_REF] Chattopadhyay | [END_REF]], or combine the mixer and the frequency multiplier on a single substrate [Thomas 2008a] and in this study, chapter4. The optimum performance of the mixer and the frequency multiplier generally require respect.ively difTerent épitaxial doping of the substrate not possible in a fully integrated mixer/multiplier circuit. Nevertheless, the intégration of a mixer and multiplier on a single substrate offers simpler assembly work and higher intégration, both required for array development.

The loss of local oscillator injection can be minimised by optimizing the interface from one local oscillator to the mixer. This is doue in a combined System approach as found in [Thomas 2008a] and is also proposed during this study. Few attempts are reported on hybrid technology combining, although it may solve some of the main compacity problems. For example a QCL/Schottky receiver built on a same substrate has been reported in [START_REF] Wanke | [END_REF]]. Other solutions for reducing the sub-Terahertz frequency interface between the detector and source sub-systems is to micromachine receivers on Silicon.

This has been demonstrated in the micromachining of a 500 GHz subharmonic mixer with integrated 3metamorphic high clectron mobility (a) The séparation of the frequency bands, side-band séparation in particular, is usually performed with frequency sélective surfaces (FSS). These materials are built as large arrays of single unit cells. On the microscopie level, such a unit cell consists for example of a métal structure and air around. On the macroscopie level, they overall act as frequency sélective material due to their microscopie résonances. The V/H polarization is usually done with the use of polarized antenna. (a) The calibration of each element of the array is directly related to the scanning and observation strategy. During lirnb sounding the sounding operation multi-pixel receivers can be used to retrieve independcntly the information of the different atmosphère layers. During nadir sound ing operation multi-pixel receivers can be used in a pushbroom configuration with no moving parts. Therefore the scanning part is not necessary anymore and this gives the opportunity in both cases to rernove the bulky rotating part of the System. Unfortunately the rotating part is also used for calibration. An analysis of radiometer calibration lias been undertaken and electronic calibration look favorable for the calibration of compact receiver arrays.

(b) The calibration between pixels is necessary because of possible performance discrepancies.

This lias to be considered as an issue even when tlieir are batched produced. A technique developed in [Skou 1995] propose to normalize the overall receiver to one of the pixels if ail pixels observe a similar homogenous scene during observations. A supplementary load is added to one of the pixels for determining the linear reference function with two-point calibration to serve as a reference when each of the pixels are observing the homogenous scene.

4. The intermediate frequency amplification and read out (back end) is a function of the number of channel, the number of pixels per channel and the calibration strategy. The Friis formula (Eq.(l.l)) characterizes the noise contribution of every element of a cascaded System and highligths the importance of the first element in the detecting chain. For this reason, the packaging of" dropin" TF amplifîers offer great advantages for low-noise integrated Systems. In a System meeting the spécification of the PREMIER-mission, as in [START_REF] Sobis | [END_REF]] and [Rea 2009] a full intégration is GHz [START_REF] Amaya | [END_REF]]. Nevertheless a difficulty is to keep for every interface their alignment précision in order to minimize loss at every stages. The waveguide alignment within flange connectors has also been considered in different studies. In [START_REF] Kerr | [END_REF]], a maximum misalignment generates a -6.7

dB return loss in the WR-3 band. This value is not only relevant for the millimeter-wave metrology domain but for ail measurement undertaken in the submillimeter frequency range.

6. The batch production of receiver éléments for accurate and prédictive measurement. If the calibrations techniques can partially compensate the performance yield of each element of an array, they first hâve to be minimized by repeatable batch production devices. We describe in section 2.2 the possibile limitation of current industrial foundry for submillimeter low noise mixers.

Research objectives

Several missions for atmospheric sounding hâve been proposed to validate the submillimeter retrieval model and use them as information for the characterisation of the atmosphère for long-term global warming studies, climate and short-term local meteorological models. The use of array of receivers at these frequencies appcars to be a key issue and offers tradc-off betwecn sensitivity, mapping speed and coverage area for near-term Earth and planetary missions to study the planetary atmosphère. The conception of such very compact and low noise radiometer Systems at submillimeter frequencies for airborne and spaceborne Systems still requires much technological effort from component intégration to calibration techniques.

The main focus of this study is to develop Schottky diode technology in response to some of these key issues. A key aspect is to reduce the local oscillator requirement of a mixer with repeatable and fully up to 180 GHz [START_REF] Kangaslahti | [END_REF]]. The future of nanoscale transistors are in the Schottky barrier carbon nanotube FET wich use the contact between a métal and a carbon nanotube (CNT). Even so, the scaling of semiconductor devices to ever-smaller sizes is now approaching fundamental limits involving the use of new architectures [He 2008].

In this study the Schottky junction is used for its highly non linear properties applied to submillimeter réception or harmonie génération in heterodyne spectrométrie Systems as described in section 1.1.3.

Firstly we présent the non-linear operation by formulating the large and small signal analysis used in the circuit design, secondly we describe the physical view of the Schottky junction and its équivalent electrical model. This section is an introduction to a larger aspect of non-linear circuit design methodology dedicated for mixer or multiplier devices. We illustrate the operation of a non-linear element with three different type of input excitation: a small signal, a large signal and large and small signal superposition excitations as illustrated in Fig. [?]. Chapter 2. 380 GHz sub-harmonic monolithic mixer circuit using industrial process

The Small signal exitation around the bias point is written as :

I0 + Si = f(V0 + Sv (2.
3)

The low level condition of S v(t) allows a Taylor décomposition. At, first order : 7t, + « = /(K) + -lSv)

So à'i correspond to the slope of the I-V curve around bias point, i.e the local admittance.

(2.4)

The Large signal exitation of the non-linear element generates distortions of the incoming signal as illustrated in Fig. 2.2. This results in the presence of harmonie components. Therefore this type of configuration is used for signal génération (multipliers). The large voltages and currents can be written as Fourier sériés :

-foo +oo m= E y, (2.5) Linked by the relations :

h = YL(i.cv0)Vi
Where Yl(uj) are the non-linear element embedding admittance.

(2.6)

In large and small signal exitation, the incoming signal corresponds to a small signal with a polarization point varying with the large signal excursion, commonly called the local oscillator signal.

Therefore this type of configuration is used for signal détection (mixers).The saine analysis is applied as for the small signal analysis. The I-V relation can be written as :

It + 8i{t) = f{V{t)+6v(t)) (2.7)
The low level condition of ô v(t) allows a Taylor décomposition :

It+Si(t) = f(V(t)) + à-Yp-âv(t) (2.8)
By indentifying the mutai tenus we hâve: Un -fjn "H j-Cji (2.11) Where gn and cn are respectively the conductance and capacitance coefficients. Developing eq. (2.9) results in the génération of frequency components (n ujro ± m u)RF) in current and voltage expressions,

where n and m are real positive integers. They can be written as: V_n at pulsation (uujlo + niwrf)). This formalism expressed as Conversion Matrix is used during the mixer / multipler design and analysis to calculate small-signal and large-signal voltages and currents at every frequency accounted for predefined input-frequency and intermodulation product orders.

The Schottky diode frequency mixer or harmonie generator is based on the non-linear junction conduc tance G(j) (varistor mode of operation) or capacitance C(j) (varactor mode of operation). The spectral analysis of our designed components is done with an ADS harmonie balance routine which takes into account non-linearities generated from these two non-linearities depending on the diode parameters and the circuit configuration. VVe note that ail presented design work on the basis of varistor operating mode, i.e. forward bias.

In the next paragraph, we describe the physical operating of Schottky barrier junction and discuss the fabrication process of Schottky diode components. This discussion highlights the varistor mode and varactor mode of operating particularities and their corresponding physical parameters.

Physical description

It is helpful to acknowledge its main parameters and operation principle for a better understanding of the simulation results compared to the expérimentation. This section présents a brief overview of the Schottky barrier diode and describes its équivalent circuit model.

Schottky contact

The Schottky contact is formed by a métal to semiconductor contact. The current transport process is controlled by majority carrier through a thermionic émission over the barrier created by the unequal work functions of the two materials. The majority carriers are injected into the conduction band of the métal contact on the other side of the diode to become free moving électrons. Therefore the Schottky contact diode stops conduction faster than the ordinary p-n rectifier diode.

The energy band structure of the junction is depicted in Fig. in the semiconductor collect on the surface of the métal. The semiconductor immediately under the anode is depleted of électrons (the déplétion région). An electric field wliicli opposes further movement of électrons, is set up between the anode and the semiconductor, and a dynamic equilibrium is reached.

As a resuit, a potential différence (the built-in voltage V^) exists between the semiconductor and the anode. The metal-semiconductor interface and the opposite boundary of the depleted area acts like two capacitor plates, and the déplétion région as a dielectric. By applying a bias voltage Vk to the junction 2.1.

Schottky diode nonlinear operation

33 it is possible to vary the déplétion width W(V,;) following the formula :

w(v") = (^-(Vu-v<i)y (2.i4)
With eepi s the semi-conductor permittivity, is the doping density of the semi-conductor and q the électron charge, 7 the doping profile index depending on junction geometry and doping profile, equal to 0.5 for a uniform doping profing and negligile edge effects. If we reverse bias the junction, the dopants électrons will be emitted and pushed away and the déplétion become wider; if we forward bias the junction, the électrons will be captured and the déplétion région narrows. 

Forward bias

When the Schottky junction is forward-biased, the non-linearity of the conductance is stronger in the vicinity of fiat band. Hence, a positive bias voltage is convenient in order to reduce the input power that is necessary to sweep the most non-linear région. This non linearity allows low power local oscillator source and will therefore be useful for mixing operations.

Reverse bias

When the Schottky junction is reversed biased, the non-linearity of the capacitance is stronger. This is due to the déplétion région increase with the reverse voltage. The déplétion région is a région where there is little current. It is created by two displacements of the holes in the p-region to the anode terminal and the électrons in the n-region to the cathode terminal. Since the capacitance varies inversely as dielectric thickness, the junction capacitance decrease as the voltage across the junction increases. This nonlinearity favorize higli power handling capacities and therefore make it possible to use the varactor non-linearity as an harmonie generator.
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High frequency limitations

The Schottky diode lias reported operating frequencies reaching several terahertz. The idéal cut-off frequency is defined as: Scuton = -= ^R'Ctm (2)[START_REF] Alderman | MIDAS -Millimetre-wave Integrated Diode and Amplifier Sources[END_REF][START_REF] Treuttel | Développement d'un radiomètre compact pour le sondage atmosphérique aux longueur d'ondes submillimétriques[END_REF][START_REF] Siles | A single-waveguide in-phase power-combined frequency doubler at 190 GHz[END_REF][START_REF] Maestrini | Schottky diode based terahertz frequency midtipliers and mixers[END_REF][START_REF] Treuttel | De Maagt Design of a Com bined Tripler-Subharmonic Mixer at 330 GHz for Multipixel Application Using European Schottky Diodes[END_REF][START_REF] Murk | Characterization of a SfOghz sub-harmonic iq mixer with digital sideband separating backend[END_REF][START_REF] Treuttel | Narhi A 380 GHz sub-harmonic mixer using MMIC foundry based Schottky diodes transferred onto quartz substrate[END_REF][START_REF] Alderman | Narhi Integrated schottky structures for applications above 100 GHz[END_REF][START_REF] Thomas | Narhi Application of substrate transfer to a 190 ghz frequency doubler and 380 ghz sub-harmomic mixer using mmic foundry schottky diodes[END_REF](12)(13)(14)(15) with CTôt being the diode chip total capacitance. We note that Rs is inversely proportionnai to and C

is proportionnai to y/Nd : R.S.C product is proportinnal to --Therefore a possible way to increase the VNd frequency of operation is to increase the doping density. Nevertheless an increase in the doping density might dégradé the junction with higher both the the ideality factor and the saturation current. Therefore a trade-off must be found in order to maximize mixer performances.

Schottky fabrication

The diode is fabricated on a high-conductivity n-type substrate supporting a very pure, high conductivity n-buffer layer. This layer assures low sériés résistance and prevents the substrate impurities from diffusing into the épitaxial layer during the fabrication process. A very thin n-epitaxial layer (called the epilayer)

is grown on top of the buffer. The contact of the métal anode to the épitaxial layer forais the rectifying junction. In GaAs mixer diodes, the epilayer is doped at few cm3 and is usually about 1000 angstrôms thick. Finally an ohmic contact is formed by a métal layer on the substrate, which forms the cathode pad. Platinum and titanium are the most common anode materials for GaAs diodes.

Ideally the size and shape of the anode are chosen in order to offer an appropriate combination of junction capacitance and sériés résistance during the optimization process. Nonlinear microwave and RF Circuits anode diameters vary from few to tenth of microns for millimeter-wave devices. Fig. 2.6 depicts the structure of the diode in a planar configuration dedicated to beam-lead devices. For practical reasons the ohmic contact is formed on the top of the diode. For this contact gold-germanium is commonly used on GaAs. The anode is defined on the top surface and is isolated by an oxide (Si02) layer.

The Schottky diode fabrication has changed over time (see Fig. 2.5). The first Schottky contacts were fabricated with a métal tip (whisker) inserted in a honey-comb structure. This tcchnology offers grcat performances with little parasitic capacitance due to intrinsinc limited fringing effects of its geometry.

Nevertheless it suffers from reliable repeatability. Moreover, this hand-made device is sensitive to shocks and vibration making it rather difficult for space qualitification. Even though whisker-mounted diodes hâve flown on satellites, e.g. UAR.S in 1991.

Planar technology was developed to keep the high capacity of the whiskered structure and add ruggedness to the structure. Different manufacturing processes prefer either contact lithography [START_REF] Alderman | [END_REF] combined (or not) with a more précisé but expensive electron-beam System [Smith 1997] and [Jung 2008].

Planar technology is now reaching maturity in the submillimeter range and has the advantage that it can be integrated in MMIC circuit process (see section.2.2.4.1). 

2.1.

Schottky diode nonlinear operation

I(V) = bat 1) (2.16)
where Isat is the saturation current, ?] the ideality factor in order to compensate from non idéal behavior (> 1), k the Boltzmann constant, T the working température and q the charge of an électron.

Junction conductance

It can be found by taking the partial dérivative of the I-V équation:

Gj(id) = - = )-1 = kT,i 5Vd ql (2.18) 2.1.3.2 Junction capacitance
The junction capacitance of a Schottky diode dépends on the voltage applied to the junction, the rela tionship is defined in [ADS ] as:

Ci(VS) = §= forVd < Vu (2.19a) ' Vbi ' cj(vj) = V2.cjo{0.5+ hl] Vbi forVd > Vbi (2.19b)
with Cjo is the zero-junction capacitance. At submillimeter wavelengths, the capacitance of a non linear capacitor is calculated from the partial dérivative of charge with junction voltage where W is the déplétion witdh given in 2.14 and -yc is a correcting factor. .20) It has been shown [START_REF] Louhi | [END_REF]] that at submillimeter freqnencies the équivalent circuit is affec.ted by the edge effect, due to the small area of the anode. From this study, the correcting factor may be written:

CM) = Mc W(Vd) = (Mc( TwT) )v<,"°( 2
7c(lW = (1 + 46im + ^» ix0 7Î ri0
(2.21)

Where bi = 0.36 and b2 = 0.34. This model has been exended in [Bruston 1997] to a square model where:

(L + l)W(Vd). 7c(Vd) = 1+ 4 x 6r Ll (2.22) Depending on the diode dimensions and shape the correction factor 7C may become signifieant.

Sériés résistance

This accounts for ohmic losses of the current path along the diode structure between the anode and ohmic contact. At high frcquency several phcnomena could affect the sériés résistance modcled by complex impédances and taking into account électron effective mass and mobility. In [Hesler 1996] it can be written as a sum of different impédances:

"s -Rs,epi + Rsheet + %spread + Zskin + Rohmic (2.23) where RS)epi stands for the résistance created by current flow through the undepleted épitaxial layer, R.s/ieet the current flow through the substrate, Zspread the bulk spreading impédance caused by expansion of the current after the small anode area, Z.sfcjn the skin effect impédance. Rs,final is measured following [Maas 1993] procedure and corresponds to the real part of the sérié impédance matching the résistance measured at DC by Z,s(0) normalization. It is shown in [Hesler 1996] that the imaginary contribution is limited to 3 H up to 585 GHz for a SC1T5 diode, taken as a reference during our study.

Diode geometry fringing effect

The diode cell geometry fringing capacitive effect dépend highly on the diode structure. Therefore an optimization of the process should be in accordance with the lowering of these parasitics. In our study we use a methodology that is introduced in [Hesler 1996]. It makes possible the calculations of the embedding impédance directly from 3D finite element high frequency modelling software without l'elying on the accuracy of the lumped element model. is given in Fig. 2.8 for an antiparrallel pair. In this structure we note that Cp sum parasitic capacitance is short-circuited in the even-harmonic équivalent circuit. This is compensated by a supplementary mutual inductance between fingers which might create a résonance. Its effect on the mixer conversion loss is given in [Medhi 1994] where it is recommended to use as small an inductance loop as possible.

Recommendations are given in [Bishop 1991] for the building of surface channel single diodes minimizing the parasitics : the ohmic contact is placed as close to the anode as possible in order to reduce the sérié résistance, The mesa éliminâtes the capacitance between the pad and the GaAs substrate. A pad-to-pad capacitance Cpp appears in remplacement, in order to reduce the finger capacitance Cf the anode is placed as close to the edge of the mesa as possible. The pad to pad capacitance is reduce eitlier by increase the mesa spacing, reducing the pad size or lowering the substrate dielectric constant (quartz).

We add to this that the T-shaping of the finger helps reducing the Cf value.

A 380 GHz sub-harmonic mixer using industrial technolo gies

In this section we présent the design of a 380 GHz subharmonic mixer. This circuit was designed as a first attempt to build a submillimeter wavelength mixer using an industrial high-frequency foundry with additional laboratory post processing (ESA-ESTEC contract number 5084-06-NL-GLC in conjunction with the United Monolithic Semi-conductors (UMS) foundry). Preliminary studies presented in [Thomas 2006] suggest that a 380 GHz sub-harmonic mixer gives state-of-the-art performance if the UMS diode cell is using a high performance whisker contact mounted diode at ambient température as in [Erickson 1981] or 13K-cooled [START_REF] Batelaan | [END_REF]] and planar flip-chip mounted diode [Hesler 1996].

Firstly we give a description of the subharmonic mixer structure. Secondly idéal simulation results are presented with the high frequency industrial process parameters. Then we give the laboratory fabrica tion post-process procedure after the industrial wafer production and the experimental results of Runl and Run2 devices are compared to the simulation performed with given measured DC diode electrical parameters. In the last paragraph we discuss the outcomes of the project.

Description of the circuit configuration

Subharmonically pumped mixers (SHM) featuring antiparallel pairs of diode hâve been implemented largely with great success because of their balanced properties and local oscillator (LO) requirement at half of the detecting frequency. The circuit design of the 380 GHz mixer fixed-tuned MMIC sub-harmonic mixer is similar to the configuration dcvelopcd in [START_REF] Thomas | [END_REF]] and is illustrated in its filter matching network. The incoming signal is coupled to the circuit respectively through a feed horn antenna (for the RF signal) and a waveguide port (for the local oscillator) to two waveguide-tomicrostrip probe transitions. These convert from a TEio mode to a quasi-TEM microstrip mode. The input waveguides consists of a matching step and a stub for a better coupling of the signal to the probes.

We note that the RF probe is put very near to the diode cell to couple the maximum signal with minimum losses. Two step-impedance microstrip filters guide the RF and LO energy at diode level. These types Chapter 2. 380 GHz sub-harmonic monolithic mixer circuit using industrial process of filter are very compact compared to stub matching structure, plus tliey are easy to implement and to fabricate. They act a serni localized capacitor and inductance element below wavelength. The "RF frequency filter" reflects the RF frequency signais and matches the LO signais to the mixer diodes. The "LO frequency filter" avoid a possible propagation of the LO signal through the IF port. The IF signal passes through the low pass filter without any possibility of coupling vvith the waveguide through the probes, because the TEio modes cut-off frequencies are far above. The RF, LO and IF common référencé ground is made by a beamlead squeezed between the two blocks at the opposite end of the circuit.

In the picture, we see that the microstrip is mounted in a waveguide cavity. This type of structure offers a simple micro machining way because the block is split in two symmetrical parts (split-block). The RF and LO waveguides are in line for simple experimental testing. The IF port is connected at one end of the circuit. 

Methodology for the 380 GHz subharmonic mixer design

In this paragraph, we présent and discuss the parameters for optimization and the design tools and methodology used for the 380 GHz subharmonic mixer.

Optimization parameters of downconverting Systems

A matching network lias to be designed in order to provide the proper embedding impédances at the varions harmonies, in order to maximize the coupling to the RF and LO signais to the diode. We perform a linear optimization of the S-parameters magnitude from and to the ports with the following goals:

where i and j are the ports number, n and m respectively the total number of emitting and receiving load ports. The transmissions coefficients are optimized at each frequency band during a same simulation. A DC path can provide a possibility to bias the mixer and lower the local oscillator power requirement of the de vice. ( 2.25) where Ll is the losses due to the RF / IF termination mismatch, L2 is the intrinsic mixer losses at the diode junction and L3 is the loss due to junction capacitance and sériés résistance, written respectively : For Ll, the losses at RF and IF port are minimized by an optimisation of the respective matcing networks. The IF matching network is done as a last step of the optmization process and consists in matching the diodes impédances to the IF connector. As discussed in [START_REF] Hesler | [END_REF]] and [START_REF] Thomas | [END_REF] the Schottky diodes hâve an impédance of 200 fl each. The total antiparallel pair lias half the impédance of each diode, i.e 100 II load. Tliis is an idéal value as the IF impédance is sensitive to the LO power [Siles 2008]. A study in [Wang 2009] reveals that there is a compromise in the choice of the output impédance of the pair of diodes at IF (Z/p) between 50 fl and 100 fl for the design of Schottky diode mixers working at rnillimeter wavelengths. By using 100 fl as the ZiF, less LO pump power is needed for the optimized mixer, but around 2.5dB mismatch is présent between the mixer and the IF LNA chain as noted in [Thomas 2004]. If 50 il is used for the IF impédance, more LO power is needed to get better mixer conversion gain and more noise will be produced by the diodes. Therefore ideally a matching impédance network should be added at IF frequencies to ht, the SMA port 50 fl impédance. In our designs we take a value of 100 il for the IF port.

Ll = (1 -|F/îf|2)(1 -IT/fI2)
L2 can be expressed with the conductance of the matching network at every frequency [Yuan 1977]. It is used as an goal indicator during the mixer non-linear simulation.

L3, the losses due to junction capacitance and sériés résistance, which are frequency dépendent, and is defined as the ratio of the power absorbed by the diode (expressed as the sum of the powers absorbed for the sériés résistance and the variable conductance) by the power absorbed by the variable conductance.

It is not used in the optimisation of the designs.

The mixer noise température is bandwidth dépendent and is linked to the conversion loss by the an increase in the hot électron noise. In the following simulations the hot-electon noise is not modelled.

Therefore the simulation results are expected to be in accordance with the experimental results for low local oscillator power (below 3 mW).

Numerical tools

For this simulation we use a combination of linear and non linear simulations to converge to the optimum lengths of the matching network step impédances. We use for this optimization two software suites:

Ansoft High Frequency Simulation Software (HFSS) and Agilent Advanced Design System (ADS).

The electrodynamics behavior of passive structures is modeled in HFSS by using the finite element method. The electromagnetic amplitude and the phase of both transmitted and reflected signais are computed direct.ly from a given set of inputs (boundary conditions, waveport dehnition, material properties, etc). The outcomes of this simulation are the scattering parameters (S-parameters) response for the passive and three-dimensional structures simulated at RF and LO frequencies.

In HFSS the port définition plays a rôle in how the parasitic capacitance is calculated. The waveport are defined in HFSS as a "surface through which the signal enters and exists the geometry". The waveport serves as coaxial probes around the anode at the junction between the mesa and the n++ layer as de fined in [Hesler 1996]. Its polarity is assigned for forcing model calculation in accordance with ADS. The During the linear simulation we use the ADS S-parameter tools in order to find an optimum design of Chapter 2. 380 GHz sub-harmonic monolithic mixer circuit using industrial process thc impédance matching network. It is to note that the power-voltage définition of voltage waveguide impédance is used in the frequency domain analytical model [ADS ]. The waveguide port impédance Zpv is the impédance calculated from voltage and power. It, is defined is HFSS and ADS as : The coplanar waveguide mode used in the signal transmission is quasi-TEM, so the three available défi nitions of characteristic impédance Zpi, Zpv, and Zvi are nearly the same.

During the non-linear simulation we use the ADS Harmonie-Balance tool which is a wide-spread frequency-domain analysis technique for simulating distortion in non-linear circuits and Systems similarly to the (2.13) set of équations. Harmonie balance simulation results in a set of frequency-domain voltages and currents, and therefore the steady-state spectral content of voltages or currents in the circuit.

The Harmonie Balance controller spécifiés several key simulation parameters [ADS ] amongst which are the frequencies, the index and the order, specified as inputs: (i) the "index" précisés which frequency signal are being considered to hâve several harmonies. In the mixer case, two fundamental frequency are being considered linked by the relation : ïrf = flo ± f/p. Therefore a sweep in fiq changes the frf frequency if fif is put to the rniddle IF frequency band, (ii) and the "Order" spécifiés the number of harmonie frequencies to be calculated for both RF and LO frequencies that hâve been defined as n°1 and 2 in the "Freq" and (iii) the "Maxorder" spécifiés the number of intermixing products between the frequency index, calculated with the diamond truncation method in ADS. One of the most common errors in HB simulation setup is to use too low of an order. But using too high of an order is wasteful of memory, file size and simulation time, so a tradeoff must be done when running the simulation. Freq [START_REF] Treuttel | DeMaagt Compact Sub Millimeter Wavelength heterodyne Radiometer for Arrays The XXX General Assembly and Scientific Symposium of the International Union of Radio Science[END_REF]=Freq_OL

Freq [2]=Freq_RF

Order[1]=9 Order[2]=3 Maxlters=500 UseKrylov=no SweepVar="Freq_RF" Start=300 GHz Stop=360 GHz
Step=1 GHz Pl= Other= Figure 2.12: Left : Line définition in [ADS ] in cunjunction with [HFSS 2010] simulation outcome, Rigth : S-parameter and Harmonie Balance ADS parameters.

Methodology for the 380 GHz subharmonic mixer circuit optimization

The methodology used to design and optimize the mixer circuit consists of a combination of interconnected linear/non linear circuit simulations. We describe hereafter the different steps for this optimization:

1. Circuit définition (a) The circuit configuration is selected as regard to the application, the performance requirements, and the local oscillator source availability (whether the circuit will be biased or not). A description of the different configurations is given in section 4.2.

(b) The diode idéal physical parameter are generated from numerical simulations done with rou tines implemented in [Siles 2008]. This step drives the choice of the doping and thickness of the epilayer wafer and gives a first indication on the anode diameter value. to be reflected or adapted. The optimisation goals are given in eq (2.24) for the RF port ( 1), the anodes ports (2 and 3) and the LO port ( 4) port-to-port matching :

(S12, S\3)rf = (S42, «S'43)lO = 0.7 (2.31) (d) When the non-linear matching achieves the wanted coupling with an optimal tuning, the circuit is simulated with the harmonie balance routine to check its mixer conversion loss and noise température.

(e) Optimization of the matching network (HB) : an accurate optimization with the harmonie balance is perfomed to complément the linear one with a high level of harmonie. We choose orders of 3 and 9 for respectively the RF and LO signais and 11 for the maxorder. Therefore we validate the model with a high level of intermixing products in the circuit. (c) The outcome matrix is simulated with the HB simulation routine to validate the previous step. The development of circuit fabrication processes at submillimeter-wave frequencies is a subject in itself and considered as a main issue for the building of repeatable high quality devices. A solution using planar fiip-chip mounted diode chips removes the uncertainty due to whisker diode anode-contacting but with a repercussion on the uncertainty connection between the diode chip and the matching network circuit, Chapter 2. 380 GHz sub-harmonic monolithic mixer circuit using industrial process typically about a few microns square at these freqeuncies.

A process developed at JPL, named QUID (Quartz-substrate Up-side-down Integrated Device) alleviate this problem by integrating the diode in a larger structure and combines it with filter circuitry [START_REF] Mehdi | [END_REF]]. During this process, epoxy fills the chanel under anode fingers therefore increasing the pad-to-pad parasitic capacitance. Therefore it is necessary to add a supplementary step for etching away the epoxy. This was demonstrated by using an oxygen plasma in [START_REF] Marazita | [END_REF]].

For similar reasons, a novel MMIC transfer substrate technique is developed during the current program.

This simple technique does not involve liigh températures and/or high pressures operation, which is very important to avoid circuit dégradation. It can be used for transferring a membrane onto a wide variety of host substrate. The choice of the substrate can reduce the line dielectric constant and improve thermal conductivity. In this case it is respectively GaAs and quartz. Ail the operations related to the transferred substrate technique are described in [Thomas 2008c]. The various steps of this wafer-to-wafer bonding technique and MMIC fabrication are reproduced in Fig. 2.17.

The LO/RF waveguides, the microstrip channel and the IF connector Socket are milled into two splitwaveguide métal blocs for easy micro-machining. The circuit is positionned inside the lower half of the split bloc waveguide cavity as shown in Fig. 2.18. A gold beam-lead is formed at the RF end during the circuit fabrication and is squeezed between the two part of the split block, providing précisé grounding of the diode pair at IF/DC frequencies.

The implémentation process follows two fabrication runs separated in time, the second run taking into account discrepancies found after the measurement campaign of the first one. For each of the run, two sets of measurement are performed. The first one is at direct current (DC) in order to measure the diode electrical parameters, and the second at alternating current to measure performance of the overall System at submillimeter frequencies and extract the performances of the mixer. The next paragraphs describe the experimental results for both fabrication runs. We also discuss DC diode parameter imbalance impact on RF performance.

Measurement procedure

Sériés résistance, ideality factor and saturation current are determined by straight forward measurement assuming that the doping profile is uniform. The extration of the parameters from the DC I-V curve are described in [Maas 1993].The détermination of the équivalent noise température and the conversion losses This operation allows us to directly deduce the influence of the gain variation of the chain with local and time related measurements. Mixer conversion losses are given in single-side band (SSB) for the simulations and double-side band (DSB) for the experimental results. We note that a straight forward comparison of the simulations and measurements is done if we consider that the losses (antenna spillover, IF mismatch and IF connector loss) in the System are of the order of 3 dB estimated in [Thomas 2004].

From [Kraus ] we hâve :

CLssB{dB) -CLdsb^D) +3 dB, TMixSSB(dB) = 2 .TMiXDSB{dB) (2.36)
The setup is mounted on top of an optical Chapter 2. 380 GHz sub-harmonic monolithic mixer circuit using industrial process

The mixer noise température and conversion loss measurement campaign was undertaken at the Observatory of Paris (LERMA).The first run gives a confirmation of bandwith performance and first resuit at 380 GHz for the BES UMS Schottky process. The second run based on the same design takes into account disrepancies found when measuring the DC diode parameters of the first wafer run.

Improvements between two wafer fabrication run

The second fabrication run takes into account a systematic offset oecuring during the photolithography of the diode. This offset is due to a ion angle of the photolithography beam, resulting in a shadow in the direction opposite to the beam. This effcct has a particularly strong impact in the case of an antiparallel pair of diodes. Indeed, if the subharmonic mixer has a balanced configuration (see paragraph 1 of section 4.2.1) it présents an homogenous shift but if it has a antiparallel configuration, this directly impacts on the symetry of the diode DC parameters (Tab 2.1) and affects the performances. This effect is partially solved in the second wafer run.

Another improvement in the mixer measurement set-up corrected the non-linearity of the Agilent E9325A power sensor. Indeed this sensor head has only 300kHz of bandwidth and it is not calibrated for measuring white noise signais of several gigahertz of bandwidth. It is necessary to calibrate the power sensor against a sensor with unlimited bandwidth like the Agilent 8482A thermocouple sensor.

This non-linearity was calibrated before the first run measurement set-up. Nevertheless because of the discrepancies found from mixer design performance / measurement and the fact that this non-linearity is not monitored in real time, we hâve chosen to perform a more time consuming but accurate measurement using the thermocouple sensor for the mixer second run measurement. This method requires much more intégration time given the much-reduced intégration bandwidth for each data point. The measurement shows the results spread through the band.

Diode electrical parameter measurement

The charasteristic discrepancies of the two diodes of an antiparallel pair can hâve a significant impact on the total mixer conductance. This conductance is written in [Cohn 1975] as :

g -2aiscosh(aV) (2.37)

If the saturation iscurrent are different for the two diodes, we hâve : During the program, a high number of discrète antiparallel pairs of diode hâve been produced and on-wafer measurements of the discrète diode characteristics hâve been performed at RAL. These measurement.s give a statistical review of the quality of the diodes used during the the first and second wafer runs. The anti-parallel discrète diodes with different anode sizes on both wafers hâve been measured.

is+ = is + Azs, is--is -Ais (2.
The conclusions given in [START_REF] Alderman | [END_REF]] are in accordance with the presented measurements:

1. Reducing the anode size increases ïdeality factor and sériés résistance.

2. The standard wafer has a lower ideality factor than the spécial epi wafer, which is verifyied in oui* 380 GHz MMIC circuit measurement.

3. The second wafers had on average a higher sériés résistance for the anodes than was the case for the first wafer rnn. This is probably associated with, on average, a reduced anode area. This is therefore not relevant for the 380 GHz MMIC circuit presented here.

4. Secondly, the diode are still significantly asymmetric acting in the diode performance of the anti parallel diode structures : a pattern of increasing ideality and résistance for positive anodes as one moves perpendicularly away from, the major fini is identified. For négative polarities ideality and résistance decreased towards the centre with a major increase in ideality and résistance for the row closest to the major fiat.

Conclusion of the chapter

This chapter contains background information on the physical nature of the Schottky barrier diode. We adress the methodology for its implémentation with numerical tools for a mixer structure at submillimeter wavelengths. This serves as a foundation for the design of two different configurations of 330 GIIz biasable sub-harmonic mixers in chapter 3 and a 330 GHz combined tripler / subhannonic mixer in chapter4 .

The design and measurement of a 380 GHz sub-harmonic mixer using an industrial foundry1 is pre sented. This study adresses the batch production of receivers required for large array manufacturing 1 United Monolithic Semi-conductors (UMS) foundry Chapter 2. 380 GHz sub-harmonie monolithic mixer circuit using industrial process with a MMIC industrial process. The MMIC wafers are fabricated by the industrial foundry and backprocessed within the laboratory to transfer it onto a quartz substrate. This last step is useful for lowering the dielectric constant and improving the thermal conductivity of the line. Two fabrication runs offer the possibility to analyse and improve the process. We measure a significant improvement in the second mixer run performance, thanks to the effort conducted in the diode fabrication to reduce the photo-lithography errors, but also to the RF test bench upgrade which consists of using a calorimeter sensor and a spectrum analyser for accurate and précisé measurement. The second mixer run gives a double sideband noise température of 2000 K and 11 dB of double-side-band conversion loss at 392 GHz. A spécial note is given to the measured diode DC parameters for each of the mixer diodes. The measured imbalance has an impact on the mixer performance during both runs one and two. This particular measurement highligths the difficulty in fabricating reproduciblc anti-parallel pairs of diodes, which currently limits the use of the industrial foundry at this stage of the process and makes it difficult to reach state of the art low noise submillimeter heterodyne detectors. Going higher in frequency requires technology procedure highlighted by laboratory research in prototyping and should be undertaken by industrial foundries in the future:

(i) the process should be optimized as regard to the parasitics capacitance of the structure used for each application, (ii) a procedure must be established in order to choose a diode cell or a circuit before its intégration into the block. Measured DC parameters such as the ideality factor, the sériés résistance, the saturation current and sometimes the junction capacitance are used for sorting. This procedure must favour well-balanced diode with low ideality factor diode that will give better performance and hâve lower In the next chapter we présent a novel solution for indepedently biassing the two diodes of an antiparallel mixer. It is expected that the voltage bias can compensate for the slight imbalance of the diodes.

Chapter 3

330 GHz sub-harmonic biasable mixers using laboratory process Tliis section présents a solution for biasing independently each of the subharmonic-mixer diode, i.e access the optimum operating point for non linear operation witli limited LO power. The concept presented herein is applied to two different mixer configurations and could even be extended to sonie multiplier configurations.

We start by listing the advantages of biasing a sub-harmonically pumped mixer and the electrical configuration needed to bias the planar pair of diode regarding to technological issues. As a preliminary study we define an optimimum (Pol / Vb) point found for minimizing the LO power at the diode level and study the propagating mode along the circuit at RF, LO and IF frequencies. Secondly we give an optimization approach and define a bias-tee circuit dedicated to splitted line structures used for separating the DC feed from the IF output signal. This section concludes with the design and measurement of two different mixer configurations fabricated at the Rutherford Appleton Laboratory and at Jet Propulsion Laboratory. For each of them, the diode cell parameters, fabrication issue, and the experimental results are described.

Main Advantages

The use of a sub-harmonic mixer with biased diodes offers great advantages listed as below:

1. it reduces the LO power requirement: this type of structure has potential applications at submillimeter wave frequencies where a large amount of power is not easily available in this range.

2. it allows a larger range of LO power to pump the mixer and therefore improve the relative bandwidth in which a mixer is functionning with no otlier tuning than the LO frequency, 3. it increases the number of éléments of an array with a same amount of LO power, which is the most interesting point within the framework of this study, 4. the independent biasing of the two diodes allows separate tuning during operation when asymmetries are found for DC parameters characterization through I-V curve measurement.

3.3.
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Biasable mixer operation

The principle of bias operation is presented in Fig 3 .1. Biasing the diode allow to reach the non-linearity with less local oscillator input power. We need to incorporate a DC path into the submillimeter antiparrallel pair of diode circuit. The implémentation of this biased circuitry at high frequency is particularly difhcult as it can lead to a breaking of the symmetry involved in the balance of the device, produce cross-mode coupling, and also in a non negligible way pick up external spurious during operation [Chattopadhyay 2003]. For these reasons, most of subharmonic mixer devices are using zero-biased diodes mainly because of the different technological issues for circuit fabrication. Fairly large capacitors near the diode cell hâve been used in [START_REF] Schlecht | [END_REF]] and [Thomas 2008a] for subharmonically pumped mixers with diodes in a balanced configuration (as described in point 2 of section 4.2.1). Another option consists of applying the bias through the TF port. This option can possibly offer the avantages of either biasing the diode independently with different voltage level and bypass the need of circuitry near the diodes. Multilayer transmission line designs to obtain indépendant DC-paths for the diodes of an anti-parrallel pair mixer hâve been proposed in [Lee 1994] from an idea firstly developped at the Rutherford Appleton Laboratory and described in [Mann 1994]. This solutions leads to a high 1. Case 1 is a diode with the saine mesa and half ohmic on one side of the circuit with a SiO layer. It is necessary to develop a process with suplementary insulator layer underneath the bridge in order to avoid DC contact from n++ layer to gold. Case 4 is a multilayer process at diode level, as found in [Lee 1994].

2. Case 2, 3 and 5 hâve separated mesas in order to provide DC séparation without suplementary insulator.Case 5 is an antiparrallel confuguration with the diode a balced configuration, requiring no modification of the process except for the gap in the central line.

Case 1, 2 and 4 hâve been simulated, but only case 1 and 4 are cliosen for fabrication regarding laboratory process and are described in this chapter. The next step consist in verifying the performance of the diode cell with an idéal matching network. as defincd in [Pozar 1996]: the "even" and "odd" modes. Even quasi-TEM and odd quasi-TEM mode (or slotline mode) terms are respectively here for the desired guided transmission and the unwanted parasitic mode. In this case, the presence of a dielectric and particularly the fact tliat the microstrip fills unhomogeneously and assymetrically the région below the strip makes the analysis somehow not straightforward with Maxwell's tlieory. In these simulations, the modes are calculated using with a 3-D electromagnetic field solver1 with custom line dimensions and material parameters.

Two distinct topologies of transmission line were studied:

• The first one is a suspended frameless membrane made of GaAs with beamleads squeezed in between the two parts of the waveguide for holding the device.

• The second topology is very similar to the membrane process but instead of leaving the epistructure suspended with its beamleads, it is transferred onto a quartz substrate epoxy-glued in the waveguide block as described in [Thomas 2008c] and in chapter 2.

The simulation of both topologies with variations of the line width is done with 3D electromagnetic tools as mentionned above. The even quasi-TEM is similar to a microstrip mode or coplanar modes (see Fig. 3.5 and 3.4). Indeed, the field fines are located in different région of the structure depending on the central fines width and sidewall distance. For the suspended topology modes, the even quasi-TEM mode is confined in the gap between the central line and the beamlead in the low impédance area or close to the fines and underneath the substrate for the high impédance area (see Fig. 3.4). For the transferred substrate microstrip modes, it is confined near the central fines (see Fig. 3.5) for the high and medium impédance transition fine, and in the gap between substrate and sidewall for the low impédance transition fine. In the transfer substrate transmission case, an unexpected confinement of the energy can appear if an air gap is created with uncontrolled mounting or glue irregularity modifying in a less predictable way the impédance of the fine, therefore the suspended fine results in a higher repeatability of the signal transmission.

The atténuation of the signal in different modes for the studied fine structure is given in tab 3.5.1. The odd quasi-TEM mode (or slotline mode) atténuation is significantly higher than for the even quasi-TEM mode which serves our purpose. We also note that the atténuation is higher in the suspended membrane than in the membrane transferred onto quartz substrate for fines at similar impédance.

We note that the fines are symétrie with the fine longest dimension axis. This results in theory to no coupling between the different modes along the fine. Nevertheless a small coupling is calculated during the 3D electromagnetic simulation, because of the meshing irregularities in the finite element simulation.

In the fabricated fines any mounting error in the plan perpendicular to the circuit length direction would resuit in a small amount of coupling between the modes. The simulation results with a 5 fim shift of the membrane in the waveguide a coupling between the even quasi-TEM and odd quasi-TEM mode (slotline mode) below -35 dB. Therefore this coupling is insignificant along the transmission line. This is not true for the diode cell which is asymétrie. Fig. 3.3 simulation results shows that the energy is transmitted onto the even quasi-TEM mode with an idéal matching impédance network.

RF and LO waveguide-to-microstrip probe transitions

The transitions probe from the waveguide-guided incoming signal to the microtrip or suspended line plays an important rôle in the matching network efficiency and therefore in the overall circuit performance.

The RF and LO signais are guided into the structure via a waveguide on a TEio mode. The signal is then coupled to the quasi-TEM mode of the structure as illustrated in Fig. 3.25 and in Fig 3 .7. The results are presented for the RF and LO probe of the balanced circuit presented in section 3.9. The anti-parrallel circuit uses similar probes and their results are within the sanie range from the ones presented here.

In Fig 3.25, the LO probe is simulated with two output ports (Port 2 and 3), and is expected to hâve a maximum coupling of magnitude 0.7 (-3dB) for each of the ports. The 165 GHz LO signal is guided on a TEio mode and is coupled in the simulation to the even quasi-TEM mode with a magnitude of 0.65 (<-4dB) with a return loss magnitude of 0.4(<-10 dB) and is isolated from the slotline mode with a magnitude value of 0.1(<-25 dB). In Fig 3 .7, the RF probe is simulated with one output ports (Port 2), with an optimum coupling of 1 (OdB). The 330 GHz RF central frequency signal is coupled to the even quasi-TEM mode in the simulation with a magnitude of 0.9(<-ldB) with a return loss magnitude of 0.4(<-8 dB) and an isolation of magnitude 0.2(<-16 dB) from the to the slotline mode.

These results confirm that the input signal guided in the waveguide on a TEio mode is well coupled with the even quasi-TEM mode and is strongly isolated from the odd quasi-TEM mode (or slotline mode).
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Biasable circuit optimization methodology

The possibility of biasing independently two diodes of an anti-parallel mixer based on a splitted microstrip transmission line (with even and odd quasi-TEM modes) is presented. The gap in the microstrip along the filters line provides a separated DC pat h to each of the diodes. The mixer design consists of optimizing the matching network with some changes to the methodology presented in section 2.2.2. The different steps added to this optimization methodology are as follows:

1. The preliminary steps part 1 presented in section 3.4 is conducted in order to validate the bias concept but also to détermine the optimum (Pol, Vb) point. When this optimum point is found it is used as a basis for computing the set of embedded impédance of the pair of diode with an idéal matching network at every frequency band.

2. Each transition lengths is simulated in HFSS 3D-electromagnetic software with the two modes,

i.e the even quasi-TEM (Ml) and the odd quasi-TEM or slotline mode (M2) as seen in Fig. 3.11.

The S-parameter transition matrices are included into the ADS model with distinct characteristic impédances, atténuations and relative permittivity values for every mode. As discussed previously the coupling between the mode is null in a perfectly symétrie structure, therefore the value calculated is due to 3D interpolationg meshing irregularities generated by the simulator. Coupling between the even and odd modes can occur at diode level if the circuit impédance network is not ideally positionned. The simulation takes into account the coupling between the mode at diode level, the different atténuation coefficient for each of the mode, plus a simulation artefact coupling of the same order of magnitude as for a mounting uncertainty.

3. The main issue of the bias circuit optimization is that the the local oscillator (LO) matching network introduces a non négligeable loss. This LO power shifted value at waveguide circuit input to the LO value at diode level leads to a mismatch from the idéal impédance diode for given (Pol,Vb) couple defined in paragraph 3.4.2. An estimation of the LO losses from a first optimisation can help to reduce this discrepancy. The implication of the matching filter circuit length and its losses during the optimization step leads to a non straigth forward optimization. Few itérations were performed during circuit optimization in order to reduce this effect.

Splitline intermediate frequency bias-tee design

In this circuit configuration, the bias voltage is applied through the IF port. This operation is possible if the DC signal is isolated from the IF ouput with a dual-DC port bias-tee as illustrated in Fig 3 .12. Bias tees are traditionnally implemented with lumped components. In [Lee 1994] the inductance is fabricated with a multilayer process for a biasable subharmonic mixer at 180 GHz.

Radial stub lias been fîrst intoduced in [Vinding 1967]. 90 degrees Radial stubs are often cited as an extension of unterminated quarter wave microstriplinc providing broadband ground at a well dofined point close to its apex. For this reason, radial stub are used in broadband microsrip filter designs or multiplexers. Rectangular stubs hâve also been proposed in [Levy 2008] to bypass the calculations and use the standard formula as well as keeping the well reference point at the apex of the junction. Bias-tees involving the pilling-up of multi radial stubs are implemented in [Das 2000] with isolation results below 1. The stubs are wrapped in order to reduce circuit area inside the block. These are 12 mm and 6 mm long respectively for the two 2-4 GHz and 4-8 GHz intermediate frequency bands. A maximum of R = 3000 pm with a = 90 degrees are taken in order to avoid parasitic substrate modes.

2. Simulations show that the finer the width W the lower the losses. Because of the length of the line and its thickness, the fabrication process (gold déposition) quality dépends on the line width.

Tliree variations of the circuit with 5, 10 and 50 pm width were fabricated.

3. The decoupling capacitor is crucial in the final performance of this bias-tee structure. A 3-pads capacitor of 10 pF from DILAB with a permittivity of 54000 lias been mounted on the circuit. This high value allow us to reach a transmission loss below 1 dB.

Chapter 3. 330 GHz sub-harmonic biasable mixers using laboratory process 4. The substrat material is a 99,5 % ceramic alumina chosen for its high permittivitty of 9.4. High permitivity substrate results in good electromagnetic confinement in the substrate, and therefore lower radiation losses.

5. The substrate thickness is 1.27 mm which is standard for frequencies below 10 GHz. The skin-depth formula gives us the thickness of the conducting line for gold line: 8 -y/2/uaji, with uj = 27rf, a = 45.2 106 S/M, n -4n.l0~7H/M we found the minimum thicknesses : 82GHz = 1-7 fim and Sqqhz = 1 /.im. The deposited gold line in the circuit lias a maximum value of 1.5 /an.

6. Spécial care was given to the DC connector to avoid interférence leakages from outside environment as studied in [Chattopadhyay 2003]. A DC Feed-thru with a high capacitance of 4700 pF was chosen. 

Simulation results and analysis

The performances are predicted to reach below 10 dB conversion loss with 0.5 mW LO power and 0.5V bias voltage per diode (Fig 3.17). This results is lower than idéal performance of the diode with an idéal matching network due to LO power coupling and losses of the structure. The bias voltage in Fig. 3.17 Frequency (GHz)

Figure 3.17: Simulation results of the biasable antiparrallel diode subharmonic mixer for 0.5 mW and variable bias voltages at circuit input. The diode cell fabrication is modifiée! from a anti-parallel pair because of the DC séparation between the two fines as described in section 3.4.1. Several itérations of the wafer process hâve been done. The first batcli was completed up to the diode cell, but was stoppcd because of errors in the ohmic layer mask définition: it was not reduced to half of the mesa structure and though was connecting the two separated fines on one side of the mesa (Fig. 3.19). The second batch was carried out with a good ohmic last step consists in few seconds wet-etching to remove the impurities responsible for the DC connection between the two parts of the line. This step is crutial to avoid any DC contact between the two split fines and allow the circuit to work under bias conditions. A small layer of gold of a few tenths of microns is removed ail over the wafer. This had an impact on the diode fingers where the width was also slightly reduced. This can hâve a good impact on the parasitics of the diode cell. The circuit fabrication is on Chapter 3. 330 GHz sub-harmonic biasable mixers using laboratory process going. The post process consists in transfering onto quartz the circuit, then the GaAs is thinned down up to the etching layer to process the beamlead. When the circuit fabrication cornes to an end they will be assembly together the circuit with its IF bias circuit and the mixer noise température measurement and conversion losses will be measured. 3.9. Balanced sub-harmonic mixer configuration 81 3.9 Balanced sub-harmonic mixer configuration 3.9.1 Circuit description

The MMIC was fabricated at the Jet Propulsion Laboratory based on the membrane process developed to implement high frequency microwave circuits. This topology is based on a three port terminal structure (see section 4.2.1) used as a tripler in [START_REF] Maestrini | [END_REF]] and a 874 GHz subharmonic mixer in [Thomas 2008b]. The différence between the t.wo proposed topologies, independently of the working fre 

Simulation resuit s and analysis

The optimization of the local oscillator coupling becomes an issue due to the strong atténuation of the transmission line (as seen in tab??). The optimization take this issue into considération, therefore some choices bave been rnaclc in the circuit configuration and in the filter éléments:

1. A first solution consists in adding a suplementary stub length for a better match of the LO power.

The stub was placed after the RF probe with a spécial care in order not to short eut the line.

Nevertheless this solution was not optimal concerning RF signal matching to the diodes. A second and better solution is to increase the RF probe length allowing at the same time a better LO matching and lceep a high RF coupling. With this configuration the RF coupling is > 75 % and close to 75 % for the LO power coupling.

2. The number of filter éléments is reduced compared to the 380 GHz subharmonic circuit presented in chapter 2. This trade-olï between filter efficiency and atténuation level favour a better coupling of the LO power to the mixer diodes. 

Circuit fabrication and measurements

The mechanical block and IF circuits were manufactured in France and sent to JPL to be assembled with the mixer chip before being measured. The intermediate frequency chain covers 4-6 GHz. The measurement were conducted with a similar methodology described in section 2. Two different measurement procedure hâve been done:

• The LO power is descreased when increasing the bias voltage at the sanie time, this first mea surement might validate of the concept if the mixer noise performance is comparable to the one predicted. In Figure 3.32 the local oscillator is decreased and the noise température remains the same up to about 0.3 to 0.4 V of bias voltage. The degraded DC diode parameter fabrication don't allow us to compare the results with the simulation results given in Figure 3.28, nevertheless the results validate the mode propagation under bias conditions, over a large bandwidth (see Fig. 3.31).

• The diode current is balanced in order to be equal for each of the two diodes. In Figure 3.32 the SN002 device shows better performances than for SN001 device at zéro bias, but still with degraded performances when compared to Bias Voltage (V) Figure 3.32: 330 GHz biasable sérié balanced sub-harmonic mixer: SN002 block noise température measurement results at 335 GHz with independendly rectified current in the two diodes (Jet Propulsion Laboratory).

Conclusion of the chapter

In this chapter we propose a novel solution to reduce the local oscillator (LO) power requirement of submillimeter sub-harmonic antiparrallel mixers. This type of structure has potential applications at submillimeter wave frequencies where high power source are scarce, and for arrays because the number of éléments increases for a same amount of LO power. We hâve implemented two subharmonic mixer circuits with both anti-parrallel and balanced pair of Schottky diodes in which the bias cornes from the IF port through a two-DC port bias tee where the IF signal is transmitted on the even quasi-TEM mode of a split microstrip line. The first implémentation of the circuit is an anti-parrallel sub-harmonic mixer with an Ohmic contact reduced to half of the mesa width in order to isolate the dual DC paths in the split microstrip line.

This circuit is under fabrication at the Rutherford Appleton Laboratory and is expected to be tested very soon. The second circuit implémentation is a balanced sub-harmonic mixer. The fabrication of this circuit is easier in comparison to the first configuration as it doesn't imply any modification of the diode cell process. The fabricated circuit has been done at the Jet Propulsion Laboratory and has unexpected unbalanced diodes DC parameters. The measurements confirm that the the signal propagates along the structure as predicted with a noise température measurement over the 320 -360 GHz frequency band and also confirms the imbalance compensation concept to up to 14 % at 335 GIIz under bias conditions.

We adress the fabrication problematics for biassing very high frequency System so this techniques can be used for a wide range of Systems like multipliers. This solution offers the possibilty to bias each of the diodes through the central line and bypass the need of a capacitor on chip near the mixer or the multiplier diodes. For low noise diodes, it is also expected that independent bias voltages can compensate for the slight imbalance of the diodes.

In the next chapter an alternative solution to the local oscillator source requirement issue is proposed.

The idea is to reduce the frequency of the local oscillator which implies higher power availability of the sources. The receiver packing density is also studied by introducing a circuit configuration in response to System issues as focal plane array and interfaces dimensions. 

Research objectives

In this section we describe the Steam-R project and the dedicated array research program. Then we list the different options and issues that, drives the requirement for designing a compact élément receiver for an array filling the focal plane of the instrument in the two dimensions.

Steam-R premier mission and ES A GSTP program

The 

Description of the two array design approaches

In this section we describe the two approaches undertaken during the program for array design and manufacturing. The first option is developed in this chapter and stands as the main part of our array development study. One face of this contains the feed aperture, the opposite face is used for the LO input, and the IF output and possibly the DC power input. The attractiveness of this configuration is that the input/ouput of the receiver are contained ideally within the footprint of the antenna, therefore a full two-dimensional array is possible. However packaging constraints may lead to physical difficulties in integrating ail functions within the feedhorn footprint, especially as frequency increases. We note that the view given in 4.5 illustrâtes the preliminary concept as given in the proposai. We discuss the dimension limitations of option 1 in section 4.1.3 .

Option 2:

The receiver uses a third face for the IF output and DC power input connectors (i.e., in addition to the faces used for the feedhorn and LO input). The remaining three faces are then available for packing further arrays together. In general this simplifies packaging constraints imposed by physical connector size, but limits the array to 2 x m éléments, where n and m > 2.

The table shown in Fig. 4.5 is given as presented in the program proposai. The noise température and conversion loss are given for a DSB mixer, and the LO frequencies correpond to array Option 2 and will be redefined for array Option 1. The trade-off mapping speed / sensitivity / coverage équivalence is valid when the performance of a single receiver is comparable to that of an optimized single-beam receiver as noted in [Luthi 2006]. Therefore the performance requirement of tab. The main issue of a compact single element radiometer design is to combine Tab 4.5 requirements with the tiglit dimensions imposed by the focal plane. We discuss in the next paragraph the current research into submillimeter wavelength focal plane heterodyne receiver arrays, and the minimum dimension reached with micromachined blocks and their interfaces at these frequencies. We conclude with some supplementary requirements for the single-element receiver for an array.

Submilimeter focal plane arrays review

The radiometer Systems can be categorized in two groups : imagers and sounding radiometers. A idéal atmospheric radiometer combines both functions. It sounds vertically the atmosphère over a wide coverage with a liigli spatial resolution.

The vertical resolution profile of atmospheric sounders are derived from the weighting function and the frequency range as the spatial résolution of the solid angle bcing imaged is related to optical System and array configuration of imagers. In imaging Systems, the spatial resolution is given by the point spreacl function of the System optics. The angular resolution of a diffraction-limited optic is given by the Rayleigh formula (eq (4.1)). The focal plane arrangment of any idéal imaging Systems follows a Nysquist-sampled pattern. This pattern corresponds to a regular coverage of element separated by the distance d, which is equal to two samples beamwidth given by the Rayleigh formula. The spatial resolution is often limited by the size of the collecting antenna located in the focal plane of the optics. For a feed array, the séparation between the beams is often greater than the half-power beamwidth. Minimum dimension is obtained with dipole antenna, where large spillover is expected because of its omni-directional beampattern. Tins is true unless it is coupled to dielectric filled paraboloids as described in [Bischoff 1995]. More commonly, close packing is achieved by directive antennas such as corrugated feed horn minimizing crosstalk between antenna and spillover of the optics.

Prom [?] and [Goldsmith 1998] the minimum séparation of a pure gaussian illumination is: dmin -0.35wOill w0ill = 0.22X.^Vri (4.1) where wo m is the illumination beam waist radius of the primary miror and Tl is the typical ~11-14 dB edge taper. The spillover is also depending on the arrangement of the éléments. Thus staggered configurations lead to a 30% spillover réduction when compared to a linear configuration [START_REF] Appleby | [END_REF]].

An other arrangement for observing unpolarized sources using a second focal plane array at orthogonal polarization reduced the System beam séparation by a factor of 2 or \fï for respectively linear and 2-D arrays. In [Zhang 2009] different 2-D sparse array configurations at 94 GIIz are compared to full filled arrays in order to reduce significantly the number of imaging array éléments whilst minimizing the loss in the shape récognition through holographie processing. Therefore different option are possible to fill the focal plane, depending on the antenna nature, the accepted spillover and the back end processing.

For our application we refer to a STEAM-R study given in [Luthi 2006] and illustrated in Fig. 1.16 where the focal plane éléments is a minimum 24 mm at 345 GHz.

The antenna spacing is highly depending on System configuration study and imaging requirement.

The présent study frequency band is above 300 GHz. Tliis corresponds to a free-space wavelength of < 1 mm. We discuss in the next paragraph some issues and solutions in order to reduce the spacing of the antenna to a minimum with current micro-machining techniques and standard connectors.

Technology overview for low level intégration

The integrated component design approach for receivers arrays is limited in size by the micro machining tools, the interfaces between front-end circuit éléments, and the intégration of the amplifier chips.

At submm and Terahertz frequencies single moded waveguide dimensions become so small ( 130 /an x 650 /an at 1 THz) that fabrication with conventional machining and electroforming techniques becomes difficult and expensive. This high frequency régime is located at a crossover where the tolérances of traditional machining are put at one extreme and the dimensions and geometries accessible through 

Configuration study for a 2D-array single element

The circuit configuration (i.e single-ended, subharmonic, combined with a multiplier) is illustrated with respect to several criteria listed as : the performance mixer, the mechanical feasibility but also the connector number and the block final dimensions. From the single-element array requirement listed above we see that the option array 1 should not involve many back face connectors. Added to this, a LO input through SMA connector is preferred. But the maximum frequency of coaxial connectors is below 100 GHz. Therefore we consider the possiblity of either adding a last multiplier stage in the LO chain within the block, or designing a combined multiplier-mixer circuit, or even both solution within a saine block.

In the following paragraph we describe the multiple aspects of Schottky based non-linear circuits in order to provide the ground for mixer/multiplier designs at submillimeter wavelength. The various circuitry configurations for a combined circuit, their attributes and pros and cons are examined. Then we describe the combined multiplier/ mixer configuration selected from the analysis, and highlight its characteristics as a single-element receiver suitable for integrating into an array.

Non linear circuit configuration principles

Physical parameters are key factors for an optimal mixer and multiplier design but the arrangement of the éléments in the circuit is simultaneously crucial to complété a design as it drives the operating mode of the diode(s). Altogether the geometry of the circuit, the dimensions of the propagating lines and the positioning of the diode favours even or odd mode mixing and/or génération (also related to spurious rejection), RF/LO/IF signal isolation, AM noise rejection and power handling capabilities. These qualities are particularly important at submillimeter wave frequency where source stability is difficult to rcach and devices are sensitive to interférence.

Firstly we introduce the formalism used for two and three terminal configurations, from the formalism of varistor operating in [Maas 2003] and classification of [Bradley 1992]. Then we will généralisé it to a split-block structure.

Varistor diode Voltage-Current formalism Ail design implemented in this study are based on varistor operating either for mixing or multiplying purpose. Therefore the study will be conducted on the basis of non-linear conductance of the Schottky diode that can be written as :

GAV + Vbias) = Gj(Vblas) + ^-,V + l.^..V2 + ...=ga+gi.V + g2.V2 + ... 1. Two port sériés The current in the two diode takes the forai of (4.5a). A straight forward analysis can be done assuming an équivalent single-device circuits. The advantage of this configuration lies in the higher power handling capabilities and twice larger embedding impédances than for a singlediode device. We note that a single supply bias voltage can be applied.

2. Two port anti-series In this configuration the current take the forai of (4.5a) and (4.5b) with Ici = Ic2 permitting only odd harmonie génération. This arrangement lias twice larger embedding impédance than for a single-diode device but don't favorize easy biasing of the diode as recall two separate individual bias of the diode and therefore is not preferred for tripler designs.

Two port parallel

The current in the two diode takes the form of Ici-This configuration lias an équivalent single-diode circuit with a diode element with twice the area and half the impédance. A practical bias is possible for the two-diodes on a same voltage assuming the diodes are identical.

4. Two port anti-parallel The antiparallel pair lias many advantages and is often preferred. The total current in the main line is I = Ici + Ic2 : the device loop contain only odd-harmonics and the even harmonies are trapped within the diodes loop. Moreover, the reverse phase of the signal on the two diodes créâtes a natural noise rejection. This efficient harmonie séparation makes the configuration attractive for sub-harmonically pumped doubling despite the smaller embbeding impédance, as well as efficient tripling if the idler impédance is optimized to reach zéro Ohms.

Three-Terminal Configurations The three-tcrminal configuration is used for harmonie séparation.

Two connection ways are possible : Anti-series Parallel and Anti-Parallel / Sériés. Both configurations hâve a strong isolation between the odd / even harmonies on their ports.

1. Three port Anti-series / Parallel On one hand, the Va port (outer loop) that see the diodes in antiseries propagate only odd harmonies. On the other hand the Vb port (inner loop) that see the diodes in parallel lias a total current I = Ici + Ic3> therefore only even harmonies propagate. The embedding impédance are larger at the odd harmonies. The embedding impédances are larger for even harmonies and smaller for odd harmonies.

In this study we consider the fact that the circuit is in a split-block configuration, i.e. the block is seperated in two parts which are mechanically easy to fabricate because the cavities (input waveguides and microstrip cavity) are symmetrical. Such a structure is illustrated in Fig. 2.9. The signais propagate on a quasi-TEM mode via the microstrip line and on a TEoi mode in the waveguide input ports. The microstrip to waveguide transition serves as a balun for three terminal configurations. Cl configuration is used as a tripler in [START_REF] Erickson | [END_REF]].

(c) Al corresponds to a parallel unbalanced configuration. It is implemented in [Porterfield 2007] and gives 13% efhciency at 440 Ghz because the diode arrangement provides an improved thermal path from the diodes to the métal waveguicle block.

(d) Dl is a anti-serie configuration which is not valid for uniform doping of the Schottky diode [START_REF] Bradley | [END_REF]], but can be optimized for odd harmonie génération, as is done in [Krach 2003] where 22 % is obtained at 228 GHz.

2. Three port terminal devices are obtained with A2 and B2 configurations, where A2 is in antiserie / parallel and B2 is in anti-parallel / série configurations:

(a) A2 configuration is used as a doubler in [Erickson 1990] in tliis no fîlter is used and there is a very high third harmonie isolation at -35 dB, also discussed in [Maestrini 1999]. In [Thomas 2008c] it is coupled to a two-port parallel arrangement at each diode level for power handling capabilities improvement.

(b) B2 configuration has bcen implemented in [Bradley 1992] where the central line is a split-line access on the diode loop on one side of the circuit giving an access to its even harmonies. Tliis configuration is called " fin-line mixer" [Maas 1993]. Note that it appears at first sight to be an anti-parallel pair configuration.

(c) We note that a tripled signal génération seems difhcult with A2 or B2 configurations as in a split-block arrangement the input and tripler output are within the same waveguide.

(d) B2 can be also used in a cross-bar mixer configuration in which the RF/LO isolation is achieved by géométrie mean.

The bias of the diode is generally necessary in ail multiplier circuits where high efliciency is required.

The DC bias circuit can be achieved with different means depending on the configuration.

4.2.

Configuration study for a 2D-array single element 101 1. Circuits B1 and B2 favour the use of DC feed from one side of the circuit.

2. In circuit Al and A2 the central line can be taken as a voltage reference, allowing a separated biasing of the two diodes.

3. A discussion on the different methodology overtaken for biasing antiparallel pairs of diodes -Circuit Cl-is given in section.3 and a new concept for independently biasing the two diodes is implemented. This DC-path can be extended to the Al and A2 concept.

4.2.2

Combined circuit configuration for a single-element receiver compara tive study

We hâve reviewed the multiple aspects of non-linear circuits in order to provide the ground for mixer/multiplier designs at submillimeter wavelengths. We now want to détermine which configura tion will be implemented in the single-element receiver. We consider the possiblity of either adding a last multiplier stage in the LO chain within the block, or designing a combined multiplier-mixer circuit, or evcn both solution within a saine block. The fojlowing configurations arc bascd on different combinations of the configurations illustrated in Fig4.10.

1. Fundamental Mixer -Doubler : This configuration combines a two-port terminal doubler similar to the A2 configuration with a fundamental mixer similar to B2. The isolation R.F/LO is achieved according to the fact that the RF waveguide filter the TMn mode at the LO frequency. This mixer has an other great advantage because it can reach a large coupling bandwidth at RF/LO input frequencies. Nevertheless, this option requires two separate DC connectors and a capacitor in order to isolate the multiplier and mixer DC feed paths. The input frequency range is 150-180 GHz. As a matter of fact, we are limited by the availability of source at this frequency range, therefore this configuration requires a supplementary doubler in the block that would not confer a great interest compared to the study undertaken in the array option 2 (see section 4.1.2), furthermore with less available LO power to pump an array.

2. Fundamental Mixer -Tripler : In a tripler and fundamental mixer configuration, the isolation from the local oscillator signal to the mixer is not performed by geometrical means. The bias path leads to two or more DC connectors. Despite thèse two drawbacks, this configuration avoid the need of a supplementary in-block multiplier as required in the previous option. This solution was set aside because of difficulties to find fundamental LO sources just above W-band.

3. Sub-Harmonic Mixer (SHM) -Doubler: We consider two configurations of sub-harmonic mixerdoubler circuit. In both of them, the diodes of the doubler are in a anti-series/parallel configuration (A2 of Fig4.10). The input signal is in the 80-100 GHz frequency range and the LO isolation is performed by geometrical means. The main différence between these two configurations is how Chapter 4. 330 GHz combined tripler-subharmonic mixer for 2D focal plane array the DC feed path can be arranged.

A solution developed and tested at RAL at 380 GHz in [Thomas 2008a] reduces this DC path complexity: the doubler diodes are independently biased and the central line is taken as the ground reference for the doubler and the unbiased sub-harmonic mixer. One can also think about a polarization of the mixer with the topology presented in Section.3.

For the doubler -sub-harmonic mixer configuration, a very similar local oscillator chain to the array option 2 is possible : a sextupler with a powcr amplifier of 100 to 160 mW of output power at 80-100

GHz. In array option 2, the doubler and the mixer are not combined onto a same substrate and the doubler [START_REF] Henry | [END_REF]] gives 25 % efficiency split in four to pump four mixers with 3 mW each.

Therefore this solution doesn't offer any advantage for a combined circuit solution as for option 1:

if the doubler is biased, the mixer will be over-pumped and if it is not, the source chain will pump only one mixer.

4. Sub-Harmonic Mixer (SHM) -Tripler : We consider two configurations for the sub-harmonictripler option, as the antiparallel pair layout for tripler is not chosen as the geometry is not suitable for liigh power handling. In this configuration the 55-60 GHz input signal is tripled to the 150-180

GHz frequency band in order to pump the sub-harmonic mixer. V-band (50-75 GHz) commercially available power sources1 provide 27 dBm so making it possible to pump four unbiased integrated receivers with the same source. Moreover, the local oscillator millimeter frequency requirement of the proposed submillimeter array opens the path to new possibilities of using integrated HEMT amplifiers in the local oscillator chain. This last configuration is selected to fulfill array Option 1 research development and is describe in the next paragraph.

Combined circuit description

The single-element receiver configuration selected for an array element is a combined circuit which consists of a sub-harmonic mixer for détection and a tripler for the last local oscillator multiplication stage, both integrated within the same circuit. The input signal of the circuit lies between 55 and 60 GHz where high power sources are, or will soon be more commonly available than sources for frequency above 100

GHz. The signal is tripled to the 150-200 GHz frequency band to pump the subharmonic mixer in the 300-360 GHz frequency band.

The tripler requires 2 to 3 % efficiency for 100 mW input power in order to reach 2 to 3 mW and sufficient to feed the mixer. It is necessary to bias the tripler to reach high efficiency in this range. The laboratory available DC path technology consists of lumped components put very close to the multiplier diodes, as done in [Thomas 2008a]. In this case the tripler design is simplified and we remove the DC path in order to avoid a cavity mode close to the tripler. This means that the tripler works in a varistor mode. If we consider 100 mW at the multiplier input for each receiver element, the tripler is predicted to reach enough output power with sufficient efficiency, i.e 2 to 4 % in order to pump the mixer (see Section 2).

1 Virginia Diodes, inc 

. 2 .

C o n f i g u r a t i o n s t u d y f o r a 2 D -a r r a y s i n g l e e l e m e n t 1 0 3 at only one frequency, its power is couplée! to an optimum to the load, and with an optimum backward bias. this can ideally reach an efficiency of 100 % [START_REF] Penfield | [END_REF]].

In idéal resistor multipliers , the multiplier uses the non-linear résistance of the device. In the case of an idéal multiplier with optimum forward bias, no sideband and a perfect coupling for input signal to the load at the generated wanted harmonie frequency, this lead to an idéal efficiency of:

1 , X V V aristor - 9 (4.7) 
nz Which gives a theoretical limit of 11 % for a tripler, équivalent to 9.5 dB conversion loss. Despite the low theoretical performance when compared to a varactor diode, the varistor multiplier offers severa.1 advantages : the total positive power budget provide a potential stability to varistor Systems and favorize broadband operation. An analysis given in [START_REF] Faber | [END_REF]] also shows that sideband signais can't be amplified in a varistor operating device therefore leading to a less noise-sensitive System.

In Practical multipliers , the diodes exhibit both non-linear reactance and résistance depending on the diode bias scheme and on the physical parameters of the Schottky barrier. In the tripler device chosen for the presented combined circuit, we choose not to DC-bias the diodes.

Two factors might dégradé the circuit performance to a non negligibe extent:

1. the junction sériés résistance accounting for ohmic losses, therefore the fabrication process is driven in order to minimize it, 2. the idler frequency signal located at the second harmonie which power can be easily dissipated in the structure if the excitation of unwanted modes is not under control as noted in [Maestrini 1999].

Tripler cell optimization parameters

The computer-aidcd simulation design uses a simplified diode modcl given in Section 2.1.3 where the résistance and the capacitance non-linearities are both stimulated in sériés with the sériés résistance. The model also takes into account the 3D-electromagnetic field over the structure and therefore dissipation losses at frequencies from the input 50-60 GHz to the output 150-200 GHz. A transient analysis is done in parallel with the simulation optimization process in order to monitor that the diodes are not driven above breakdown voltage.

We optimize two parameters during the process which are the transmission line dimensions and the tripler balance:

1. Transmission Line Dimensions: Different modes can be generated or exited in the waveguide cavity and this knowledge help to prevent losses or parasitic coupling. An analysis of the 4.3.

Preliminary design 107 mode coupling through a circuit can be done with mode geometries in rectangular waveguide as in [Markuvitz 1993]. The cut-off fequency of the different mode generated in a waveguide is given as :

_ c I.n. _ Fcim'n) = %jT;'T7i) +(ï) (4,8) 
Where m and n are real integers corresponding to the symmetry axis in y and x directions, and a and b are the waveguide dimensions repectively in x and y directions. The transverse magnetic T m modes hâve the constraint that neither n or m can be zéro. For rectangular metallic waveguides there is a région of monomode propagation that is fulfîlled when the TEio and TE20 are cutoff.

The width of the substrate remain constant along the circuit in order to facilitate the fabrication process. For this reason the dimension of the tripler cell should be in accordance with the mixer cell dimensions during the combined circuit design. The waveguide dimensions at this frequency is taken as b = 130 /mi, a = 300 fini. Thèse dimensions fit prior mixer design dimensions at 380 GIIz.

The waveguide eut the TE10 and TMn modes at every frequency below the highest frequency of the RF b and.

The effective permeability of the suspended line is 2.2xeo. The quartz substrate thichness is chosen to be 50 /un. The quartz fills the bottom part of the waveguide, and allows a suspension of the circuit by its beamlead at the same time with a relatively thick substrate. The dimensions also allow for a dedicated spacing above the substrate for the flip-chip mounted cell. The channel cross-section has an impact on the optimum Cj0 capacitance as given in [START_REF] Maestrini | [END_REF]] : the longer the perimeter, the smaller the capacitance. A tuning of the chan- In this preliminary study, we hâve dcfincd the waveguide dimension by the mode cutoff and tuned the positioning of the diode which précision can be by reduced by the manual mounting uncertainty. 1. Idéal Tripler with idéal matching network The four anti-parallel diodes are simulated with an idéal electromagnetic environment. This simulation serves to linearize each tripler diode to a set of impédances for an idéal matching network, at every input (50-60 GHz), output frequencies. The efficiency is found to vary between 3 and 6 % for a variation of the tripler anode radius between 5 to 1 gm (and a Cj0 Tripler € [5 pF, 120 pF ] ) with and optimum of 6.5 % with a tripler anode radius of 2 /an and CJO Tripier = 20 pF. This optimum is close to the values found in [Siles ] that set the tripler anode radius value to 2.5 fim.

2. Tripler with electromagnetic environment and idéal matching network The 3-D cell illustrated in Fig. 4.16 is simulated with an harmonie balance routine (ADS) with harmonies up to the 6th. The embedding impédance is optimized to reach optimum efficiency at every input frequency. We note that the matching at the second harmonie is particularly critical when designing a frequency tripler: the impédance at the second harmonie should be as close as possible to a pure reactance [START_REF] Maestrini | [END_REF]]. It is optimized during this simulation. The simulation outcome gives: These results confirm that it is realistic to hâve a tripler output power between 2 to 3.5 mW for 100 mW of input power. This is enough to pump the sub-harmonic mixer and reach good conversion loss 

Preliminary design linear results

The design of such multiple non-linear element circuits présents converging issues when performing a harmonie balance simulation with the standard parameters found in ADS software. This is particularly true when it is simulated over a large bandwidth. Therefore the optimization methodology starts with a linear équivalent circuit.

The total matching network consists of four matching networks in-between the different ports given in reaching the tripler diode cell.

2. (S51, S52,Sgi, S02, S71, S72, Sgi, Ss2)lo € [0.25 -0.28] in the 174-185 GHz frequency band. This means that 50 % to 63 % of the total tripler output power reach the mixer cell. This also corresponds to a power magnitude varying between 1.5 mW and 1.9 mW at sub-hannonic mixer diodes level after atténuation of the 3mW power generated at the tripler output.

3. (S12, Sis)rf > 0.6, équivalent to a minimum of 72 % of the RF input signal reaching the mixer diode cell.

Harmonie Balance Analysis

"The step impédance filter may hâve other passband at higher frequencies, but the response unll not, be perfectly periodic because the Unes are not commensurate" [Pozar 1996]. Therefore spécial care is given in order to avoid overloads or possible interférences. A simulation using an harmonie balance routine is set up in order to localize the different mixing product signais witliin the structure and analyse tlicir impact on the mixer performance. This test bench will also be used for testing the robustness of a second version of the circuit to intermixing products.

Limitations of the circuit models

The wide frequency range used in a combined circuit offers advantages for system intégration, but the multiple non-linear éléments in the circuit are responsible for multiple signal génération and/or mixing products that drive the simulation complexity. The main limitation is a converging issue of the harmonie balance routine due to this high level of non linear éléments, added to the fact that it is run over a large bandwidth (50-400 GHz). Solving this difficulty requires re-adjusting the simulation routine standard 2. Case B : the LO signal power varies from 0.2 to 0.8 mW, the LO signal (50-60 GHz) propagates along the circuit toward the mixer diode. The conversion losses are irregular in the 315-365 GHz frequency band with an average value of -10 dB. The noise température results are significantly affected in the lower part of the band where the LO signal (50-60 GHz) reaches 1 mW at the mixer diodes. Therefore this signal should be below 0.1 mW in order not to affect the mixer performance.

We note that the LO signal 6th harmonie can't be mixed with its LO signal 3th harmonie because they are the outcome of a same original signal and the resulting mixing is non-realistic. Nevertheless this LO signal 6th harmonie can pump the mixer diodes in a fundamental mode on the condition that its level fulfill the "large and small signal exitation " described in Section.2.1.1. would be inadapted for the subharmonic/tripler receiver requirement, which would be to limited in term of compacity (due to the length the stub even when wrapped), atténuation losses and bandwith at in the submillimeter frequency range. Efforts hâve been conducted to solve the losses issue with Silicon technology multilayered filter in [Gianesello 2010] offering 40% bandwidth at 325 GHz and 2.5 dB insertion loss at 250 GHz. But again this type of element cannot be easily integrated in our structure and would increase the dimensions of the System. We note that minimum losses and very wide band are obtained with free space propagation as for E-Plane bandpass filter structures as presented in [Bui 1984].

This element involves the presence of a supplementary métal insert. An other type of filter use the résonnance property of a cavity resonnator with microstrip circuit interfaces. Such a filter element is presented in [START_REF] Song | [END_REF]] with 1.3 dB insertion loss at W-band, and 5 mm x5 mm for the total dimension of the structure.

In this paragraph we introduce a new type of high pass filter using the transposition of the transmission mode in a waveguide cavity resonnator. This filter is very compact and can be easily fabricated with tunable bandwith. Beside that it gives a way to DC separate the central line.

Filter description and formalism

This filter uses two properties of the signal propagation and its mode rejection in the cartesiane (x,y) and (x,z) planes of the waveguide cavity as illustrated in Fig. 4.21:

1. the transposition of signal from the quasi-TEM mode to TEi0 mode is done by the probes in the cavity and again from the TEio mode to the quasi-TEM mode. The low frequencies are eut off by the cavity when they are translated in the TEi0(;r y)/TE10(T z) mode. Therefore the cavity and the two probes act as a high pass filter with a natural TEio mode sélection described by Eq.(4.8).

2. the TEio cavity résonnance mode for high frequency rejection. Indeed, a rectangular waveguide behaves as a résonant cavity when its TEmnj and TMmn; fulfill the following relationship:

With a and b being the waveguide dimensions, with m and n being the 3 dimensionnai orders of the pattern and dG the waveguide length on which the résonnance occurs at fD frequency.

We list hereafter the first order transmission line modes corresponding to the geometry of the cavity structure presented in Fig. 4.21 in the (x,y), (x,z) and (y,z) planes, with dimension constraints imposed by (4.10) both Eq.(4.8) and Eq. (4.10). We consider the idéal case where the dielectric is filled with air, therefore /ir -= 1. 4.17)) and order (1 > 1), described in the coupled line and cavity résonnance models. Current methodology for filter design is the insertion loss method [Pozar 1996]. This techniques allows to synthétisé a filter of known characteristics from a low pass filter lumped clément prototype. In microwave designs, distributed element filters are preferred to lumped éléments. They offer easy fabrication and some possibilty for compact implémentation. The methodology presented hereafter for the desgin of the 150-200

GHz band-pass filter uses semi-empirical optimization with computer aided 3D EM software.

We présent three models for the transmission modes study and the optimization of the filter dimensions a,b,d and gp :

1. a Probe Coupling Model : We lower the transmission of the signal through the coupling of the two probes by defining the gap distance betwen them. 3. a Higli pass filter with substrate Model : the filter is simulated with the AsGa substrate with a tuning of the cavity. In this model the positionning of the probe is the one found with the probe coupling model.

Probe Coupling Model

The initial values are calculated from section 4.4.2 équations:

1. (a) We calculate a from eq.( 4.11) for a theorctical cut-off of the T,£'10(x,y) mode at 100 GHz, a = 1500 y^m . We note that the WR-5 standard waveguide dimensions for TE10 mode propagation in the 140-220 GHz frequency range are 1295 fxm x 648 yuan.

(b) Then if we take a = 1295 ynn, we calculate "d" value from eq.( 4.13) in order to get a liigh pass rejection from a résonnance at 330 GHz on the TE^^^) mode : d = 485 yum.

(c) With these two values we found that "b" should fulfill Transverse Magnetic frequency eut off in the (x,y) plane from Eq.( 4.12) : b < 5 mm. The simulation model features four radiative ports on the cavity wall in order to avoid waveguide cavity mode. The probe distance gp is tuned over l,he band and modifies the coupling and atténuation loss between ports 1 and 2. The transmission occurs on the TE10(Ij2) mode and TE10(x,y) mode (path Pool as described in the cavity résonnance model). Therefore the tuning of the gap distance between the two probes changes the transmission on the TE10(X!y) mode path pool (as defincd in the cavity résonance model).

For our application, gp is chosen in order to limit the coupling between the two probes. For a 150/nn distance, the coupling is below dB in the overall band. At lower frequencies, it is dominated by the cut-off frequency of the waveguide.

Cavity résonance Model

In the previous calculation we hâve supposed that the two probes are perfectly centered inside the cavity, corresponding to the path pou-In reality, the probes are separated from a distance -defined in the Probe Coupling Model-, so that the signal path is consists of the sum of several ways: Where d is the cavity length in the z direction and gp the distance between the two probes as illustrated in Fig. 4.21. The smallest four paths of the TE10(x,y) mode in the cavity structure are illustrated in Fig. 4.23, with a supplementary path in the y direction.

We simulate an idéal air-filled transmission model for a better analysis of the different transmission/rejection phenomena and compare it with the theoretical model. In these conditions ail cut-off frequencies vary following the relation described in section 4.4.2. The probes are 24 //m wide.

The simulation given in Fig. 4.24 highlights that the TEio modes are cut-off below 115 GHz -in the (x,y) plane-and 310 GHz -in the (x,z) plane-and pass the signal except when résonances occur. We also indicate the cutoff frequency when the TEio mode of the waveguide input/ouput starts to pass and list hcreafter the different résonances with frequency :

1. the first résonance occurs for pz and poio paths at 327 GHz in the simulation and corresponds to: 2. the second résonance for p002 = 352 /an ± 24 /an, f2 = 442 ± 28 GHz (theoretical), 424 GHz (simulation).

3. the third résonance for poi-i = 309 /an ± 24 /an, f0 = 500 ± 36 GHz (theoretical), 524 GHz (simulation). We note that the fourth résonance pool = 176 /an ± 24 /an, f2 = 860 ± 119 GHz (theoretical) is ouside the frequency range of interest and is not simulated.

4. The résonance resulting from the pio-i paths with pio-i = 970 /an ± 24 /an, fQ = 193 ± 1.5 GHz (theoretical), is not observed in the simulation, because of the atténuation of the signal after the transmission from one probe to another on the four other shorter paths. 1. From the simulation presented in Fig. 4.26 we hâve a séparation between the probe gp -150/an, and a coupling below 10 dB in the overall band.

2. The dimension d of the waveguide cavity is tuned from 400 to 800 /an until we reach the requirement listecl in section .

The waveguide dimensions for a revisited design of the subharmonic mixer / tripler receiver are : a = 

Revisited design

In the previous sections we hâve defined a subharmonic mixer / tripler configuration suitable for the implémentation of a receiver array at 330 GHz covering the focal plane in the two dimensions with 20 A spacing between the antenna feed horns. A preliminary design was implemented and its analysis reveals the need to isolate the mixer from ail signais except the RF, LOII3 and IF signais. A Band -pass filter was defined and simulated to fit the requirement of the circuit frequency isolation. We develop in this section a second itération of the design including the band pass filter. GHz) network which lias a larger bandwidth than in the preliminary design. Supplementary éléments hâve been added to the preliminary design :

1. An impédance step located between the tripler diode and the LO input antenna prevents the leakage of the tripler output signal (at 150-200GHz) backward to the input waveguide and focuses the signal on the tripler diodes, an other impédance step located after the band-pass cavity filter provides a wider and better match of the tripler output signal (at 150-200 GHz) to the mixer diodes, 1. The first study described in section 4.5.2.1 consists in splitting the simulation into several parts in order to analyse the power at different level and verify the consistency of atténuations.

2. The second step described in in section 4.5.2.2 consists in tuning the band-pass filter cavity, which acts as a résonance cavity and might hâve an impact at some frequencies and interfère with the System.

4.5.2.1 3-Part splitted structure simulation for signal tracing along the circuit

In this section we analyse the power at different level of the circuit which has been separated into three 3D-electromagnetic simulation blocks, and we verify the consistency of signal génération and atténuation according to the previous results. The idea is to probe the signal along the circuit, using a voltage and current probe, starting from the circuit input LO frequency signal to the mixer diodes and work our way to the different element outputs, that is to say, the tripler input, output, and the high-pass filter output.

We note that the bench allows us to check the tripler efficiency within the circuit, which is not possible for a one-part circuit.

Nine voltage and current probes are positioned within the circuit:

1. the first probe is located at circuit waveguide local oscillator input, which allows us to check the LO (50-60 GHz) signal coupling, but also the LO H3 (150-200 GHz) unwanted reflection, 2. the second up to the fiftli probes arc located at tripler diode level, which allows us to separate the efficiency of each of the diode and compare their sum to the tripler output seen by the sixth probe, 3. the sixth and seventh probes are located at tripler and filter outputs. At the tripler output the LO H2 (100-120 GHz) even harmonie is rejected as optimized in section section 4. We présent in Fig4.37 some outcomes of the signal tracing along the circuit. We analyse both LO (50-60

GHz) and LOH3 (150-200 GHz) signais, respectively the tripler input and output signais, the last one being the mixer pump. We plot ail signal curves with the frequency band on the abscissa axis. Ail curves are super-imposed in order to highlights correspondances between the power levels at particular frequency points.

1. A 20 dB atténuation of the LO signal from the structure waveguide input to the tripler output at • LO (50-60 GHz) which corresponds to the results of the preliminary design atténuation order.

2. In the top figure, we plot t he sum of the tripler diode output power level and the total tripler output measured. At 180 GHz the output has a résonance which doesn't correspond to the sum of each of the tripler diode outputs, but is correlated to a leakage in the LO (50-60 GHz) input waveguide.

3. The tripler output zero-value at 188 GHz also corresponds to a leakage current seen at the input structure. This resuts in a performance peak seen in the conversion loss.

In the next section we investigate some impact of the band-pass cavity filter on the circuit performance. We tune the length d of the band-pass cavity filter in order to explore the possible implications for the circuit performances, d is chosen to be always below 1500 um in order to fulfill a eut off frequency on the TE10(X|,) mode as simulated in section 4.4.4. The circuit is simulated as a whole in the 3D electromagnetic environment to account for ail possible résonances occuring in the structure. However the résonnance moves with the tuning of the cavity in a non-linear way as seen in Fig 4 .43.

From the split design simulation results we deduce that the résonance might be related to a résonance between both LO (50-60 GHz) input waveguide and the cavity filter.

In the lower part of the band (295-310 GHz) we note that some residue of the LO (50-60 GHz) input goes through the circuit despite the band-pass cavity filter rejection. It is not possible to separate in this simulation the amount of pumping signal generated by the tripler and some possible amount generated from the sub-harmonic mixer itself which also can act as a tripler. We see that the tripler to mixer coupling decreases significantly in this band. This means that the mixer act as a tripler and lias 3 % percent efficioncy in the 155-160 GHz band according to 4.37 where the LO (50-60 GHz) is 0.1 mW and the LOH3 (150-200 GHz) is 0.5 mW, both probed at mixer level. 

Conclusion of revisited design

An analysis is conducted to highlight possible causes of résonances in the circuit. It appears that:

1. a design separated in multiple 3D electromagnetic blocks is useful to trace the signal along the circuit and verify the consistency of the different harmonie signal génération and atténuations, ineluding the band-pass filter rejection within the circuit, 2. in tliose simulations, it is not possible to separate the amount of pumping signal generated by the tripler and some possible amount generated from the sub-harmonic mixer which may acts as a tripler and self generate its own LO H3 (150-200 GHz) power, 3. neverthless it is préférable to control the LO (50-60 GHz) power in order not to produce an overpump that would drop the mixer conversion loss and noise température performance as higlighted during previous study (see Fig 4.19 of section 4.3.3.2), 4. some résonances can occur from the coupling interaction between input LO (50-60 GHz) waveguide and band-pass cavity filter element. This interaction is not elucidated yet. We note that these issues are still under considération for large cascaded multiharmonic Systems [Tessier 2009]. In this section we decribe the methodology used to design and optimize mutliple non linear element circuit at submillimeter wavelengths. As for the mixer design methodology described in section 2.2.2.2 it consists of a combination of interconnected linear and non linear circuit simulations. Each of the following steps corresponds to a particular paragraph discussed in this chapter for the subharmonic mixer / tripler combined circuit design.

1. Circuit Définition (a) The circuit configuration is selected as regard to the application, the performance requirement, the block and connectors dimension and the LO source availability (section 4.1 and 4.2).

We should consider the possibility to isolate in DC the mixer and multiplier parts -and even each of their diodes -to permit bias operation and also increase the mixer performance and tlius decrease significantly the local oscillator power requirement.

(b) The diode idéal physical parameters are generated from numerical simulations from [Siles 2008]. This step drives the choice of the doping and thickness of the epilayer for mixer of multiplier operation and possibly the anode radius of the mixer or the multiplier cell.

2. Optimization of the mixer diode cell (a) The preliminary diode cell is simulated in its 3-D electromagnetic (EM) environment.

(b) The scattering matrix 3D-EM simulation outcome is used to calculate the passive losses when perfonning an harmonie balance simulation. We compute in this step the conversion loss of the mixer with an idéal matching network. During this simulations, we consider a LO frequency signal of 1.5 mW (1.77 dBm) for the mixer Schottky diodes at 330 GHz.

(c) A loop between those two steps is performed in order to optimize the anode diameter. (d) Optimization of the matching network : during this step we make use of the files generated during the three previous steps. The diode impédance frequency set is accessed through a "'DAC" file component and the S-parameter matrix through "Data-item" component with a number of ports that corresponds to the ports defined in the 3D EM simulation. The three LO (50-60 GHz), LOH3 (150-200 GHz) and RF (300-360 GHz) matching networks (given in Fig 4.47,4.46 and 4.45) are simulated in a same file with the " S-parameter" and "Optim" routine of ADS in order to firid optimum lengths of the circuit. Their initial values arc A/2 and A/4 of the guided frequency, respectively when the signal lias to be reflected or adapted.

The optimisation goals of the port-to-port matching as given in eq (2.24) become for differents ports (see in Fig 4 .12) : the RF port (1), the mixer anodes ports (2 and 3), the LO port [START_REF] Treuttel | Développement d'un radiomètre compact pour le sondage atmosphérique aux longueur d'ondes submillimétriques[END_REF] and the tripler anode ports (5,6,7 and 8). For each of the matching during the optimization we apply weighting factors taken as :

(weightsij) = 1/(Nb.of.frequency.band x Nb.of.transmission) (4.18) Therefore the coupling goals becomes :

(Sl2, Sl3)RF 0.7iWeightRF -l/\/3 x 2 (4.19c) (e) When the non-linear matching achieves the desired coupling with an optimal tuning, the circuit is simulated with the harmonie balance routine to check its mixer conversion loss and noise température.

(f) Optimization of the matching network (HB) : if numerical calculation hardware ressource allows it, an accurate optimization with the harmonie balance is perfomed to complément the linear one. As seen in section 4.3.3.1 this simulation shows convergence issues in the software due to the high level of non linear éléments, added to the fact that it is run over a wide bandwidth (50-400 GHz).

5. Robustness to intermodulation products signais : The harmonie balance is run with different band pass filter before the mixer diodes, as described in section 4.3.3.2. In the first case, the mixer is ideally isolated from LO (50-60 GHz) frequency band and passes the LOH3 (150-200 GHz) and RF (300-360 GHz) signais; in the second case, the mixer is not ideally isolated from the LO (50-60

GHz) signal therefore pass the LO (50-60 GHz), the LOH3 (150-200 GHz) and the RF (300-360

GHz) frequency bands. If the LO input frequency signal is not filtered before the mixer diode, it might affect the mixer performance. Therefore a supplementary élément is embedded in the circuit for isolation purpose. We list hereafter the advantages and drawbacks of a combined circuit with discrète components (for the secondary design) and a hybrid integrated MMIC tripler with discrète mixer diodes which is fabricated.

• For a combined circuit with discrète component :

1. On the shelf antiparallel diode pair gives the possibility to choose well-balanced mixer diodes, and a tripler with low sérié résistance, 2. Flip -chip positioning gives ± 10 /un uncertainty, and requires a great effort for mounting.

• For a combined circuit with integrated tripler MMIC and discrète mixer diodes :

1. On the shelf antiparrallel pair of diode gives possibility to sort well-balanced mixer diodes, and a tripler MMIC with low sérié résistance, 2. The tripler is integrated therefore there is no mounting uncertainty at tripler level, 3. We obtain uniform tripler response between the single-element receivers of the array.

Fabrication requirement for the final design

We hâve designed the second version of the circuit with State of the art circuit technology (beamlead and T-shaped substrate), which has been optimized for minimum transmission loss. The fabrication of tliis design was reviewed in order to simplify the process. Some technological issues hâve been adressed and changes had to be made to fit them. The technological issues adressed before fabrication are :

1. the preference for MMIC design to integrate the tripler part for improved accuracy, 2. the circuit fabrication is to be performed with two distinct circuits (RF and IF parts) which feature an GaAs membrane reported onto quartz.

3. the presence of beamleads should be minimized :

(a) the overall structure is up-side down mounted with a gold line contact along the circuit. We note that this reduces the précision of the filter step impédance as comparcd to a circuit with beamlead.

(b) the beamlead for mixer grounding is secured by expoxy contact instead of squeezing the beam lead between the two parts of the splic block.

(c) one central beamlead is still necessary in order to link the two parts of the IF circuit and keep as much as possible the précision of the matching network. MMIC version of the combined design for fabrication 147 [START_REF] Treuttel | Développement d'un radiomètre compact pour le sondage atmosphérique aux longueur d'ondes submillimétriques[END_REF]. the grounding at the tripler level is achieved by gluing with a silver epoxy the circuit to the waveguide block. The channel is wide enough to allow sufficient epoxy glue.

5. because the structure is up-side clown, the block cannot be split in two equal part as the mounting would be less accurate in the direction of the circuit widtli. In order to reach a goocl mounting alignement précision, the split block séparation level is changed to the bottom of the substrate.

The RF probe is modelled in this way.

Simulation results

This paragraph reports the simulation results of the circuit fabricated at the Rutherford Laboratory. We

give the simulation results of the tripler cell and the overall integrated circuit. We présent the resuit of the disign optimized with a similar methodology than for the secondary design, which is described in section 4.6. The circuit is validated witli the test bench of in section 4. 3.3.2 that gives the response of the subharmonic mixer / tripler circuit to intermodulation products. The combined circuit IF 9-21 GHz band requirements correspond to STEAM-R exigence. In the previous simulations, the IF match is estimated ideally by taking a 100 G port impédance -as measured in [START_REF] Hesler | [END_REF]]-for the antiparrallel pair of mixer diode when running the high frequency simulation.

Moreover, the LO is swept over the band with a fixed IF frequency. Therefore the simulation doesn't take into account the matching and its impact over the IF band. We simulate and modify the IF circuit in order to optimize the diodes port to the K-connector output port. The impédance transition steps hâve been optimized to obtain a wide band as much as possible with minimum losses. The results gives The attractiveness of the single-element receiver configuration studied in this work is that the input/ouput of the receiver is contained ideally within the footprint of the antenna. Therefore a full two-dimensional array is possible. We hâve seen that the size of the block is limited by the number and size of the standard connectors. We list hereafter the possibility offered by the use of different connectors and new micromachined techniques:

1. A fii'st straightforward solution is to build a block with a standard waveguide for LO injection and a SMA IF output connector. The dimensions of the back panel are 22 mm x 32 mm. We can tighten the packaging dimensions to hâve a 16 mm x 22 mm array spacing by bending the waveguide connector at right angle. This is the chosen option for testing the combined Subharmonic mixer / Tripler concept as illustrated in Fig. 4.58.

2. A second solution with an array constituted of a V-connector for the LO input and a K-connector for the IF output reduces the beam spacing (16 mm x 22 mm). This solution would not be complété if some supplementary work is not done to adapt the microstrip connection to the circuit and add a filter clement to compensate the natural cutoff of the waveguide transition.

3. We consider a third solution using a LO/IF diplexer as illustrated in Fig. ??. In order to implement it, we can use the high pass concept of section 4.4. This option offers the possibility to hâve a pixel with only one connector at its back connector panel dedicated to the fundamental V-band LO input and the IF output. The beam spacing would therefore be reduced to 16 mm x 11 mm.

4. We also note that a conical array configuration would offers a great advantage for backend connector spacing as discussed in [Cowar 2004].

In order to allow doser packing of circulai-or diagonal aperture horns, it lias been proposed to stack double-sided métal wafers which hâve the circuitry on one side and the lid features on the opposite side.

This option favours the packing in one direction. If the feed apertures are staggered, the distance can be reduced. Nevertheless these option could be considered for the single-element receiver if a LO/IFmultiplier connector only fills the backpanel connector as seen in 

Conclusion of the chapter

The research study conducted in this chapter focuses on the development of new compact and low noise components for building large and portable heterodyne submillimeter radiometer arrays. We hâve defined a sub-harmonic mixer / tripler combined circuit with Schottky diodes for the réalisation of a 2D focal plane array operating in the 300-360 GHz frequency range so that the focal plane can be filled with as many single element receivers as possible. The number of connectors is minimized in order to reduce the block size and no DC bias is provided to the frequency tripler diodes. This means in the tripler case that it works in the varistor mode whic.h limits its efficiency to a few percents.

The circuit design complexity lies in its complété matching network, which consists of four independent networks in-between the different ports of the structure from which and to which the different ports hâve to be adapted, and this over four frequency bands wide-spread between 9 to 360 GHz and a power range varying from few 10 nW to few 100 mW. The design metliodology consists of several steps involving 3D electromagnetic combined to linear / non linear (harmonie balance) electronic simulations.

The study is conducted in order to compile some possible issues occuring in such cascaded System and to propose dedicated solutions. Firstly we design a "preliminary version" to define an optimization metliodology for multiple non-linear element circuits (six in that case). A test bench analysis using a Chapter 5.

Conclusions and perspective for future research four independcnt networks in-bctwecn the different ports of tlie structure from which and to whicli the different ports hâve to be adapted, and this over four frequency bands wide-spread between 9 to 360 G Hz and a power range varying from few 10 //W to few 100 mW. A novel band-pass cavity filter is presented in chapter4 section 4.4 with 20 dB rejection at V-band and less than ldB loss at 150-200 GHz band in order to isolate the different parts of the circuit and preserve the port-to-port coupling.

The study presented here results in the démonstration of a very compact single-element radiometer for the réalisation of a 2D focal plane array operating in the 300-360 GHz frequency range, with an antenna spacing of 20 A of the free-space signal-to-be-detected wavelength. Moreover, the relatively low frequency band of the local oscillator offers the possibility of using V-type back-panel connectors, thus reducing even more the block size.

Suggestion for future research

Significant effort is still required to make the transition from submillimeter mono-pixel heterodyne receivers to focal plane receiver arrays. We hâve proposed solutions in this thesis that point in the direction of very compact state-of-the-art receivers. We give here some suggestions that might provide new insight and ideas for other researchers :

1. For many years, planar and monolithic devices (MMIC) hâve demonstrated an alternative to whisker diode mounting structures. They are clearly a viable solution for batch production of high-frequency solicl state devices according to the fact that repeatability is secured to improve the yield of singleelement receiver performance for array applications. Further investigation in the fabrication process are needed. On one hand, S-MMIC should be adapted for multi-cascaded non-linear applications by allowing the epitaxy of different parts of the saine wafer. On the other hand, Silicon rnicromachined block structures are highlighted as a new trencl for high level intégration of THz Systems, opening the path to a small dimensions not possible with split block mechanical structures. Other technological choices are also crucial for minimizing the atténuation of the signal, and to improve thermal heat sinking. For example, diamond is used as a heat-spreading substrate for a 300 GHz tripler in [Lee 2010].

2. The importance of circuit configuration has shown that it has a significant impact on the devicc performance. Novel design could combine DC bias schemes in cascaded Systems within the sub millimeter wavelength circuit structures in order to optimize the detector and/or multiplier. The Final conclusions 159

3. The research on connector interfaces is often relegated to less prestigious matters. Despite their nanoscale dimensions, Schottky MMIC heterodyne receiver Systems are limited by the connector sizes which can be several orders of magnitude larger than the matching network transmission lines.

We hâve seen in this study that new solutions should be considered to multiplex high frequency signais in a very small area so as to build larger and tighter focal plane arrays.

4. We also note that considérable progress has been made in the high frequency performance of InP ba.sed HEMT amplifiées, leading to the possibility of integrating amplifiées in the block thereby reducing the power needed at the input. The implémentation of hybrid techniques in sucli cascaded Systems should be considered for the circuit designer as an opportunity to broaden the possibilities to even more compact and better performing array Systems in the submillimeter range for atmospheric studies.

Final conclusions

This dissertation shows that it is necessary even for the specialist to hâve a global overview of a System in order to understand the different System interactions and their implications for performance and dimensional compactness. In this study we focus on the detecting element and its embedding circuit which are the central part of System détection. The difhculty is that the state-of-the-art performance has to be achieved whilst simultaneously providing a suitably compact global radiometer System. This requires novel solutions, some on them described herein. Every issues are interconnected : the chosen technology and its implémentation through the submillimeter circuit and DC bias scheme influences the local oscillator frequency and power requirement and the size and number of conncctors influences the optical layout of the System. Both features affect how compact the System is and its performance.

Figure 1 . 2 :

 12 Figure 1.2: Top : Clear-sky atmospheric opacity at nadir for up to 1 THz for a mean standard atmosphère
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 1314 Figure 1.3: The sensitivity of measurements at different frequencies to particle size. To generate this fig ure, a fixed amount of cloud ice (0.001 g/ni2) was put into narrow size distributions witli different diameter D.For each D the différence between clear-sky and cloudy radiance is displayed from[Buehler 2005] 

7 Figure 1 . 5 :

 715 Figure 1.5: Location of the 6 SAPHIR channels around 183 GHz with respect to the centre of the absorption line. Ail channels are double band, to increase the radiometric sensitivity. The two polluted bands are indicated.
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 16 Figure 1.6: Weight functions of the SAPHIR 6 channels for a mean tropical atmosphère, over sea, at

  gain of predetection section (between RF amplifier input and IF amplifier output).
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 17 Figure 1.7: Time and frequecy-domain signal path through the heterodyne System from [Kraus ].
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 18 Figure 1.8: Submillimeter Technology overview. Top : 10 Hz -10 THz spectrum with technologie gap and elcctronic/optical technologies, Bottom : Amplifiers technologies from millimcter to submillimeter range from [Kallfass 2010].
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 2 THz, but they hâve limited tunability and require cryogénie cooling.
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 19110 Figure 1.9: THz technology mixers (Courtesy G.Chattopadhyay).
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 1 Radio spectrum of the "invisible" 15 Compact solid-statc sources for highy integrated applications are achieved by different means. Traditional electronic sources: based on semi-conductor, oscillator and amplifiers are limitecl by reactive parasitics or transit times that cause their frequency rolloff. but can offer a high-power drive level. They are silicon(SI)-based, and III-V based (GaAs, InP, GaN).

  heterodyne detectors are possible only by higher levels of components intégration. This is achievable through dedicated clioice of technologies, use of reactive or active impédance transformers, transmission lines and substrate density, and interstage transitions. For this reasons, more and more research focus is on the design of new integrated Monolithic Microwave Integrated Circuit (MMIC), or Sub-Millimeter wave Monolothic Integrated Circuit (S-MMIC). The component intégration involve the analysis at component level of: (i) the technology and its implications on the System, (ii) the interfaces from and to the other subsytems (the mixer, the local scillator and the IF LNA), and (iii) the different transmission line possibility and micro-machining.
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 115 Figure 1.15: LO source multiplexing. Left : Polarizing grid (courtesy RAL MMT) , Center : direct 3dB power splitter waveguide model (Courtesy H.Wang), Right : 211-275 GHz quadrature hybrid coupler from [Claude 2000].
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 22 Figure 2.2: Large and small signal analysis. Left : Small signal excitation , Middle : Large signal excitation, Right : Small signal superposed on a large signal.

  2.3, where E^, CB, VB are respectively yhe Fermi level, the conduction band and the valence band. The magnitude of the band bending Vbi and contact résistance dépend on the doping of the semiconductor, its dielectric constant and the Schottky barrier <^>B = -yS where <^M is the work function of the métal and yS is the électron affinity of the semiconductor. As soon as the métal and the semiconductor are in contact, some of the free
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 23 Figure 2.3: Energy band from métal, semi-conductor and metal/semi-conductor contact at thermie equilibrium.
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 24 Figure 2.4: Conductance of the diode with local oscillator applied.
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 252627 Figure 2.5: Wisker, planar and integrated Schottky Diode

Fig. 2 . 6 .

 26 Fig.2.6. Cpsum can be measured in structures where the Angers are removed and Cf where the anode is therefore not seen. These measurements lead to the extraction of Cj as in[Medhi 1994]. The value of the diodes used in this work are not measured. A complété lumped element model of the Schottky diode
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 28 Figure 2.8: 3D view of the anti-parrallel pair of Schottky diodes modelled with the electromagnetic software and illustration of its parasitics lumped component.

  incorporated into a circuit dedicated to Schottky diodes from VDI. The presented design consists in optimizing this circuit coupled with a novel MMIC Transfer Substrate Technique. The implémentation process follows two fabrication runs separated in time, the second run taking into account discrepancies found after the measurement campaign of the first one. Final performance hâve demonstrated 2000 Kelvin of DSB mixer noise température and 11 dB conversion loss at 392 GHz. This very promising performance of an industrial technology process are witliin a similar range to State of the art laboratory technology

Fig 2 . 9 .

 29 The anti parallel pair of diode configuration offers different advantages as stated in section 4.2.1. Amongst these, the total diode impédance is lower at the intermediate frequency (IF) band, and the diodes hâve mutual protection against significant inverse voltage peaks. Fig 2.9 illustrâtes the 380 GHz mixer structure with
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 29 Figure 2.9: 380 GHz subharmonie mixer configuration.
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 210 Figure 2.10: Mixer Maching network at RF, LO and IF frequencies.

  simulated is electronic software as ADS. It is used as an indicator because its calculation requires more computational time. Three main noise effects hâve been identified at submillimeter frequencies as : (i) the thermal noise generated generated by the thermal agitation of the charge carrier in the sériés résistance, (ii) the shot noise (named from the father of the Schottky diode) of random fluctuations of the electric current in the barrier, due to the current being carried by discrète charges whose number per unit time fluctuâtes, (iii) and the hot électron noise occuring for high current density in the junction. The ADS diode model take into account shot and flicker noise generated by DC current flow and the thermal noise in the sériés résistance. Overpumping diodes leads to strong current densities in the barrier causing

  dc-embedding plane of the port are defined as regard to the the first geometry change in the transmission line as illustrated inFig 2.11. 

Figure 2 . 11 :

 211 Figure 2.11: Port définition and de-embedding plane in [HFSS 2010]. Left : Anode port, Right : Impédance step transition.
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 2 Figure 2.13: Step.3.a) Linearization of the sub-harmonic mixer diode in ADS 2009.

4 .

 4 Circuit final optimization loop (a) The overall circuit is simulated in its 3D EM environment without waveguide matching tran sitions.(b) We optimize the transition waveguide dimensions with a linear optimization of the previous S-parameter matrix matching network.

Figure 2 .

 2 Figure 2.14: Step.3.b) Optimization the sub-harmonic mixer with embedding network in ADS 2009 at RF frequency.
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 2 Figure 2.15: Step.3.b) Optimization the sub-harmonic mixer with embedding network in ADS 2009 at LO frequency.
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 22 Figure 2.16: Simulated conversion loss and mixer noise température in the 360-400 Ghz frequency band, with and without fringing effect.
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 2 Figure 2.18: Picture of the 380GHz mixer placed inside the lower half of the waveguide cavity and the mounted bloc (bottom left).
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 2 Figure 2.19: 380 GHz sub-harmonic mixer : Measurement setup for Run 1, at LERMA.
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 2 Figure 2.20: 380 GHz sub-harmonic mixer conversion gain : Run 1 experimental results versus simulation results.
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 22 Figure 2.22: 380 GHz sub-harmonic mixer : Local oscillator chain for Run 2, at LERMA.

Figure 2 .Figure 2 .Figure 2 .

 222 Figure 2.23: 380 GHz sub-harmonic mixer : Measurement setup for Run 2, at LERMA.

  slope parameters a given in eq.(4.2a) arc different for the two diodes, we hâve : it appears that both expressions contain a supplementary intermodulation product sinh. The influence of the slope parameter imbalance is greater than the saturation current as it is affected by an exponential factor eAaV\ In particular, this factor dépends on the température which might change the mixer performance over time.Several anti-parallel pair of diodes hâve been characterized at the Rutherford Appleton Laboratory(RAL). The values of the two run circuits are shown in Tab 2.1 . The mixers show unsymmetrical diode DC characteristics, resulting in saturation current and slope imbalances. The imbalances are lower for the second run circuit, which is in accordance to the improvement in the high frequency measurements.

  LO power requirements. (iii) On the connecting side, IF SMA connectors connected via K connectors to the IF end microstrip is attached by gluing and cooking epoxy. This option should be upgraded to clamped contact connectors to avoid DC open circuits and favour longer block life-time.

  mixer using independently biassed diodesThe balancée! properties and local oscillator (LO) frequency put to lialf the RF frequency of the subharmonically pumped mixers (SHM Mixers) lead to excellent performances and give a great avantage over single ended mixers. Nevertheless the two diodes involved in the subharmonic mixing increase the LO power requirement than for single diode mixers.
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 31 Figure 3.1: I-V curves of an anti-parralel pair of diode, Left : Subharmonic mixer without bias, Right: Subharmonic mixer with indépendant bias at each diode port.

  Fig.3.2:
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 32 Figure 3.2: Possibility for biasing independently the two diodes : multilayer process (case 4), monolayer process (cae 1, 2, 3, and 5).
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 533 Figure 3.3: Simulation of pcrfomance of the mixer diode cell presented in section 3.9 with an idéal matching network circuit for different (Pol,Vb) point
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 343536 Figure 3.4: Suspended topology modes. Left : High impédance section, Right : Low impédance section, Middle : Slotline mode, Bottom : quasi-TEM mode.
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 38 Figure 3.7: RF probe and mode définition at ports
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 311 Figure 3.11: Coupled Line Model, Left : HFSS view, Right : ADS view.
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 253 Figure 3.12: Idéal lumped element Bias Tee, Splitline dual-DC port bias-tee concept
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 3 Figure 3.13: Splitline microstrip dual-DC ports bias-tee 3D model.
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 3 Figure 3.14: Close-up on the capacitor on chip for the biastee circuits mounted at LERMA.

Figure 3 . 15 :

 315 Figure 3.15: Simulation of idéal perfomance of the 2-4 GHz and 4-8 GHz biastee circuits with 5 gm line width.
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 3 Figure 3.16: Antiparallel diode configuration model with a close up on the diode cell.

  Figure 3.18: Simulation results of the biasable antiparrallel diode subharmonic mixer for various LO power at circuit input.

Figure 3 .Figure 3 .

 33 Figure 3.19: Diode wafer cell Fabrication -Close up on insulation layer from gold bridge to mesa n++ layer .
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 3 Figure 3.21: Second trial face-down process last stage, close up to gold line filter and thinned finger and anode diode cell.
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 33 Figure 3.22: 330 GHz Subharmonic mixer circuit fabricated at Rutherford Appleton Laboratory.

  Figure 3.24: 330 GHz biasable mixer balanced configuration, left : close-up on the diode cell, right : sub-harmonic antiparallele configuration.
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 33 Fig 3.27 simulation results give between 8.5 and 9 dB for 1 mW of total input LO power requirement and 0.5 bias voltage per diode. The LO power loss is calculated to be between 1 and 2 dB over the LO bandwidth as seen in Fig.3.26. This lead to a LO power level of 0.8 mW at the structure input in order to reach the 0.5 mW LO power at the diode level. Therefore the idéal optimum performance as referred toFig 3.3 are reached for about 1 mW and 0.5 V.

FrequencyFigure 3 .

 3 Figure 3.28: Simulated Results of the sérié configuration pair with bias for various LO power at circuit input. The idéal optimum performance as referred to Fig 3.3 are reached for about 1 mW and 0.5 V.
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 242 The noise température of the IF chain for a noise diode switch on and off : TïfoSS -132 K, Tipon = 235 K with Tcoid = 121 K and Tjjot = 290 K. Two circuits from a same wafer hâve been mounted into two separated blocks (respectively SN001 and SN002). The wafer has an unexpected background doping which strongly dégradés the diodes DC performances and therefore the RF performances. The values from the circuit monted in SN001 device are : Rs (diodel) = 76 G and Rs (diode2) = 62 G , 7/ (diodel)= 1.33 (a (diodel) = 29) and 71 (diode2) = 1.43 (a (diode2) = 27), ISat (diodel) = 4 e-14 A and Isat (diode2) = 3 e-13 A ). This gives a slope imbalance of A a = 1 and a saturation current imbalance of AIsat = 1.3.10~13. However the measurement shows that the circuit is working under biased conditions which validate the biased mixer design concept and its intermediate frequency two-DC ports circuit.

Fig 3 .Figure 3 .Figure 3 .Figure 3 .

 3333 Figure 3.29: 330 GHz biasable balanced sub-harmonic mixer: assembly at the Jet Propulsion Laboratory.

Firstly

  the mixer cell gives improved conversion loss performance (better or similar conversion losses with minimum LO power) when the RF, LO and IF signal propagate on the even quasi-TEM mode of the split microstrip line. Secondly the different transmission line modes and atténuation coefficient for a membrane stucture and for a microstrip line are presented. Thirdly the probe transitions are simulated and show that the TEio mode is not coupled to the odd quasi-TEM mode (or slotline mode) of the main transmission line. Finally a novel dual-DC ports bias-tee was designed and implemented to fit the IF chain bandwith with less than 1 dB loss at central IF frequency.

Figure 4 . 1 :

 41 Figure 4.1: Front-end overview of Steam-R receiver reproduced from [Scheele 2008].

Figure 4 . 2 :

 42 Figure 4.2: Steam-R. and SWIFT configuration scanning overwiew reproduced from [Scheele 2008].

Figure 4 . 3 :

 43 Figure 4.3: Left : Conceptual view of Option 1 -single element receiver, Right : Option -2, from [MMT 2008].

Figure 4 . 4 :

 44 Figure 4.4: Technical 320 GHz System Requirements from [MMT 2008].

Figure 4 . 5 :

 45 photolithographic processes are limited. This situation is unfortunate, since the optical efficiency and lower transmission line loss leads to a superiority of waveguide-mixers over quasi-optical mixers. There fore micromachining techniques are very important as a starting point leading to very high frequency electronics-based Terahertz integrated devices. The technology used during the current GSTP program uses CNC micromachining because the dimensions are within the capability of these mechanical machin-

Figure 4 . 7 :

 47 Figure 4.7: Two port terminal structure : Sériés, Anti-series, Anti-Parallel, Parallel.

4. 2 .Figure 4 . 8 :

 248 Figure 4.8: Two port terminal structure : Anti-series Parallel, Anti-Parallel / Sériés

Figure 4 . 9 :

 49 Figure 4.9: Waveguide équivalent balun circuit.

Fig. 4 . 1 .Figure 4 . 10 :

 41410 Fig.4.10 illustrâtes the main configurations possible of the two and three port structure within a waveguide cavity mainly used for the implémentation of mixer and multiplier in the submillimeter frequency range. The arrows represent the input signal in the mltiplier case or the local oscillator signal in the mixing case, where also the RF signal always arrives on a quasi-TEM mode with the central line as a voltage référencé.

Figure 4 . 11 :

 411 Figure 4.11: Comparison bctwccn different LO source requirement of the multiplier / mixer combincd circuits.

2 .

 2 Tripler balance: The tripler configuration consists of a two-tenninal balanced topology with the diode in sériés ( see B1 schematic of Fig.4.10) where Even harmonies are trapped in the diode loop and odd harmonies propagate theoretically in the quasi-TEM mode. This balanced configuration has the advantage of firstly allowing more than two diodes to be implemented on the circuittherefore increasing the power handling capabilities of the multiplier -, and also keeping the diodes in a same plane -thus providing a good phase balance at the input 50-60 GHz frequency band. In spite of this we check that the balance is preserved when optimizing the tripler cell. For this reason a 3-dimensional model of the diode cell is designed in HFSS with four diodes in sériés. The balance is monitored by two parameters, the diode coupling Cdiode i expresses the coupling percentage of each of the diode normalized to an equally shared incoming power and the total cell efhciency iiceii gives the global efhciency of the structure and therefore the impact of the simulated electromagnetic losses:

Chapter 4 .

 4 330 GHz combined tripler-subharmonic mixer for 2D focal plane array nel perimeter and the positioning of the anode compensate the tripler cell imbalance caused by the cell and circuit substrates assymetry.
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 313 Results of the flip-chip mounted preliminary cell The parameter values taken for the diode tripler are a built-in potential Tripler = 0.85 V, a breakdown voltage Vbv Tripier = 8V, a sérié résistance Rs Tripler = 4 O, a ideality factor ?;Tripler = 1.2, a saturation current ISat Tripler = 3.10~13 A. The input power level is 100 mW corresponding to available power sources at V-band (50-75 GHz), as discussed in Section 4.2.2. The zero-voltage junction capacitance Cj0 Tripier doesn't account for anode shape fringing effect.

  (a) For a anode radius of 2.5 gm, Zidier £[-1.2 + j.23, -2.0 + j.35] H; Cjo = 30 fF. (b) The coupling 7jceii = 100% and C^^e'iTripier € [90,105,103,92] % with a higher coupling on the central diodes d2 and d3 of Fig.4.16. (c) The efficiency is 2 to 3.5% over the [50 -70 GHz ] band. (d) The resulting structure loss is far away from being negligible, and corresponds to values of 35% to 60% of the idéal tripler efficiency, (e) The voltage swing varies between 1 and -3 V which is far from breakdown voltage making the circuit safe.

  fact that the losses in the structure are below 5-6dB. The next step consists in optimizing the matching network to minimize these losses over the LO H3 frequency band whilst keeping a good match over the RF and LO frequency bands.

Figure 4 .

 4 Figure 4.13: Flip Chip Model of the 150 GHz tripler cell for the 330 GHz sub-harmonie mixer / tripler preliminary design.

Fig. 4 .

 4 Fig.4.12 over several band varying from 9 to 360 GHz. The complexity is due to the different loci of the ports from whieh and to which the different power must adapt. The matching network must provide an optimum match over the four LO (50-60 GHz), LO H3 (150-180GHz), RF (300-360 GHz) and IF[START_REF] Treuttel | Narhi A 380 GHz sub-harmonic mixer using MMIC foundry based Schottky diodes transferred onto quartz substrate[END_REF][START_REF] Alderman | Narhi Integrated schottky structures for applications above 100 GHz[END_REF][START_REF] Thomas | Narhi Application of substrate transfer to a 190 ghz frequency doubler and 380 ghz sub-harmomic mixer using mmic foundry schottky diodes[END_REF](12)(13)(14)(15)(16)(17)(18)(19)(20)(21) GHz) frequency bands, respectively from the RF antenna input to the mixer diodes, the LO input to the tripler diodes and the tripler diodes to the mixer diodes and finally from the mixer diodes to the 50H K-connector standard output.The impédance transition steps are simulated in the 3-Dimensionnal field solver (HFSS), and their resulting S-parameter matrices are injected to an electrical model of the circuit. This model consists of three separated versions of the same circuit -corresponding to the three frequency range listed above -

Figure 4 . 15 :Figure 4 .

 4154 Figure 4.15: Results of the preliminary design, linear matching of the tripler to the mixer at LOrn frequency (150-200 GHz).

  the same simulation run. The S-parameter values are numbered from the ports in Fig.4.12 with optimization goal values given in eq.(4.19). The IF matching network is optimized separately after that the circuit lias been designed. The electrical parameters of the RAL Schottky mixer diode model linearized before the the simula tions are : an anode diameter of 1.2 //m, a built-in voltage Vbi Mixer = 0.6 V, a sériés résistance Rs Mixer -12 H, an ideality factor rjMixer -1-2, a saturation current Isat Mixer =2.10"15 A, and a zéro voltage junction capacitance Cj0 Mixer = 9 IF. The matching network of the distributed element circuit reach optimal values with the filter structure as given in Fig.4.18. The mean values of the linear impédances are found to be Zrf = 53+j.43 H and Zio -91 -hj.137 fl for the mixer diodes and Z= 37+j.3 Q and Zlo -21+j.l O for the tripler diodes. Tlle resuit of the linear optimization are 1. (S45, S46, S47, S4s)in > 0.45, équivalent to a minimum of 81 % of the input LO signal (50-60 GHz)
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 34 Circuit preliminary performances and main considérations for the final designThe preliminary design simulated performances(case B of Fig. 4.19) are lower than when the mixer is ideally isolated from the 50-60 GHz LO signal. The single side band conversion losses are on average 10 dB over 16 % bandwidth. A signal analysis highlights the importance of isolating the mixer diodes from ail possible frequency bands except from the RF, LO H3 (150-200 GHz) and IF bands needed for the downeonversion. This analysis will be used in the next implémentation of the design to test the robustness of the circuit to intermixing products. New requirements are defined for a second itération of the design:1. The matching of each of the tripler diode to each of the mixer diode should reach | of an idéal 100 % coupling. This corresponds to a transmission S-parameter of 0.35 magnitude over the band. 2. A Band-pass filter with a strong rejection from at least 10 dB of the first harmonie of the LO signal at 50-60 GHz should be designed and integrated in the combined circuit. The requirement of this filter should be to pass only the 150 -200 GHz band to minimize every intermixing products are deduced from the analysis conducted in Section 4.3.3.3 in order to match the combined circuit design requirements listed as below: 1. Cut-off the 10-70 GIIz LO frequency band, and therefore provide a good isolation of the mixer from the LO signal frequency at V-band, with 10 dB rejection of the local oscillator signal and 3 dB rejection of the sixth harmonie of the local oscillator signal. 2. Pass the local oscillator third harmonie LO H3 signal in the 150-190 GHz frequency band, in order to pump the mixer, with minimim insertion loss in this frequency range, 3. Cut-off the 300-360 GHz frequency band. This last condition is appreciated for better isolation of the sixth harmonie of the local oscillator signal for limiting single-endecl possible mixing with the RF signal.

Figure 4

 4 Figure 4.21: Left : Transposition mode cavity band-pass Filter model, right: Définition of first order cavity modes.

1 .

 1 (x,y) plane TEio mode the first two conditions act upon the low frequency rejection, whereas the third one on the high frequency rejection and suggests the impact of the probes geometry in the résonnance model:(a) a should fulfill fcTEXO{ ) ^fLOH3 (filter requirement n°l) with: d is calculated from eq.(4.10), with doTEi0 being the cavity length at TEi0(x y) on the first order of the résonnance frequency, i.e 1=1 (filter requirement n°3): The two probes may act as coupled line and introduce other transmission résonnance paths (eq.(

2 .

 2 (x,z) plane TExo mode (similarly to la to le) (a) d should fulfill fcrfîi0( ) ^Iloh3 (filter requirement n°l) with : a is calculated from eq.(4.10), with aoTEi0 being the cavity length at TEi0(x on the first order mode of the résonnance frequency, i.e 1 = 1 (filter requirement n°3): y,z) plane TEM and TMn modes: fulfill the low frequency rejection (a) the input and output port of the structure transmit the signal on a quasi-TEM(y 2) mode. (b) d and a dimensions should fulfill fCTA/n(i ) Iloh3 (filter requirement n°l) with : l fcTMn, ^=l\(,-,)2) + (-)2^d< (y,-) 2 \ cl a /t2,/e )2 _ (1)2 Vf

  2. a Cavity résonance Model : We optimise an air-filled model (without substrate) with the two probes to reach the 150-200 GHz bandwidth.

2 .Figure 4 .

 24 Figure 4.22: Band-pass Cavity Filter : Probe Coupling Model

Figure 4 .

 4 Figure 4.24: Band-pass Cavity Filter : Idéal air filled transmission and résonnance : S(l,l) and S(1.2) wit.h d = 650 fim.

Figure 4 .

 4 Figure 4.25: Band-pass Cavity Filter : Idéal air filled transmission and résonnance : S(l,2) résonnances d = 10000 /zm, 1150 fim and 500 /zm.

Fig. 4 .

 4 Fig.4.25 gives an example of varying bandwidth with the tuning of the cavity d dimensions. We consider a set of simulations where the parameter to vary is the d dimension.

Figure 4 .

 4 Figure 4.26: Band-pass Cavity Filter : Final model tuning.

Figure 4 .

 4 Figure 4.28: 330 GHz Subharmonic mixer / Tripler combined circuit : revisited design.

FrequencyFigure 4 .FrequencyFigure 4 .

 44 Figure 4.32: Revisited design conversion loss simulation results with Pol = 100 mW and spurious signal test.

Figure 4 .Figure 4 .

 44 Figure 4.35: Atténuation of the band-pass cavity filter within the circuit in dB.

Figure 4 .

 4 Figure 4.37: 3-Part design signal tracing along the circuit

Figure 4 .

 4 Figure 4.38: Revisited design 3 D EM simulatiion with Cavity tuning.

Figure 4 .Figure 4 .Figure 4 .Figure 4 .

 4444 Figure 4.39: Linear Matching results of the revisited combined circuit desgin : RF band (300-360 GHz).
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 4 330 GHz combinée! tripler-subharmonic mixer for 2D focal plane array4.6 Design methodology for combined mixer/multiplier circuit at submillimeter wavelength

3 .

 3 Optimization of the multiplier diode cell (section 4.3.1 and 4.7.3.1. respectively flip-chip mounted and MMIC designs) (a) The preliminary tripler cell is simulated in its 3-D electromagnetic environment.(b) The scattering matrix 3D-EM simulation outcome is used to calculate the passive losses when performing an harmonie balance simulation. We compute in this step the efficiency of the multiplier with an idéal matching network. During these simulations, we consider realistic input power conditions estimated at 20 dBm (100 mW) at the multiplier stage input frequency for the tripler diodes.

4. 6 .

 6 Design methodology for combined mixer/multiplier circuit at submillimeter wavelength 141 (c) A loop between these two steps is performed in order to generate the waveguide dimension, the anode positioning and an anode diameter for an optimum multiplier balance.[START_REF] Treuttel | Développement d'un radiomètre compact pour le sondage atmosphérique aux longueur d'ondes submillimétriques[END_REF]. Optimization of the matching network (section 4.3.2 for the preliminary design) (a) Linearization of the mixer diodes : the idéal pair of diodes is simulated with the harmonie balance routine with the electronic scherne given in Fig 2.13. The simulation converges to a set of optimum impédances at RF and LO frequencies. These values are used in the linear optimization network. (b) Linearization of the multiplier : the idéal two pairs of diodes for balanced tripler is simulated with the harmonie balance routine with the electronic scheme given in Fig 4.44. Similarly to the previous step, the simulation converges to a set of optimum impédances at LO (50-60 GHz) and LOH3 (150-200 GHz) frequencies. These values are used in the linear optimization network. (c) Each of the transition in the circuit including step impédances, coupling probes and waveg uide transitions are simulated within the 3-D electromagnetic environment with appropriate boundaries, waveports assignaient and de-embedding planes as illustrated in Fig.2.11. The simulation outcomes are 2-D S-parameter matrices and their atténuations, impédances and permittivity values at central guided frequencies that will be used in the linear optimization network.

  552, S'gi, <S,62j ^715 <5,72)'S'siî *5'82)lo -* 0.3535, tee?ght lo = 1/\/3 x 8

6 .

 6 Optimization of the filter element : independently to pass the signal in the LO H3 (150-200 Ghz) frequency band and eut the LO (50-60 GHz) frequency band, developped in section 4.4, (a) Filter probe coupling optimization without substrate, (b) Filter résonance model without substrate, (c) Filter with substrate, 7. Second version of the design : the matching network is revisited in section 4.5 in order to take into account the new band-pass filter element. The overall circuit is simulated within its 3D-EM environment in order to account ail possible mode coupling and résonances.8. IF circuit optimization (section 4.7.3.4of the final design) : the IF matching network optimization methodology is similar to the one used for the RF, LO and LO H3 matching networks. This optimization is the last step of the circuit design. We do a 3-D simulation of the overall circuit and of every impédance steps at IF frequencies. Then we optimize the impédance matching from the mixer diode ports (2 and 3) to the K-connector port[START_REF] Treuttel | Narhi A 380 GHz sub-harmonic mixer using MMIC foundry based Schottky diodes transferred onto quartz substrate[END_REF].

6 .Figure 4 .

 64 Figure 4.44: Step.3.a) : Linearization of the tripler diode in ADS 2009.

Figure 4 .

 4 Figure 4.45: Step.3.b) : Optimization the sub-harmonic mixer / tripler combined circuit with embedding network in ADS 2009 at RF frequency (300-360 GHz).

Figure 4 .

 4 Figure 4.46: Step.3.b) : Optimization the sub-harmonic mixer / tripler combined circuit with embedding network in ADS 2009 at LOH3 frequency (150-200 GHz).

Figure 4 .

 4 Figure 4.47: Step.3.b) : Optimization the sub-harmonic mixer / tripler combined circuit with embedding network in ADS 2009 at LO frequency (50-60 GHz).

  of a MMIC combined circuit design

Chapter 4 .

 4 Figure 4.48: Upside down mounted 330 GHz Subharmonic / tripler circuit (without IF circuit optimization matching network).

  are the same than for paragraph4.3.1.3. In this design, the anode radius is put to 2.6 /nn. The optimization outcome gives Didier €[-1.5 + j.20, -2.5 + j.30] fî; Cjo = 25 fF. The coupling r]ceii = 98% and fTripler ^[95,101,102,94] % with a higher coupling on the central diodes d2 and d3.The cfhciency is between 2.5 to 3.5% over the [50 -70 GHz ] input frequency band. The voltage swing is between 1 and -2.5 V which is far from breakdown voltage, making the circuit safe.

Figure 4 .

 4 Figure 4.49: Efficency results of the integrated MMIC 150-200 GHz tripler cell.

  Fig 4.52 shows the conversion loss response of the circuit with the different set-up : in case A the mixer is ideally isolated from LO frequency band, in case B, the mixer is isolated with a band-pass cavity filter. The results show that the circuit features a robust circuit to intermodulation products. The conversion loss resuit extends over 12.5 % bandwidth below 10 dB.4.7.3.3 LO power sweepWe test the performance of the circuit with different LO signal input power. For the experimental measurments, the LO source will be a passive tripler followed by an active amplifier3. The spécifications of this source are 10 dBm input power at 18-21 GHz, easily achieved by in-house synthesisers, and gives an output power of 100 to 125 mW (20-22 dBm) at 50-66 GHz band. Fig.4.54 represents the variation power level of the local oscillator third harmonie signal (LOH3) at the mixer diode level. This test also highligths that the tripler is saturated in the 164-167 GIIz band which affects significantly the mixer performances similarly to the secondary design results.4.7.3.4 IF output circuit optimizationThe requirement for the IF band fit the 9-21 GHz specified for the STEAMR-R on PREMIER mission. This is a high IF band for a state of the art mixer working in the same frequency range. This offer the possibility of using quasi-optical or back-end IF filters for side band séparation. This is useful for the détection of molecular signatures which are separated by a few gigahertz. Not every submillimeter wavelength mixers are optimized in the IF band, and the IF mismatch is pointed out as one of the main cause the discrepancies between measurement and simulation.

below 2 .

 2 5 dB over the DC to 22 GHz band.
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 44 Figure 4.50: 330 GHz subharmonic mixer/tripler integrated circuit fabricatecl design model.

Figure 4 .

 4 Figure 4.53: 330 GHz subharmonic mixer/tripler integrated circuit fabricated version. Conversion Losses results witli local oscillator power sweep at circuit input.

Figure 4 .

 4 Figure 4.54: 330 GHz subharmonic mixer/tripler integrated circuit fabricated version. Tripler output with local oscillator power sweep at circuit input.

Figure 4 .

 4 Figure 4.55: 330 GHz subharmonic mixer/tripler integrated circuit fabricated version. IF matching circuit 3D model.

Figure 4 .

 4 Figure 4.56: 330 GHz subharmonic mixer/tripler integrated circuit fabricated version. IF matching circuit performance over the DC-22 GHz band for STEAM-R Premier Mission.

FigFigure 4 .

 4 Figure 4.57: Array packing possibilities with a LO/ IF coax multiplexer connector.

Figure 4 .Figure 4 .

 44 Figure 4.58: From left to right: Integrated Schottky Diode (Rutherford Appleton Laboratory), Combined Circuit, Full front-end 300-360 GHz element receiver.

  proposed DC bias feeding and IF split line concept can also adress Schottky varactor multipliers such as doubler and tripler structures. The isolation of the different paths should be explored for multi-cascaded Systems such as compact wideband and low loss coupled fines. One possibility is to use the band-pass filter proposed in this thesis as a multi-fonction element offering simultaneaously filtering, matching and DC path séparation.

Table 1 .

 1 1: Past and Future millimeter and sub-millimeter air-borne or space-borne radiometer Systems,

	Chapter 1.	Introduction

  2. Hot-Electron-Bolometers (HEB) mixers operate above SIS operating frequencies frorn frorn 500 GHz to 5 THz, at 4 K and with limited LO requirement. Despite these advantages, they suffer frorn limited IF bandwidth due to their intrinsic thermal time constant.

  The power meter (N1912A and a fast power sensor Agilent E9325) is externally synchronized with a mechanical chopper used to présent alternatively a blackbody at room température and a blackbody at 77 K in front of the mixer feed horn. A fast chopper is used at 30 Hz to remove 1/f noise and give a

	high-resolution measurement (l/1000dB). This sensor gives a good accuracy if properly linearized. A fast
	measurement set up allows regular and accurate optimization of the LO power and reduce signficantly
	the measurement time.

table and uses multiple opto-mechanical parts from Newport to firmly fix the mixer, the local oscillator (LO) chain and the intermediate frcqucncy (IF) amplifier chain to the bench. The IF 2-4 GHz chain amplifies the output signal of the mixer with a gain of 77 2.2. A 380 GHz sub-harmonic mixer using industrial technologies 53 clB.

  2.2. A 380GHz sub-harmonic mixer using industrial technologies GHz sub-harmonic monolithic mixer circuit using industrial process Two other sets of measurement at the optimum 392 GHz point are presented : a local oscillator power sweep and a intermediate frequency spectrum measurement. In Fig 2.27, we extract the mixer noise and losses versus IF frequency from a spectrum analyzer Rodhe and Schwartz FSP30. A preliminary calibra tion of our 2-4GHz IF processor was done using a calibrated 50 ohms resistor plunged into liquid nitrogen.
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Figure 2.26: 380 GHz sub-harmonic mixer DSB conversion loss and noise température measurements Run 2 with Pol sweep at 392 GHz.

Figure 2.27: 380 GHz sub-harmonic DSB mixer conversion gain (top) and équivalent noise température (bottom) versus intermediate frequency at 392 GHz. T M i x ( K ) 58 Chapter 2. 380

Table 2 .

 2 

	1: Diode measured charasteristics
	RUN 1	RUN 2
	A a = 1.1	A a = 0.15
	AI sat = 3 e-14 A	A Isat = 2 e-14 A
	Table 2.2: Diode imbalance

United Monolitic Semi-conductor
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Chapter 3. 330 GHz sub-harmonic biasable mixers using laboratory process Frequency (GHz) Figure 3.26: LO circuit S-parameter coupling results for membrane circuit process.

Configuration study for a 2D-array single element 97 witli the voltage -current relation given as: / = f(V) = V.Gj (4.3) The définition of thrcc circuits and their current expressions are necessary for the electrical analysis of the two and three-terminal circuit configurations. To simplify the analysis we consider a single-tone voltage exitation at the input of frequency varistor diode as:

V{t) -sin(kujt) (4.4a) Three current-voltage relations are defined to extract odd/even harmonie from configurations for circuits 1, 2 and 3. In circuit 2, the applied voltage is reversed and in circuit 3 the element is reversed, but the voltage and current conventions remain as circuit 1.

Ici(t) -f(V) -g0.V + g\.V2 + g2.V3 + ... = g0.sin(kojt) + g\.cos{2kujt) + g2.sin(3kwt) + ... (4.5a) Ic2{t) = -f(-V) = g0-V -gi-V2 + g2.V3 -... = g0.sin(kujt) -g\.cos{2kwt) + g2.sin(3kut) + ... (4.5b) Ica(t) = f(-V) = -gQ.V + g\.V2 -g2.V3 -... = -g0.sin(kut) + g1.cos(2koot) -g2.sin(3kcot) + ... (4.5c) We note that if k is odd, Ici (witli i G {1,2,3}) contains even and odd harmonies, and if k is even, Ici contains only even harmonies. The sign différences on the different harmonie components in balanced circuits lead to harmonie séparation. We note that the only way to reverse the even-harmonic terni is to reverse the terminal of the non-linear device (Circuit 2). At least two components are necessary to balance a device. We will now review two and three terminal configurations with two diodes. Thèse configurations are of particular interest because they can lead to important advantages in term of harmonie generation/separation, embedding impédances and/or AM noise rejection.

Two-Terminal Configurations Four configurations are possible namely Sériés, Anti-series, Anti-Parallel and Parallel configurations. We will see that only the anti-parallel pair favours harmonie sépa ration.

Chapter 4. 330 GHz combined tripler-subharmonic mixer for 2D focal plane array Therefore only two connectors are necessary, for each of the LO input and the IF output. This minimizes the dimensions of the System and provides easier operation and fabrication than for biased circuits.

The signal génération / propagation occurs is a quasi-TEM mode. We list hereafter the different signais propagating in the subharmonic mixer/tripler combined circuit : The circuit complexity lies in its total matching network, which consists of four independent networks connecting the different ports of the structure from which and to which the different power has to be adapted. and this over four frequency bands spread between 9 to 360 GHz. These conditions are fulfilled for the preliminary design, but a further analysis highlights also the necessity to isolate the local oscillator signal to the mixer diodes.

4.3.

Preliminary design 105

Preliminary design

The combined circuit is composed of a tripler and a mixer, which gives in total six non linear éléments ail in a saine waveguide cavity. Therefore it is susceptible to high harmonie mixing products. According to this, we design and analyse the circuit behaviour over a very wide range of frequencies from LO to RF signais (50 to 360 GHz) in order to better understand phenomena occurring in a multi-cascaded submillimeter wavelength System and possibly define some new requirements for a more robust design.

The preliminary design uses flip-chip mounted planar Schottky diodes components for the mixer and the tripler. They are mounted on a suspended T-shaped quartz substrate. The suspension is performed through beamleads located at every low impédance step of the microstrip filters, which gives an impédance of 30 Q and provide a ground because they are squeezed between the two part of the block. The IF signal can be extracted on the LO probe side but for isolation purposes, it is chosen to be extracted from the central part of the circuit.

To start with, we give the theoretical tripler cell and its simulation results limits, tlien we describe the linear matching network optimized in conjunction with the 3-D simulation of the circuit transition. These two steps together allow us to estimate the tripler predicted efficiency and the maximum power involved in the structure. A Harmonie Balance simulation pushes the analysis to a more complété simulation in order to understand the impact of intermixing products on the mixer performance. To conclude, we list new requirements for a second version of the circuit.

Tripler design

We give the theoretical limitations of the multiplier and simulate the tripler used in the combined subharmonic mixer/tripler circuit. We note that the configuration was chosen on the condition that the first stage power was available at 50-60 GHz, and that the multiplier integrated in the structure and the matching network characterisitcs fulfill the mixer pumping requirements. This is verified in this section.

Tripler operating principles and limitations

The performance of a multiplier is defined as the efficiency rj written as :

PqutUout)

Pi n {fin) (4.6) The efficiency dépends on many parameters, from the Schottky barrier physical structure (see section??), the operating bias voltage, to the losses generated in the barrier or in the propagation fines structure.

In idéal varactor multipliers one make use of the non-linear reactance of the device. The idéal varactor diode is lossless and don't dissipate energy. For an idéal multipler which ouput power is generated Chapter 4. 330 GHz combined tripler-subharmonic mixer for 2D focal plane array parameters such as: use the " Krylov" solver, limit the "Order" of harmonie and "Maxorder" of mixing product to the minimum, relax the voltage and current tolérance levels 2 .

The first implémentation attempt of the harmonie balance validation model is a combined element model in which three different circuit paths are connected in parallel to the mixer diode, and correspond to the three LO (50-60 GHz), LO H3 (150-200 GHz) and RF (300-360 GHz) power frequency bands. Such séparation of three different frequency paths is not optimal when running the harmonie balance routine as the S-parameter files used in the transmission line model -given in Fig. 2.12 -act as rejection filter outside its band and so might generate unrealistic rcflections in the circuit if sonie intennixing products fall outside any of these three frequency bands. The simulation converges over a limited bandwidth which is not sufficicnt for the circuit performance validation and analysis. Moreover, we hâve seen that the st.ep transition for the input waveguide is performed in a separated simulation (Step 4b of section 2.2.2.3)

which is not possible in this case.

The proposed route to reach a convergence of the harmonie balance algoritlnn over a wide bandwidth is to compute the overall circuit within its electromagnetic environment as given in Fig. The following analysis is based on the idea that the définition of the idéal band-pass filters included in thc simulation beforc the mixer diodes acts on the circuit performance. The following two configurations highlights the impact of the LO frequency signal at 50-60 GHz on the mixer circuit performance:

• Case A : with "BP Filter ni" and "n2" G 100-400 GHz. In that case, only LO H3 and RF (300-360 GHz) signais are coupled to the mixer diodes. The filter also passes the 6th harmonie of the input signal falling in the 330-390 GHz frequency range.

• Case B : with "BP Filter ni" and "n2" G 21-400 GHz. In that case, the Frequency (GHz)

Figure 4.17: LO frequency signal(50-60 GHz) at mixer diode level for case A and B (preliminary design). Case B : Mixer not isolated from 50-60 GHz LO signal 1 We use the test bench présentée! in section 4.3.3.2 to test the response of the subharmonic mixer / tripler circuit to intermixing products. Fig. 4.33 shows the conversion loss response of the circuit with the different idéal band-pass filter before the mixer diode : in case A the mixer is ideally isolated from the LO (50-60 GHz) frequency band and passes the LOH3 (150-200 GHz) and RF (300-360 GHz) signais; in case B, the mixer is not ideally isolated from the LO (50-60 GHz) signal but instead it is isolated by a cavity band-pass filter. This last, setup is closest to a realistic behaviour of the circuit. In the preliminary design analysis we hâve seen that the conversion losses and the noise température results are signifiantly affected when the the LO signal (50-60 GHz) is ~1 mW at mixer diodes level. The results show that the revisited design features a more robust circuit to intermixing products. Indeed spécial care lias been given to isolate each part of the circuit from unnecessary frequency band. The conversion loss resuit is below 10 dB over a 13 % bandwidth. Fig. 4.31 represents the power level of the local oscillator third harmonie signal (LOH3), at mixer diode level. Nevertheless the performance is dropping in the middle of the band due to a lower tripler efficiency in this range. We try to analyse this phenomenon in the following sections. In order to solve this issue, a novel band-pass cavity filter élément is proposed and simulated so as to prevent the following design itération from this leakage and preserve the matching network at the same tirne. The filter uses transposition of the transmission mode in a waveguide guided cavity resonator. Its formalism is defined in order to fit the combined circuit isolation requirements. It is optimized to reach 20 dB rejection at V-band (50-60 GHz) and minimum transmission loss in the 150-200 GHz frequency band (less than 1 dB). We add that this band-pass filter can be used as a natural DC-block in high frequency combined Systems.

The band-pass cavity filter is embedded in a second version of the design, with a few additional step impédances in order to improve the power coupling of the matching networks. The revisited design is tested with the harmonie balance bench developed to test the impact of intermodulation products on the preliminary design. The new design shows a good robustness and a better port coupling as compared to the preliminary design. A further analysis is done to investigate résonances in the circuit.

A last itération of the design is adapted to fit the fabrication procedure developed at the Rutherford Appleton Laboratory that was refincd several times during the circuit design phase. GaAs membrane with integrated MMIC tripler is transferred onto a quartz substrate and the subharmonic mixer cell is flip-chip mounted. The séparation of the tripler and mixer allows an optimisation of the doping and thickness of the epilayer. Also the use of a MMIC tripler strengthen the repeatability of the multiplier, which is important in this case because the efficiency of varistor mode tripiers is limited to few-percents.

The circuit is mounted up-side down for ground contact and in order to limit the use of beamleads. The T-shape is achieved with two separated substrates. The circuit is expected to be measured in the coming months.

In this chapter we hâve demonstrated a very compact single-element radiometer for the réalisation of a 2D focal plane array operating in the 300-360 GHz frequency range, with an antenna spacing of 20 A of the free-space signal to be detected which fit the current quasi-optical studies [Luthi 2006] for near-term instruments [Scheele 2008]. The circuit higlights the need for high isolation of the frequency bands in a cascaded multi-nonlinear element System. The LO input of the circuit is at V-band (50-60 GHz) with a requirer power of 20dBm, which offers the possibility of using V-connectors in the future for the reference source signal, so as to further reduce the block size. 

Summary and conclusions

The dissertation considers the concept of a very compact and low noise single-element radiometer at submillimeter frequencies for future Earth and planetary missions to study the atmosphères.

In chapterl, we introduce the reason to build arrays of receivers at these frequencies as a trade-off between sensitivity, mapping speed and coverage area. We list the main technological problems that limit such very compact and low noise Systems: the local oscillator injection scheme and its frequency and power requirement, the quasi-optical focal plane layout, the calibration of the array, the back-end signal Processing, the interfaces, and the batch production of the element of an array.

In chapter2, we address the batch production of an array by designing and measuring a 380 GHz subharmonic mixer but face limitations in reaching state-of-the-art performance due to the diode imbalance of the wafer fabricated with an industrial process.

In chapter3, a novel scheme for a sub-harmonic anti-parrallel mixer and its IF dual DC ports bias tee circuit is presentcd. This configuration solvcs two of the main issues listed above: firstly it reduces the LO power requirement and secondly it may compensate for the diode cell imbalance. This solutions adress the fabrication problematics for biassing very liigh frequency System and therefore can be used for other Systems.

In chapter4, we address the issue of the size of a receiver element for filling a 2D focal plane array with limited bearn spacing to fit current quasi-optical studies [Luthi 2006] for near-term instruments Mots-clés : radiométrie submillimétrique, mélangeur subharmonique, multiplicateur de fréquence, diode Schottky, réseau, hétérodyne, modélisation numérique.

Abstract

Sub-millimeter wave radiometry offers new perspectives for the characterization of clouds and rain at global scale. Indeed the use of high frequency multi-pixel receivers will offer new possibilities of observations that are currently limited by the current single-pixel radiometers.

Meteorological prédiction will benefit from regular and wide coverage data rate from spacebom or airbome observations. This can be fulfilled with arrays of heterodyne receiver that offer a trade-of between sensitivity, mapping speed and coverage area. We présent the main issues for building airbome sub millimeter receiver arrays in order to détermine the drivers of our study. These studies are interacting with the Schottky laboratory/industry fabrication process and the requirement of futur sbmillimeter heterodyne radiometers. Firstly, the design and test of a 380 GHz subharmonic mixer is presented with industrial technology and Laboratory post processing. Secondly, a solution for decreasing the local oscillator power requirement of a antiparrallel pair of diode with the définition, conception and test of a novel mixer and its IF circuit. Thirdly, we présent a very compact front-end element radiometer, whch features an un-cooled combined Schottky diodes mixer and its last stage local oscillator multiplier integrated onto a same circuit, for detecting molecular signature in the 300-360 GHz frequency range. This radiometer requires a 60 GHz local oscillator signal with 20 dBm of output power. The array covers the focal plane in the two dimensions with a spatial sampling of less than 20 wavelength of the signal frequency.

Kev words : remote sensing, subharmonic mixer, frequency multiplier, submillimeter wavelengths, Schottky diode, numerical modelling.