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The subject of my thesis is the development of radiation-hardened mixed-signal Application-Specific Integrated Circuits (ASICs) for space observatories. The thesis takes place in the context of a future X-ray space observatory of the European Space Agency, named Advanced Telescope for High ENergy Astrophysics (ATHENA). The ASICs developed belong to one of the two scientific instruments of the observatory, called X-ray Integral Field Unit (X-IFU) and are dedicated to one of the subsystems of the X-IFU instrument, the WFEE (Warm Front End Electronics).

The WFEE is a mixed electronic system, mainly including a Low Noise Amplifier (LNA), a configurable SQUID bias, a buffer and a thermometer. Consequently, my thesis work is composed of two parts: the digital part and the analogue part.

My contributions to the digital microelectronics of the WFEE are presented in Part III of my thesis. It includes the design of a new radiation-hardened digital library and the creation of a new I 2 C decoder with optimised schematic and layout, made of my new digital library. The representative radiation assessment results concerning the components and 8-bit registers with such radiation-hardened design are also discussed in Part III of the thesis. All the digital circuits of the two new ASICs "AwaXe_v2" and "AwaXe_v2.5" are made of this new radiation-hardened digital library, as well as those in the future ASICs. The optimised I 2 C decoders have been proved a good functioning along with the other circuits, integrated into the "AwaXe_v2" and "AwaXe_v2.5".

representative of my work. Moreover, the high performance of the LNA and the current reference also give them the potential to adapt with other similar scientific missions.

My contributions on the analogue circuits of the WFEE are presented in Part IV. It includes the design of an LNA, a buffer, a current reference and a Digital-to-Analog Converter (DAC). The LNA is critical for fulfilling the unprecedented high spectral resolution of 2.5 eV proposed by the X-IFU instrument. Its original design has been integrated into the ASICs v2 and v2.5, both fully tested and showing satisfying and coherent results. Its performance has been experimentally proved to fulfil all the specifications required by the CNES. Operating within the frequency band of 1 -5 MHz, it provides a super-linear voltage gain of 85 V/V, with a large bandwidth of -1 dB up to 17.5 MHz and a low gain drift < 350 ppm/K. It realises an ultra-low voltage noise ≈ 0.8 nV/ √ Hz at the input, as well as a low 1/f noise corner frequency < 4 kHz, a good PSRR and CMRR. The buffer uses a similar design as the LNA and needs to be further studied in future work. The current reference has been fully tested with an output of 1 mA. Thanks to its original design compensating a CTAT and a PTAT reference, it has been proved to be capable of providing a super-stable temperature independent current, perfect for the SQUID bias. At last, I have also developed an 8-bit DAC for the SQUID bias. 8 DACs along with a current reference and a series bus compose a complete SQUID bias of one WFEE channel. This circuit has been integrated into the ASIC "AwaXe_v2.5" and showed a good result for the first measurement.

In conclusion, my thesis has yielded two ASICs for the WFEE: "AwaXe_v2" and "AwaXe_v2.5". Both ASICs show good performance. In particular, the last ASIC integrates all the components of one WFEE channel, which can be considered as a prototype. Thus, it is a good

Résumé

Le sujet de ma thèse est la conception d'ASICs (Application-Specific Integrated Circuits) mixtes durcis aux radiations pour observatoires spatiaux. La thèse se déroule dans le contexte d'un futur observatoire spatial à rayons X de l'ESA, se nomme "Advanced Telescope for High ENergy Astrophysics (ATHENA)". Les ASICs développés appartiennent à l'un des deux instruments scientifiques de cet observatoire, s'appelle "X-ray Integral Field Unit (X-IFU)", et sont dédiés à l'un des sous-systèmes de l'instrument X-IFU, le WFEE (Warm Front End Electronics).

Le WFEE est un système électronique mixte comprenant principalement un amplificateur à bas bruit (LNA), un circuit de polarisation configurable pour SQUIDs, un buffer et un thermomètre. Par conséquent, mes travaux de thèse sont composés de deux parties: la partie numérique et la partie analogique.

Mes contributions aux circuits numériques du WFEE sont présentées dans "Part III" de ma thèse. Elles comprennent la conception d'une nouvelle librairie des portes logiques numériques durcies aux radiations et la création d'un nouveau décodeur I 2 C avec ses schémas et layouts optimisés, en utilisant ma nouvelle librairie numérique. Les résultats représentatifs des essais de radiation sur les composants et les registres à 8-bit avec une telle conception durcie aux radiations sont également discutés dans "Part III" de ma thèse. Tous les circuits numériques dans les deux nouveaux ASICs "AwaXe_v2" et "AwaXe_v2.5" sont constitués de cette nouvelle librairie numérique durcie aux radiations, ainsi que ceux dans les futurs ASICs. Les décodeurs I 2 C optimisés ont prouvé un bon fonctionnement, testés avec les autres circuits intégrés dans "AwaXe_v2" et "AwaXe_v2.5".
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Introduction

What do the words "Integrated Circuits" remind you of? Smartphones? Computers? Or homework that you never want to think of again? Well, this thesis is about something else: a telescope, and it will be launched in space. This thesis will help you link these two subjects. In it, you will find how a tiny chip is going to play a role as a part of a giant developing space telescope for future X-ray observations towards the immense Universe. You will also find the development of the chip, what are its main functionalities, how its design guarantees the chip itself to endure the harmful space radiation environment, and the current performance from my contribution 1 .

The thesis took place in the context of a future X-ray space observatory of the European Space Agency, named Advanced Telescope for High ENergy Astrophysics (ATHENA) planned to be launched in 2031. The integrated circuits developed belong to one of the two scientific instruments of the observatory, called X-ray Integral Field Unit (X-IFU) and are dedicated to one of the subsystems of the X-IFU instrument, the WFEE (Warm Front End Electronics). Indeed, the X-IFU instrument equips a detection chain including both a deep cryogenic stage operating in sub-Kelvin and warm stages operating at room temperature. The cryogenic stage is comprised of superconducting detectors of 3168 pixels, followed by LC filters for multiplexing and SQUIDs 2 for cryogenic amplifications. The WFEE subsystem is the first warm stage following the SQUIDs, to amplify and configure the cryogenic readout, then, followed by the last warm stage DRE as the digital readout. A final integrated circuit 3 of the WFEE will mainly comprise Low-Noise Amplifiers (LNAs), SQUID bias systems, buffers and thermometers. My thesis, entitled "Radiation-hardened mixed ASICs design for space observatories" 4 , is dedicated to the ASIC development of the WFEE subsystem.

The development of the WFEE subsystem was started at the Astroparticle and Cosmology Laboratory (APC) in Paris mid-2014. Until now, three ASICs based on the 350 nm SiGe HBT BiCMOS semiconductor technology of AMS have been developed. I joined the project at the end of the design phase of the first ASIC "AwaXe_v1". Shortly after my arrival, I INTRODUCTION solved a design mistake hiding in a digital module -an I 2 C decoder for serial communication to configure the SQUID bias, so that the module has finally had a satisfying testing results. Subsequently, I continued working first on digital aspects. I designed a new radiation-hardened digital library more compact than the old version that was not designed for warm electronics. Afterwards, based on the new digital library, I thoroughly optimised the I 2 C decoder at both schematic and layout levels, shrinking its area down to 1/3 of the original one (namely an area reduction of 2/3).

After the characterisation of the first ASIC done with the microelectronic team of APC, including the radiation effects assessment, I largely contributed to the successive developments of the two most recent ASICs "AwaXe_v2" and "AwaXe_v2.5" since 2017, from the beginning phase to the testing phase. A large amount of the work on the two ASICs has been done by myself. During this period, my work concentrated on the analogue components of the WFEE, notably including the design of an LNA with high linearity and weak gain drift, a temperature-independent current reference, a Digital-to-Analog Converter (DAC) and a buffer. The current reference and the DAC along with the I 2 C digital decoders are the main components of the SQUID bias.

Besides the microelectronic development, I have also designed printed circuit boards for testing the three ASICs: one for the first ASIC "AwaXe_v1", three for the second ASIC "AwaXe_v2", and one for the last ASIC "AwaXe_v2.5".

To better organise and present my work, this thesis is divided into four parts, and each part is further subdivided into several chapters corresponding to different aspects.

Part I presents the scientific and instrumental contexts. Introduced by a brief history of astronomical observations, the ATHENA observatory's science goals and instrumental aspects are described subsequently. The X-IFU instrument as the direct hierarchical superior of the WFEE is talked about separately in the third chapter.

Part II describes the microelectronic contexts. The 350 nm SiGe HBT BiCMOS technology of AMS will be first presented. Because heterojunction bipolar transistors and MOS transistors of this technology are largely used in my design, the following sections introduce their characteristics, particularly the noise characteristics that relate to device performance and radiation effects.

Part III is about my work on digital microelectronics of the WFEE. However, it starts with an introduction to the space radiation environment and effects on electronics since the digital circuits in the following discussions are all radiation-hardened. The subsequent chapters first present my design of the radiation-hardened digital library, then, the radiation effects assessment.

Part IV is about my work on analogue circuits development during my thesis. Firstly, all three ASICs are presented as a whole so that the evolution of the development of the WFEE is clearer. The following chapters are dedicated to the development of the LNA, the buffer and the current reference respectively. In addition, the design of the DAC and the development of Part I

Scientific and Instrumental Contexts

This part presents scientific and instrumental contexts. Introduced by a brief history of astronomical observations, the ATHENA observatory's science goals and instrumental aspects are described subsequently. The X-IFU instrument, as the direct hierarchical superior of the WFEE, is talked about separately in the third chapter.

1 From Naked-eyes to Telescope 

Chapter 1

From Naked-eyes to Telescope 

A Brief History of Optical Astronomy

Ever since humans walked on our blue planet, the night sky fascinated us. Without the disturbance of the artificial lights or the distraction of the colourful moving pictures in multimedia devices, ancient people saw more with their bare eyes and imagined beautiful stories.

The earliest relics of lunar observation discovered for now can be dated to 10000 years ago in Aberdeenshire, Scotland, where 12 pits have been recognised representing the different phases of the moon (on the left of Figure 1.1). As part of a mesolithic monument, they are considered as a lunar calendar for food hunting and gathering that had been kept for 4000 years [START_REF] Gaffney | Time and a Place: A luni-solar'timereckoner'from 8th millennium BC Scotland[END_REF].

Much later, in the 2nd millennium BCE in old Babylon, the celestial observation became scholarly research for divination. In the ancient era, astrology and astronomy cannot be separated [START_REF] Beck | A brief history of ancient astrology[END_REF]. One of the most important work is "Enuma Anu Enlil", a series of seventy tablets noting seven thousand celestial omens1 based on the behaviours of the sun, the moon, the planets such as Venus, Mercury, Mars, Jupiter, and Saturn, and the stars (on the right of Figure 1.1) [START_REF] Brown | Mesopotamian planetary astronomy-astrology[END_REF][START_REF] Schoener | Astrology: Between religion and the empirical[END_REF]. The tablets themselves were made in the 7th century BCE. However, the earliest omens above can be dated a thousand years before. Knowledge was passed on through centuries and had profoundly influenced the Greek astrology and thus also today [START_REF] Beck | A brief history of ancient astrology[END_REF][START_REF] Brown | Mesopotamian planetary astronomy-astrology[END_REF][START_REF] Rochberg | Babylonian horoscopes[END_REF][START_REF] Bhagat | Researches About Ancient Astrology[END_REF].

In the Eastern world, astronomy originating in China also has a long history. The 24 solar terms of lunisolar calendars, indicating both the Moon phase and the time of the solar year, were crucial for agriculture ever since. They were built based on a long history of solar observation since the 11th century BCE, and first noted in the text "Huainanzi" sometime before 139 BCE. These terms are still being used as a climate reference at present. In the 4th century BCE, a Chinese astronomer named Gan De compiled the second earliest star catalogue. In 185 CE, Chinese astronomers recorded an unusual celestial event, which is now generally considered as the first supernova record SN 185. In spite of several decades' dispute [7], the case has been recently strengthened by the observation of XMM-Newton and Chandra that RCW 86 is probably the remnant of this explosion (on the left of Figure 1.

2) [START_REF] Williams | RCW 86: A Type Ia supernova in a wind-blown bubble[END_REF][9][10]. Another famous event is the supernova explosion that left the Crab Nebula behind and has been recorded by the Chinese and Japanese astronomers in 1054 CE (on the right of Figure 1.2) [11,12].

Astronomers from other parts of the world have also made some excellent observations during centuries. However, only by naked-eyes, no details could be revealed, not to mention nonoptical radiations. So the celestial objects remained as gods, and the sky was still heaven, and churches could not be shaken without direct proof. This situation did not change until the invention of the telescope, although the inventor of the telescope remains debated today. Dozen people from different countries have been honoured for 400 years, which seems to become a matter of national pride. Nevertheless, one thing is for sure, in 1608, a German-Dutch spectacle-maker Hans Lipperhey in the Hague made several well-functioning telescopes possibly based on his own improvement. He applied for a 30-years patent for "a certain instrument for seeing far" [13], but the process was rejected. Afterwards, telescopes were appreciated as useful devices but not toys, and were vastly spread in Europe within a year [14,[START_REF] Gingerich | Galileo, the Impact of the Telescope, and the Birth of Modern Astronomy[END_REF], like the iPhone today. It had another name at that period: "spyglass", which suggests its military application, as well as navigational aids.

Nine months after the famous "invention", Galileo Galilei designed his own telescopes, the first one with three-times magnification by the end of July 1609, and in August the second one more powerful with an eight/nine-times magnification which was rendered to the Doge of Venice (Figure 1.3). At the end of November, he improved the magnification to 20-times. It allowed him to observe for the first time the rough and uneven face of the moon, full of mountains and valleys just like the earth. At the same period, he discovered that Jupiter had four satellites, also like the Earth has its moon [START_REF] Gingerich | Galileo, the Impact of the Telescope, and the Birth of Modern Astronomy[END_REF][START_REF] Bucciantini | Galileo's Telescope[END_REF]. It was the first referred time that human applied telescope to astronomy observation (Figure 1.3), which thoroughly changed the way for looking at the sky. A new era of astronomy began.

Galileo's telescopes were refractor type. The second telescope of Galileo offered to the Venetian Doge (Figure 1.3) had a focal length only about 80 cm [14], and it was already called a "cannon". His third "cannon" had only a field-of-view of 15 arcmin, quite difficult to use [START_REF] Bucciantini | Galileo's Telescope[END_REF]. After him, more and more optical telescopes emerged, with different types: refracting telescope, reflecting telescope and catadioptric telescope. And telescopes generally become bigger and bigger, turning to be observatories. Some of them move up to the mountains and the other fly up in space. In the near future, the largest optical near-infrared telescope will be the Extremely Large Telescope (ELT) in Chile still under construction on the mountain of Cerro Armazones with an altitude of 3046 m (on the left of Figure 1.4). It includes a reflecting telescope with a primary mirror of 39 m diameter consisting of 798 hexagonal segments [START_REF] Tamai | European Extremely Large Telescope: progress report[END_REF]. However, the most famous optical telescope must be the Hubble Space Telescope (HST), around 13 m long, 4 m of diameter and 11 tons weight operating around Earth since 1990, about 547 km high at present (on the right of Figure 1.4). Outside the atmosphere, Hubble has sent back uncountable data and it will continue operating until 2020s [START_REF] Barter | Telescopes[END_REF]. If Galileo's telescope was a "cannon", then these most modern telescopes could only be called "giant monsters".

Before the 18th century, no one could imagine that the invisible light exists. Until 1800, William Herschel discovered infrared wave. A year later, Johann Wilhelm Ritter found ultraviolet light under the inspiration of Herschel's work. Radio waves were found by Heinrich Hertz in 1887, and then Wilhelm Conrad Röntgen discovered X-Ray in 1895. Gamma-rays were the last observed, by Paul Villard in 1900, just 100 years after the discovery of infrared light. Herschel has predicted the importance of the detections of the infrared waves from the universe [START_REF] Berman | Zapped: From Infrared to X-rays, the Curious History of Invisible Light[END_REF]. However, limited by technology, the invisible astronomy began to thrive until 1932, Karl Guthe Jansky identified an extraterrestrial radio source with his radio antenna [START_REF] Verschuur | The Invisible Universe: The Story of Radio Astronomy[END_REF].

After that, the observation of the other electromagnetic waves successively established, all in the 20th century. It was a new era of modern astronomy.

Moreover, the observation of the universe has not already been limited to electromagnetic radiation since the twentieth century. Little by little, scientists have also learned how to detect the cosmic-ray particles, neutrinos and more recently gravitational waves. Notably, the first observation of the gravitational wave has opened a new era of the multi-messenger astronomy. Photons, cosmic-ray particles, neutrinos and gravitational waves, each "messenger" is originated from different astrophysical processes, and thus carries different information about the source. It allows astronomers to have more complete knowledge of observed objects.

Beyond Visible -X-ray Astronomy

Since Röntgen discovered X-Ray in 1895, the X-Ray imaging was deemed to be impossible because it penetrates almost everything. Until in the 1920s, Compton demonstrated that X-rays could be totally reflected from a polished surface if the incident angle is small enough [START_REF] Compton | A quantum theory of the scattering of X-rays by light elements[END_REF][START_REF]X-rays as a branch of optics[END_REF]. After that, the main challenges for good X-Ray imaging focused on the mirror types/configurations and mirror technologies.

Nevertheless, the first observations of solar X-Rays were still achieved by using photographic plates like Schumann plate2 or Geiger counter. The observations must be done outside the Earth's atmosphere because X-rays are entirely absorbed by the atmosphere. Figure 1.5 from [25] illustrates that none of the X-ray photons can be received even on the highest summit of the Earth, so the detectors must be mounted on a sounding rocket or a satellite or at least a ballon. This is why until 1948, the first observation of solar X-ray has been done by Burnight using Schumann plates as detectors with beryllium foils as the filter of visible and UV light, mounted on a V2 rocket and obtained the very first solar X-ray picture (Figure 1.6) [25 -27].

In 1951, Wolter proposed several configurations of the mirrors for X-ray telescopes. These configurations are still being used at present, and they are also named after him. In 1962, an experiment leading by Riccardo Giacconi, with three Geiger counters carried by an Aerobee rocket firstly detected an X-Ray source outside the solar system, Scorpius X-1. It thus opened the door of X-ray astronomy [START_REF] Aschenbach | X-ray telescopes[END_REF]28,[START_REF] Giacconi | Evidence for X rays from sources outside the solar system[END_REF]. In 1963, the first Wolter-type telescope was fired to space.

In 1970, the first orbiting X-ray observatory Uhuru3 with large proportional counters for an X-Ray Scan was launched. During its 3-year flight. It discovered 300 sources including some binary X-ray sources. [28,30] Einstein Observatory (HEAO-2) was another milestone in the history of X-ray telescope, with the first imaging X-ray telescope (Wolter Type I) onboard, operating between 1978 and 1981. Its sensitivity of magnitude was three orders better than Uhuru. Thanks to its high angular resolution (0.5 degrees) and large collecting area, it made a lot of first, such as "the first highresolution spectroscopy and morphological studies of supernova remnants" and "First study of the X-ray emitting gas in galaxies", and discovered thousands of sources [31].

In 1990, ROSAT telescope was launched as the successor of Uhuru and Einstein telescope. Its major contribution was the first all-sky X-ray survey with an X-ray imaging telescope composed of a Wolter telescope on board, comparing to the surveys of precedent telescopes were with collimated counters. During its lifetime, it has discovered more than 150,000 sources [START_REF] Wolfgang | Highlights from the Rosat Soft X-ray Mission[END_REF]33].

Two of the latest most powerful X-ray observatories are NASA's Chandra X-ray Observatory (CXO) and ESA's XMM-Newton, both launched in 1999 and still working at present. The two telescopes have complementary characteristics: Chandra has a better angular resolution (0.5" HEW (Half Energy Width) [START_REF] Schwartz | Absolute effective area of the Chandra high-resolution mirror assembly (HRMA)[END_REF][START_REF] Chandra | Chandra Proposers' Observatory Guide[END_REF]) but a smaller effective area, about 760 cm 2 at 1 keV (see Figures 4.3 and 4.4 in [START_REF] Chandra | Chandra Proposers' Observatory Guide[END_REF]), comparing with XMM-Newton has a larger effective area, 1430 cm 2 at 1 keV (see Fig. 2 in [START_REF] Jansen | XMM-Newton observatory-I. The spacecraft and operations[END_REF]), but a lower angular resolution (15" HEW) [37]. Both generally cover the soft X-ray spectral band with high energy resolution 4 . The two telescopes are much more advanced than the previous telescopes.

Combining Chandra and XMM-Newton, many outcomes have been achieved. However, both missions have largely exceeded their planned lifetime and thus are close to their retirement. Hence, the development of a new X-Ray observatory with more advanced capabilities becomes necessary and critical. ATHENA (Advanced Telescope for High ENergy Astrophysics) obser- vatory, formerly known as the International X-ray Observatory (IXO), is a next-generation X-ray observatory planned since the early 21st century. Thanks to the advancement of technology, ATHENA observatory will combine the merits of its predecessors and keep opening eyes within the X-ray band towards the sky. This thesis is under the framework of the ATHENA mission, contributing to one of its two instruments, X-ray Integral Field Unit (X-IFU). The electronics developed during the thesis is one of the stages of the readout chain of the X-IFU, which will be discussed in the following sections.

Chapter 2

A New Space Observatory to Explore the Hot and Energetic Universe 

The ATHENA Observatory

The ATHENA mission's predecessor was known as the International X-ray Observatory, which could be further traced to two earlier X-ray proposed missions: ESA's XEUS mission and NASA's Constellation-X mission in the first several years of 21st century [START_REF] Bookbinder | An overview of the IXO Observatory[END_REF]. In 2008, the two missions merged into the IXO proposal which evolved towards the ATHENA mission and got selected by ESA as its second L-class mission in 2014.

The ATHENA observatory will be a 15-meter telescope [START_REF] Ott | AOCS design for the ATHENA X-ray telescope: challenges and solutions[END_REF], launching around 2031 with two scientific instruments X-IFU and WFI (Wide Field Imager) onboard, operating in a halo orbit around the second Lagrangian point (L 2 Sun-Earth) during its five-year lifetime at least. Thanks to the advances of the X-ray mirror and electronic technologies, the telescope will provide major improvements in X-ray observation, including a high energy resolution of 2.5 eV up tp 7 keV [START_REF] Barret | The ATHENA x-ray integral field unit (X-IFU)[END_REF], and an unique combination of large collecting/effective area (1 m 2 at 1 keV [START_REF] Barret | The ATHENA x-ray integral field unit (X-IFU)[END_REF]) and high angular resolution (5 arcsecond) [START_REF] Valsecchi | ATHENA Telescope: alignment and integration of SPO mirror modules[END_REF][START_REF]Results of silicon pore optics mirror modules optical integration in the ATHENA telescope[END_REF].

Table 2.1 [37,[START_REF] Nandra | The Hot and Energetic Universe: A White Paper presenting the science theme motivating the Athena+ mission[END_REF] compares the main parameters of ATHENA, Chandra and XMM-Newton. It shows that both Chandra and XMM-Newton have indeed made some compromises, limited by the optical technologies at their epoch. Chandra uses thick and stiff mirrors which largely improves its angular resolution but also leads to a smaller collecting area limited by the mass. In contrary, XMM-Newton equips thinner mirrors which permits to have a much larger collecting area, but whose HEW could not be as high as Chandra [START_REF] Spiga | Active shape correction of a thin glass/plastic x-ray mirror[END_REF].
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Focal length

Mirror's diameter ATHENA 1 5" [START_REF] Valsecchi | ATHENA Telescope: alignment and integration of SPO mirror modules[END_REF][START_REF]Results of silicon pore optics mirror modules optical integration in the ATHENA telescope[END_REF] 10000 cm 2 at 1 keV, 1000 cm 2 at 7 keV [START_REF] Barret | The ATHENA x-ray integral field unit (X-IFU)[END_REF] 0.2 -12 keV [START_REF] Collon | Silicon pore optics mirror module production and testing[END_REF] ∼ 90 -4200 (X-IFU) (Figure 3 in [START_REF] Barret | The ATHENA x-ray integral field unit (X-IFU)[END_REF])

12 m [START_REF] Valsecchi | ATHENA Telescope: alignment and integration of SPO mirror modules[END_REF][START_REF]Results of silicon pore optics mirror modules optical integration in the ATHENA telescope[END_REF]49] 2.5 m [START_REF] Valsecchi | ATHENA Telescope: alignment and integration of SPO mirror modules[END_REF][START_REF]Results of silicon pore optics mirror modules optical integration in the ATHENA telescope[END_REF]49] Chandra 2 0.5" [START_REF] Schwartz | Absolute effective area of the Chandra high-resolution mirror assembly (HRMA)[END_REF][START_REF] Chandra | Chandra Proposers' Observatory Guide[END_REF] ∼ 760 cm 2 [START_REF] Schwartz | Absolute effective area of the Chandra high-resolution mirror assembly (HRMA)[END_REF][START_REF] Chandra | Chandra Proposers' Observatory Guide[END_REF][START_REF] Weisskopf | Chandra X-ray Observatory (CXO): overview[END_REF][START_REF] Astrophysics | Chandra specifications[END_REF] 0.08 -10 keV [START_REF] Weisskopf | Chandra X-ray Observatory (CXO): overview[END_REF] 1070-65 (HETG) [START_REF] Chandra | Chandra Proposers' Observatory Guide[END_REF] 10 m [START_REF] Chandra | Chandra Proposers' Observatory Guide[END_REF] 1.2 m [START_REF] Schwartz | Absolute effective area of the Chandra high-resolution mirror assembly (HRMA)[END_REF][START_REF] Chandra | Chandra Proposers' Observatory Guide[END_REF] XMM-Newton 3 15" [37] ∼ 1430 cm 2 (Fig. 2 in [START_REF] Jansen | XMM-Newton observatory-I. The spacecraft and operations[END_REF]), [37,[START_REF] De Chambure | XMM's X-ray Telescopes[END_REF] 0.15 -12 keV [37] 200-800 (RGS) [37] 7.5 m [37] 0.7 m [START_REF] De Chambure | XMM's X-ray Telescopes[END_REF] However, scientific observation reasonably requires a precise angular resolution as well as a large collecting area at the same time. A better angular resolution permits an X-ray telescope to reveal more details of an object's structures and to distinguish discrete but adjacent sources.

It also helps to limit the background noise, for example, the photons from the neighbouring object that not under observation. On the other hand, with a larger collecting area, more photons could be collected. It helps to discover faint sources and imaging spectroscopy [START_REF] Reid | X-Ray Telescopes[END_REF][START_REF] O'dell | High-resolution x-ray telescopes[END_REF]. From this point, Figure 2.1 [START_REF] Willingale | The hot and energetic universe: The optical design of the athena+ mirror[END_REF] illustrates four zones corresponding to different combinations of the two key parameters where compares the capacities of the main X-ray telescopes during decades. It clearly shows that the earliest X-ray telescopes, limited by technology, are in the zone "Low sensitivity" with small collecting area and rougher angular resolution. The telescopes of that epoch were not able to reveal sources' details and distinguish faint objects. The later telescopes had much better performance, but still needed to make a compromise: XMM-Newton is in the "Source confusion" zone and Chandra, ROSAT and Einstein (HEAO-2) are in the "Photon Starvation" zone. Only the future ATHENA observatory is in the "Golden Quadrant" zone. Thanks to the new Silicon Pore Optics technology, it will be able to fulfil the requirements on both parameters, even with the largest collecting area, still within the mass budget. It combines the advantages of Chandra and XMM-Newton, making it stand out from all the existing X-ray telescopes [START_REF] Willingale | The hot and energetic universe: The optical design of the athena+ mirror[END_REF]. 1 Because the ATHENA observatory is in development, its parameters might evolve. The values in table 2.1 are based on newest literatures published mainly in 2018. Except the referred literatures, more information about ATHENA is also available at: https://www.cosmos.esa.int/web/athena/about-athena and https: //www.the-athena-x-ray-observatory.eu/ 2 Except the referred literatures, more information about Chandra is also available at: https://www.nasa.

gov/mission_pages/chandra/main/chandra_fact_sheets.html and https://chandra.harvard.edu/about/ axaf_mission.html 3 Except the referred literatures, more information about XMM-Newton is also available at: https://www. cosmos.esa.int/web/xmm-newton/technical-details 

"The Hot and Energetic Universe" -Science Goals of ATHENA Observatory

The unprecedented performances of ATHENA make it possible to deepen our knowledge of the high-energy universe. Many subjects will be involved. The major ones concern the formation and the structure of the Universe, and are summarised in two key questions in astrophysics [START_REF] Nandra | The Hot and Energetic Universe: A White Paper presenting the science theme motivating the Athena+ mission[END_REF]:

1. How does ordinary matter assemble into the large scale structures that we see today?

2. How do black holes grow and shape the Universe?

Modern cosmology theory predicts that the early universe was rather homogeneous and isotropic. However, observations and simulations show that on a larger scale, the Universe today is more like a web, with matter constrained in filaments. In contrast, space in-between the meshes of the web are real voids. It is where the first question comes from: "How does ordinary matter assemble into the large scale structures that we see today?". The matters are in the forms of galaxies and hot gas, and the latter is the dominant form, occupying more than 85% amount of the matter, also known as Warm-Hot Intergalactic Medium (WHIM). With temperature between 10 5 and 10 7 K, the radiation of hot gas lies largely on the X-ray band, which makes the X-ray observation the critical means for studying it.

Thanks to the broad field of view of ATHENA, it will be able to trace the distribution of WHIM with high redshift in large scale. Besides, the high energy resolution of ATHENA will unveil more details within the traced WHIM map. The X-ray continuum and emission or absorption lines of chemical elements can be precisely traced on the spectrum, so that the gas temperature, abundance, velocity and ionisation stage of the hot gas can be unveiled, which shows its evolution [START_REF] Kaastra | The Hot and Energetic Universe: The missing baryons and the warm-hot intergalactic medium[END_REF]. The influence on the evolution from the feedback of supermassive black holes (SMBH), central Active Galactic Nucleus (AGN) [START_REF] Croston | The Hot and Energetic Universe: AGN feedback in galaxy clusters and groups[END_REF] or supernova winds, will also be analysed on the spectrum. The spectrum will also show the abundances of the heavy chemical elements in intra-cluster medium (ICM) so far away, that up to the epoch when they were generated and distributed. The detection of the baryons with a high redshift that locked in the hot phase can also only be done by ATHENA in the X-ray band by measuring about hundred filaments.

The second question is the study on the energetic universe. Most of the galaxies are centred around an SMBH. The build-up of each SMBH releases a vast amount of energy, much larger than the energy needed to bind the whole galaxy together. So SMBH has significant influences on the evolution of the universe. It is essential to understand the nature and growth of SMBH.

It is well known that black holes cannot be directly observed. However, there are indirect ways, such as the detections of the merger of two black holes by gravitational waves. Another example is the first image of the black hole at the centre of the galaxy Messier 87 by eight radio telescopes all over the world, in which what we see is actually a bright ring formed in the intense gravitational field around the black hole. However, if we want to understand the energetic feedback from black holes, X-ray observation is the best choice, since these processes radiate mostly in X-ray bands and the host galaxy has less contamination on the X-ray band.

Comparing to the current X-ray observation, ATHENA will be able to make a scan of SMBH including high redshift ones up to z=10, and the scan will be two orders of magnitude faster than the X-ray telescopes nowadays [START_REF] Aird | The Hot and Energetic Universe: The formation and growth of the earliest supermassive black holes[END_REF]. At this large scale, shock waves and turbulence created in surrounding hot gas by the jets of gas from SMBH, as known as the feedback of SMBH, will be surveyed. By analysing the spectrum of different regions around SMBH, different excitation mechanisms on the surrounding matters that mixed together could be distinguished and better understood. At smaller scale and shorter distances, close to black hole's event horizon, the accretion disk emits greatly X-ray radiation, which will also be observed [START_REF] Dovciak | The Hot and Energetic Universe: The close environments of supermassive black holes[END_REF].

Besides these two main subjects, other astrophysical objects having X-ray radiations will also be further observed and studied. For example, the remnant of supernovae explosions produces large amounts of X-ray radiation [START_REF] Decourchelle | The Hot and Energetic Universe: The astrophysics of supernova remnants and the interstellar medium[END_REF]. Ordinary stars also emit X-ray, and their orbiting exoplanets will periodically vary the X-ray spectrum measurements. Moreover, Jupiter also has X-ray emission, which will be studied in detail with the help of ATHENA [START_REF] Branduardi-Raymont | The Hot and Energetic Universe: Solar system and exoplanets[END_REF]. In addition to these predicted science goals, other unpredictable breakthrough discoveries that could be reached thanks to the unprecedented capabilities of ATHENA observatory might be more exciting, which will further advance X-ray astrophysics.

ATHENA Telescope Design

To achieve ATHENA's ambitious science goals, ESA proposes a Wolter Type-I telescope with 12 meters focal length, equipping a mirror using ESA's self-developed Silicon Pore Optics (SPO) technology. This technology is capable of providing the large collecting area of 1.4 m 2 and high angular resolution of 5 arc-second [START_REF] Pajot | The Athena X-ray Integral Field Unit (X-IFU)[END_REF]. Two scientific instruments will be at its focal plan: X-IFU and WFI, where the former one will provide an unprecedented high energy resolution on the spectrum, and the latter one will offer a large field of view for conducting photometric surveys.

Operating Location of ATHENA -Lagrangian Point L 2

The ATHENA observatory will operate in a halo orbit around the Sun-Earth Lagrangian point L 2 (Figure 2.3). In fact, there were already some telescopes, such as the Planck Space Observatory (2009-2013), and there will still be several telescopes working at this area in the near future, such as the James Webb Space Telescope (2021-). As known, Lagrange points are where in space, the forces imposed from a two-body system, such as the Sun-Earth system are balanced out, so an object placed at these places could be stable. However, analyse shows that stability is different between these points. L 1 , L 2 and L 3 points are not dynamically stable, which means that even a little perturbation will lead the object there drift away and will not get back to the stable position without any external correction forces. In contrast, L 4 and L 5 points are dynamically stable. Moreover, even the drift situations of the L 1 , L 2 and L 3 points are not the same, that an object at L 1 and L 2 could keep stable for about 24 For L 4 and L 5 points, they are too far away from the Earth that the forces from other planets need to be considered. Also, thereby, the two points contain interplanetary dust and asteroids. Hence, their situations to be dealt with are much more complicated. For L 3 point, it is also too distant from the Earth to reach. Moreover, the Sun just staying between a satellite there and the Earth makes the data transmission impossible. L 1 point is perfect for the Sun observations since the Earth will not shade the sun. It is also suitable for the Earth observations, for a satellite can always face the lit side of the Earth. However, for observing other sides of the Universe, L 2 point is much better than the other points. It is closer than L 3 , L 4 and L 5 points so that an observatory is easier to be placed. It is also distant enough (1.5 million kilometres away) so that observations will not be disrupted by the Sun, the Earth or the Moon. The Earth could still partially eclipse the Sun, so the temperature at the point is not very stable. As instruments on satellites need to work at a stable temperature, solar shields are mounted on the satellite for blocking the sunlight. Besides, satellites would instead orbit around the point to avoid the partial eclipse, so that it is easier to keep the instruments onboard a relatively stable and cool temperature below 50 K [START_REF] Pearson | Stability of Lagrange Points: James Webb Space Telescope[END_REF].

Wolter Type-I Telescope

In 1952, Hans Wolter proposed three types of grazing incidence telescope using different coaxial and confocal mirrors, as illustrated in Table 2.2 and Figure 2.4. However, only Wolter Type-I has been largely adopted for X-ray telescopes. Very few have used Wolter Type-II mirror 4 and type III has never been adopted [START_REF] Reid | X-Ray Telescopes[END_REF]. Each type has its advantages and disadvantages. The physical length of type I must be equal to its focal length, which makes the telescopes of this type always huge. In contrast, type II and type III could have a focal length longer than its physical length, so that for having the same focal length, the physical length of these types of telescopes could be much smaller, hence reduce the volume and mass of the telescope. However, a big advantage of type I is the convenience to nest more mirror shells inside and outside, so to increase the collecting area [START_REF] Reid | X-Ray Telescopes[END_REF][START_REF] Aschenbach | Realization of X-ray telescopes-from design to performance[END_REF]. The effective collecting area depends on the aperture of the primary mirror and also the reflectivity of the mirror. For a nested system, it equals to the sum of the effective areas of all the mirror shell:

A eff (E) = m A eff, m (E) ∼ = m A ap, m × R 2 (E, α m ) (2.1)
where A eff (E) the sum of the effective area, A eff, m (E) the effective area of number m of the nested mirrors, which equals to product of aperture's area of the primary mirror shell A ap, m and the reflectivity of the mirror R(E, α m ), the latter depends on photon's energy E and grazing angle α m [START_REF] O'dell | High-resolution x-ray telescopes[END_REF][START_REF] Aschenbach | Realization of X-ray telescopes-from design to performance[END_REF].

Indeed, an inner mirror shell has a smaller grazing angle so it could reflect the photons with higher energy. In other words, as the photons with higher energy must have a smaller grazing angle to be detected, it could only be collected by the inner mirror shells with smaller radii. Consequently, the collecting area for photons with higher energy is also smaller. Vice versa, outer layers collect the photons with lower energy, providing a larger collecting area. In the case of ATHENA, it is expected to have 10000 cm 2 at 1 keV and 1000 cm 2 at 7 keV [START_REF] Barret | The ATHENA x-ray integral field unit (X-IFU)[END_REF], comparing to XMM-Newton with 1475 cm 2 at 1.5 keV, 580 cm 2 at 8 keV and 130 cm 2 at 12 keV [START_REF] Jansen | XMM-Newton observatory-I. The spacecraft and operations[END_REF][START_REF] De Chambure | XMM's X-ray Telescopes[END_REF]. Regarding Wolter type II telescopes, because it is difficult to increase the collecting area by nesting more shells, another solution is to have a larger angle comparing to the horizontal incident photons, which leads to a larger grazing angle. It means that only the photons with lower energy can be collected. It is why only extreme to far ultraviolet telescopes like the EUVE choose this type of telescope [START_REF] Reid | X-Ray Telescopes[END_REF].

The fabrication of the mirrors has evolved since the 1960s. One traditional way is to use quartz or zerodur as mirror substrate with high-Z material such as Au, Ni, Ir or Pt as the coating. Quartz or zerodur can be shaped and polished very precisely. Moreover, they are relatively solid, very well against mechanical deformation. Hence, this kind of mirror can reach a very high angular resolution. However, their disadvantages are the thickness (in the order of centimetre), and the mass of the mirrors are significant. It considerably limits the number of nested shells, so the effective collecting area is poor. Some famous representatives using this kind of mirrors include Einstein, ROSAT and Chandra. They all integrated only four mirror shells, providing quite low effective area but very high angular resolution [START_REF] Spiga | Development of multilayer-coated mirrors for future X-ray telescopes[END_REF], especially Chandra's angular resolution is still the best even comparing to the future ATHENA observatory.

Another traditional way was to use foils in glass or Aluminium as mirrors' substrate with Au or Pt as the coating. The foils are quite thin, only several tenths of millimetres, so that many layers could be nested to reach a vast effective area. However, this mirror technology can not realise the same precision as the one with super-polished quartz or zerodur, and the foils are relatively easier to be deformed due to the launch or the thermal variation which further degrade the precision. Hence, the angular resolution from this technology is very poor. (The telescopes using this type of mirror include Astro-E, SODART5 ) [START_REF] Spiga | Development of multilayer-coated mirrors for future X-ray telescopes[END_REF][START_REF] Kunieda | X-ray telescope onboard Astro-E: optical design and fabrication of thin foil mirrors[END_REF].

XMM-Newton's mirror used another different technique. It uses a super-polished mandrel as mould. The reflective coating (Au, Ir, Pt) is first deposited on the mould, then another layer of Nickel as mirror's wall is deposited outside the coating. The walls could be as thin as from hundreds of μm to around 1 mm, which significantly increases the effective area. However, the thickness still limits the ability against the mechanical deformation of the mirror, so its angular resolution is not as good as Chandra's. The method needs to prepare moulds with different dimensions from inner to outer layers, but the manufacture of mirrors is relatively fast, and the moulds can be used several times [START_REF] Spiga | Development of multilayer-coated mirrors for future X-ray telescopes[END_REF].

Silicon Pore Optics (SPO) Mirror

Naturally, the ATHENA telescope keeps the configuration of Wolter Type I. Its paraboloid and hyperboloid mirrors are separated. The secondary mirror will have an intersection angle three times the angle of the primary mirror with respect to the horizontal plane so that the grazing angle on these two mirrors will be the same. [START_REF] Collon | Performance characterization of silicon pore optics[END_REF][START_REF] Proserpio | Optical design for ATHENA X-ray telescope based on slumped mirror segments[END_REF]; The rib thickness "b" and the membrane thickness left after etching "c" are the same, and have been reduced from 0.17 mm to 0.14 mm [START_REF] Willingale | The hot and energetic universe: The optical design of the athena+ mirror[END_REF][START_REF] Collon | Silicon pore optics for the ATHENA telescope[END_REF]; The rib pitch "d" has been improved, from 1 mm to 2.3 mm [49]; Bottom left: there will be a wedge between two plates for the different layers with different angles of inclination; Bottom right: a mirror stack formed by curve silicon plates with coating.

In order to have a breakthrough in the performance, old optics technology cannot help anymore. Under the lead of ESA, Silicon Pore Optics is newly developed based on the commercially available semiconductor technology. The mirrors are based on fabrication-grade, 12", 300 mm [49] silicon wafers as substrates with Ir/B 4 C or Ir/SiC coating. Figure 2.5 illustrates the general process of the fabrication of silicon-based mirrors. A wafer is firstly etched with rectangular grooves and ribs, and diced into plates with proper dimensions [START_REF] Collon | Silicon pore optics for the ATHENA telescope[END_REF] as shown on the top left. The thickness of the grooves' base and the ribs are configured around 150 μm, and the width of the grooves (or the distance between two ribs) is 2.3 mm [49], as shown at top right. The plate will then be coated with strip-like masks, so the coating will be only on the bottom side of the grooves but not on the top side of the ribs. Many etched and coated wafers will then be stacked together to form the mirror's nested shells. Because different shells have different angles with respect to the axis plane, a wedge will be placed between each two silicon plates, as shown at bottom left. Each wafer will also be shaped with a mandrel to have a precise paraboloid or hyperboloid form as what the Wolter Type I system needs. As shown on the bottom right, when the etched, coated and curved silicon plates are stacked together, the pore-like structure is formed for the X-ray passing [START_REF] Willingale | The hot and energetic universe: The optical design of the athena+ mirror[END_REF].

Because the wall of each mirror is very thin, around 150 μm, and silicon is a relatively light material, the plates can be easily nested so that the unprecedented effective collecting area (1 m 2 at 1 keV) could be achieved. According to the current design, the whole mirror will have 678 modules, and each module comprises four stacks each with 35 mirror plates [49]. Moreover, thanks to the pressed stack structure, the shells will be more rigid to have less deformation to improve the angular resolution. Thus, another critical factor influencing angular resolution is the quality of the stacks [START_REF] Collon | Making the ATHENA optics using silicon pore optics[END_REF]. Because the plates need to have a certain curvature to form a paraboloid or hyperboloid mirror, a larger curvature is also less precise, leading to a less satisfying resolution. In fact, SPO has been initially designed for XEUS mission with 50 m focal length and 30 m 2 having a smaller curvature, thus better angular resolution and also a larger collective area. The 12 m focal length of the ATHENA mission leads to a larger curvature, which indeed increases the difficulty to shape the silicon plates. Nevertheless, despite the difficulties, the new SPO technology makes it possible to realise an X-ray telescope and the only one until now well balancing the two critical parameters, angular resolution and collecting area, as shown in figure 2.1, significantly improving its performance.

Wide Field Imager (WFI)

The WFI instrument is one of the two instruments of the ATHENA observatory. Comparing to the high energy resolution of the X-IFU, the WFI will provide a large field of view of 40' × 40' and a high count rate capability (≥ 1 Crab6 ) to deal with the brightest X-ray sources in the sky. Thanks to these qualities, WFI will contribute to the scan of the hot gas structure and the census of supermassive black holes, and it is capable of detecting dimmer objects. There are two detector arrays of detectors for realising the two purposes: a large detector array and a high count rate sensor (fast detector) offering a good time resolution of 80 microseconds, as shown in When the WFI is on operating mode, the mirror will point to one of the two detectors, depending on needs. However, although the two detectors will be both generally positioned on the focal plane, it is preferable that the high count rate detector being defocused by about 35 mm, according to the simulations, so that it could achieve the goal of about 95% throughput and <1% pile-up for a 1 Crab photon flux [START_REF] Meidinger | Development of the wide field imager for Athena[END_REF].

DEPFET was introduced at the end of the 1980s by German Scientists from Technical University of Munich and Max Planck Institute for Physics and Astrophysics [START_REF] Kemmer | New detector concepts[END_REF][START_REF] Kemmer | Experimental confirmation of a new semiconductor detector principle[END_REF]. In Figure 2.7, on the left shows the cross-section structure of DEPFET, and on the right shows its equivalent circuit. A DEPFET comprises two MOSFET, one PMOS transistor and one NMOS transistor. Different from the traditional MOS technology, a very thin P+ contact is added under the n bulk, and the zone under the channel of PMOSFET is deeply n-doped, which forms a minimum potential for electrons, called "Internal Gate". The buried P+ contact is biased by a high negative voltage. When there is an incident photon, it will generate electron-hole pairs in the bulk. While the holes are attracted by the high negative biasing voltage to the below P+ contact, the electrons are collected in the deep n-doping internal gate. The accumulated electrons have the modulation effect on the channel's current, thus change the conductivity of the PMOS transistor's channel [START_REF] Fischer | A DEPFET based pixel vertex detector for the detector at TESLA[END_REF][START_REF] Richter | Design and technology of DEPFET pixel sensors for linear collider applications[END_REF].

The other MOSFET, the NMOS transistor beside the PMOS transistor has a deep p-doping well under its channel. The NMOS transistor is used for releasing the attached electrons, called "Clear", by applying a positive voltage pulse on the N+ contact of the NMOSFET [START_REF] Richter | Design and technology of DEPFET pixel sensors for linear collider applications[END_REF].

After the removal of the electrons, the conductivity will get back to normal. Indeed, as the number of the electron-hole pairs generated by the incident photon is proportional to the photon's energy, and because the change of the channel's conductivity is proportional to the number of the collected electrons, the incident photon's energy can be expressed as the difference of two measurements of the conductivity of the PMOS transistor's channel: the first measurement after the incident and before the "clear" and the second measurement after the "clear" [START_REF] Rau | The Hot and Energetic Universe: The Wide Field Imager (WFI) for Athena+[END_REF].

This characteristic means that the signal need not be read out immediately, as the electrons can be stored in the "internal gate" until the "clear"(readout). So the readout of a matrix of DEPFET uses a "rolling shutter mode" [START_REF] Meidinger | The wide field imager instrument for athena[END_REF][START_REF] Meidinger | Development of the wide field imager for Athena[END_REF], similar to TDM (Time-Division Multiplexing), as the matrix of detectors is read out row by row: each time only one row is switched on to be read out, and the others are off. Two types of ASIC have been developed for the readout for both large detector array and high count rate capable sensor. One named "VERITAS-2" is for reading out the signals, and the other named "switcher" is for changing the DEPFETs between off and on mode, by applying the pulse voltage on the "clear" N+ contact, so that different rows could be read out one by one. Beside each quadrant of the large detector array (512 × 512 pixels), there will be 8 ASICs "Switcher" for rolling the rows and another 8 ASICs "VERITAS-2" for reading out the signals. The readout time depends on the readout speed with the ASIC "VERITAS-2": the goal is 2.5 μs per row, then around 1.3 ms (2.5 μs × 512) needed for one-quarter of the whole matrix [START_REF] Meidinger | Development of the wide field imager for Athena[END_REF]. In terms of the high count rate capable sensor, two "Switcher" ASICs and two "VERITAS-2" ASICs are beside [START_REF] Meidinger | Development of the wide field imager for Athena[END_REF].

Coincidently, both front-end ASICs are based on a similar semiconductor technology as the WFEE of the X-IFU instrument, with the same minimum dimension and from the same manufacturer: the "VERITAS-2" uses AMS 0. 

X-ray Integral Field Unit (X-IFU)

The X-IFU instrument is the other of the two scientific payloads of the ATHENA observatory. Because this thesis is directly in the context of the X-IFU instrument, it will be following discussed as an independent chapter.

Chapter 3

X-ray Integral Field Unit (X-IFU) The X-IFU instrument is an X-ray spectrometer. Figure 3.1 illustrates its simplified electronic readout chain. It uses an array of 31681 Transition Edge Sensors (TES) as detectors [START_REF] Durkin | Demonstration of athena X-IFU compatible 40-row time-division-multiplexed readout[END_REF]. The electronic signals will be multiplexed by LC filters in 96 FDM (Frequency-Division Multiplexing) channels with a factor of 33 in the frequency band 1-5 MHz. Each multiplexed channel is read out by a SQUID (Superconducting QUantum Interference Device) low noise current amplifier, compatible with TES voltage bias. The output of this first readout SQUID is voltage whose amplitude is too low comparing to the input noise of a room-temperature amplifier [START_REF] Irwin | Transition-edge sensors[END_REF]. So instead of being read out directly by a room-temperature amplifier, the signal will be amplified by a series of SQUID as the second stage of readout, working at 4 K. All these cryogenic components will be contained in a stage called FPA (Focal Plane Assembly).

Following the FPA, the WFEE (Warm Frond-End Electronics) stage is the first stage working at room temperature. All 96 channels pass this stage, and each channel will be read out by a Low-Noise Amplifier (LNA) for amplifying the voltage signals enough to be digitised. The output of the LNA is connected to the last stage DRE (Digital Readout Electronics), which will demodulate and digitise the amplified signal for processing. Also, two lines come back from the DRE to the FPA: one of the two is the "BaseBand FeedBack (BBFB)" [START_REF] Hartog | Frequency domain multiplexed readout of TES detector arrays with baseband feedback[END_REF][START_REF] Hartog | Baseband Feedback for Frequency-Domain-Multiplexed Readout of TES X-ray Detectors[END_REF] connected at the input of the first SQUID stage with a dedicated coil. This negative feedback needs to be well phased with the TES signals and is used to minimise the amplitude of the signal at the input of the SQUID, which improves linearity. The other line is the AC biasing
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Feedback FDM SQUID readout room temperature cryogenic temperature of the TES. Indeed, the 33 carriers for the FDM are generated by DRE, passing through this AC biasing line and connected with each TES. The LC filter with different values for each TES will select one of the carriers for the multiplexing [START_REF] Ravera | The DRE: the digital readout electronics for ATHENA X-IFU[END_REF].
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As listed in Table 3.1, the X-IFU needs to reach some key performance requirements in order to fulfil ATHENA's scientific mission [START_REF] Barret | The ATHENA x-ray integral field unit (X-IFU)[END_REF][START_REF] Barret | The hot and energetic universe: The x-ray integral field unit (x-ifu) for athena+[END_REF].

Transition Edge Sensors (TES)

One of the most critical requirements for the X-IFU instrument is the spectral resolution of 2.5 eV for photon's energy smaller than 7 keV. The resolution firstly depends on TES detector performances, as shown in the following equation:

ΔE ≈ 2.35 1 √ α k B T 2 C, α = T R × dR dT (3.1)
where α the sensitivity of superconducting thermistor, T the critical temperature, R the resistance in the transition, C the heat capacitance of the absorber, and k B the Boltzmann constant. According to equation 3.1, it is clear that a better resolution, namely a smaller ΔE, needs a smaller C and T, meaning a TES with smaller size and working at lower temperature [START_REF] Irwin | Transition-edge sensors[END_REF][START_REF] Barret | The hot and energetic universe: The x-ray integral field unit (x-ifu) for athena+[END_REF].

The TES is a voltage-biased micro-calorimeter working at about 100 mK (critical temperature T c = 90 mK and bath temperature = 50 mK for the X-IFU instrument [START_REF] Barret | The ATHENA x-ray integral field unit (X-IFU)[END_REF]), where it sits in the transition edge between superconducting state (0 Ω) and normal state (≈ 100 mΩ)(on the left of Figure 3.2). When there is no incident radiation, the resistance of TES keeps constant, and so the output current. TES is thermally connected with Au/Bi absorber of X-ray photon [START_REF] Barret | The ATHENA x-ray integral field unit (X-IFU)[END_REF][START_REF] Gottardi | Development of TES-based detectors array for the X-ray Integral Field Unit (X-IFU) on the future x-ray observatory ATHENA[END_REF] via a strong thermal link at one side, and with 50 mK bath via a weak thermal link at the other side (middle schematic in Figure 3.2). So when there is an X-ray photon incident, both absorber and TES will be heated up, and the resistance of TES increases dramatically. After the event, TES will be slowly cooled down by the 50 mK bath to its original biased position, and its resistance decreases along with the cooling down (on the right of Figure 3.2). The change of the resistance leads to a change of the output current, showing a fast decrease and a slow rise, as the shape of the detected electronic signals [START_REF] Irwin | Transition-edge sensors[END_REF].

The detectors define the threshold of spectral resolution. Additionally, the electronic noise within the readout chain, the electrical and thermal cross-talks between pixels will all degrade the resolution. The WFEE has an allocation of 0.4 eV, which corresponds to a 1 nV/ √ Hz noise. The gain drift also impacts the final spectral resolution [START_REF] Trong | X-IFU technical challenge[END_REF]. This aspect will be discussed later. (middle)TES's simplified schematic; (right) A typical variation of TES's temperature or resistance when there is an incident absorbed photon heating both the absorber and the TES.

Frequency-Division Multiplexing (FDM)

Indeed, FDM is not the only feasible multiplexing method for the TES readout, Time-Division Multiplexing (TDM) and Code-Division Multiplexing (CDM) are also candidates. Especially, TDM is more mature and largely used by NASA Goddard for ground-based experiments. The choice of FDM for the X-IFU instrument readout is quite sophisticated. Generally speaking, FDM exploits better the available bandwidth and has a smaller thermal load on the cooling chain [START_REF] Gottardi | Development of the superconducting detectors and read-out for the X-IFU instrument on board of the X-ray observatory Athena[END_REF]. More importantly, with the same gain, FDM has a better noise performance than TDM because the latter suffers from the noise penalty due to aliasing [START_REF] Irwin | SQUID multiplexers for transition-edge sensors[END_REF][START_REF] Kiviranta | SQUID multiplexers for transition-edge sensors[END_REF]. However, in a TDM system, the SQUIDs consume less because it can have a low dynamic range. Moreover, the SQUID of the first stage can have a larger inductance at its input without causing crosstalk between pixels (Technical note VTT/ESA-CTP/TN2.4-v2, Optimization of a European Transition Edge Sensor array). In fact, using FDM system as the TES readout has been largely studied during the IXO (International X-ray Observatory) programme proposal. As the ATHENA mission is its successor, FDM has been taken as the baseline, developed by SRON2 . On the other hand, TDM is still the backup plan, provided by NASA.

The 40 carriers with 100 kHz between each will generate many spurious signals within the frequency band as noises. Along with the large amplitude of the signals/carriers, it requires high linearity of the readout chain, including the WFEE. The Spurious-Free Dynamic Range (SFDR) needs to be larger than 80 dBc. For the WFEE, until now, 1% amplitude distortion is used as a criterion for the development.

Superconducting QUantum Interference Device (SQUID)

A SQUID is an ultra-sensitive magnetometer that could measure magnetic fields as low as 5 × 10 -18 T. The SQUID used for the readout of TES current and the current amplification could be seen as a flux-voltage transducer [START_REF] Clarke | The SQUID handbook[END_REF]. It is a DC SQUID, formed as a loop, with one Josephson junction [START_REF] Josephson | Possible new effects in superconductive tunnelling[END_REF] on each superconducting arm. The junction has a structure of Superconductor-Weak link-Superconductor, where the weak link is an insulator or a nonsuperconducting metal placed between the two sides of superconductor. At low temperature, the electrons bound together as copper pairs can cross the barrier according to the tunnel effect, with a phase change [START_REF] Clarke | The SQUID handbook[END_REF][START_REF] Prêle | SQUIDS et Méthodes de Multiplexage[END_REF]. The phase difference between the two sides depends on the current passing through the junction, with the following equation:

I = I 0 sin ϕ (3.2)
where I the current passing through, and I 0 the critical current of the junction, which is the maximum super-current that the junction can sustain, depending on the barrier's properties [START_REF] Josephson | Supercurrents through barriers[END_REF][START_REF] Weinstock | SQUID sensors: fundamentals, fabrication and applications[END_REF]. In other words, when the current passing through is smaller than I 0 , the junction keeps its "superconducting mode", and there is no voltage across the junction. When the current is larger than I 0 , the junction turns to be resistive, and there is a voltage U across the junction, whose value relating to the evolution of the phase difference as a function of time

∂ ϕ ∂t : h 2π ∂ ϕ ∂t = 2eU (3.3)
where h the Planck constant, 2e the absolute elementary charge of a cooper pair. With eq.3.2 and 3.3, the I-V characteristic of Josephson junction can be deduced as [START_REF] Prêle | SQUIDS et Méthodes de Multiplexage[END_REF]:

I = I 0 sin2π 2eU h t = I 0 sin2π U Φ 0 t (3.4)
where Φ 0 = h 2e is the magnetic flux quantum [START_REF] Clarke | The SQUID handbook[END_REF].

For a DC SQUID, biased by a current larger than 2I 0 (where I 0 is the critical current of the junction of each side) at low temperature, when there is a varying external magnetic field get through the loop, an induced current will appear. According to the flux quantisation effect of superconductors, the induced magnetic field will balance or complement the magnetic field across the loop to an integral multiple of Φ 0 . So when the external magnetic field increases from nΦ 0 until (n + 1 For the first stage SQUID, the TES current will pass through an inductor ≈ 3 nH placed beside the SQUID, so that the SQUID will detect the magnetic field change from the inductor due to the current change, and the output voltage of the SQUID is a function of the TES current.

Including the inductor, the SQUID then can be seen as a trans-impedance amplifier [START_REF] Prêle | SQUIDS et Méthodes de Multiplexage[END_REF].

The second stage SQUIDs share the same idea: the voltage from the first SQUID will be transformed into current by using a resistor of a few ohms. Beside each SQUID in series of the second stage, there will be an inductor. The current from the SQUID of the first stage will be transformed into an induced magnetic field of the inductors, which is detected by the SQUIDs of the second stage and output as amplified voltage. If considering the TES current as the input signal and the voltage from the second stage SQUIDs as the output, the two stages SQUIDs will provide a trans-impedance gain of about 3 kV/A. It allows amplifying the TES current of several μA to about 12 mV maximum sending to the LNA in the next stage WFEE.

Both SQUID stages, as explained above, needed to be current-biased for having a sinusoidal output voltage. The biasing currents are provided by the following warm front-end stage WFEE. The biasing current for the first stage needs a level of about 50 μA and for the second stage 150 μA. In order to have an optimal biasing point to maximise the output voltage amplitude (maximum slope on the curve V(I), as shown in figure 3.4 at left), the WFEE also needs to provide two offset currents respectively for the two stages, in the order of several μA, for a finer adjustment. The bias current needs to have a drift lower than 300 ppm/K3 . The development of the current source within the WFEE will be discussed in the following chapters.

Calibration and Gain Drift

In fact, eq.3.1 is only the theoretical analysis. In order to realise the required energy resolution, careful calibrations of the pixels before and during the operation are critically necessary. Before the launch, ground calibration will be performed on each pixel for different TES set points for the gain function [START_REF] Cucchetti | Energy scale calibration and drift correction of the X-IFU[END_REF]. The calibration is a non-linear gain drift correction. The idea is to measure the gain of one or several fiducial X-ray lines during a certain time with temperature drift then do a quadratic fit. The fit curve is the temperature drift versus the drift of the energy of the X-ray lines with time. The fit curve is then to be used by the interpolation method to construct the non-linear correction for the real measurements. The calibration permits to reduce the gain error by a factor at the order of 100 comparing without correction [START_REF] Cucchetti | Energy scale calibration and drift correction of the X-IFU[END_REF][START_REF] Porter | Temporal gain correction for x-ray calorimeter spectrometers[END_REF].

Despite the accurate calibration before launch, the in-flight calibration during operation is still necessary. The extremely high sensitivity of TES requires a highly stable environment. Even a slight change of the operating parameters (e.g. several μK RMS of the temperature drift in Dewar [START_REF] Porter | Temporal gain correction for x-ray calorimeter spectrometers[END_REF]) could lead to the degradation of the energy resolution in short terms and severe systematic errors in the measured X-ray energy scale over long terms then causing wrong scientific analysis.

The onboard calibration will use several Modulated X-ray Source (MXS) as principle monitor and a 55 Fe radioactive source as backup plan [START_REF] Barret | The ATHENA x-ray integral field unit (X-IFU)[END_REF]. The MXS was first developed for the Hitomi X-ray telescope, and the source on the X-IFU is developed based on that one [START_REF] De Vries | Simulating modulated x-ray calibration sources for future x-ray missions using GEANT4[END_REF]. The advantage of this type is that it only emits X-ray pulse with short duration of the order of 1 ms on the detectors for the calibration purpose. During the operating cycle, it is turned off so leaving no background disturbance on the detectors [START_REF] De Vries | Filters and calibration sources for the Soft X-ray Spectrometer (SXS) instrument on ASTRO-H[END_REF]. An MXS mainly comprises a photocathode and a target as the anode, as shown in figure 3.5. When LEDs are activated, the electrons generated by the photocathode will be accelerated by a very high voltage from 500 V up to 11.3 kV, depending on the requirement [START_REF] De Vries | Calibration sources and filters of the soft x-ray spectrometer instrument on the Hitomi spacecraft[END_REF]. The anode hit by the electrons will generate several lines as the reference for the calibration. The MXS onboard of X-IFU uses a layer of 50 nm Cr on top of another 250 nm Cu layer, to generate Cr-K and Cu-K lines at 5.41 keV and 8.04 keV [START_REF] Barret | The ATHENA x-ray integral field unit (X-IFU)[END_REF][START_REF] De Vries | Simulating modulated x-ray calibration sources for future x-ray missions using GEANT4[END_REF].

Figure 3.5: Functioning principle of MXS [START_REF] De Vries | Calibration sources and filters of the soft x-ray spectrometer instrument on the Hitomi spacecraft[END_REF] As the X-IFU instrument works within a large energy band between 0.2-12 keV, it is preferable to have reference lines not only at higher energy but also at lower energy. Indeed, different calibration purposes could be achieved: higher energy lines over 4 keV are used to calibrate the detector gains, and lower energy lines are to monitor possible contamination of the detectors [START_REF] De Vries | Filters and calibration sources for the Soft X-ray Spectrometer (SXS) instrument on ASTRO-H[END_REF]. One choice for generating lower energy lines is to use a 500 nm silicon layer as the anode, which will generate a 1.73 keV line [START_REF] Barret | The ATHENA x-ray integral field unit (X-IFU)[END_REF][START_REF] De Vries | Simulating modulated x-ray calibration sources for future x-ray missions using GEANT4[END_REF]. Another solution is to add another Al-Mg fluorescent target mounted with a 45°angle outside the MXS, beside the Be window (Figure 3.5). The X-ray photons emitted by the anode will hit the fluorescent target and indirectly generated secondary Al-K and Mg-K lines at even lower energy 1.49 keV and 1.25 keV, respectively [START_REF] De Vries | Calibration sources for the soft x-ray spectrometer instrument on ASTRO-H[END_REF]. Comparing to the direct source without an external fluorescent target, the one with such target is an indirect source, and both of them have been integrated into the Hitomi telescope. The MXS will be placed above and on the side of the detectors [START_REF] De Vries | Calibration sources and filters of the soft x-ray spectrometer instrument on the Hitomi spacecraft[END_REF].

The calibration is considered to be performed about every 10 minutes as a typical time scale of gain variation of TES [START_REF] De Vries | Calibration sources and filters of the soft x-ray spectrometer instrument on the Hitomi spacecraft[END_REF]. Hence, the stability of the readout chain, including the stability of the WFEE is only critical during the operation between two calibrations, in the order of 1000 s.

The baseline of the X-IFU asks the allocation of the WFEE's gain drift to not be higher than 17 ppm/K within the whole readout chain, assuming that there are no temperature fluctuations more significant than 1 K during 1000 s. However, because the WFEE is within the baseband feedback (BBFB)4 loop (Figure 3.6), it can release its own drift with a factor equal to the (loop gain +1), according to the following calculation, where G LNA the gain of the LNA of the WFEE, G S&D the total gain of the SQUIDs and the DRE stage, G FB the gain of the feedback, G sys the system gain.

SQUID WFEE LNA DRE FEEDBACK - Demodulator Modulator V in V in V out Figure 3.6: Simplified schematic of baseband feedback V in -G LNA G S&D G FB V in = V in G LNA G S&D V in = V out (3.5)
Combining the two expressions of eq.3.5, the gain of the system can be deduced:

G sys = V out V in = G LNA G S&D 1 + G LNA G S&D G FB (3.6)
Here, only the influence from the drift of the WFEE's LNA on to the system is considered, so the partial derivative of the gain of LNA is calculated as:

∂G sys ∂G LNA = G S&D (1 + G LNA G S&D G FB ) 2 (3.7)
And the following equation shows the system drift with respect to the system gain, combining eq.3.6 and eq.3.7:

∂Gsys ∂G LNA G sys = 1 G LNA (1 + G LNA G S&D G FB ) (3.8)
Then finally the drift of the system due to the drift of the LNA can be expressed as:

∂G sys G sys = ∂G LNA G LNA 1 1 + G LNA G S&D G FB (3.9)
It means that the drift of the LNA of the WFEE can be released with a factor equal to 1 + G LNA G S&D G FB , where G LNA G S&D G FB is indeed the loop gain of the BBFB. At present, the loop gain is considered larger than 20 V/V, which means the drift of the LNA can be released to about 350 ppm/K.

Mechanical Assembly

Mechanically, the X-IFU looks like a big barrel with some boxes attached on to it. The barrel is a Dewar with multiple thermal shieldings inside for improving the thermal insulation, as shown in Figure 3.7. The temperature in each layer, from outside to inside, in turn, is kept under 300 K, 100 K, 30 K, 4 K and 2 K, where the last 2 K structure contains the SQUID arrays (2 nd stage SQUID). Inside this 2 K shielding, there is another sub-K cooler for creating the 50 mK environment for TES and SQUID multiplexers (1 st stage SQUID). The subsystems working at room temperature, for example, WFEE and RTU (Remote Terminal Unit), are attached outside the Dewar. As shown in Figure 3.8, three WFEE boxes (in grey) are mounted around the Dewar. The electrical connections across the huge temperature span between the cryogenic stages and the warm stages are realised thanks to a cryo-harness. The external shell of the cryo-harness uses tombac as Electromagnetic interference (EMI) shielding. The payload of the X-IFU is about 773 kg as mass, 2 kW as consumption, and 2.5 m × 1.2 m × 2 m as dimension [START_REF] Trong | X-IFU technical challenge[END_REF].

Laboratories from more than ten countries participate in the development of the X-IFU instrument, and each has its own responsibilities. The development of the WFEE subsystem is at APC laboratory, to which my thesis work devoted during these three years. Hence, the following section will concentrate on presenting this subsystem. 

Warm Frond-End Electronics (WFEE)

In the middle of the readout chain, all the 96 FDM channels will pass through the WFEE subsystem, and be evenly distributed in six independent WFEE subsystems, packaged in three WFEE boxes. The WFEE subsystem is a mixed system, integrating both analogue and digital electronics. Figure 3.9 represents one of the 96 channels within the WFEE. Concerning the analogue electronics, each WFEE channel includes one Low-Noise Amplifier (LNA) for amplifying the scientific voltage signals, four configurable current sources for biasing the SQUIDs in the previous stages, and two buffers for the impedance matching purpose on the base-band feedback line and TES biasing line. A thermometer for housekeeping purpose and a voltage divider for biasing the TES are also included but not represented. Regarding the digital electronics, there are serial decoders RS485/I 2 C5 inside each channel for configuring the current sources.
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Bias • The first ASIC (2016-2017), named "AwaXe_v1" (Athena Warm Asic for X-ifu Electronics, Version 1), including three LNA, two current sources/DAC, two decoder I 2 C, four 8-bit registers and five single transistors, aimed to test the basic functions of the components and to validate the use of the technology for the WFEE. The ASIC has also been irradiated in order to verify its radiation-hardened ability against TID and SEL effects [START_REF] Chen | Development of the WFEE subsystem for the X-IFU instrument of the ATHENA space observatory[END_REF].
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• The second ASIC (2017-2018), "AwaXe_v2", is an upgrade version designed as a demonstration for the performance and technology. The main studied components of this version is a fully functional differential LNA that I developed specifically for the readout chain of the X-IFU. It has been thoroughly tested and proved that its performance fulfils the requirements of the X-IFU. Especially, the linearity performance has been significantly improved. Another electronics newly included in this ASIC is an original current reference that I designed for the LNA biasing. Proved by the measurements, its output current, around 1 mA, is ultra stable, independent to the variation of temperature. Its characteristics make it also quite suitable for the SQUID biasing with a reduction of one order of magnitude. The other components include series bus RS485/I 2 C for slow control using a radiation-hardened digital library that I developed during my first year at APC, and a differential thermometer for housekeeping and telemetry with high common-mode noise rejection.

• The third ASIC (2018-2019), "AwaXe_v2.5", is a complete version based on the second ASIC, integrating all the electronics of a WFEE channel. In fact, following the evolution of the readout chain of the X-IFU, some requirements concerning the WFEE have been updated. For example, a new component, a buffer, has also been developed and integrated into the WFEE. Destined for the impedance matching between the DRE and cryogenic components, it will lie on the base-band feedback line and TES bias line. The buffer newly added in the last ASIC is also a full-differential circuit that I developed based on the design of the LNA, with variable gain 2 V/V, 4 V/V or 8 V/V. Another partially new circuit in this ASIC is a complete SQUID biasing system, including a series communication subsystem with an interface RS485/I 2 C and 8 I 2 C decoders, a current reference based on the topology of the LNA biasing in AwaXe_v2, but with ≈ 100 μA output, and eight adjustable current sources/DAC configured by the decoders. Although several components of the SQUID biasing, such as the series bus RS485/I 2 C, have been separately characterised, some others, such as the current mirrors of the DAC are relatively newly developed. Moreover, it is also the first time that these components were tested together as a whole system. Besides these two new circuits, the ASIC also integrates an LNA, with a further optimisation on its noise and gain drift performances, and a thermometer the same as in "AwaXe_v2". This ASIC is developed for a full characterisation of the WFEE, and as well for a breadboard version to interface with the FPA, the DRE and the RTU, and to test with them together.

The final ASIC will be mounted on a PCB surrounded by filters and EMI protections. Micro-D connectors will be used for connecting with the other subsystems. Because the 3 WFEE boxes will contain 12 ASIC in total, meaning 4 ASIC inside one box, each ASIC will have 8 FDM channels. The WFEE also needs to fulfil certain requirements for realising the X-IFU's unprecedented high energy resolution. The main specifications of the WFEE are listed in Table 10.2 [START_REF] Hartog | Requirements for the detectors and read-out of ATHENA X-IFU[END_REF]. The design and the measurements of the three ASICs that belong to my work will be presented in the following parts: Part III will present the design of a radiation-hardened digital library for the series communication and its radiation tests. Part IV will first present the three ASICs, especially the design of the two new ASICs, "AwaXe_v2" and "AwaXe_v2.5" and their testing PCB. Then, the design and the characteristics (measurements) of the LNA, the buffer, the current reference and the current sources/DAC will also be discussed in this part.

Part II

SiGe HBT BiCMOS Technology

This part describes the microelectronic contexts. The 350 nm SiGe HBT BiCMOS technology of AMS will be first presented. Because Heterojunction Bipolar Transistors (HBT) and MOS transistors of this technology are primarily used in my design, the following sections introduce their characteristics, particularly the noise characteristics that relate to device performance and radiation effects. Let us begin this part with a fairy tale:

A long time ago, there was a famous wizard "M". At the time when his magic was powerful, there was a monster named "MOSFET". The monster was so big that nobody liked it. So, one day the wizard pointed his wand to the big monster and said "Thou shalt shrink forever!" Then, MOSFET becomes smaller and smaller with a "half time" of 18 months and never stopped. Folks were filled with so much joy that they even gave a name to the shrink to honour M's legend: "M's law". Years passed. M was getting old, and his power began to fade. After so many years' shrinking, MOSFET has already become an invisibly tiny "monster" for a long time. It seemed that it could finally get some rest. However, people had got used so much to its shrink that they did not want to let it stop. So, one day, the only wizards left in the world who still knew the spell had made a decision: Let us make M's law great again! A fairy tale is just a fairy tale. Now let us hear another story:

In 1965, the co-founder of Intel Corporation, Dr Gordon Earle Moore published a paper [START_REF] Moore | Cramming more components onto integrated circuits[END_REF] on a discontinued magazine called "Electronics". In it, based on statistics of several previous years, he predicted that "the complexity for minimum component costs" will become twice per year for at least ten years. After several revisions, the prediction became a doubling every 18 months in the number of components per integrated circuit with the same area. This is the famous "Moore's law". Intentionally or unintentionally, the advancement of the semiconductor process did follow this prediction in general, along with integrated circuits being widely used in commercial electronic products, making the law more and more popular. Following a roadmap redacted by ITRS (International Technology Roadmap for Semiconductors), a new generation of process will be named "X μm node", where "X μm" is the smallest dimension available of the technology, such as a MOSFET's channel length or the half-pitch of the lowest metal layer "M1", and the meaning of "node" is close to "generation". So, for example, a 0.35 μm node technology means that the smallest MOSFET that it can provide has a channel length of 0.35 μm1 . However, this was not true anymore since the 22 nm node and forth. Because the radius of a silicon atom is 0.11 nm, 1 nm is just the width of four silicon atoms side by side 2 . A physical limitation is there for the silicon-based devices. With a channel length of several nanometers, it is hard to limit the leakage current because of quantum tunnelling effect in the oxide. The consequence is that a transistor cannot be really turned off, and much power is wasted due to grid leakage current. Hence, to keep Moore's law alive, some other solutions like FinFET, 3D have been applied to increase the density of transistors in a chip. The X nm node name is still being kept, but it does not represent the real channel length anymore. For example, a 7 nm node FinFET generally has tens of channel length [START_REF] Xie | A 7nm FinFET technology featuring EUV patterning and dual strained high mobility channels[END_REF]. Obviously, the same "name game" cannot continue forever, otherwise that it will sound absurd one day.

So, why the industry always tries to make components smaller, appearing so fascinated by Moore's law? Besides the obvious benefit of technology progress, another reason is economical. The Moore's law is actually "really about economics", commented by Dr Moore himself [START_REF] Brock | Understanding Moore's law: four decades of innovation[END_REF]. His empirical prediction was for the minimum cost per component, simply applying the marginal effect from economics [START_REF] Moore | Cramming more components onto integrated circuits[END_REF]. The drive is profit. First of all, reducing transistors' size means that one can produce more chips on a wafer of the same size, comparing to the chips with the same number of transistors with a larger size. Otherwise, it means that one can integrate more transistors into a chip of the same size so the companies can sell more chips with higher prices. Besides, smaller transistors also have a better performance in some aspects, for example, less power consumption, because a smaller transistor needs a lower current to drive a smaller grid reducing dynamic power consumption. Also, smaller technologies are accompanied by a smaller voltage threshold, allowing a reduction of the voltage supply. It contributes to lower static power consumption. Moreover, smaller transistors have smaller parasitic capacitances, which makes it faster, so that the clock frequency, namely the computing speed, can be raised. With less power consumption and higher computing speed, a chip can have a higher selling price for sure. It creates the desire for always increasing computing capacity of new electronic equipment.

7 nm, 10 nm or 14 nm nodes are all very exciting. However, an average consumer might not realise that such nanotechnologies are actually only for digital integrated circuits -the bias voltage is too low for analogue integrated circuits. Imagine with a typical 0.6 V power supply of 7 nm FinFET [START_REF] Sicard | Introducing 7-nm FinFET technology in Microwind[END_REF], one can never get 1 V output, required for the WFEE. Besides, such small dimensions also make it hard to realise a good matching between devices. Not to mention the second effects, such as the leakage currents.

Then, what to do for an analogue circuit designer? Luckily, there are only three avant-garde players who still play on the 7 nm table: Intel, Samsung and TSMC. Some other foundries still provide older technologies suitable for analogue design. Unlike commercial productions, a research project such as the WFEE needs only to product several tens of chips for each run, so we have to deliver our ASIC via a multi-project wafer service company to share the cost.

It leaves us even fewer choices.

The semiconductor technology used for the development of the WFEE is an old technology, the 350 nm SiGe HBT BiCMOS technology of AMS foundry. 350 nm node was introduced into commerce in 1993. Between 350 nm node and 7 nm node, there are 250 nm, 180 nm, 130 nm, 90 nm, 65 nm, 45 nm, 32 nm, 22 nm, 14 nm and 10 nm in total 10 nodes. One might marvel at the fact that 350 nm technology has such a long lifetime, but indeed, even 800 nm node is still alive, proposed by AMS for example. The existence of such technologies nowadays just proves that profit-competition-driven digital technologies maybe move too fast that makes analogue circuits hard to catch. However, unless human begins to leave analogue world and lives in "Matrix", there are always needs of analogue circuits. So how to resolve the conflicts between the requirements of analogue and digital integrated circuits? Maybe larger technologies will step down from the stage more slowly than before?

Planar Technology

The 350 nm SiGe HBT BiCMOS technology of AMS is a planar technology. Indeed, the technologies before 22 nm node are basically all planar technology, and it is still one of the major technologies nowadays. Circuits using this technology are composed of stacked layers. Lower layers are applied on the chip earlier than higher layers. As shown in Figure 4.1, the lowest layer "p-substrate" is actually the wafer lightly doped with p-type impurity with a level of about 2 × 10 21 impurities/m 3 [START_REF] Rabaey | Digital integrated circuits: A Design Perspective[END_REF]. Then, the upper layers are applied, one after another. In general, for applying each layer and for creating each type of zones, one whole photolithographic cycle is needed, including steps operating in a strictly controlled environment. Among these steps, oxidation layering, photoresist coating, glass masks and acid etching are important steps used to shape one layer. Ion implantation or metal deposition then can be applied on the relative zone [START_REF] Rabaey | Digital integrated circuits: A Design Perspective[END_REF]. The process of AMS used "S35D4M5" has 31 masks [100], namely tens of layers and hundreds of steps. Because long pages will be needed to present the details of the process, it will deviate from the main subject. For more details on the photolithographic cycle, readers could refer to [START_REF] Rabaey | Digital integrated circuits: A Design Perspective[END_REF][START_REF] May | Fundamentals of Semiconductor Fabrication[END_REF]. . Different from discrete NMOS transistors directly implanted in p-substrate, the NMOS transistors of this technology is in a p-well, which must be more heavily doped than the substrate, resulting in smaller access and parasitic resistances. The NPN bipolar transistors use an alloy SiGe as the base, instead of Si, which is the principal advantage of the technology. It will be presented in the later section.

One may wonder why there are no PNP transistors? Indeed, it does provide PNP bipolar transistors, but not heterojunction bipolar transistor as NPN HBT. As shown in Figure 4.2, the lateral PNP BJT "LAT2" uses p+ source and drain of PMOSFET as its emitter and collector, and n-well as the base. It can provide a typical current gain β = 140 but only at small current density level (0.25 μA/μm 2 . At higher current density level, the current gain decreases very fast, with a typical value 30 at 2.5 μA/μm 2 [100]. For the WFEE case, the HBT in a differential pair generally needs a current density in the order of 10 μA/μm 2 , consequently obtaining a very small β. Besides, the Gummel plot of the lateral PNP BJT "LAT2" only traces the I C up to 0.1 mA [100], suggesting that it can only work at low bias current level. Moreover, two parasitic vertical PNP BJT "VERT10" are also formed with p+ source or drain as the emitter, n-well as the base and p-substrate as the collector, as shown in Figure 4.2 [START_REF] Senapati | Characterization and Modeling of Lateral PNP Bipolar Transistor in CMOS Process[END_REF][START_REF] Macsweeney | Modelling of lateral bipolar devices in a CMOS process[END_REF]. Such structure imposes the collector directly connected to the ground. Besides, the maximum current gain of "VERT10" is only about 5. This parasitic structure makes the PNP BJT more complex to be characterised and also makes its performance less satisfied. Indeed, during the thesis, I tried to realise a push-pull output buffer with such PNP BJT integrated, where the ground connecting issue also made the layout difficult to be realised. Furthermore, lateral BJT is generally less robust against TID effect, because of the lateral current flow can be influenced more easily by the charge trapped in the oxide [START_REF] Oldham | Basic mechanisms of TID and DDD response in MOS and bipolar microelectronics[END_REF][START_REF] Schmidt | Comparison of ionizing-radiation-induced gain degradation in lateral, substrate, and vertical PNP BJTs[END_REF].

It is also less robust against DD effect because its base (n-well) is less doped than a SiGe base [START_REF] Cressler | Silicon-germanium as an enabling technology for extreme environment electronics[END_REF] 3 . Based on these concerns, the PNP BJT is not used in the ASIC design.

In order to form circuits, components need to be connected. Planar technologies use some metal layers to connect components at different locations. The 350 nm SiGe HBT BiCMOS technology of AMS has four metal layers, from bottom to top "Metal1", "Metal2", "Metal3" and "Metal4" (or Thick Metal"). For example, in Figure 4.1, the drain (D) of the NMOS transistor on the left is connected to somewhere else. So, a vertical tunnel (the grey column vertically connected to the drain) is etched through the oxide (ILD) then filled with metal to form an ohmic contact between semiconductor and metal (named "Cont" as "contact" in the figure). It connects the drain to the layer "Metal1". Often, one metal layer is not enough at all to realise the complicated connections of an integrated circuit, so higher metal layers are needed 4 . Taking the connection between "Metal1" and "Metal2" as an example, a vertical tunnel (the grey column vertically connected the "Metal1" and the "Metal2" in Figure 4.1) is etched through the oxide (IMD1) then filled with metal to form a "Via 1", then the "Metal1" and the "Metal2" are connected. Similarly, "Via 2" and "Via 3" are used respectively to connect "Metal2" and "Metal3" and to connect "Metal3" and "Thick Metal". The vias, especially the contacts, are quite resistive. Table 4.1 lists the dimensions and resistance of a single contact or via that used in the ASIC of the WFEE. Surprisingly, a single contact has several tens of ohm. And even a single via's 1.2 Ω is not negligible. Hence, for analogue circuits, parallel vias should be used as many as possible for leads with a certain width to reduce the parasitic resistance. Moreover, the connection with a single via/contact is considered to be not reliable in space applications. So, even in digital integrated circuits where parasitic resistance is not important, two vias should be used as a double assurance for one connection. The method helps increase manufacturing yield, and it is a type of standard redundancy used in many designs for space applications [START_REF] Lin | Double-via-driven standard cell library design[END_REF][START_REF] Veendrick | Nanometer CMOS ICs[END_REF].

The top metal is named "Thick Metal" because it is much thicker than the other three metal layers at lower levels, thus much less resistive. Table 4.2 compares the thickness and sheet resistance of the four metal layers. It shows that if "Metal4" is used as the top metal, "Metal3" is the same resistive as "Metal1" and "Metal2", and the sheet resistance of "Metal4" is only The SPICE models provided by AMS for simulations have shown an excellent coherence between simulation results and real performance. For HBT, VBIC model [START_REF]VBIC Description and Derivation Details[END_REF][START_REF] Corporation | Star-Hspice Manual[END_REF] is used; For MOSFET, BSIM3v3 model [START_REF] Cheng | MOSFET modeling & BSIM3 user's guide[END_REF] is used; For PNP BJT, Gummel-poon model [START_REF] Sischka | Gummel-Poon Bipolar Model: Model description, parameter extraction[END_REF] is used [100]. It should be noticed that the 1/f noise parameters are not available for lateral PNP BJT "LAT2", which is another reason to avoid PNP BJT [100].

The noise simulations are based on the models mentioned above. Three types of noise are taken into account: thermal noise, shot noise and flicker noise [START_REF] Corporation | Star-Hspice Manual[END_REF][START_REF] Cheng | MOSFET modeling & BSIM3 user's guide[END_REF]121]. Since the noise performance is one of the key requirements of the WFEE's LNA, the next section will first give a brief introduction of the physical sources of these noises.

Physical Sources of Noises

Thermal Noise

Thermal noise is generated by the random thermal motion of electrons in resistors [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF]. It is considered as the blackbody radiation in resistors. Since blackbody radiation is electromagnetic radiation, according to the equipartition of energy theorem, each degree of freedom or mode of vibration has an average energy of k B T, of which half from the electric field and the other half from the magnetic field [START_REF] Nyquist | Thermal agitation of electric charge in conductors[END_REF][START_REF] Oliver | Thermal and quantum noise[END_REF]. This term is an assumption based on classical physics. The Rayleigh-Jeans law for describing the blackbody radiation using this assumption works only at low frequency, but is not valid at high frequency, since the equation is a diver-gent function in the frequency domain. As shown in eq. 4.1, the law suggests that the spectral brightness of the blackbody radiation B ν is proportional to the square of the frequency ν 2 of the standing electromagnetic waves in the system, and c is the light velocity. for the average energy per mode, which becomes eq. 4.2, so that the conflict, well known as "Ultraviolet catastrophe", was solved.

E = k B T × hν k B T e hν k B T -1 (4.2)
In this context, John Bertrand Johnson and H. Nyquist deduced the thermal noise expressions by both measurements and mathematical analysis using a two-resistor system in 1928. The paper of Johnson showed the experimental method and measurement results, and gave the thermal noise spectral density expressions based on classical physics [START_REF] Johnson | Thermal agitation of electricity in conductors[END_REF]:

v 2 = 4k B TRΔf (4.3) i 2 = 4k B T 1 R Δf (4.4)
The paper of H. Nyquist further proposed a more general solution also valid for super-high frequency and/or super-low temperature situations, by using the corrected average energy per mode with Planck's quantum correction factor (eq. 4.

2) instead of the classical k B T [START_REF] Nyquist | Thermal agitation of electric charge in conductors[END_REF].

Then, with ν ≡ f, eq. 4.3 becomes eq. 4.5, and eq. 4.4 becomes eq. 4.6.

v 2 = 4R × h e hf k B T -1 Δf (4.5) i 2 = 4 × 1 R × h e hf k B T -1 Δf (4.6)
The two corrected equations, eq. 4.5 and eq. 4.6 suggest that the noise decreases to zero when hf k B T, namely at situations of super-high frequency and/or super-low temperature. In fact, for a resistor operating at room temperature 300 K, the condition of hf k B T is only valid (considering a factor of 100) when f > 600 THz = 0.6 × 10 15 Hz. In other words, thermal noise can be generally considered as "white noise", independent of frequency, under the condition of hf k B T. Considering a factor of 0.01, it is valid up to about 60 GHz [START_REF] Turner | Johnson-nyquist noise[END_REF]. And its simple forms eq. 4.3 and eq. 4.4 can be used without hesitation under such circumstance.

Since the WFEE subsystem works between 1-5 MHz, the thermal noise within can be treated as white noise and simply calculated with eq. 4.3 and eq. 4.4.

These two equations show that the spectral density of the thermal noise of a resistor is proportional to temperature. Also, the spectral density in terms of square voltage is proportional to its resistance, and the spectral density in terms of square current is inversely proportional to its resistance. Finally, because of the physical mechanism, only real resistance has thermal noise. Other equivalent impedances which are not really resistive, such as small-signal impedances h 11 and r o , transconductance g m , and the reactance of capacitors or inductances, do not generate thermal noise.

Shot Noise

Shot noise is the fluctuation that can be measured deviating from the average value. Supposing finite discrete particles uncorrelated with each other passing towards a barrier that can be randomly crossed. For just one particle, it follows Bernoulli distribution; for limited particles, the random fluctuation follows Poisson distribution [START_REF] Blanter | Shot noise in mesoscopic conductors[END_REF]; and for a large number of particles, the random fluctuation tends to Normal distribution [START_REF] Horowitz | The art of electronics[END_REF]. This type of noise exists not only in electronics but also in optics, as well as for thermal noise (blackbody radiation).

Shot noise generally relates to a DC current passing a p-n junction, which is the common barrier for electrons and holes in electronic devices [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF]. In 1918, Walter Schottky predicted the shot noise and proved it with a vacuum tube [START_REF] Beenakker | Quantum shot noise[END_REF]. Supposing the noise is a Poisson process, he deduced the spectral density of the noise equal to [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF]:

i 2 = 2qIΔf (4.7)
where q is the absolute charge value of an electron, and I is the average current passing through. Eq. 4.7 can be directly used for describing the shot noise generated by a diode with a bias current I D :

i 2 = 2qI D Δf (4.8)
The equation of shot noise suggests that it is also a white noise, independent of frequency. Similar to thermal noise, this cannot be true in the whole frequency band, otherwise that the integral noise power will become infinite. Indeed, because the Poisson process includes the events during times, if the operating frequency is comparable to the duration τ of carrier needed for crossing the depletion region of the p-n junction, the equation is not valid anymore [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF]. With a typical value τ = 10 ps [START_REF] Tyson | Shot Noise[END_REF][START_REF] Whitaker | The electronics handbook[END_REF], the operating frequency needs to be in the order of 10 GHz (considering a factor of 10 as "comparable"), which is much higher than the working frequency of the WFEE. Consequently, shot noise is considered "white" for the electronics in the WFEE.

More discussions of shot noise and thermal noise

Based on the above descriptions, a summary about the conditions of the two types noise is: a real resistive part can generate thermal noise even without current passing through, and shot noise appears when there is a bias current across a potential barrier. It seems that the mechanisms of the two noise are completely different. Then, what happens for a resistive component in series with barriers and under current bias? A typical example is the drain-channel-source path of MOSFET in active mode.

Some researches have shown that MOSFET working in the sub-threshold region (namely with weak voltage bias V GS < V TH ) has shot noise behaviour [START_REF] Fellrath | Shot noise behaviour of subthreshold MOS transistors[END_REF]. However, in the saturation region, the measured white noise is higher than the theoretical shot noise [START_REF] Sarpeshkar | White noise in MOS transistors and resistors[END_REF]. The noise behaviour could instead use thermal noise to explain. Then, further researches theoretically proved that the two types of noise actually originate from the same mechanism, thus correlated shot noise and thermal noise cannot be quadratically added together [START_REF] Landauer | Solid-state shot noise[END_REF]. Also, another paper shown mathematically that when a current passing through a tunnel junction biased by a voltage V at temperature T, if T = 0 and V = 0, the current noise is purely shot noise, and if T = 0 and V → 0, the current noise can be purely expressed by the thermal noise equation [START_REF] Callegaro | Unified derivation of Johnson and shot noise expressions[END_REF]. It explains the different noise behaviours of MOSFET in the sub-threshold region and the saturation region. If a MOSFET is very weakly biased, the barriers (the pinch-off zone between the drain and the source) are strong for carriers to get across, so, shot noise rules. When the MOSFET is well voltage-biased, the carriers can easily get across the p-n junctions, so, the noise tends to show the form of thermal noise. However, it should be noted that these analyses are for the correlated noise components. If a thermal noise source and a shot noise source locate at different uncorrelated positions, they should be considered separately.

Flicker Noise (1/f Noise)

Flicker noise, also known as 1/f noise, is a type of noise generally inversely proportional to the frequency. Consequently, towards low frequencies, it increases dramatically but becomes insignificant at high frequency. Concerning the physical origin of flicker noise, several different theories exist. They relate the noise to the fluctuation of either the number or the mobility of carriers, or both [START_REF] Tsividis | Operation and Modeling of the MOS Transistor[END_REF][START_REF] Li | 1/F noise in MOSFETs[END_REF].

Main stream theories of flicker noise

Carrier number fluctuation theory (ΔN theory) One of the theories connects the phenomenon with the crystal defects and contamination located at/near the oxide/silicon interface due to the fabrication process. These defects are inevitable because, at the interface where two materials meet together, there is a gap between the energy bands of the two materials. Then, carrier traps are formed in the bandgap, randomly capturing and releasing carriers, which appears as flicker noise. The 1/f characteristic is related to the time constant of the capture/release process. This theory is also called ΔN theory for short, where N represents the number of carriers [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF][START_REF] Tsividis | Operation and Modeling of the MOS Transistor[END_REF][START_REF] Razavi | Design Of Analog CMOS Integrated Circuits[END_REF].

Carrier mobility fluctuation theory (Δμ theory) Another theory explains that the noise is rather from the fluctuation of the carriers mobility due to the lattice scattering and further relating to the lattice vibration. Because the number of phonons has a random fluctuation, the electron-phonon interaction transfers the fluctuation of the number of phonon to the electron mobility, which shows the 1/f characteristic [START_REF] Jindal | Phonon fluctuation model for flicker noise in elemental semiconductors[END_REF]. Besides, the theory suggests that the bias voltage influences the mobility fluctuation as well. Since μ is generally used for carrier mobility, the theory can also be called Δμ theory for short [START_REF] Tsividis | Operation and Modeling of the MOS Transistor[END_REF][START_REF] Vandamme | 1/f noise in MOS devices, mobility or number fluctuations?[END_REF].

Unified theory Both ΔN and Δμ theories have supporting data, so, some researchers proposed a unified theory to merge the two. It suggests that the carriers mobility can be affected by the carriers capture/release process due to the traps, and the density of the traps also depends on the inversion charge density, which also relates to the bias voltage. Consequently, a link is created between the two theories [START_REF] Tsividis | Operation and Modeling of the MOS Transistor[END_REF][START_REF] Hooge | 1/f noise[END_REF].

There are also some other theories, which use other mechanisms to explain the flicker noise, but the general idea also relates to the carrier number or mobility fluctuations [START_REF] Li | 1/F noise in MOSFETs[END_REF][START_REF] Van Der Ziel | Unified presentation of 1/f noise in electron devices: fundamental 1/f noise sources[END_REF].

Main characteristics

Although most of the discussions in literature concentrate on flicker noise in MOSFET, the noise does exist in bipolar transistors and resistors too. It is easy to understand since the oxide/silicon surfaces also exist in planar bipolar transistors where the carrier traps physically appear, and the lattice scattering is inevitable for carriers. The complexity of the noise mechanism and non-fundamental causes make it impossible to have a precise universal model as thermal noise and shot noise do. In the book "Analysis and Design of Analog Integrated Circuits" of Paul R. Gray and Robert G. Meyer, a rough expression is used to characterise the spectral density of flicker noise generally [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF]:

i 2 = K I a f b Δf (4.9)
where K, a and b are all empirical parameters associated with a particular device. For example, K indeed includes the device's dimensions and bias influence factors, and also largely depends on the process. The last factor makes it differ between different technologies, between different wafers, and even between the devices on the same wafer [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF][START_REF] Razavi | Design Of Analog CMOS Integrated Circuits[END_REF].

According to the same reference, a is a constant varying between 0.5 and 2. For b, it is close to 1, which is the origin of its common name "1/f". However, it can possibly vary from 0.7 to 1.2 [START_REF] Tsividis | Operation and Modeling of the MOS Transistor[END_REF]. In fact, the spectral behaviour originated from carriers' capture and release is rather "Lorentzian", that is proportional to

τ t 1+(2πfτ t ) 2 , but not to 1 f . Nonetheless, because
different time constants participate in the process, each trap contributes a different Lorentzian noise power, and the sum of the contributions of many traps displays 1/f characteristic [START_REF] Tsividis | Operation and Modeling of the MOS Transistor[END_REF], as illustrated in Figure 4.3. It is the reason that the power of f may not be 1, but with a deviation in case of certain time constants are more represented. The divergences between the theories and the uncertainties of the universal expression suggest that flicker noise should be regarded as the sum of a group of noises with different sources, but all have large time constants. Indeed, if the spectral density at very low frequency needs to be considered, such as 0.001 Hz, corresponding to a period of 1000 s, then, the influence of ambient temperature drift on devices must also be taken into account [START_REF] Razavi | Design Of Analog CMOS Integrated Circuits[END_REF], which also shows a 1/f behaviour and thus be mixed with the electronic 1/f noise.

Interestingly, continuing lowering frequency will get a larger power spectral density, and eventually, it will become infinite when the frequency becomes zero according to eq. 4.9. In fact, this is not quite contradictory to the reality, because to measure the spectral power density at lower frequency means a longer observation for a complete measurement. Then, zero frequency (DC) means an infinite observation duration resulting in an infinite power. Obviously, such measurement cannot be done since even the universe's life is not infinite. Actually, even the measurement within a very low but still reasonable frequency band is "painful". For example, measuring more than 100 points spectrum in the 1 -10 Hz frequency range needs more than a few minutes and even ten times more in the range of 0.1 -1 Hz. Hence, the noise measurement at very low frequency is a very long and difficult task and indeed rarely performed below 10 Hz.

Then, what happens at high frequencies? Flicker noise indeed decreases when the frequency gets higher, and finally, at some point, becomes insignificant comparing to thermal and shot white noises. The frequency where flicker noise equal to white noise is called "corner frequency" [START_REF] Razavi | Design Of Analog CMOS Integrated Circuits[END_REF], as illustrated in Figure 4.4. Besides the white noise level in the operating frequency band of an electronic device, the 1/f corner frequency is another useful figure of merit to evaluate the noise performance of a device. The spectral density at the corner frequency equals √ 2 times of the white noise level if expressed in terms of voltage (V/ √ Hz) and equals two times of the white noise level if expressed in terms of power (W/Hz).

Thermal noise and shot noise combined as white noise, along with flicker noise following 1/f shape are the three types of noise mainly concerned to the WFEE analogue design and all included by SPICE models for simulated noise analysis. Some other noises might also exist in the electronic components of the chosen technology. Maybe because the other noises are not quite significant in this technology, they are not mentioned in the technical document of noise [121]. Consequently, only the three main types are described in this chapter. Since MOSFET and NPN HBT are primarily used in the ASIC developed and presented in this thesis, the following two chapters will give a brief presentation on their main characteristics, as well as including the noise aspects.

Chapter 5 

MOSFET -Metal-Oxide-Semiconductor Field-Effect Transistor

Physical Structure

The full name of MOSFET, Metal-Oxide-Semiconductor Field-Effect Transistor, vividly describes its structure at the early stage as well as the operating principle. As shown in Figure 5.1, an earlier MOSFET is composed of a metal layer as the gate on the top, an oxide layer in the middle as isolation, and semiconductor layers on the bottom for the current passing through. Later, the metal gate was often replaced by polysilicon (polycrystalline silicon), including the MOSFET of the 350 nm SiGe HBT BiCMOS technology of AMS. Metal has certainly a better conductivity than polysilicon. However, the resistivity of polysilicon can be reduced by heavily doping to reach a quasi-metal conductivity. Then, it is widely used in the technologies of this era first because it has a higher melting point than most metal, so that the gate can be applied on the chip earlier than the ion implantation of the source and the drain (the case of enhancement mode MOSFET). Then, the gate becomes a "mask" for the source and drain implantation undergoing a high temperature around 1000°C [START_REF] Rabaey | Digital integrated circuits: A Design Perspective[END_REF] (higher than the melting point of the traditional metal used, such as Aluminium 660°C), so that the gate and the source/drain have less overlaps, resulting in less parasitic capacitance C GS and C GD . Another reason is that the work function1 of a polysilicon gate can be relatively adjusted more easily by varying the doping level comparing to the work function of a metal gate.

Because the threshold voltage partly depends on the difference between the work functions of the polysilicon gate and silicon well/substrate [START_REF] Allen | CMOS analog circuit design[END_REF], as shown in eq. 5.1, where Φ MS is the difference between the work functions between the gate and the well/substrate, Φ F is the Fermi potential, Q dep is the charge in the depletion region and C ox is the oxide capacitance.

Consequently, the threshold voltage can be adjusted by changing the doping level of the polysilicon gate [START_REF] Razavi | Design Of Analog CMOS Integrated Circuits[END_REF]. Also, the polysilicon-silicon interface has fewer defects than the metalsilicon interface, which is another advantage.

V TH = Φ MS + 2Φ F + Q dep C ox (5.1)
However, modern technologies began to reconsider metal gates, along with high-κ materials as isolation instead of oxide [START_REF] Sjöblom | Metal Gate Technology for Advanced CMOS Devices[END_REF]. A thicker high-κ film is capable of providing the same capacitance comparing to oxide isolation while decreasing leakage current due to quantum tunnelling effect. However, it showed a mobility degradation from the combination of polysilicon gate and high-κ isolation. The use of metal gates was found to be a good solution for mitigating the mobility degradation. Also, metal gates avoid creating depletion layer which is important for extra-thin isolation film [START_REF] Collaert | High mobility materials for CMOS applications[END_REF][START_REF] Robertson | High-K materials and metal gates for CMOS applications[END_REF]. The thermal stability issue of metal was mitigated by introducing new materials in the process [START_REF] Robertson | High-K materials and metal gates for CMOS applications[END_REF][START_REF] Cabral | Evaluation of thermal stability for CMOS gate metal materials[END_REF].

At the semiconductor layers, two heavily doped zones as the source and the drain are implanted in the oppositely and lightly doped zone, a well or the substrate. For NMOSFET, they are n+ source and drain and p-well or p-substrate; For PMOSFET, they are p+ source and drain and n-well.

The middle name "Field-Effect" suggests that it is controlled by an electrical field. A voltage V GS applied between the gate and the source controls the on/off of a MOSFET. A more commonly used type of MOSFET is called enhancement-mode. Another appellation of this type is "normally-off", which explicitly expresses its operating state, that without gate bias, MOSFET's channel is closed, and by adding a gate bias, the channel becomes conductive.

Another is called "depletion-mode", or "normally-on", suggesting that without gate bias, MOSFET's channel is open, and when there is a gate bias, the channel will close [START_REF] Sze | Physics of semiconductor devices[END_REF]. This difference between the operating states results from the physical structure. The depletionmode MOSFET has a doped channel by using ion implantation between the source and the drain. It is located in the bulk, away from the silicon surface. Hence, no voltage is needed to form the channel and let the electrons passing through. The MOSFET is naturally conductive, and an extra-voltage can be used to turn off the transistor. In contrast, the enhancementmode MOSFET does not have this extra-channel from ion implantation, so, it is naturally off, and an extra-voltage is needed to turn on the transistor [START_REF] Harrison | An introduction to Depletion-mode MOSFETs[END_REF]. The structure of the depletionmode MOSFET lets it less affected by the surface effects (the Oxide/Silicon interface) and have better carrier mobility. However, the intrinsic larger distance between the channel and the gate asks a higher gate bias voltage for a normal operation, which thus degrades the transconductance. For the enhancement-mode MOSFET, without the extra-channel from ion implantation, its fabrication is simpler, and it is easier to control its characteristics. It generally has a larger transconductance but suffers from the surface effects [START_REF] Sze | Physics of semiconductor devices[END_REF], which is also the sources of 1/f noise. The MOSFET discussed in this thesis and used for this thesis work are all enhancement-mode, as it is the only mode available from the technology used.

Operating Principle and DC Characteristics

Taking NMOS transistor like the one in Figure 5.1 as an example, when there is a voltage applied to the gate, the holes in the p-well/substrate are pushed away from the area below the gate, where a negative zone is formed, called "depletion region". Now increasing the gate voltage, electrons will be drawn from the source, gathering in the depletion region, close to the silicon surface under the oxide, creating an "inversion layer" which is conductive, as so-called "channel". The gate voltage that just makes the inversion layer appear is the "threshold voltage" V TH . Naturally, the thickness of the inversion layer can be adjusted by the gate voltage. A higher gate voltage results in a thicker inversion layer, thus a higher conductivity. It can be represented by the channel charge density per channel length Q d , which is proportional to V GS -V TH , as shown in eq. 5.2, with W the channel width. The voltage V GS -V TH is called "overdrive voltage" [START_REF] Razavi | Design Of Analog CMOS Integrated Circuits[END_REF].

Q d = WC ox (V GS -V TH ) (5.2)
Just with the gate voltage bias, there is no current flowing in the channel. So, another voltage bias at the drain is also required. With a positive drain-source voltage V DS , electrons flows from the source to the drain, so, the current direction is from the drain to the source.

Increasing the V DS from zero will first fast increase the current I D with eq. 5.3 until reaching a point where V DS = V GS -V TH , then, eq. 5.3 becomes eq. 5.4, where μ n is the electron mobility, W is the channel width, and L is the channel length.

I D = μ n C ox W L (V GS -V TH )V DS - 1 2 V 2 DS (with V DS < V GS -V TH ) (5.
3)

I D = 1 2 μ n C ox W L (V GS -V TH ) 2 (with V DS = V GS -V TH ) (5.4)
Indeed, when the drain voltage is introduced, the voltage drop V DS can be supposed to be averagely distributed horizontally along the channel. It makes the potential different at different horizontal places of the channel and introduce a term V(x) in eq. 5.2, as [START_REF] Razavi | Design Of Analog CMOS Integrated Circuits[END_REF]:

Q d = WC ox [V GS -V(x) -V TH ] (with x ∈ [0, L]) (5.5) 
where V(0) = 0 is the potential at the source side and V(L) = V DS is the potential at the drain side. Eq. 5.5 suggests that the inversion layer has different thicknesses from the source to the drain, and when V DS = V GS -V TH , Q d = 0 means that the channel is just closed at the side of the drain.

Subsequently, continuing increasing the V DS will make the channel closed before reaching the drain, called "pinch-off". As shown in Figure 5.2, the channel length no longer equals the physical distance L between the source and the drain, but should use another term L that equals the distance between the source and the position where Q d = 0. Beyond this position, the inversion layer disappears, but the depletion region still exists, which is more resistive.

Attracted by the drain voltage, the electrons can still flow in the depletion region and get to the drain, but the current can hardly become higher.

Consequently, the expression of current I D eq. 5.4 must be modified by using L instead of L:

I D = 1 2 μ n C ox W L (V GS -V TH ) 2 (with V DS > V GS -V TH ) (5.6)
Since L is modulated by V DS , a channel-length modulation coefficient λ is also used to describe this channel-length modulation effect, with ΔL L = λV DS , where ΔL = L -L . With a substitution of eq. 5.7, then, eq. 5.6 becomes eq. 5.8. In the book "Design Of Analog CMOS Integrated Circuits" of Behzad Razavi, he assumed L ≈ L, namely λ is very small, then 1 1-λV DS ≈ 1 + λV DS , which deduces eq. 5.9 [START_REF] Razavi | Design Of Analog CMOS Integrated Circuits[END_REF]. Both eq. 5.8 and eq. 5.9 suggest that the current I D actually still increases slowly when V DS increases. 

> V GS -V TH . 1 L = 1 L -ΔL = 1 L L L -ΔL L = 1 L × 1 1 -λV DS (5.7) I D = 1 2 μ n C ox W L (V GS -V TH ) 2 × 1 1 -λV DS (with V DS > V GS -V TH ) (5.8) 
I D ≈ 1 2 μ n C ox W L (V GS -V TH ) 2 (1 + λV DS ) (with V DS > V GS -V TH ) (5.9)
Eq. 5.3, eq. 5.4 and eq. 5.9 indeed describe the main operating states of a MOSFET, and the condition is the comparison between V DS and V GS -V TH , in another word, the open-state of the channel. The three equations also show that I D depends on both V GS and V DS . Eq. 5.3 tells the state when V DS < V GS -V TH , I D increases fast with the increase of V DS . This operating state is called "triode region". Eq. 5.9 describes when V DS > V GS -V TH , I D is saturated. This operating state is called "saturation region". Eq. 5.4 with the condition V DS = V GS -V TH is the boundary point of the two states.

The dependence between the current I D and the voltage V GS and V DS can also be illustrated by curves, as shown in Figure 5.3. These curves are indeed the real measurements of the NMOSFET integrated into our ASIC, with L = 0.35 μm and W = 8.8 μm. The I D (V GS ) curve on the left of the figure shows the on/off states of the transistor. The curve is plotted on a logarithmic scale, which is indeed more interesting than on a linear scale. It clearly shows that the so-called the on/off states are quite ambiguous, and the threshold voltage V TH cannot be clearly defined [START_REF] Razavi | Design Of Analog CMOS Integrated Circuits[END_REF]. If the curve is plotted on a linear scale, the threshold voltage V TH can be approximately determined about 0.46 V, corresponding to I D ≈ 1 μA.

The group curves on the right of Figure 5.3 were measured with different V GS , from 0.5 V to 0.8 V, with a step of 0.05 V. The curve with V GS = 0.5 V is the one at the bottom, which can be basically considered to be in the cut-off region. In other words, it is when V GS < V TH , Until now, all the discussions are limited in DC characteristics of MOSFET. In other words, they describe the DC bias condition of MOSFET but does not concern AC signals. The DC bias condition is indeed very important because it decides the operating point in which operating region. Only after the operating point is determined, the AC characteristics of MOSFET then can be known.

Small-Signal Characteristics

Small-signal models are very commonly used to describe the AC behaviours of a MOSFET, especially when the signal amplitude is much smaller than the DC variables. Figure 5.4 is the simplified small-signal model of a MOSFET in the saturated region [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF]. It is quite effective when the operating frequency band of the MOSFET is not very high so that the parasitic capacitances can be neglected, and when the bulk and the source are connected to the same potential so that there is no body effect. Then, the two most important parameters are left in the figure, which are transconductance g m and output impedance r o .

Figure 5.4: Simplified small-signal model of a MOSFET in the saturated region.

Transconductance g m

The transconductance describes the relation between the output current and the input voltage, both as small signals. For a single MOSFET, the input voltage is just v gs and the output current is i d , so the g m can be calculated as the derivative of I D with respect to V GS . For a MOSFET working in the saturation region, eq. 5.9 should be used. Then, g m can be deduced as eq. 5.10, where I D0 is the current when V DS = V GS -V TH [START_REF] Razavi | Fundamentals of microelectronics[END_REF]. The last line of the equation suggests that the g m of a MOSFET is proportional to I D .

g m = ∂I D ∂V GS (with V DS > V GS -V TH ) = μ n C ox W L (V GS -V TH )(1 + λV DS ) = 2μ n C ox W L I D0 (1 + λV DS )
(5.10)

Output Impedance r o

The output impedance r o equals the ratio of the output voltage and the output current, both as small signals. Similar to the calculation of g m , r o is the inverse of the derivative of I D with respect to V DS . Sometimes, the conductance g s is also used. So r o = 1 g s . Still using eq. 5.9 for the calculation, g s can be first deduced as eq. 5.11. Then, r o is just the inverse of g s , as eq. 5.12

g s = ∂I D ∂V DS (with V DS > V GS -V TH ) = 1 2 μ n C ox W L (V GS -V TH ) 2 × λ = λI D0 (5.11) r o = 1 g s (with V DS > V GS -V TH ) = 1 λI D0
(5.12)

Gate-Source Capacitance C gs

Because the gate oxide can be made very thin (the typical thickness of the technology used in this thesis is 7.6 nm [100]), the gate oxide capacitance could be very small for a moderate size MOSFET. Hence, generally, the input impedance is considered infinite, and the small-signal input current is considered zero.

However, the gate oxide capacitance is also proportional to the gate's surface, equal to C ox WL [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF], where C ox is the gate oxide capacitance per area [START_REF] Razavi | Design Of Analog CMOS Integrated Circuits[END_REF]. Hence, for a MOSFET with large size, this capacitance needs to be taken into account. If MOSFET works in the triode region, the channel well connects the source and the drain. Then, it is generally considered that the gate oxide capacitance is equally distributed to the source and the drain, that C gs = C gd = 1 2 C ox WL. If MOSFET works in the saturation region, the channel is pinched-off before reaching the drain, so the C gd is considered zero, and C gs equals [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF]:

C gs = 2 3 C ox WL (5.13)

A More Detailed Small-Signal Model

As discussed in the above section, if the MOSFET works at very high frequency and the body effect is also need to be taken into account, the small-signal analysis can use the model shown in Figure 5.5, where C gd is the gate-drain capacitance, C gb is the gate-body capacitance, C sb is the source-body junction capacitance, C db is the drain-body junction capacitance, v bs is the small-signal body-source voltage, which is due to the body effect, resulting from the fact that the body and the source are not connected at the same potential, and g mb is the transconductance resulting from the body effect, equal to ∂I D ∂V BS [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF].

Since the WFEE subsystem works in the frequency band of 1 -5 MHz [START_REF] Chen | Development of the WFEE subsystem for the X-IFU instrument of the ATHENA space observatory[END_REF], the parasitic capacitances apart from C gs can be first neglected. In the analogue circuits designed by me2 , the PMOS transistors in the LNA are used as active loads, with both the source and the nwell connected to the power supply, so no body effect needs to be taken into account. In the current reference, a cascode topology is used, which does introduce the body effect. However, because the current reference only has DC behaviour, the body effect is not the key issue to be considered. Hence, in this section, the analysis of this more detailed small-signal model will not go further. 

Noises in MOSFET

In the last chapter, the physical sources of thermal noise, shot noise and flicker noise have been introduced. Based on the principles, the noise sources in MOSFET can be analysed.

Thermal Noise in MOSFET

Since the channel of MOSFET is resistive, it is the most significant thermal noise source in a MOSFET [START_REF] Razavi | Design Of Analog CMOS Integrated Circuits[END_REF]. However, its resistance does not like a resistor that can be simply represented by an R, but actually depends on other parameters. The general form of the spectral density is eq. 5.14, which is valid for all bias situations [START_REF] Tsividis | Operation and Modeling of the MOS Transistor[END_REF]:

i 2 = 4k B T μ L 2 Q l Δf (5.14)
In eq. 5.14, μ is the carriers mobility, L is the channel length and Q l is the absolute value of the total inversion layer charge [START_REF] Tsividis | Operation and Modeling of the MOS Transistor[END_REF]. The term in the parentheses can be seen as the equivalent conductance of the channel. This general form suggests that the thermal noise can be reduced by increasing the channel length. For the MOSFET operating in the saturation region, the equation becomes eq. 5.15, where g m is the transconductance, and α is a coefficient depending on the channel length and V DS [START_REF] Razavi | Design Of Analog CMOS Integrated Circuits[END_REF]. The term αg m can be seen as the equivalent conductance of the channel of a MOSFET in the saturation region.

i 2 dt = 4k B T(αg m )Δf (5.15)
It is widely agreed that α ≈ 2 3 for long channel length devices [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF][START_REF] Tsividis | Operation and Modeling of the MOS Transistor[END_REF][START_REF] Razavi | Design Of Analog CMOS Integrated Circuits[END_REF][START_REF] Lundberg | Noise sources in bulk CMOS[END_REF]. For example, a measurement on a MOSFET with L = 5 μm proved this value [START_REF] Abidi | High-frequency noise measurements on FET's with small dimensions[END_REF]. For shorter channel length, α could be larger, for example, 4 to 5 times larger for MOSFET with L = 0.7 μm [START_REF] Abidi | High-frequency noise measurements on FET's with small dimensions[END_REF] and about 2.5 for some MOSFET with L = 0.25 μm [START_REF] Razavi | Design Of Analog CMOS Integrated Circuits[END_REF]. It worths to mention that, in spite of the smallest channel length of the technology is 0.35 μm, most of the MOSFET used in the analogue design of the WFEE are all long channel. So, α = 2 3 can be used for approximate analysis.

Shot Noise in MOSFET

As discussed in the last chapter, shot noise in the channel of MOSFET is generally considered in concordance with thermal noise, especially in the long channel. However, shot noise due to gate leakage current is not correlated with channel's thermal noise, which might be an issue for some devices. It depends on the gate oxide thickness. The leakage is normally quite small for traditional devices with thick gate oxide, in the order of femtoampere, thus is negligible. By contrast, gate tunnelling effect might be important for gate oxide thickness in the order of 1 nm. Because the noise modelling of MOSFET is not mentioned in the relevant technical document of HBT BiCMOS, it is not clear whether shot noise is important or trivial in the technology that we use. However, it is mentioned in a manual of BSIM4 modelling that shot noise due to gate tunnelling effect is included [START_REF] Paydavosi | BSIM4v4. 8.0 MOSFET Model -User's Manual[END_REF]. If the gate leakage current becomes significant, then, the related shot noise is simply [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF]:

i 2 g = 2qI G Δf
(5.16)

Flicker Noise in MOSFET

Flicker noise is another essential noise source in the channel of MOSFET, especially for the enhancement mode MOSFET provided by the technology. The channel is just below the silicon/oxide surface. Consequently, there is certainly the fluctuation of the carrier's number resulting from the capture/release process due to the traps at or near the surface.

This noise source is also dimension-dependent. Its general expression is eq.5.17 [START_REF] Tsividis | Operation and Modeling of the MOS Transistor[END_REF][START_REF] Li | 1/F noise in MOSFETs[END_REF][START_REF] Razavi | Design Of Analog CMOS Integrated Circuits[END_REF], where C ox is the oxide capacitance, K is a coefficient depending on process and also possibly on V GS bias, c is a constant between 0.7 and 1.2, depending on traps distribution, W is the channel width and L is the channel length. The equation shows that one can reduce the flicker noise of a MOSFET by increasing the transistor's size.

i 2 df = K C ox WL 1 f c g 2 m Δf (5.17)
According to the definition of the flicker noise corner frequency, its expression can also be deduced by letting eq. 5.17 equals eq. 5.15, where the latter one contributes the most part of the white noise. Then, the corner frequency of a MOSFET in saturation region can be written as [START_REF] Razavi | Design Of Analog CMOS Integrated Circuits[END_REF]:

f c = K C ox WL g m 3 8k B T (5.18)
Interestingly, eq. 5.18 suggests that increasing the size of a MOSFET can not only reduce the spectral density of flicker noise, but also helps lower the corner frequency of flicker noise.

Small-Signal Model of MOSFET with Noise Sources

Because noises are random without a fixed orientation, and the amplitude is tiny, the noise sources are always integrated into small-signal models for noise analysis. A simplified smallsignal model of MOSFET with noise sources is shown in Figure 5.6. In the figure, i . Then, the equivalent input voltage noise of a MOSFET can be expressed with eq. 5.19, where R S is the impedance of voltage source v S , as shown in Figure 5.7.

2 d = i 2 dt +i 2 df . G C gd D C gs + - v i i 2 g g m v i r o i 2 d S
e n = v 2 g + i 2 g R 2 S (5.19) R S v S G v 2 g C gd D C gs + - v i i 2 g g m v i r o S Figure 5
.7: Small-signal model of MOSFET with noise sources, where v 2 g is the equivalent voltage noise source of i 2 d at the input (gate), considering a common-source topology with the source grounded in small signals.

Chapter 6

Bipolar Junction Transistor and SiGe Heterojunction Bipolar Transistor About Heterojunction Bipolar Transistor (HBT), the first thing to highlight is that it is a type of Bipolar Junction Transistor (BJT) [START_REF] Van Zeghbroeck | Principles of semiconductor devices[END_REF]. So, all the basic analysis method are the same, and DC and small-signal characteristics have the same expressions. The difference between BJT and HBT results from the materials used for the emitter, the base and the collector. BJT uses the same material for the emitter, the base and the collector, so, the E-B junction and the B-C junction are homojunctions. By contrast, the materials of the emitter, the base and the collector are not the same. At least, one other material will be used for the emitter or the base, different from the material of the other two. Alternatively, it is also possible that the three zones have three different materials. So, one or two heterojunctions will be formed inside the bipolar transistor. It is where its name came from. Depending on the materials, there are many combinations of HBT, such as AlGaAs/GaAs/AlGaAs as Emitter/Base/Collector based on GaAs substrate, AlInAs/GaInAs/InP as E/B/C on InP substrate, SiC/Si/Si or Si/SiGe/Si on Si substrate, etc [START_REF] Pulfrey | Heterojunction bipolar transistor[END_REF].

Such physical changes can largely improve the performance, including a lower base parasitic resistance, a lower noise, a higher cutoff frequency, a larger current gain and better radiation robustness. This is why it is preferable for analogue ASIC designers comparing to a traditional BJT.

This chapter will begin with the introduction to BJT, since its characteristics are more general, and yet most of them are applicable for HBT. The HBT will be introduced in the later section.

After knowing the context of BJT, the advantage of HBT can be better understood. Moreover, the HBT discussed in this thesis generally represents SiGe NPN HBT, since it is the one offered by the AMS technology and also by most of the modern BiCMOS technologies because of the compatibility with the silicon substrate.

Physical Structure and Operating Principle

Simply put, a bipolar transistor is just two p-n junctions in series1 and back to back. An NPN BJT is composed of two n-type semiconductor regions at the side and one p-type semiconductor region in the middle. Conversely, a PNP BJT has one n-type semiconductor region in the middle "sandwiched" by two p-type semiconductor regions. Although a very complicated process is needed to fabricate high performance BJT, the two-junction structure is much simpler than MOSFET. Actually, because its simplicity, uncountable parasitic BJT are formed in CMOS integrated circuits. For example, an NMOS with n+ drain, p-substrate and n+source just creates an NPN parasitic BJT. However, such BJT cannot provide satisfying performances. In fact, to have an excellent performance, a BJT should have a heavily doped emitter with small volume, a very thin and moderately doped base and a much lighter doping collector with a large volume [START_REF] Hu | Modern semiconductor devices for integrated circuits[END_REF].

A simplified diagram taking NPN BJT as an example is shown in Figure 6.1, with the BJT being normally biased, namely with EB junction forward biased and CB junction reverse biased.

The key flux components are marked in the figure to illustrate its operating mechanism. When there is no bias, the two p-n junctions just have a balance between the diffusion and the drift of the carriers [START_REF] Muller | Device electronics for integrated circuits[END_REF]. There is no current in the transistor.

If a positive voltage bias V BE is added between the base and the emitter, since the emitter is highly doped, a large number of electrons are drawn across the BE junction and reach the base. At the same time, the holes in the base are pushed into the emitter. If there is no voltage bias at the collector, only a tiny portion of the electrons can reach the collector by diffusion, and most of the electrons flow out of the base. Hence, there will be a large I B from the movement of electrons and holes, but there is nearly no I C .

Because the base is commonly made very thin, even applying a low positive voltage bias V CE between the collector and the emitter can draw a part of the electrons in the base across the CB junction, reaching the collector and forming the collector current I C . At this stage, V CE < V BE , so, the CB junction is also forward biased, and I C largely depends on V CE . This stage is called "Saturation mode" for BJT. By increasing V CE , more and more electrons will be drawn to the collector. Consequently, I C increases very fast.

This increase of I C along with the increase of V CE will reach its ceiling when V CE > V BE , namely the CB junction is reverse biased, and most of the electrons are drawn away from the base and get into the collector. At this stage, V CE has little control on I C , and I C basically reaches its maximum value with the same V BE . This is the "Forward active mode" of BJT2 . Because I C is usually the output and preferred as large as possible, this operating mode with the BE junction forward biased and the CB junction reverse biased is the most often used in analogue design. However, if a larger I C is still needed, it can be increased by increasing V BE , since a larger V BE can attract more electrons getting into the base. With the same condition of V CE > V BE , these extra attracted electrons will be immediately swept into the collector and become a part of I C . Hence, I C is indeed controlled by V BE in this mode [START_REF] Neamen | Semiconductor physics and devices: basic principles[END_REF].

Then, it is easy to understand that when there is V CE but V BE = 0, most of the electrons in the emitter cannot get to the base, so there is nearly no current in the transistor. All these situations without I C generated are called "Cutoff mode".

Another possible operating mode is with the bias condition completely reversed comparing to the forward active mode: the BE junction is reverse-biased, and the CB junction is forwardbiased. Thus, it is called "Inverse active mode". Although this mode works under the same principle as the forward active mode, it is not favourable. Because the doping levels are not the same for the three zones of BJT, and the collector is the lightest doped, much fewer electrons can be injected from the collector across the base and into the emitter. So, with the same bias condition, the output current is much smaller, also meaning that the carriers injection efficiency is much lower.

All the four modes of BJT are resumed in Table 6.1. Since the forward active mode is generally the most favourable, it is necessary to look at it closer. Its characteristics will be presented in the following sections. 

Balance of Currents

As shown in the diagram on the left of Figure 6.1, the currents in BJT are actually composed of several different components. I nE represents the total electrons from the emitter injected at the BE junction. However, not all of them (although most of them) can reach the collector: some of them recombine with the holes in the base, namely the I rB in the diagram, and the rest of them I nC reach the collector and appear as I C . Consequently, the relation of these components can be expressed as [START_REF] Neamen | Semiconductor physics and devices: basic principles[END_REF][START_REF] Sze | Physics of semiconductor devices[END_REF]:

I nE = I nC + I rB (6.1)
Concerning the holes as the dominant carrier in the base, besides these recombining with electrons, the rest of them diffuse to the emitter, namely the I pE in the diagram, also becoming a part of I E [START_REF] Sze | Physics of semiconductor devices[END_REF].

There might also be a very slight amount of electrons crossing the CB junction by diffusion, namely the I CO in the diagram. This component will possibly also recombine with the holes in the base, thus also contributes a part of I B . In any case, this term is negligible by reversely biasing the junction [START_REF] Sze | Physics of semiconductor devices[END_REF].

The equations representing the relations of the components described above are:

I E = I nE + I pE (6.
2)

I C = I nC -I CO (6.
3)

I B = I pE + I rB + I CO (6.4)
Combining eq. 6.1, eq. 6.2, eq. 6.3 and eq. 6.4 gives eq. 6.5, which conforms to the kirchhoff current law.

I E = I B + I C (6.5)

Collector Current

Only considering the forward active mode, after the electrons reached the base, except a little part of them recombining with the holes, most of them move towards the CB junction by diffusion. When they reach the junction, they will be swept across the junction by the electrical field there, since V CB > 0. So in fact, the amount of the collector current I C depends on the effective width of the base W B and the electrons concentration level in the base. The latter term is calculated with border conditions of the base by assuming that the electrons concentration has a linear decrease from the BE junction to the CB junction [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF]. Then, the collector current I C can be expressed as:

I C = qAD n n 2 i W B N A e V BE V T (6.6)
where A is the emitter's cross-section area, D n is electrons' diffusion constant, n i is the intrinsic carrier concentration of silicon, and N A is the impurity doping concentration in p-type semiconductor 3 [START_REF] Neamen | Semiconductor physics and devices: basic principles[END_REF][START_REF] Gray | Analysis and design of analog integrated circuits[END_REF][START_REF] Van Zeghbroeck | Principles of semiconductor devices[END_REF]. The fractional coefficient of eq. 6.6 is indeed the saturation current, which is a constant. It is usually replaced by I S , namely:

I S = qAD n n 2 i W B N A (6.7)
Then, the equation of I C can be simply written as [START_REF] Neamen | Semiconductor physics and devices: basic principles[END_REF][START_REF] Gray | Analysis and design of analog integrated circuits[END_REF]:

I C = I S e
V BE V T (6.8)

Base Current

As eq. 6.4 shown, if ignoring the diffusion current I CO which is very small, the base current is mainly composed of two terms. Between the two components, I pE is the dominant one, because the second term I rB is from the recombination with only a small portion of the elections. For the first term, since the holes are the minority carrier in the n-type emitter, the case is similar to the electrons in the base: I pE depends on the diffusion length for holes in the emitter L p and the border condition of the holes concentration in the emitter at the side of the BE junction. Its expression is [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF]:

I pE = qAD p L p n 2 i N D e V BE V T (6.9)
where D p is the holes diffusion constant, and N D is the impurity doping concentration in n-type semiconductor 4 [START_REF] Van Zeghbroeck | Principles of semiconductor devices[END_REF].

About the second term I rB , it depends on the electrons life-time in the base τ B , the base width and also the border conditions of the electrons concentration in the base, the same condition for calculating I C . And the expression is [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF]:

I rB = 1 2 W B qA τ B n 2 i N A e
V BE V T (6.10)

3 "A" represents "Acceptor" 4 "D" represents "Donor"

Ignoring I CO , the base current I B equals [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF]:

I B ≈ I pE + I rB = qAD p L p n 2 i N D e V BE V T + 1 2 W B qA τ B n 2 i N A e V BE V T = qAD p L p n 2 i N D + 1 2 W B qA τ B n 2 i N A e
V BE V T (6.11)

Current Gain

Considering I B as the input current and I C as the output current, then, the current gain β simply equals to:

β = I C I B (6.12)
A plot often used for characterising BJT is "Gummel Plot", which traces I C , I B and β as a function of V BE . Figure 6.3 is the Gummel plot of the HBT that I used considerably in the analogue design dedicated to the ASIC of the WFEE subsystem, which will be presented in Part IV. The figure shows both a real measurement and a simulation result. The currents are plotted on a logarithmic scale. The β is calculated using eq. 6.12. The simulation clearly shows that at low (< 0.55 V, low-injection), middle (0.55 -0.84 V) and high (> 0.84 V, highinjection) bias condition, the bipolar transistor has respectively different behaviours. In fact, BJT has four operating regimes concerning different bias conditions. With a low bias voltage, BJT works in the low-current non-ideal regime, where the recombination current within a forward-biased p-n junction predominates. Then, I B is proportional to e

V BE
2V T [START_REF] Neamen | Semiconductor physics and devices: basic principles[END_REF][START_REF] Sze | Physics of semiconductor devices[END_REF]. It is different from I B of BJT in the ideal operating regime moderately biased, as shown in eq. 6.11. Another two regimes are the moderate-injection regime and the high injection regime [START_REF] Sze | Physics of semiconductor devices[END_REF],

showing different behaviours with high current. The measurement did not reach these two regimes, since the transistor should be well protected, and is only needed to operate in the ideal regime, generally with a bias voltage V BE around 0.7 V. The following discussions will also be confined in the ideal regime.

Since a higher gain is always wanted, it is necessary to know how to get a higher gain. Its equation, eq. 6.12 can be further developed by substituting I C and I B with eq. 6.6 and eq. 6.11, then, the gain's expression becomes [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF]: Eq. 6.13 suggests that to have a higher current gain β, reducing the effective width of the base W B is an effective solution, this is why the bases are always fabricated very thin. Another solution is to decrease the ratio of

β = I C I B = qADnn 2 i W B N A e V BE V T qADp Lp n 2 i N D + 1 2 W B qA τ B n 2 i N A e V BE V T = 1 DpW B DnLp N A N D + 1 2 W 2 B Dnτ B (6.13)
N A N D
, namely the ratio between the doping density of the base and the emitter. This is the reason that the emitter is more heavily doped than the base, especially in traditional BJT [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF].

Another way to look at the current gain is from the electron's efficiency from the emitter. From eq. 6.3 and eq. 6.4, and ignoring I CO , the current gain can be written as:

β = I C I B ≈ I nC I pE + I rB (6.14)
To increase β, one can or increasing I nC , or decreasing I pE and I rB , or both. Indeed, because I pE is dominant in I B , the most effective way is to reduce I pE . Besides I B , this term only contributes to I E but not I C . On the other hand, since eq. 6.1 shows that I nE = I nC + I rB , where I rB is very small comparing to I nC , so, I nE ≈ I nC . Then, eq. 6.2 becomes:

I E ≈ I nC + I pE (6.15)
Consequently, it becomes clear that the ratio of I nC and I pE , both taking a part of I E , is critical to the value of β. It can also be expressed as the portion of I nC taking in the total current I E . This portion is called the emitter injection efficiency γ [START_REF] Neamen | Semiconductor physics and devices: basic principles[END_REF][START_REF] Van Zeghbroeck | Principles of semiconductor devices[END_REF]. According to the definition and combining eq. 6.6 and eq. 6.9, it equals:

γ = I nC I E = I nC I nC + I pE = 1 1 + I pE I nC ≈ 1 1 + qADp Lp n 2 i N D e V BE V T qADnn 2 i W B N A e V BE V T = 1 1 + DpW B N A DnLpN D (6.16)
Eq. 6.16 suggests γ → 1. In order to increase the emitter injection efficiency γ for reaching a higher current gain β, one can reduce the effective width of the base W B and the ratio of

N A N D [122]
. Hence, this second analysis deduces the same solutions as the first analysis.

However, reducing N A and W B both mean the increase of the parasitic resistance of the base, which will degrade BJT's performance, including increasing the thermal noise. Hence, for traditional BJT, a trade-off must be chosen [START_REF] Pierret | Semiconductor device fundamentals[END_REF]. By contrast, the introducing of heterojunction can avoid this problem. It will be described later.

Take another look at Figure 6.3, it is obvious that the measurements and the simulation have an evident difference, presenting clearly on β. It is due to the imperfection of the process. Figures 6.4 and 6.5 are the Monte-Carlo simulations of β for HBT of the AMS BiCMOS 350 nm technology and with the same current biased conditions as applied in the ASIC of the WFEE. The statistical distribution illustrates the impacts of process variation and the mismatch due to the gradient on this critical electrical parameter of bipolar transistors.

Each figure has three rows: The first row takes only into account the influence of process, namely the difference of β between the components on the same wafer but far from each other, or on different wafers or even belongs to different batches. The second row only considers the influence of mismatch, namely the difference of β between the components on the same wafer and very closed. The third row considers both factors. Each figure also has two columns. The left one is with eight HBT in parallel, each with dimensions "0.4 μm × 50 μm". The right column is with only one HBT also with dimensions "0.4 μm × 50 μm", so it is biased with one-eighth of the current for the eight HBT in the left column. Figure 6.4 shows the β distributions with current bias I C = 2 mA for eight HBT (0.25 mA for one HBT). Figure 6.5 shows the β distributions with current bias I C = 14 mA for eight HBT (1.75 mA for one HBT). Both two bias conditions adapt to one of the bias situations in the ASIC of the WFEE.

The simulations with 1000 points surprisingly show that the process variation can introduce a large uncertainty on β, as shown in the first row of the two figures. It can vary from 70 to 380, and the standard deviation is close to half of the mean value. Besides, there is no evident difference between the distribution of eight HBT and one HBT. On the other hand, adjacent transistors on the same wafer can have a little mismatch, as shown in the middle row. β is very concentrated around the mean value. Also, eight HBT in parallel can still attenuate this mismatch by a factor of √ 8 comparing with only one HBT. Knowing that the simulations did not take into account the influence of layout, using a common centroid pattern can further neutralise mismatch. However, if considering both process and mismatch factors, it is the process factor which dominates, as illustrated in the last row. Furthermore, comparing Figure 6.4 and Figure 6.5, the HBT biased by 2 mA has a larger average β than that biased by 14 mA, which can also be confirmed in Figure 6.3. 8 than the other one. It suggests that the attenuation of mismatch should instead give the credit more to the increase of surface but perhaps not the number of transistors in parallel. However, knowing that these Monte-Carlo simulations did not take into account the layout and common centroid topology improves matching, it is more interesting to increase the number of transistors in parallel instead of using a single large one. Moreover, because the AMS SiGe HBT technology limits the largest surface of a single HBT at "0.4 μm × 96 μm", it is imperative to use a certain HBT in parallel to reach a surface of several hundred. Another concern is the sensibility of β with respect to the temperature. Figure 6.8 shows a simulation of β and its derivative with respect to the temperature between -25°C -75°C. The simulation used eight parallel HBT from the AMS BiCMOS 350 nm technology, biased with 2 mA, each with dimensions "0.4 μm × 50 μm". The figure shows that β is quite sensible to the temperature variation, and its typical value depends on the operating temperature. 

Small-Signal Characteristics

A simplified small-signal model is illustrated in Figure 6.9, showing the most important components [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF]. The biggest difference from the small-signal model of MOSFET is that BJT has a finite input impedance h 11 . The capacitance C b at the input is the diffusion capacitance of the base. Another two important parameters are the transconductance g m and output impedance r o , of which the concepts are similar to those of MOSFET.

Transconductance

Considering V BE as input voltage and I C as output current, then the small-signal transconductance g m is the derivative of I C with respect to V BE . Using eq. 6.8, g m can be got by the following calculation [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF]:

g m = dI C dV BE = d I S e V BE V T dV BE = I S e V BE V T V T = I C V T = qI C k B T (6.17) B C C b + - v i h 11 g m v i r o E Figure 6
.9: Simplified small-signal model of BJT.

Input Impedance

The input impedance for small signals is the derivative of V BE with respect to I B . Since I B = I C β , assuming that β stays constant, then, the calculation of the input impedance h 11 can borrow the result of eq. 6.17:

dI B dV BE = d I C β dV BE = 1 β dI C dV BE = g m β (6.18)
Then, the input impedance h 11 equals [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF]:

h 11 = dV BE dI B = 1 dI B dV BE = β g m (6.19)

Diffusion Capacitance

The capacitance C b is due to the resistive characteristic of semiconductors. When there is no signal, the instant charge in a part of a semiconductor can be considered as a constant. However, when there is a signal, the current varies following the signal, then, causes a variation of the charge. Because the relatively large resistivity of semiconductor comparing to metal, the carriers move much more slowly in semiconductor than in metal. Consequently, such charge variation shows capacitive behaviour.

It is what happens in the base when there is a signal. The equivalent capacitance is called diffusion capacitance. The minor carrier's charge in the base Q eB can be expressed with eq. 6.20, and is dominant by the components

I nC ≈ I C . Q eB = 1 2 W B qA n 2 i N A e V BE V T (6.20)
With eq. 6.6, I C =

qADnn 2 i W B N A e V BE
V T , a time constant τ F which defines the base transit time can be first calculated with Q eB and I C [START_REF] Muller | Device electronics for integrated circuits[END_REF]:

τ F = Q eB I C = W 2 B 2D n (6.21)
Using Q eB = τ F I C and eq. 6.17, the base diffusion capacitance C b equals [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF][START_REF] Muller | Device electronics for integrated circuits[END_REF]:

C b = dQ eB dV BE = dQ eB dI C × dI C dV BE = τ F g m (6.22)

Output Impedance

According to the definition, the output impedance of small signals equals the derivative of V CE respect to I C . It is inversely proportional to the slope of the I C (V CE ) curve, shown on the right of Figure 6.2. The curve in the forward active region is very flat, suggesting a very high small-signal output impedance. However, it is not completely flat. Although V CE has barely any control on I C , it is still has a small impact on it.

In fact, in the expression of I C (eq. 6.6 or eq. 6.8), the coefficient I S , namely the saturation current is not exactly constant. The effective base width W B actually depends on V CE , more specifically, on the voltage V CB across the CB junction. Because the effective base width is defined as the distance between the depletion layer edges of BE junction and CB junction [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF], the change of V CE equals the change of V CB (supposing that V B stays constant), then, the depletion layer of the CB junction varies with V CB , in turn altering W B . Consequently, W B can be expressed as a function of V CB or V CE .

This base effective width modulation is called "Early effect", named after James Early, who first analysed the effect [START_REF] Early | Effects of space-charge layer widening in junction transistors[END_REF]. The theory shows that, graphically, the extension line of the slopes of the I C V CE curves will intersect at one point on the axis X, of which the absolute value is named the "Early voltage" V A , as shown in Figure 6.10.

From the graphical definition, it can be mathematically expressed as [START_REF] Muller | Device electronics for integrated circuits[END_REF]:

V A = I C ∂I C ∂V CE (6.23)
The output impedance can be directly deduced from eq. 6.23:

r o = ∂V CE ∂I C = V A I C (6.24) Since g m = I C V T
, r o can also be expressed with g m [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF]: Similarly, the collector-substrate junction also has a depletion layer capacitance C CS . r μ is an equivalent impedance due to the base width modulation when there is a signal. R bb , R cc and R ee are the intrinsic parasitic resistances from the active region to the ohmic contacts. These parasitic resistances can be reduced by paralleling several active regions or several bipolar transistors.

r o = V A I C = V A V T g m (6.25)
C π + - v i h 11 C µ r µ g m v i r o C CS R cc C R ee E

Noise in BJT

Based on the physical structure and working principle, the noise sources in bipolar transistors can be analysed.

Thermal Noise

The resistive n-type and p-type semiconductor materials all have parasitic resistances, which are real resistances. Thus, they all generate thermal noise. The modelling does include all three thermal noise sources. To simplify the analysis, the thermal noise generated by the base parasitic resistance is the most important, since it attacks directly at the input for a common emitter topology. Its voltage noise spectral density is:

v 2 tb = 4k B TR bb Δf (6.26)

Shot Noise

Take another look at the flux components included in eq. 6.2, eq. 6.3 and eq. 6.4, the main component cross the CB junction is the electrons I nC ≈ I C . For the carriers across the BE junction, since the electrons have already been considered, the rest are mainly the holes I pE , which is the dominant term in I B . Besides, because the base is very thin, these two components can be considered uncorrelated. Hence, two shot noise sources are generally taken into account for noise modelling: one is considered from I B , and the other from I C , with their expressions listed below:

i 2 sb = 2qI B Δf (6.27) i 2 c = 2qI C Δf (6.28)

Flicker Noise

The flicker noise inside BJT is mainly due to the interface defects because of the thin oxide existing between the EB junction [START_REF] Deen | Low frequency noise in polysilicon-emitter bipolar junction transistors[END_REF][START_REF] Seif | Study of low frequency noise in advanced SiGe: C heterojunction bipolar transistors[END_REF]. It is often modelled as a current noise source at the input with a standard form:

i 2 fb = KI a f b Δf (6.29)
The typical values of the parameters K, a and b for the HBT of the AMS technology are provided in their technical document. For a HBT of high voltage, typically, K = 2.512×10 -10 , a = 1.819 and b = 1 [121]. So, the flicker noise of these HBT has good 1/f behaviour.

Small-Signal Model of BJT with Noise Sources

A small-signal model integrating the noise sources mentioned above is shown in Figure 6.12.

The current noise source i 2 b is the sum of the shot noise i 2 sb and flicker noise i 2 fb .

B R bb v 2 tb B' C π + - v i h 11 i 2 b C µ g m v i r o i 2 c C CS C E Figure 6
.12: Simplified small-signal model of BJT with noise sources.

To calculate the equivalent input noise, the noise source i 2 c needs to be brought to the input B with v

2 sb = i 2 c g 2 m .
A equivalent noise source v 2 b is used to represent the sum of v 2 tb and v 2 sb . It is also needed to consider the voltage divider formed by R S + R bb and h 11 , where R S is the impedance of voltage source v S , as shown in Figure 6.13. Then, the equivalent input voltage noise of BJT can be expressed with eq. 6.30.

e n = v 2 b + i 2 b (R bb + R s )h 11 R bb + R s + h 11 2 (6.30) R S v S B R bb v 2 b B' C π + - v i h 11 i 2 b C µ g m v i r o C CS C E Figure 6
.13: Small-signal model of BJT with noise sources, where v 2 b is the equivalent voltage noise source of i 2 c at the input (base) plus the thermal voltage source v 2 tb .

SiGe NPN HBT

In the previous section, the limitation of traditional homojunction BJT has been mentioned, that it is hard to further improve its performance due to the trade-off that has to be made [START_REF] Pierret | Semiconductor device fundamentals[END_REF].

By introducing heterojunctions into bipolar transistors, especially the EB junction, this tradeoff problem can be well solved. This section will give a brief introduction on SiGe HBT.

Principle of HBT and Advantages

The main idea of integrating a heterojunction into BJT is to raise the emitter injection efficiency. To better explain this, it is necessary to first modify a little bit eq. 6.16: For homojunction BJT, the intrinsic carrier concentration n 2 i of the emitter and the base are the same. So, when calculating the current gain β (eq. 6.13) and the emitter injection efficiency γ (eq. 6.16), n 2 i was cancelled from the final equation. However, after replacing the silicon base with SiGe, the emitter's intrinsic carrier concentration n 2 iE and the base's intrinsic carrier concentration n 2 iB must be both kept in the equation [START_REF] Pierret | Semiconductor device fundamentals[END_REF].

First, the intrinsic carrier concentration n 2 i has the expression [START_REF] Van Zeghbroeck | Principles of semiconductor devices[END_REF][START_REF] Pierret | Semiconductor device fundamentals[END_REF]:

n 2 i = N C N V e - Eg k B T (6.31)
where N C is the effective density of conduction band states, N V is the effective density of valence band states, and E g is the bandgap energy equal to the energy difference between conduction band and valence band E C -E V [START_REF] Van Zeghbroeck | Principles of semiconductor devices[END_REF][START_REF] Pierret | Semiconductor device fundamentals[END_REF].

Then, eq. 6.16 of the emitter injection efficiency becomes:

γ = 1 1 + qAD pE Lp n 2 iE N DE e V BE V T qAD nB W B n 2 iB N AB e V BE V T = 1 1 + D pE W B N AB n 2 iE D nB LpN DE n 2 iB = 1 1 + D pE W B N AB D nB LpN DE (N CE N VE )e - E gE k B T (N CB N VB )e - E gB k B T = 1 1 + D pE W B N AB D nB LpN DE (N CE N VE ) (N CB N VB ) e E gB -E gE k B T (6.32)
The exponential term in the last line is the core. At 300 K, the bandgap energy E g of silicon is 1.12 eV and of germanium is 0.67 eV. Consequently, the bandgap energy of the SiGe base is between 0.67 eV and 1.12 eV, depending on germanium's concentration. Hence, E gB -E gE < 0, which makes the exponential term e E gB -E gE k B T very close to zero, namely γ closer to 1. By contrast, for homojunction BJT, with E gB = E gE , the corresponding exponential term equals 1. The comparison suggests that the introduction of Si/SiGe heterojunction largely improves the emitter injection efficiency. In other words, it also leaves a margin for increasing the base doping level N AB , making it possible to reduce the base parasitic resistance and to narrow the base width. In this way, the current gain, the base parasitic resistance, the noise performance and the high cutoff frequency of bipolar transistors can all get improved [START_REF] Prele | Instrumentation cryogénique bas bruit et large bande en technologie SiGe[END_REF]. Figure 6.14 compares the energy band diagram of silicon homojunction BJT and of SiGe HBT [START_REF] Prele | Instrumentation cryogénique bas bruit et large bande en technologie SiGe[END_REF]. The right diagram shows that at the EB junction, ΔE C as a barrier for electrons is largely reduced. Contrarily, ΔE V as a barrier for holes is slightly increased. It means that the electrons injected by the emitter can cross the EB junction more easily, and for the holes from the base, it becomes harder to get to the emitter. In other words, it increases I nE as well as I nC and suppresses the I pE , thus improves the emitter injection efficiency. Besides, the lower barrier for the electrons also reduces the charge of the electrons in the emitter, leading to a smaller emitter-base storage capacitance, consequently improving the transistor's speed [START_REF] Pulfrey | Heterojunction bipolar transistor[END_REF]. Furthermore, the concentration of germanium can be adjusted to have a gradient of bandgap, notably an energy decrease of the conduction band from the EB junction side to the CB junction side, as shown in Figure 6.14. It accelerates the electrons to cross the base faster. So, the transit time τ F is decreased, as well as the base diffusion capacitance C b , meaning an improvement of the high-frequency performance of HBT. Besides, faster crossing the base also suggests less recombination with the holes in the base. Consequently, the current gain also gets further improved.

In addition to the improvements in the electrical characteristics, HBT also has advantages on robustness against radiation effects over traditional BJT. Notably, the heavily doped base provides better robustness against Displacement Damage effect, comparing to the traditional BJT with the moderate doped base. The thin oxide between the emitter and the base also leaves less room for the oxide damages due to Total Ionising Dose effect, which thus improves its ability against the effect [START_REF] Cressler | Silicon-germanium as an enabling technology for extreme environment electronics[END_REF]. More details will be discussed in Part III.

SiGe HBT Structure

This section will take the SiGe HBT of the 350 nm SiGe HBT BiCMOS technology of AMS as an example to generally introduce HBT's structure. The cross-section of the HBT is shown in Figure 6.15. Upon the ≈ 720 μm p-substrate wafer is the collector, comprising several parts. The internal collector is realised with a lightly doped "bn-well", required by the doping profile of BJT/HBT. A heavily doped sub-collector is below the bn-well, connecting with the collector ohmic contact via a collector sinker, also heavily doped. The sub-collector and the sinker compose the external collector. Their heavy doping level makes them much less resistive (36 Ω/ ) than bn-well (1.6 kΩ/ ) [100], thus helps reduce the parasitic resistance of the collector [START_REF] Cressler | Silicon-Germanium heterojunction bipolar transistors[END_REF][START_REF] Prasad | High-speed electronics and optoelectronics: devices and circuits[END_REF].

The SiGe base is deposited on the bn-well collector. Upon it, there is a base buffer made of polysilicon, as the external base, with about 150 nm thickness. Then, on the top is the emitter, made of polysilicon, with about 200 nm thickness [100]. The polysilicon allows reducing the sheet resistance [START_REF] Cressler | Silicon-Germanium heterojunction bipolar transistors[END_REF].

The process temperature of SiGe base adapts well to the CMOS process, which its integration "seamless" with Si CMOS technology [START_REF] Cressler | Silicon-Germanium heterojunction bipolar transistors[END_REF][START_REF] Prasad | High-speed electronics and optoelectronics: devices and circuits[END_REF]. It is indeed a great advantage, offering large flexibility for ASIC designers.

Part III

Radiation Hardening Design

This part is about my work on digital microelectronics of the WFEE. However, it starts with an introduction to the space radiation environment and effects on electronics since the digital circuits in the following discussions are all radiation-hardened. The subsequent chapters first present my design of the radiation-hardened digital library, then, the radiation effects assessment. In some prophecies, one day, fireballs will fall from the sky and end everything on the earth. The image might be horrible (for people who sincerely worry about this) or entertaining (if it is in a film). However, many people might not realise that, every day at every moment, uncountable invisible particles do come from the sky, hit or even pass through our body, leaving no trace behind. Luckily, particles that can reach the ground level generally cause no harm to terrestrial life forms. The high energy particles flying near the earth are mainly emitted by the sun or from cosmic rays. When they are about to hit the earth, they will firstly be deflected by the earth's magnetic field. Earth's atmosphere is another protection for us. Primary particles will undergo nuclear reaction with air particles with the reaction producing different kinds of secondary particles, including electrons, positrons, mesons, neutrons, etc [START_REF] Wissmann | Radiation exposure at ground level by secondary cosmic radiation[END_REF][START_REF] Greisen | Cosmic ray showers[END_REF]. These secondary particles that could reach sea level have less energy and can not harm terrestrial life forms anymore.

Space Radiation and Effects on Electronics

Space Radiation and Effects on Electronics

To detect these invisible "ghosts", an old-fashioned but famous way is to use cloud chamber invented by C.T.R. Wilson [START_REF] Wilson | On a method of making visible the paths of ionising particles through a gas[END_REF]. Figure 7.1 is a photo showing four different particles detected at the same time, in a cloud chamber positioned on the Pic du Midi in France, at an altitude of 2877 m [START_REF] Bulter | Early cloud chamber experiments at the Pic-du-Midi[END_REF]. Although it is not being used anymore for scientific research, it is still popular for pedagogic purpose and relatively easy to build. One can find detailed instructions on the internet [START_REF] Muñoz | Detection of particles with a cloud chamber[END_REF] and even videos on Youtube. However, it is indeed a Nobel prize level invention and has made some significant discoveries [START_REF] Earl | Cloud-chamber observations of primary cosmic-ray electrons[END_REF].

On the other hand, man-made facilities operating in space have no such luck. Without the protection of the earth's atmosphere, they are vulnerable under the endless attack of high energy particles. Hence, extra preventions and protections are essential. This chapter concentrates on the aspects concerning radiation effects on electronics. The following two chapters will discuss the prevention methods used for the WFEE digital electronics and the radiation assessment.

Space Radiation Environment of the ATHENA Mission

The space environment is unfriendly to man-made spatial telescopes. Many different aspects need to be taken into consideration to protect spacecraft against extreme temperatures, plasmas, high-energy radiations and meteoroids. For the development of electronics working in space, radiation effects should be seriously considered, as high-energy particles can easily penetrate outer shields and affect electronics inside. For an instrument working at the second Sun-Earth L 2 point, three sources of high-energy radiations need to be taken into account (Figure 7.2):

1. Protons, electrons, and heavy ions from solar activity;

2. High energy particles, protons (85%), alphas (14%) and heavy ions (1%) from the galactic cosmic ray (GCR);

3. Protons and electrons trapped by Earth's Van Allen radiation belt.

Certainly, the first two sources contribute most of the radiations as L 2 is outside the belt. However, the Van Allen belt's contribution during the journey of spacecraft from Earth to L 2 point still needs to be taken into account. [START_REF] Evans | Natural environment near the Sun/Earth-Moon L2 libration point[END_REF][START_REF] Virtanen | Facilities and radiation test methods[END_REF]. Because the ATHENA's working orbit is still very close to the sun, and out of the shadow of the earth, solar activity plays a major role in the radiation environment. Notably, during a solar eruption, the flux of protons and heavy ions dramatically increases within a short period and becomes 10 3 -10 4 larger than the GCR [START_REF] Evans | Natural environment near the Sun/Earth-Moon L2 libration point[END_REF]. Consequently, the launch time and the duration of the mission are essential for estimating the irradiated level endured.

Although the level of solar activity cannot be predicted precisely, it is generally considered based on long-period observations that the sun has an average 11-year cycle. In general, the cycles are numbered following Rudolf Wolf's work of the reconstruction of earlier records, and the "first" cycle lasted from 1755 to 1766 [START_REF] Hathaway | The Solar Cycle[END_REF]. We are now in Solar Cycle 24 (Figure 7.3). The next Solar Cycle 25 is expected to begin around 2020 and to reach its end around 2032, followed by Cycle 26. According to some estimations, Cycles 25 and 26 might be the weakest cycles when compared with the present cycle and the following Cycles 27, 28 and 29 [START_REF] Javaraiah | Will Solar Cycles 25 and 26 Be Weaker than Cycle 24?[END_REF]. As the ATHENA telescope will begin its mission around 2030, which is at the end of Cycle 25 and perform through the beginning of Cycle 26, it could well avoid the peaks of both Cycles 25 and 26. Therefore, the 5-year flight of the ATHENA mission will probably be a rather peaceful period. Nevertheless, a large solar eruption similar to the one in 1989 should be taken into account as the worst-case scenario.

Radiation Effects

In general, the particles mentioned above could damage the electronic devices in two different ways: ionisation or atomic displacement [START_REF] Claeys | Radiation effects in advanced semiconductor materials and devices[END_REF][START_REF] Cressler | Extreme environment electronics[END_REF][START_REF] Holbert | Radiation Effects Damage[END_REF]. Some of these radiation effects have been discussed for decades. The earliest work mainly concentrated on the displacement damage caused by neutrons and protons in 1940s [179], evidently linked to the nuclear researches at that time [START_REF] Wigner | Theoretical physics in the metallurgical laboratory of Chicago[END_REF]. Afterwards, the researches dedicated to other radiation effects, such as Total Ionizing Dose (TID) effect, sprung up in the late 1950s and early 1960s, along with human space activities [START_REF] Pease | Total ionizing dose effects in bipolar devices and circuits[END_REF][START_REF] Pellish | Single event and total dose testing for advanced electronics[END_REF]. Other effects have emerged later, along with the progress of the technology and the evolution of the materials: Single Event Upset (SEU) was first observed in a bipolar J-K flip-flop in 1975 [START_REF] Binder | Satellite anomalies from galactic cosmic rays[END_REF]; Single Event Burnout (SEB) was first reported in 1986 [START_REF] Waskiewicz | Burnout of power MOS transistors with heavy ions of californium-252[END_REF]. Moreover, the same particle impacting electronics of different technologies may cause the same effect but with different mechanisms. In a manner of speaking, the research of radiation effects on electronics follows and evolves with the evolution of semiconductor technologies.

Ionisation Damage

The ionising damage could be caused directly by charged particles or indirectly by photons [START_REF] Holbert | Radiation Effects Damage[END_REF]. Although their mechanisms are different, one of the common consequences is that electron-hole pairs will be created. When incident charged particles or photons pass through materials, they lose energy and the lost energy transfers to orbital electrons. The electrons originally in the valence band jump to the conduction band if the absorbed energy is sufficient, and leave holes behind in the valence band. Since the recombination of the electrons in the conduction band and the holes in the valence band is difficult, they keep separate. Hence, electron-hole pairs are created, along the incident path within the material [START_REF] Holbert | Radiation Effects Damage[END_REF].

However, some other phenomena could also happen, depending on the mass of charged particles, or the energy of incident photons. Heavy particles mainly create electron-hole pairs. They can hardly be deflected by Coulomb force, so they keep the incident direction with a straight path through the material. But they are also largely slowed down by Coulomb interactions, so their penetrating distance is strongly limited [START_REF] Holbert | Radiation Effects Damage[END_REF].

Light charged particles, such as β particles and electrons also lose energy and create electronhole pairs along the path. Moreover, Bremsstrahlung 1 could happen from the deceleration of electrons. Compared to heavy particles, light particles can go further, and scattering is easier than for heavy particles. As a result, the path is zigzag and hard to predict [START_REF] Holbert | Radiation Effects Damage[END_REF].

Photons have no mass and no charge, so they mostly penetrate the material. Depending on the photon's energy, different fundamental interactions happen. For photons with low energy (<200 keV), the photoelectric effect dominates. Orbital electrons absorb the photons' energy and jump to the conduction band, which then create electron-hole pairs; For photons with middle-range energy(between 200 keV to 1.5 MeV), the Compton effect plays a role. In this situation, a secondary photon with lower energy could be emitted and then excite a second electron-hole pair [START_REF] Claeys | Radiation effects in advanced semiconductor materials and devices[END_REF][START_REF] Holbert | Radiation Effects Damage[END_REF]; For photons with energy higher than 1.5 MeV, the generation of electron-positron pairs dominates, but electron-hole pairs could also be created in this case [START_REF] Claeys | Radiation effects in advanced semiconductor materials and devices[END_REF].

The electron-hole pairs created due to the different mechanisms mentioned above play the key role in the ionising radiation effects. According to the impact time, the effects can be differentiated as immediate effects: Single Event Effects (SEE) and long-term effects: Total Ionizing Dose effects (TID).

Long-term Cumulative Effect: TID (Total Ionizing Dose)

When an ionising particle passes through the oxide near the active regions of an electronic circuit, electron-hole pairs are created along the incident path in the oxide. Some of the electrons and the holes quickly recombine. The others are separated by the electric field within the region (e.g. bias of device). While the electrons are very mobile in oxide, the holes are much slower 2 and have longer mobile life-time. Driven by the extrinsic electric field, the holes will drift towards an interface where the oxide meets another material [START_REF] Hughes | Hole mobility and transport in thin SiO2 films[END_REF]. Inside the oxide close to the interface, many oxygen vacancies have been created during the annealing, which are trapping centres [START_REF] Warren | Microscopic nature of border traps in MOS oxides[END_REF]. A certain per cent of the holes will then be trapped there by these oxygen vacancies. When more and more charges are trapped and gathered, the performance of the impacted electronic components will be gradually changed [START_REF] Cressler | Extreme environment electronics[END_REF]. So it is a long-term effect, and usually due to the incidence of charged particles like protons or electrons, or photons [START_REF] Cressler | Silicon-Germanium heterojunction bipolar transistors[END_REF].

The energy deposited on the target materiel per gram by the incident particles that creates 1 When electrons are decelerated by the atomic nucleus, the kinetic energy of electrons is converted into electromagnetic radiation, such as X-ray photons.

2 SiO 2 is considered as an electrical insulator. However, electron mobility in SiO 2 is not that low, about 20 cm 2 /V/s at 300 K [START_REF] Hughes | Charge-Carrier Transport Phenomena in Amorphous SiO2: Direct Measurement of the Drift Mobility and Lifetime[END_REF][START_REF] Fitting | Monte-Carlo Studies of the Electron Mobility in SiO2[END_REF]. A hole's mobility compares to that of an electron, just like tortoises comparing to rabbits, only about 4 × 10 -9 cm 2 /V/s in SiO 2 at 300 K [START_REF] Hughes | Hole mobility and transport in thin SiO2 films[END_REF]! Another data that should be mentioned for the comparison is that the hole's mobility in the channel of PMOSFET of 350 nm SiGe HBT BiCMOS technology of AMS is 126 cm 2 /V/s [100] at room temperature, which is not much faster than electrons in SiO 2 . ionisation is named "dose". So the deposition of energy depends not only on the mass and energy of the incident particles but also on the material's type and its mass [START_REF] Claeys | Radiation effects in advanced semiconductor materials and devices[END_REF][START_REF] Najafizadeh | Design of analog circuits for extreme environment applications[END_REF]. The unit of dose commonly used is "rad (Si)", meaning the deposited energy is normalised to that deposited on silicon, and "rad" is short for Radiation Absorbed Dose. Otherwise, another unit being used from "International System of Units (SI)" is "Gray (Si)", and 1 Gray = 100 rad [START_REF] Tokuhiro | Radiation resistance testing of MOSFET and CMOS as a means of risk management[END_REF][START_REF] Seltzer | ICRU report 85: fundamental quantities and units for ionizing radiation[END_REF].

TID effect in MOSFET TID effect actually has two mechanisms, one being the consequence of the other. Figure 7.4 shows the cross-section of a MOSFET3 : Holes are trapped and accumulated near the SiO 2 /Si interface, with the mechanism explained above. When the accumulation reaches a certain level, the trapped holes near the interface4 at the side of and below the gate5 , will create an electron inversion layer as a parasitic channel between the drain and the source, and cause a noticeable leakage current.

The other mechanism follows the trapping of the holes, which releases a small amount of energy about 5 eV. This energy breaks the weak bonds of Si-H or the OH bonds of Si-OH nearby, and hydrogen ions are released [START_REF] Winokur | Two-stage process for buildup of radiation-induced interface states[END_REF]. These positive ions continue drifting towards the interface (supposing a positive gate biasing), and react with hydrogen-passivated defects at the interface, then form interface traps [START_REF] Cressler | Extreme environment electronics[END_REF][START_REF] Rashkeev | Defect generation by hydrogen at the Si-SiO 2 interface[END_REF][START_REF] Boesch | Charge and interface state generation in field oxides[END_REF][START_REF] Saks | Interface trap formation via the two-stage H/sup+/process[END_REF][START_REF] Rashkeev | Protoninduced defect generation at the Si-SiO2interface[END_REF]. The interface traps are electronic states within the Si bandgap, and depending on their relative positions to the Fermi level, they could be acceptor-like or donor-like. The interface traps above the Fermi level are experimentally acceptor-like, tending to receive electrons, and the ones below are donor-like, tending to give up electrons. In an NMOS transistor, since the Fermi level is closer to the conduction band, acceptor-like traps are dominant, receiving the abundant free electrons in silicon. So the total charge of interface traps is negative, leading to a positive threshold voltage shift, opposite to the effect of the positive holes trapped in the oxide. In contrast, in a PMOS transistor, the Fermi level is closer to the valence band. So donor-like traps are dominant, tending to give electrons. Then the total charge of interface traps is positive, leading to a negative threshold voltage shift, similar to the effect of the positive holes trapped in the oxide [START_REF] Cressler | Extreme environment electronics[END_REF][START_REF] Gonella | Tid tolerance of commercial 130nm cmos technologies for hep experiments[END_REF][START_REF] Mcwhorter | Donor/acceptor nature of radiation-induced interface traps[END_REF].

Now supposing two traditional lateral MOS transistors have been just irradiated, one NMOS transistor and one PMOS transistor, both with the same dimensions. The discrepancies of the effect on their electrical characteristics come not only from the doping but also from the bias voltage. For threshold voltage V th , as mentioned above, the two mechanisms lead to opposite shift directions for the NMOS transistor, but the same direction of shift for the PMOS transistor. Hence, the PMOS transistor has a negative threshold voltage shift, whose absolute value becomes larger. For the NMOS transistor, the shift is more complicated. The interface traps, forming behind the oxide traps, introduce the impact much more slowly. Hence, the V th of the NMOS transistor first have a negative shift. Then the tendency is compensated because of the opposite charge of interface traps. So, afterwards, the curve tends to shift back, as illustrated in Figure 7.5. Comparing the two absolute shifts, the PMOS transistor has a larger threshold voltage change than the NMOS transistor [START_REF] Gonella | Tid tolerance of commercial 130nm cmos technologies for hep experiments[END_REF][START_REF] Schwank | Radiation effects in MOS oxides[END_REF]. Indeed, because the voltage difference between the gate of the PMOS transistor and n-well is negative, holes tend to move inversely, towards the SiO 2 /gate interface, the effects mentioned above are much weakened.

Because NMOSFET has a smaller threshold voltage, it will lead to a significant increase in leakage current. In contrast, this is not a problem for PMOSFET, as it has a larger absolute V th [START_REF] Gonella | Tid tolerance of commercial 130nm cmos technologies for hep experiments[END_REF].

TID effect could also degrade the carrier's mobility because of the creation of Si/SiO 2 interface traps slowing down the carriers. Again, because the negative voltage bias between the gate and n-well of PMOSFET, fewer such traps are created at the interface of Si/SiO 2 , so PMOSFET has a smaller degradation than NMOSFET. The degradation of transconductance results from the degradation of carrier mobility in the channel. Thus, PMOSFET also has better robustness on transconductance than NMOSFET [START_REF] Gonella | Tid tolerance of commercial 130nm cmos technologies for hep experiments[END_REF].

NMOS transistors are generally considered to be more vulnerable to TID effect than PMOS transistors. It is why in some circuits presented in the literature, only NMOS transistors have ELT pattern as TID prevention while PMOS transistors do not.

TID effect in BJT Concerning the TID effect of bipolar transistors, when p-n junction isolations were still used in the old time, the effect was not a concern [START_REF] Oldham | Basic mechanisms of TID and DDD response in MOS and bipolar microelectronics[END_REF][START_REF] Hicks | Semi-custom IC Design and VLSI[END_REF]. However, the worry emerged along with the use of oxide isolation technology, as the parts covered with slash lines shown in Figures 7. [START_REF] Bhagat | Researches About Ancient Astrology[END_REF] and 7.7.

The mechanism of the effect on bipolar transistors is different from that of MOS transistors:

Knowing that the base current mainly comes from the recombination of electrons and holes in the emitter-base depletion zone and the neutral base, the ionising damage in oxide near these sensitive zones will increase the base current by introducing extra recombinations [START_REF] Cressler | Extreme environment electronics[END_REF]. Similar to the formation mechanism of the interface traps of MOSFET, holes trapped near the Si/SiO 2 interface (e.g. the interfaces shown in Figures 7.6 and 7.7) result in some electrical states between conduction band and valence band at the interface. These states can either capture or give an electron from/to conduction band, or capture or give a hole from/to valence band, which makes it a recombination centre [START_REF] Neamen | Semiconductor physics and devices: basic principles[END_REF][START_REF] Langer | Surface recombination in semiconductors[END_REF]. Although these states as traps do already exist before irradiation due to the process, known as the surface effect, the irradiation will increase the density of these interface traps or recombination centres. Especially when it happens at the Si/SiO 2 surface beside the E-B junction, the surface recombination velocity that is proportional to the density of the recombination centres will increase, then leads to an extra base current [START_REF] Schrimpf | Recent advances in understanding total-dose effects in bipolar transistors[END_REF][START_REF] Nowlin | Mechanisms of ionizing-radiation-induced degradation in modern bipolar devices[END_REF][START_REF] Kosiert | Effects of oxide charge and surface recombination velocity on the excess base current of BJT's[END_REF]. This recombination could happen both at the Si/SiO 2 surface beside the E-B depletion zone and beside the neutral base, which leads to the increase of both items [START_REF] Cressler | Extreme environment electronics[END_REF]. In addition, the recombination centres with energy closer to the middle of the bandgap work more effectively, which is different from these interface traps in MOSFET [START_REF] Schrimpf | Recent advances in understanding total-dose effects in bipolar transistors[END_REF].

Another effect is the extension of the E-B depletion zone. Because the holes trapped in the Figure 7.7: Cross section of a typical silicon-based lateral PNP bipolar transistor with oxide for planarisation [START_REF] Oldham | Basic mechanisms of TID and DDD response in MOS and bipolar microelectronics[END_REF]. The current of the lateral transistor flows laterally under the Si/SiO 2 surface, so it has a big sensitive zone marked by red circle. The current of the substrate transistor flows vertically downwards, so its sensitive zone is relatively small, marked by blue circle.

oxide near the Si/SiO 2 interface are positively charged, the depletion zone at the P-side of a p-n junction will extend [START_REF] Schrimpf | Recent advances in understanding total-dose effects in bipolar transistors[END_REF]. Since the recombination of electrons and holes in the E-B depletion zone plays a significant role in the formation of the base current, the extension of the depletion zone will bring more recombination and thus increase the base current.

The cross-section of a typical vertical NPN bipolar transistor is shown in Figure 7.6, where the sensitive zone is marked by dashed lines. Another Figure 7.7 shows the cross-section of the typical structure of a lateral PNP bipolar transistor and a substrate PNP bipolar transistor sharing the same emitter. For vertical bipolar transistors, because the current orients vertically downwards, the sensitive zone, namely the Si/SiO 2 interface beside E-B junction, is minimised. The principle is similar to substrate bipolar transistors. In contrast, for lateral bipolar transistors, the current flows laterally along the Si/SiO 2 surface full of recombination centres after irradiation, which makes its TID tolerance the worst. It has been found that the lateral structure degrades 50 times faster than the vertical structure [START_REF] Oldham | Basic mechanisms of TID and DDD response in MOS and bipolar microelectronics[END_REF][START_REF] Schmidt | Comparison of ionizing-radiation-induced gain degradation in lateral, substrate, and vertical PNP BJTs[END_REF][START_REF] Cressler | Extreme environment electronics[END_REF].

For the current gain β, because the increasing recombination in the E-B depletion zone leads to the increase of not only the base current but also the emitter current, the collector is generally considered to remain constant [START_REF] Cressler | Extreme environment electronics[END_REF][START_REF] Schrimpf | Recent advances in understanding total-dose effects in bipolar transistors[END_REF]. On the other hand, the increasing recombination in the neutral base zone will only increase the base current, so fewer electrons reach the collector. Then, the collector current decreases. One way or another, the current gain of irradiated bipolar transistors will decrease [START_REF] Cressler | Extreme environment electronics[END_REF].

TID effect in SiGe HBT Comparing to traditional silicon-based bipolar transistors, heterojunction bipolar transistors of SiGe BiCMOS technologies are much more tolerant to TID effect [START_REF] Cressler | Radiation effects in SiGe technology[END_REF]. However, the benefit is not from the addition of the SiGe alloy, but from the structure HBT, as the oxides beside the base are always the weak points against TID effect. The sensitive zones of the HBT from AMS 350 nm technology are marked in Figure 7.8 [100], which are the oxides between the base and the emitter, and between the base and collector. However, because these oxides in commercial SiGe technologies are generally very thin, much fewer holes will be trapped inside. Thus the robustness against TID effect is largely improved [START_REF] Cressler | Silicon-germanium as an enabling technology for extreme environment electronics[END_REF]. The actual tolerance of SiGe technologies from different fabricants are different.

It depends not only on the thickness of the oxides in the key zones, but also on the characteristics of the oxides, such as its growth techniques and the impurity concentration [START_REF] Pease | Total dose effects in recessed oxide digital bipolar microcircuits[END_REF]. Enhanced Low Dose Rate Sensitivity (ELDRS) Bipolar circuits with recessed oxide isolations that could have sustained 10-100 krad(Si) dose level failed at 5 krad(Si) dose level. This phenomenon was discussed in a paper in 1983 [START_REF] Pease | Total dose effects in recessed oxide digital bipolar microcircuits[END_REF]. Later in 1991, the reason was revealed that bipolar devices have more severe gain degradation under irradiation with lower dose rate [START_REF] Enlow | Response of advanced bipolar processes to ionizing radiation[END_REF]. It is named Enhanced Low Dose Rate Sensitivity (ELDRS). This special effect on bipolar devices existing in space was first verified in 1998, thanks to the experiments on board of a satellite placed in a highly elliptical orbit. The experiments were a part of the mission dedicated to electronics and photonics working in space, named MPTB (Micro-electronics and Photonics Test Bed), for evaluating the performance of such components in space, that could be used for the future spacecraft [START_REF] Ritter | Microelectronics and photonics test bed (MPTB)[END_REF]. The highly inclined and elliptic orbit permitted the satellite to operate both inside and outside the Van Allen belts, sufficiently exposed to solar particles and cosmic rays [START_REF] Dyer | Radiation environment of the microelectronics and photonics test bed as measured by CREDO-3[END_REF], which makes its results very representative and significant as a reference for the actual standards concerning radiation effects.

Compared to the low dose rate, high dose rate can slower the "delocalised" holes' drift in the oxide towards Si/SiO 2 interface. Also, these delocalised holes will create an electrical field that degrades the local potential gradient. The two effects reduce about 10% of the density of trapped holes near the interface. Moreover, high dose rate also leads to about 2.5 times more compensation of trapped holes by electrons, which also reduces the density of the trapped holes. Because TID effect results from the increase of the density of the trapped holes, high dose rate tends to mitigate the effect [START_REF] Cressler | Silicon-Germanium heterojunction bipolar transistors[END_REF][START_REF] Pease | Total ionizing dose effects in bipolar devices and circuits[END_REF][START_REF] Fleetwood | Physical mechanisms contributing to enhanced bipolar gain degradation at low dose rates[END_REF][START_REF] Johnston | Enhanced damage in linear bipolar integrated circuits at low dose rate[END_REF][START_REF] Kosier | Charge separation for bipolar transistors[END_REF][START_REF] Nowlin | Saturation of the dose-rate response of bipolar transistors below 10 rad (SiO/sub 2/)/s: implications for hardness assurance[END_REF].

One of the key questions is which rate should be used for the assessment of components? The MPTB experiments showed that the parametric degradation of the bipolar transistors onboard was comparable to the measurements on the ground with a low dose rate of 10 mrad(Si)/s [START_REF] Titus | First observations of enhanced low dose rate sensitivity (ELDRS) in space: One part of the MPTB experiment[END_REF]. However, the dosimeters on board of MPTB have measured an average dose rate between 0.01 to 10 mrad(Si)/s [START_REF] Turflinger | ELDRS in space: An updated and expanded analysis of the bipolar ELDRS experiment on MPTB[END_REF], where the 10 mrad(Si)/s is actually the maximum value. Furthermore, the measurements in [START_REF] Chen | The effects of ELDRS at ultra-low dose rates[END_REF] have shown more degradation at 0.5 mrad(Si)/s, 50 times slower than the standard testing rate. Another paper analysed the damage versus dose rate. The damage increases rapidly when the dose rate is reduced from 100 mrad(Si)/s to 10 mrad(Si)/s, and then has a slower increase with the rate down to 1 mrad(Si)/s. The most severe value could be around 1 mrad(Si)/s, and afterwards, the damage rate must drop because there is no damage at 0 dose rate [START_REF] Turflinger | ELDRS in space: An updated and expanded analysis of the bipolar ELDRS experiment on MPTB[END_REF].

Then what rate to choose? In fact, multiple official standards, including the ESCC standard of ESA (ESCC Basic Specification No. 22900), have accepted the 10 mrad(Si)/s for verifying the ELDRS effect if necessary [START_REF] Agency | Total dose steady-state irradiation test method[END_REF]. In order to compensate for the possible degradation caused by lower dose rate, an over-test factor 1.5 has been proposed by the test method 1019.8 from standard MIL-STD-883H [START_REF] Yastrebov | The Issue of Using Test Dose Rate 10 mrad (Si)/s for ELDRS Prediction in MIL-STD-883-H[END_REF]. The idea is that in order to consider a possible dose rate lower than 10 mrad(Si)/s for a space mission, 1.5 times the total dose from the specification of the mission/component could be applied on testing samples (e.g. 15 krad(Si) irradiated dose comparing to 10 krad(Si) specified dose). Although the debate still exists [START_REF] Yastrebov | The Issue of Using Test Dose Rate 10 mrad (Si)/s for ELDRS Prediction in MIL-STD-883-H[END_REF], this factor along with the test method is considered sufficient for evaluation [START_REF] Turflinger | ELDRS in space: An updated and expanded analysis of the bipolar ELDRS experiment on MPTB[END_REF][START_REF] Pease | Evaluation of MIL-STD-883/Test Method 1019.6 for bipolar linear circuits[END_REF].

Indeed, 10 mrad(Si)/s plus the over-test factor 1.5 is a practical and effective choice for the evaluation, knowing that when the rate goes lower, the testing time and cost goes up dramatically. From my point of view, as the ATHENA mission is a European mission, it is essential and necessary to follow the ESCC standard when there is no such specific requirement for the X-IFU instrument.

Immediate effects: Single Event Effect (SEE)

Comparing to the TID effect due to the ionising path in oxide, a SEE happens when the incident path is in a sensitive zone/junction. It is usually due to the incidence of the particles with high energy, such as protons, neutrons, or heavy ions from cosmic rays [START_REF] Cressler | Silicon-Germanium heterojunction bipolar transistors[END_REF]. As the name suggests, a single incidence could trigger the event, so it is an immediate effect, also different from the TID effect. SEE is actually a large family, that can be subdivided into many categories, depending on different mechanisms of different devices. Some of the effects are nondestructive, causing temporary data error/"soft-error", and the others are more dangerously, can cause destructive damage. Here lists some of them [START_REF] Cressler | Silicon-Germanium heterojunction bipolar transistors[END_REF][START_REF] Cressler | Extreme environment electronics[END_REF][START_REF] Agency | ESCC Basic Specification No. 25100 -Single Event Effects Test Method and Guidelines[END_REF]:

Non-destructive effects:

• Single Event Upset (SEU);

• Single Event Transient (SET);

• Single Event Functional Interrupt (SEFI);

• Multiple Bit Upset (MBU);

• Multiple Cell Upset (MCU).

And destructive effects:

• Single Event Latch-up (SEL);

• Single Event Burnout (SEB);

• Single Event Gate Rupture (SEGR);

• Single Event Dielectric Rupture (SEDR);

• Single Event Hard Error (SEHE);

• Single Event Snap-Back (SESB).

In order to quantise the ionising interaction between the incident charged particle and the electrons of the target material, an index "Linear Energy Transfer" (LET) is mostly used. Eq. 7.1 can generally explain the meaning of the term, where E the particle's energy, x the trajectory of the particle and ρ m the density of the target material.

LET = dE dx ρ m (7.1)
According to the equation, the LET signifies the particle's energy loss per unit path, normalised by the density of the target material, often using the unit MeV • cm 2 /mg. It is also important to know that the LET only concerns the energy loss contributing to the generation of electron-hole pairs, which is the cause of a SEE, but does exclude the nuclear interaction, which belongs to another effect displacement damage (DD) [START_REF] Cressler | Silicon-Germanium heterojunction bipolar transistors[END_REF][START_REF] Claeys | Radiation effects in advanced semiconductor materials and devices[END_REF][START_REF] Seltzer | ICRU report 85: fundamental quantities and units for ionizing radiation[END_REF].

Naturally, a higher LET leads to a higher probability of a SEE. Traditionally, the probability of a SEE uses a term "cross section" to express. Although the name is not very intuitive, its expression is very easy to understand:

σ = N φ (7.2)
where σ the cross section (probability of a SEE), N the number of observed events and φ the fluence of incident particles [START_REF] Cressler | Silicon-Germanium heterojunction bipolar transistors[END_REF]. Experimentally, in order to analyse the data, the cross section -the probability -of SEE introduced by heavy ions, as a function of LET can be expressed by using a fit function, called "Weibull Curve":

σ(LET) = 1 -e -LET-L 0 W s σ sat (7.3)
where σ sat the saturated cross section [START_REF] Cressler | Silicon-Germanium heterojunction bipolar transistors[END_REF], and L 0 , W and s the fitting coefficients. More specifically, L 0 is the threshold; W is the width of the distribution; and s is a shape parameter [START_REF] Petersen | Rate prediction for single event effects-a critique[END_REF]. The "Weibull Curve" is a popular tool for the SEE rate prediction, irradiated under heavy ion sources. It is not suitable for the SEE introduced by proton, because proton produces not only ionising damage, but also non-ionising displacement damage [START_REF] Raymond | Comparison of neutron, proton and gamma ray effects in semiconductor devices[END_REF].

Single Event Latch-up (SEL) Single Event Latch-up is a typical radiation effect in IC using CMOS or BiCMOS technology. The effect is related to the parasitic pnpn or npnp structures formed by the p-n junctions between different doping zones, which turns to be a thyristor (or SCR short for Silicon Controlled Rectifier). Figure 7.9 illustrate clearly the parasitic components of a CMOS n-well inverter: The p+ doping of PMOSFET, with n-well and p-substrate form two parasitic vertical bipolar transistors VT 1 and VT 2 ; The n+ doping of NMOSFET, with p-substrate and n-well form two parasitic lateral bipolar transistors LT 1 and LT 2 [START_REF] Leavy | Radiation-induced integrated circuit latchup[END_REF][START_REF] Gregory | Latch-up in CMOS integrated circuits[END_REF]. The parasitic resistances of different doping regions are also shown in the figure.

The equivalent circuit of Figure 7.9 is shown in Figure 7.10 at left. In order to better analyse the principle of SEL, the schematic can be simplified by leaving the most important parasitic components, as shown on the right of Figure 7.10. When an ionising particle passes through the transistor, electron-hole pairs are created. Under the biasing of the device, electrons and holes will be separated and form a small current. Under certain condition, the current could be amplified continuously by the construction of thyristor [START_REF] Johnston | The influence of VLSI technology evolution on radiation-induced latchup in space systems[END_REF]. Then the heat generated by the current grows with no limitation and burns the circuit. Otherwise, protection such as a reset of current or voltage bias is needed. In consequence, SEL is a dangerous effect which should be prevented [START_REF] Claeys | Radiation effects in advanced semiconductor materials and devices[END_REF][START_REF] Casier | Analog circuit design: robust design, sigma delta converters, RFID[END_REF].

One of the conditions driving the happening of SEL is that the loop gain of the thyristor must be greater than 1, as shown in eq. 7.4. However, this condition is too strict, as it actually Figure 7.9: Parasitic bipolar transistors and resistances in a n-well CMOS inverter ignores all the parasitic resistances, and once they are taken into account, the condition could be released [START_REF] Johnston | The influence of VLSI technology evolution on radiation-induced latchup in space systems[END_REF].

V T2 V T1 LT1 LT2 R W 1 R W 2 R S4 R S3 R W 4 R S2 R S1 R W 3 V out V DD V T1 LT1 R S1 R W 1 r ⇡P r ⇡N V DD
β V β L > 1 (7.4)
A still simpler model is to also include the two most critical parasitic resistance R W1 and R S1 6 , as shown on the right of Figure 7.10. When there is a small radiation induced current I in , the current after one loop amplification I out can be expressed as:

I out = I in × (β N R S1 R S1 + r πN ) × (β P R W1 R W1 + r πP ) (7.5)
where β N the current gain of the parasitic lateral transistor LT 1 , r πN the small signal input impedance of LT 1 [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF], R S1 the parasitic resistance of p-substrate connected to the ground and in parallel with the base-emitter junction of LT 1 , β P the current gain of the parasitic vertical transistor VT 1 , r πP the small signal input impedance of VT 1 [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF], R W1 the parasitic resistance of n-well connected to the power supply and in parallel with the base-emitter junction of VT 1 .

Then the loop gain can be deduced as:

Loop gain = I out I in = β N β P 1 1 + r πN R S1 1 1 + r πP R W1 (7.6)
So the condition of expression 7.4 turns to be:

β N β P 1 1 + r πN R S1 1 1 + r πP R W1 > 1 (7.7)
Namely a more accurate condition:

β N β P > 1 + r πN R S1 1 + r πP R W1 (7.8)
The right term of the expression 7.8 is certainly larger than 1. Thus the condition can be released by introducing the parasitic resistances as small as possible. Eq. 7.6 also suggests that one can reduce the loop gain by reducing R W1 or/and R S1 ; Similarly, in expression 7.8, reducing the two resistances will increase the value of the term on the right, which make the latch-up trigger condition harsher. This is indeed the idea of adding guard-ring as latch-up prevention [START_REF] Allen | CMOS analog circuit design[END_REF].

Another latch-up trigger condition is that the bias of the circuit must exist while particles strike the sensitive region and keep long enough for the current to sustain long enough to form the latch-up [START_REF] Troutman | Latchup in CMOS technology: the problem and its cure[END_REF].

Most literature discusses only latch-up in CMOS circuits, because the pnpn or npnp path is clear, easy to analyse. However, latch-up does also exist in bipolar integrated circuits, but the latch-up path is much more challenging to analyse, and rather technology/circuit dependent. Sometimes, the effect does not come from a pnpn path, but from the breakdown of a p-n junction. In order to analyse such a complicated situation, laser irradiation is a good tool to localise sensitive regions. Otherwise, methods such as infrared imaging, voltage contrast and internal voltage probing are also useful [START_REF] Baze | Latchup paths in bipolar integrated circuits[END_REF]. Indeed, as latch-up in bipolar integrated circuits is really a case-by-case phenomenon, it will not be further discussed here. However, one should be aware that the possibility of such dangerous existing not only in CMOS circuits. Latch-up preventions in bipolar integrated circuits should be considered, and SEL tolerance should also be tested.

Single Event Upset (SEU) and Single Event Transient (SET) Depending on the incident position, sometimes, a single incident particle may not cause destructive events. When the strike passes through a sensitive node for storing charges in a digital circuit, if the extra charges introduced by the incident are enough comparing to the node's capacitance, the state of the node may change. Thus it leads to memory's error. This change of the state is the effect of Single Event Upset (SEU). Otherwise, if the strike is at a node of an operating circuit, the voltage glitch caused by the extra charges may propagate in the circuit, so the glitch could be observed at some other places in the circuit and could even at the output. This propagation of the voltage spike induced by an incident particle is Single Event Transient (SET) [START_REF] Claeys | Radiation effects in advanced semiconductor materials and devices[END_REF][START_REF] Casier | Analog circuit design: robust design, sigma delta converters, RFID[END_REF].

Hence, an SEU basically happens in information storage devices, like SRAMs, DRAMs and registers. In contrast, a SET could happen in both digital and analogue circuits, even in an amplifier. The two effects are not the same. Yet, SEU and SET are connected to some extent. When a SET happens in a memory device and finally be stored by the device, then it becomes a SEU [START_REF] Claeys | Radiation effects in advanced semiconductor materials and devices[END_REF].

Comparing to SEU, SET in digital circuits is less discussed. One main reason is that it is hard to be observed. Because of the low-pass gate capacitances almost everywhere, the high-frequency SET could be easily filtered and will not propagate a long path [START_REF] Claeys | Radiation effects in advanced semiconductor materials and devices[END_REF].

Comparing to the "CMOS" part of a SiGe BiCMOS HBT technology, the "Bipolar" HBT part is sensitive to SEU. It is due to the typical structure of the technology, as shown in Figure 7.11.

An n+ buried layer directly below the collector with a p-substrate together form a reversebiased p-n junction, which could easily collect deposited charges induced by ionisation and directly upset the collector [START_REF] Cressler | Silicon-germanium as an enabling technology for extreme environment electronics[END_REF][START_REF] Cressler | Extreme environment electronics[END_REF].

It is also interesting to notice that TID effect may have impacts on the other radiation effect, for example, the shape of the SET glitch changes with different dose levels [START_REF] Buchner | The effects of low dose-rate ionizing radiation on the shapes of transients in the LM124 operational amplifier[END_REF]. 

Displacement Damage (DD)

Another radiation effect with a different mechanism to the ionisation damage is the atomic Displacement Damage (DD). The effect is that an atom is ejected from its normal position in the lattice by a high-energy incident particle, such as neutron, proton, electron or heavy ion [START_REF] Dale | High energy electron induced displacement damage in silicon[END_REF][START_REF] Schrimpf | Physics and hardness assurance for bipolar technologies[END_REF][START_REF] Reed | Performance characterization of digital optical data transfer systems for use in the space radiation environment[END_REF]. The displacement could be the result of an elastic or inelastic collision with kinetic energy transfer, or "by the conversion of radiation-induced excitation into atom motion" [START_REF] Holbert | Radiation Effects Damage[END_REF].

It creates a Frenkel pair, including the displaced atom, an "interstitial", and a vacancy left by the atom. Some of the displaced atoms with enough energy could further cause more displacement nearby in the lattice, which forms a defected region [START_REF] Holbert | Radiation Effects Damage[END_REF]179].

Similar to LET of ionisation, DD also has an index to show the energy loss of the incident particles contributing to the displacement, which is Non-Ionizing Energy Loss rate (NIEL), usually using the unit KeV • cm 2 /g or MeV • cm 2 /g [START_REF] Robbins | Displacement Damage Guideline[END_REF]. It is expressed as:

NIEL = N M t i σ i (E)E r (E) (7.9)
where N the Avogadro' s number, M t is the gram atomic mass of the target material, σ i (E) the cross section of each incident particle energy E, E r the recoil energy contributing to the displacement and the index i for each kind of nuclear interaction [START_REF] Cressler | Silicon-Germanium heterojunction bipolar transistors[END_REF][START_REF] Claeys | Radiation effects in advanced semiconductor materials and devices[END_REF][START_REF] Robbins | Displacement Damage Guideline[END_REF].

This index then can be used for estimating the displacement damage for the mission:

Mission damage = K(1 MeV) NIEL(E) NIEL(1 MeV) dΦ(E) dE dE (7.10)
where the calculation takes neutrons with energy 1 MeV incident to the target material Si as the reference, K is a damage factor relate to the reference, and

dΦ(E)
dE the differential proton fluence [START_REF] Claeys | Radiation effects in advanced semiconductor materials and devices[END_REF].

DD effect is a cumulative effect. When the defects created by the effect accumulate to a certain level, it could lead to multiple consequences, such as [START_REF] Cressler | Silicon-Germanium heterojunction bipolar transistors[END_REF][START_REF] Claeys | Radiation effects in advanced semiconductor materials and devices[END_REF]179]:

• The defected centres make it easier for the thermal generation of electron-hole pairs, which leads to the increase of leakage current in silicon devices;

• The defected centres may also increase the recombination rate of electron-hole pairs by capturing one after another. It will lead to the reduction of minor carriers' lifetime and then could cause gain degradation of a bipolar transistor;

• The defects could also make the material more resistive by reducing the majority-carrier concentration, e.g. the base resistance

• The defects could reduce the transfer efficiency by temporarily capturing carriers, and thus degrade the dynamic response Although the mechanisms of DD are different from TID, it has some similar effects on the electrical characteristics of MOS transistors or bipolar transistors. For example, for MOS transistors, the increase of positive charge in oxide will cause shifts of threshold voltage; a decrease in carrier mobility may cause a degradation of transconductance [START_REF] Messenger | Displacement damage in MOS transistors[END_REF]; leakage current may also be a concern [179]. For bipolar transistors, gain degradation is one of the major concerns, due to the increasing recombination in the neutral base [START_REF] Cressler | Extreme environment electronics[END_REF].

It is claimed that SiGe HBT also has a very good tolerance for DD effect, thanks to its very thin (at the order of 100 nm) and heavily doped SiGe base [START_REF] Cressler | Radiation effects in SiGe technology[END_REF], as shown in Figure 7.12. 

Troubling Particles and Choices for Tests

.13 shows which particles are the "sinners" of which effects. Indeed, when the particles are energetic, each of them can possibly cause more than one damage. However, when to choose which source for the assessment, there are preferences.

For total dose irradiation tests, the most popular source is Cobalt-60 gamma sources. Accelerated electron sources are also usable. Both types are accepted by ESCC Basic Specification No. 22900 [START_REF] Agency | Total dose steady-state irradiation test method[END_REF]. However, comparing the two types of source, Cobalt-60 sources cost less, and its dosimetry is simpler than that of electron sources. Furthermore, the dose rate is very easy to be adjusted by changing the distance between the source and the test vehicles. On the other hand, the penetrating ability of electrons are relatively low, and for creating an electron beam, an accelerator is necessarily needed, so it costs much more. Its dosimetry is also not as simple as that for Cobalt-60. Hence, Cobalt-60 is preferable, and electron sources are favourable when it concerns solar science [START_REF] Virtanen | Facilities and radiation test methods[END_REF]. Other sources, for example, proton sources, that can also induce TID effect are not encouraged [START_REF] Agency | Total dose steady-state irradiation test method[END_REF].

For the assessment of SEE, ESCC Basic Specification No. 25100 proposes heavy ion sources or proton sources [START_REF] Agency | ESCC Basic Specification No. 25100 -Single Event Effects Test Method and Guidelines[END_REF]. However, heavy ion sources are preferable because of its high availability, simpler dosimetry and relatively low cost [START_REF] Koga | Comparative SEU sensitivities to relativistic heavy ions[END_REF]. Radioisotope sources and lasers can also be used for trial runs, but are not acceptable for space qualification [START_REF] Virtanen | Facilities and radiation test methods[END_REF]. For the assessment of the DD effect, proton source, neutron source, electron source or heavy ion source can be used. However, as the effects from different sources are not exactly the same, and there are important differences on the device's long-term behaviours [179], the choice of the source should be representative for the mission's environment and shielding conditions [START_REF] Robbins | Displacement Damage Guideline[END_REF]. In general, proton sources are quite popular, because of its abundance in space and its penetrating and strongly interacting characteristics [START_REF] Reed | Performance characterization of digital optical data transfer systems for use in the space radiation environment[END_REF]. However, because proton irradiation will cause both DD and TID effects, it is not easy to differentiate the two effects7 . In contrary, neutron irradiation only brings out displacement damage, showing more directly the effects [START_REF] Díez | Proton radiation damage on SiGe: C HBTs and additivity of ionization and displacement effects[END_REF]. Electron sources could be used for the missions with light shields [START_REF] Reed | Performance characterization of digital optical data transfer systems for use in the space radiation environment[END_REF].

Chapter 8

Design of a Digital Library Rad-Hard 

Context

The WFEE subsystem dedicated to the X-IFU instrument is mixed electronics, of which the digital circuit is a serial communication bus responsible for configuring the current sources for biasing the SQUIDs under the commands of the Remote Terminal Unit (RTU) mechanically beside the WFEE box. The bus comprises two parts: a RS485/I 2 C transceiver as an interface translates differential signals applying RS485 standard [START_REF] Corcione | Conceptual design of the X-IFU instrument control unit on board the ESA Athena mission[END_REF] from the RTU to the serial on-chip non-differential I 2 C bus which addresses each current source the configuring commands [START_REF] Chen | Development of the WFEE subsystem for the X-IFU instrument of the ATHENA space observatory[END_REF].

This communication solution has had some adaptations since the beginning. I 2 C protocol has been first accepted for the communication purpose directly from the RTU, so a decoder I 2 C has been developed, whose bus is not differential. Afterwards, the global communication controlled by the Instrument Control Unit (ICU), including the communication between the RTU and the WFEE, has been decided to adopt the RS485 standard. It requires differential transmissions, thus immune to the common mode noise from outside [START_REF] Kugelstadt | The RS-485 Design Guide: A short compendium for robust data transmission design[END_REF], important for long-distance communication (several meters). Then, an additional interface RS485/I 2 C has been developed for the WFEE to adapt the situation.

Indeed, this serial communication will not always stay active during the mission. It will only be turned on before the sky observation when the SQUIDs operating points need to be adjusted [START_REF] Prêle | Operating Point and Flux Jumps of a SQUID in Flux-Locked Loop[END_REF]. However, its radiation-hardened tolerance still needs to be assured, so that it could compile the communication commands and configure the current sources accurately and consistently until the end of the 5-years mission. In order to fulfil this purpose, a radiationhardened digital library is needed to construct this digital interface.
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Although commercial radiation-hardened I 2 C devices are available on the market, such selfcontained packaging devices can not be integrated into one single chip of the WFEE, but need to be mounted on PCB. It could have been a good solution, except that when many I 2 C decoders are required, the arrangement of the pinout of ASIC and the routing on PCB will become very complicated. For the WFEE case, each I 2 C decoder configures one current course with 8 bits. Each FDM channel of the WFEE needs eight decoders, and each ASIC contains eight channels [START_REF] Chen | Development of the WFEE subsystem for the X-IFU instrument of the ATHENA space observatory[END_REF]. So, only for the communication with I 2 C decoders, an ASIC requires 8 × 8 × 8 = 512 pinouts, which is too luxurious and very difficult to realise. Down to the semiconductor technology level, limited by the requirements of the WFEE's specification and the choices available from the multi-project circuits company (CMP) 1 , not many choices are left. The 350 nm SiGe HBT BiCMOS technology from AMS provides no specific radiation-hardened library. Otherwise, in other research communities, there might be some developed radiation-hardened libraries using possibly not the same technology. The number of such libraries is indeed quite limited, and generally only available for its own developing community. Thus, the development of a radiation-hardened digital library was considered to be necessary and favourable for the design of a full-custom serial bus integrating inside the ASIC (Application-Specific Integrated Circuit) of the WFEE subsystem.

Besides the intrinsic radiation tolerance of commercial technologies, the radiation hardening generally has two orientations: Radiation Hardening By Process (RHBP) and Radiation Hardening By Design (RHBD). RHBP is the way at the lowest level that special demands address to manufacturers on the material and process to reinforce the radiation tolerance, including the selection of materials, thickness of layers, doping levels, and processing steps and details. It is also possible to pave a layer of insulator under the silicon layers of original technology, which makes it become an SOI (Silicon On Insulator) technology. Indeed, SOI technology has already been largely used in business as a fully developed commercial semiconductor technology. For radiation hardening aspects, an SOI circuit is basically immune to latch-up, because the transistors built in silicon are separated from the substrate by the buried oxide layer, which largely reduces the substrate crosstalk and prevents the formation of the parasitic transistors causing latch-up [START_REF] Raskin | Substrate crosstalk reduction using SOI technology[END_REF]. However, SOI has a poor TID tolerance also because of the buried oxide [START_REF] Domae | Improvement of the tolerance to total ionizing dose in SOI CMOS[END_REF]. One RHBP way is to add an oxide layer under SiGe HBT technology, so it becomes "SiGe HBT on SOI" [242]. This solution combines the advantage of the two technologies on radiation hardening: SiGe HBT's good TID tolerance and SOI's SEL immunity, which makes it very effective. However, evidently, RHBP is a costly solution, especially that for a space science mission only tens of or a few hundred of ASIC are needed, thus the cost-performance ratio is too high, not attractive [START_REF] Cressler | Extreme environment electronics[END_REF]. Moreover, RHBP technologies are not necessarily compatible with the requirements of an ASIC in terms of performance, such as gain, noise and bandwidth.

For practice reasons, RHBD is no doubt a more efficient and more popular solution. Based on an available commercial technology, the method modifies the device on the layout level, such as reshaping gate, the addition of doping wells or/and isolation trenches, etc [START_REF] Cressler | Extreme environment electronics[END_REF]. The layout modification generally leads to a larger layout area, which increases the cost, but still much less than the cost of RHBP.

Another method is on a higher level of circuit/module/system, generally using module redundancy strategy, such as Triple Module Redundancy (TMR) combing a voting circuit, against SEU. The idea of TMR is to use three same circuits or chips in parallel with a voting module synthesises their outputs and gives out the final results. When there is only one module affected by SEU, the wrong result can be corrected at the output of the TMR system by voting [START_REF] Cressler | Extreme environment electronics[END_REF]. The redundancy leads to bigger circuits, and thus it consumes more power and requires larger space and higher cost.

In the case of the WFEE, RHBD method is reasonably chosen for the development of the digital library. In fact, a first version of the library has already been developed by APC microelectronics team before my thesis. However, this library was designed for cryogenic applications [START_REF] Prêle | SiGe Integrated Circuit Developments for SQUID/TES Readout[END_REF] and had relatively large dimensions of elementary cells. It will make the final circuits occupy immense layout area, because one final ASIC will integrate eight channels of readout, and in each channel there are eight modules of series communication for configuring the biasing and offset current of the SQUIDs. Hence, an optimisation was necessary and has been done within this thesis by myself. The following sections of this chapter will present the design of the optimised library and the relative radiation tolerance assessment.

Design of the Radiation Hardened Digital Library

For mitigating the TID effect on MOSFET, the first version of the library uses Enclosed Layout Transistor (ELT) pattern in the layout, as shown in Figure 8.1. Because the TID effect on MOSFET is caused by the leakage between the drain and the source, the ELT pattern could avoid this leakage. It encloses the drain in the middle by the gate, and the source lies around the gate. After this modification, the "bird's beak" region locates only beside the source and further away from the drain. Thus it will not form the parasitic channel between the drain and the source. Another benefit is that the area of the enclosed drain is relatively limited compared to the layout without ELT. Thus the sensitivity to SEU and SET could also be abated [244]. Since it is an effective way, the optimised library has kept the ELT pattern for the MOSFET.

The left image in Figure 8.2 shows again the equivalent schematic of the key parasitic components of the CMOS inverter that causes the SEL effect. In order to avoid the SEL damage, one can reduce the gain of the two parasitic bipolar transistors VT A guard ring is an annular highly doping area connected to the lowest or highest potential through contacts (VIAs). Placing guard rings close to the MOSFET helps reduce the parasitic resistances R W1 and R S1 . Then, the V BE of the two parasitic transistors VT 1 and LT 1 decrease, which lowers the trigger risk of latch-up. From another point of view, lower parasitic resistances R W1 and R S1 tend to attract the radiation introducing electrons and holes moving towards the guard rings instead of going into the parasitic positive feedback, whose path is more resistive and placed farther than the guard rings. Hence, the latch-up can be suppressed [244,[START_REF] Troutman | Latchup in CMOS technologies[END_REF]. Moreover, the guard rings can also keep the noise generated by the enclosed device inside from propagating outside through substrate everywhere [START_REF] Saint | IC mask design: Essential layout techniques[END_REF]. It is particularly essential for analogue circuits. Moreover, the ELT pattern is also used in the layout of Figure 8.2 for the NMOS transistors as TID prevention. By using these techniques, although the circuits are still not entirely immune to the SEL effect, the threshold can be largely raised (LET > 90 MeV • cm 2 /mg [244]), high enough for a space mission. On the other hand, these techniques also lead to a larger layout area, which is a cost inevitable with RHBD method.

The guard rings are largely used in the first version of the library. The optimised work had no reason not to keep it. However, the first version had a considerable distance between the PMOS transistors and the NMOS transistors (16.25 μm), which makes the density of the circuits quite sparse and is considered excessive for SEL prevention.

Based on the status mentioned above, the objectives of the optimisation include:

1. A library with the optimised ratio between the widths of the PMOS transistors and the NMOS transistors at room temperature (≈ 300 K)

2. Reducing the dimensions as much as possible 3. Having a sufficient radiation tolerance

Re-optimisation of the Width Ratio between PMOSFET and NMOS-FET

The first version of the library was created for circuits working at cryogenic temperature. As the new purpose is for the decoder I 2 C of the WFEE functioning at room temperature, the variation of the temperature will influence the electron mobility. Hence, the ratio between the widths of PMOS transistors and NMOS transistors needs to be re-determined.

The electron mobility in an NMOS transistor is about three times faster than in a PMOS transistor. Thus, in order to optimise the performance, it is necessary to balance this difference of driven current capacity by enlarging the width of the PMOS transistor. When the NMOS transistor and the PMOS transistor are balanced, both of them work in saturation, and a little change of the input voltage could bring a big variation of the output voltage.

Secondly, because PMOS transistors rather dominate the voltage rise, and NMOS transistors dominate the voltage fall, equilibrating PMOS transistors and NMOS transistors could also ensure a fast and balanced rise and fall time.

Moreover, the equilibration of PMOS transistors and NMOS transistors is also important for the switching threshold, which defines the states "0" or "1" of the logic gates. The switching threshold V M can be approximately expressed by the following equation [START_REF] Rabaey | Digital integrated circuits: A Design Perspective[END_REF]:

V M ≈ rV DD 1 + r with r = v sat P W P v sat N W N (8.1)
where v sat P and v sat N are respectively the saturation velocity of holes and electrons, W P and W N are respectively the widths of PMOS transistors and NMOS transistors. When a PMOS transistor and an NMOS transistor are balanced, r = 1. Then V M = 0.5 V DD , which means that the switching threshold locates at the middle of the whole available voltage range. Another interest from the equilibration of PMOSFET and NMOSFET is to reduce the probability of error. If the switching threshold is lower, closer to GND, the glitches that happen occasionally can exceed the switching threshold, and then cause errors.

Based on these reasons, the width ratio between the PMOS transistors and the NMOS transistors must be re-determined.

An approximate calculation

PMOSFET and NMOSFET have the same strength, suggesting at this moment I DS N = I DS P , namely [START_REF] Razavi | Design Of Analog CMOS Integrated Circuits[END_REF]:

I DS N = 1 2 W N L N μ n C ox (V GS N -V TH N ) 2 = 1 2 W P L P μ p C ox (V GS P -V TH P ) 2 = I DS P (8.2) 
where L N and L P respectively the effective channel length of NMOSFET and PMOSFET, C ox the oxide capacitance. After simplification, eq. 8.2 becomes:

W N μ n (V GS N -V TH N ) 2 = W P μ p (V GS P -V TH P ) 2 (8.3)
Due to V in = 1.65 V, then V GS N = 1.65 -0 = 1.65 V, V GS P = 1.65 -3.3 = -1.65 V.

According to the data sheet of 0.35 μm HBT BiCMOS Process of AMS [100], μ n = 370 cm 2 /Vs, μ p = 126 cm 2 /Vs, V TH N = 0.5 V, V TH P = -0.65 V. With these values, the optimised width ratio equals:

W P W N = μ n (V GS N -V TH N ) 2 μ p (V GS P -V TH P ) 2 = 370 × (1.65 -0.5) 2 126 × (-1.65 + 0.65) 2 ≈ 3.88 (8.4)

Simulations

Using the schematic in Figure 8.3 for simulations to find an optimised width ratio, the idea is that when V in = V DD 2 = 1.65 V, the derivative of the curve V out (V in ) should reach its maximum value, namely at that moment, I DS N = I DS P .

The width of the NMOS transistor was firstly fixed at 8.8 μm, as the original version. By varying the width of the PMOS transistor, the derivatives were calculated by the simulator, as shown in Figure 8.4. The simulation showed that the best width of the PMOS transistor equals about 27 μm (between 26.67 μm and 27.78 μm). Further simulations more precise showed that when the width equals 27.07 μm, the derivative reaches its maximum value with 1.65 V input voltage, as shown in Figure 8.5.

In consequence, the width ratio obtained from the simulations equals:

W P W N = 27.064 μm 8.8 μm ≈ 3.075 (8.5) 
The values mentioned in the literatures [START_REF] Rabaey | Digital integrated circuits: A Design Perspective[END_REF] and some on the internet2 were also taken into account, where the width ratio is mostly between 2 and 3, or even a little larger than 3. Considering the results obtained by these three ways, the ratio W P W N = 3 has finally been chosen as the optimised value. 

The dimensions of the first version and the optimised version of NMOSFET and PMOSFET are compared in

Layout Optimisation

Comparing the dimensions in Table 8.1 shows that the increment of the width ratio indeed increases the difficulty of the reduction of the size. In order to find the best layout strategy, I have drawn and compared some different patterns, as shown in Figure 8.6. I found that the cell with the least width has the smallest area, even though it has a larger height. Thus, finally, the original pattern with the straight ring gate has been kept. In Figure 8.6, the cell on the most left-hand side is the inverter of the first version. The No.2 is the optimised version. 1. Since the width ratio has been updated to three, the width of PMOS transistors was increased from 16.8 μm to 19.5 μm.

2.

The guard ring at the two sides of each cell has been removed to reduce the size. It is feasible because the guard ring is only critical between PMOS transistors and NMOS transistors. Accordingly, all the guard rings are completed at the two ends of the entire layout for every P zone and N zone. In other words, large guard rings are used for each entire P zone and N zone instead of small guard rings for each cell.

3. The distance between PMOS transistors and NMOS transistors has shortened (from 16.25 μm to 10.85 μm) in order to save some space. In the first version, the distance between the two guard rings is so large that it can allow eight horizontal paths passing through. The optimised version reduces it, but still leaves enough height for four "Metal 1" paths (the width of each path: 0.8 μm, the space between paths: 0.55 μm). It is feasible and acceptable because:

(a) In the first version, the space left for the paths was far from fully utilised. Also, the layer "metal 3" was barely used, and the layer "metal 4" was never used. These available sources could be better planned and profited.

(b) The distance between PMOS transistors and NMOS transistors can only improve the tolerance of SEL for the two lateral parasitic transistors LT 1 and LT 2 , as shown in Figure 8.8. For the two vertical parasitic transistors VT 1 and VT 2 , there is barely any improvement. According to the radiation test results described in [START_REF] Menozzi | Layout dependence of CMOS latchup[END_REF], the width of the guard ring between PMOS transistors and NMOS transistors is much more critical for the tolerance than the distance between them. In consequence, the width of diffusion N and diffusion P (the green parts between the PMOS transistors and the NMOS transistors) have been increased, namely the width of the guard rings, to compensate the loss of radiation tolerance from the reduction of the distance.

4. The width of the NMOS transistors could be reduced a little. Because in the first version, three contacts have been used for drain and it could be reduced to two, which is nevertheless the minimum number necessary to be kept for each connection between different layers. Two contacts permit to have a more secure connection (philosophic redundancy for space application), a half resistance and two times the maximum passing current [START_REF] Saint | IC mask design: Essential layout techniques[END_REF]. Then, the width of the NMOS transistors is reduced from 8.8 μm to 6.5 μm.

With these measures, the area occupied by an inverter can be directly reduced by 28.5%. Figure 8.9 illustrates the four optimised basic cells of the new version of the radiation-hardened digital library, which have a similar reduction ratio of area. The other logic gates are constructed based on these basic gates.

For "NAND2", since the two NMOS transistors are in series and the two PMOS transistors are in parallel, the total channel length of the NMOS transistors is twice the length of a NMOS transistor and the total channel width of the PMOS transistors is twice the width of a PMOS transistor, then the optimised width ratio 3 cannot be kept. Hence, as seen in Figure 8.9, the channel width of the two NMOS transistors becomes twice, and the channel width of the two PMOS transistors is reduced to a half, so that the same width ratio can be kept. The idea for 3 Current I DS certainly depends on the ratio W L . Here only width ratio is mentioned, because PMOS transistors and NMOS transistors use the same channel length, and supposing that they keep the same effective channel length even when they are saturated. Then L P and L N can be cancelled. the layout of "NAND3" is the same, except that the channel width of the NMOS transistors needs to be three times as big, and the channel width of the PMOS transistors needs to be reduced to a third [START_REF] Razavi | Design Of Analog CMOS Integrated Circuits[END_REF]. Indeed, because it is preferable that the p-zone and the n-zone of each elementary cell have the same dimensions, the original library with the width ratio ≈ 2 could not leave so much space for tripling width. Thus, only logic gate "NAND2" existed in the old library, but not "NAND3". The extended width ratio did give an extra benefit to construct a new elementary cell "NAND3", which can help further simplifying schematic. In order to shrink more the dimensions, some schematic simplifying techniques were also used, to reduce the logic gates used. Besides, the new "NAND3" gate allows simplifying the schematics further. By using these full-custom methods, the area occupied by one optimised decoder I 2 C is reduced to about one-third of the original one, largely improving the level of integration of the ASIC.

It is necessary to mention that this optimised decoder I 2 C designed by me is not the last version. In order to adapt the latest change of the global protocol from I 2 C to RS485 as mentioned before, a complementary module using my optimised library has been attached to the lower block shown in Figure 8.10, developed by my colleagues of the APC microelectronic team. Nevertheless, most of the parts of the newest decoder I 2 C stay the same as my design, and has been integrated into the second and the third ASIC "AwaXe_v2" and "AwaXe_v2.5" dedicated to the WFEE. These two most recent ASICs mainly developed by me include the digital devices all using my new optimised digital library. Because they have not yet taken the irradiation tests (on schedule mid-2020), there is still no direct radiation assessment results of my design. However, the radiation assessment results of the most components in the first ASIC "AwaXe_v1" are indeed quite comparable to the performance of the new cells using my optimised library, because the new one keeps using the same radiation precautions: ELT gate and guard rings. For example, an 8-bit register made of my new optimised digital library4 has been integrated into the first ASIC as well as the registers made of the other libraries, for the SEL verification. Besides, the TID tolerance evaluations were mainly performed on several MOSFET using ELT gate, and several HBTs.

Based on these reasons, the following section will present a part of the radiation assessments performed on the first ASIC "AwaXe_v1". These assessments were the teamwork of the APC microelectronic team including my participation, mostly performed during the first year of my thesis. The measurements of the other irradiated circuits, but not relating to the optimised radiation hardened digital library, will not be included. Interested readers could refer to my proceeding paper "Radiation Tolerance of RHBD techniques on a SiGe BiCMOS 350 nm ASIC technology" recently accepted by RADECS 2019 [START_REF] Chen | Radiation Tolerance of RHBD techniques on a SiGe BiCMOS 350~nm ASIC technology[END_REF].

Chapter 9 

Radiation Tests

Design of Test Vehicle

The first ASIC (Application-Specific Integrated Circuit) dedicated to the WFEE, named "AwaXe_v1" (Athena Warm Asic for X-ifu Electronics, Version 1), has been divided into three sub-sections: "AwaXe_v1a", "AwaXe_v1b" and "AwaXe_v1c", each including different components. Different packagings were used to test them separately, for different testing purposes (radiation tests or/and functioning tests) [START_REF] Chen | Development of the WFEE subsystem for the X-IFU instrument of the ATHENA space observatory[END_REF]. All of the components have been irradiated. Details about the components and the radiation evaluations are listed in Table 9.1. This section only concentrates on the radiation tests on the subsection "AwaXe_v1c", that relate to my work, namely the digital library presented in the precedent section.

Five MOS Transistors in "AwaXe_v1c"

In order to verify the efficiency of ELT gate against TID effect, five MOS transistors with or without ELT gate have been integrated into the ASIC for comparison, as shown in Figure 9 The first four types (a-d) are for digital use, and the last type (e) is for analogue use. In fact, the last one (e) has four cells in parallel, with a total width of 200 μm, so that its output current could be large enough to be measured precisely. 

Two NPN HBT in "AwaXe_v1c"

Two NPN HBT with the same emitter size 0.4 μm×50 μm of a single cell, have been integrated into the ASIC for verifying their TID robustness. One of the two uses module "npn254" 1 , working with 3.3 V power supply. The other one, as shown in Figure 9.2, uses module "npn254h5" 2 , dedicated to higher power supply 5 V. Each HBT actually includes eight cells in parallel. Thus the total emitter size of each transistor is 0.4 μm × 400 μm. p+ groundconnecting guard ring surrounds each NPN HBT for preventing the noise passing through the substrate and for preventing latch-up as well [START_REF] Saint | IC mask design: Essential layout techniques[END_REF].

Four 8-bits Registers in "AwaXe_v1c"

To assess and compare the robustness against SEL effect, four 8-bit registers built of different libraries have been integrated in the ASIC. Figure 9.3 illustrates four inverters representing the topology of the four libraries:

1 "npn254" represents NPN HBT with two collectors, five bases and four emitters in parallel, working with 3.3 V power supply. A transistor "npn254" with a size of emitter 0.4 μm × 50 μm means that each of the four emitters in parallel has a size 0.4 μm × 12.5 μm. Among the four topologies, the first one from the technology's standard library has no specific protection against radiation effects. Without guard ring and ELT gate, and with a very close distance between the NMOS transistors and PMOS transistors (2.4 μm), the cell is much smaller than the other three. Between the second and the third cell, the main difference is the gate's shape. Otherwise, they have the same size and similar NMOSFET-PMOSFET distance. The last cell is the one optimised3 , with a smaller NMOSFET-PMOSFET distance 10.85 μm for reducing the total size of the digital block. The in-between heavy doping zones connected to the two guard rings have been widened, in order to keep its robustness, under the circumstance that closing NMOS transistors and PMOS transistors will degrade the robustness against SEL. As the heavy doping zone is less resistive than light doping, the leakage current will more easily be drawn to the guard rings and thus also more robust [START_REF] Menozzi | Layout dependence of CMOS latchup[END_REF]. 

TID Test and Performance

Experimental Details

The major factors for estimating the TID level for irradiation test include the launch date and the duration of the concerning mission, the operating position of the satellite, solar activities and shielding's thickness. For the WFEE subsystem as part of the ATHENA observatory, the TID level was estimated with a software "OMERE" developed by TRAD Tests & Radiations company. The software gathers different models and is capable of assessing different radiation effects (not only for TID effect) by simulations [START_REF] Varotsou | OMERE Advanced Manual[END_REF]. Using "SHIELDOSE 2" code and combining the fluence of electrons and protons in orbit, it permits to calculate absorbed dose as a function of depth in aluminium shielding [START_REF] Seltzer | SHIELDOSE-a Computer Code for Space-Shielding Radiation Dose Calculations[END_REF].

Table 9.2 shows the TID estimation for the circuits of the WFEE behind a 2 mm aluminium shield during the 5-year lifetime. The estimation also considered different scenarios such as a postponement of the mission leading to different launch years and with or without a large solar eruption happening during the mission, which varies the estimated total dose level between 1.7 krad and 14 krad. The irradiation has been performed at the Cobalt Casemate (CoCase) at CEA Saclay with a γ source of Co 60 (on the right of Figure 9.4), emitting two γ-rays with an average energy 1.25 MeV. Considering ELDRS effect [START_REF] Cressler | Extreme environment electronics[END_REF][START_REF] Enlow | Response of advanced bipolar processes to ionizing radiation[END_REF], a low dose rate was used, about 36 rad/h = 10 mrad/s (Si), which complies with ESCC standard [START_REF] Agency | Total dose steady-state irradiation test method[END_REF]. The rate is not far from the real situation in space [START_REF] Cressler | Extreme environment electronics[END_REF][START_REF] Titus | First observations of enhanced low dose rate sensitivity (ELDRS) in space: One part of the MPTB experiment[END_REF].

ASIC samples encapsulated in different packagings (on the left of Figure 9.4) were irradiated for two weeks to reach 12.3 krad. During the two weeks, every two or three days, one of the two packs was taken out from the facility for the measurements, and the other pack that had been measured was put back to continue the irradiation. With such a measure, the evolution of parameters with respect to different dose levels could be traced. In order to highlight TID effect, Pack 2 continued being irradiated for about a month until 100 krad, a dose level seven times higher than the expected level for the five-year mission, and also much higher than the expected TID level times an over-test factor 1.5 [START_REF] Yastrebov | The Issue of Using Test Dose Rate 10 mrad (Si)/s for ELDRS Prediction in MIL-STD-883-H[END_REF] (14 krad × 1.5 = 21 krad). Table 9.3 shows at which TID levels the two packs have been measured5 .

Table 9.3: TID levels at which the two packs have been measured

Pack1 0 rad 1.7 krad 6.0 krad 8.7 krad 10.0 krad Pack2 0 rad -6.1 krad 12.3 krad 100 krad

Measurements and Discussions

DC operating characteristics of the MOSFET and the NPN HBT were measured at the dose levels listed in Table 9.3. Indeed, preferably, all the measurements of a device from the two packs should be plotted together in the same figure. However, there is an offset between the curves of the same device from the two packs. It is probably due to the gradient of the lithography process. The consequence is that curves from different packs all mixed together, and the evolution of curves cannot be clearly observed, which makes the data interpretation quite difficult. Two examples are shown in Figure 9.5 and Figure 9.6. One example is the I D (V DS , V GS ) curves of the NMOS transistors with and without ELT gate from both packs, plotted together for comparing their TID tolerance, as shown in Figure 9.5 at right. However, the curves of the NMOS transistor without ELT from Pack 1 and the curves of the NMOS transistor with ELT from Pack 2 are superimposed, which makes the data difficult to be interpreted. Moreover, the curves of the same MOSFET from the two packs have an evident offset that there is no interest to plot them in the same figure. Another example is the I C (V CE curves of HBT module "npn254" in Figure 9.6 at right. All the curves except the one at 100 krad from Pack 2 are mixed together, which confuses analysis. For this reason, in this section, only the three dose levels measured on Pack 2 are plotted: 0 rad as pre-irradiation, 12.3 krad as the dose level estimated for the mission, and 100 krad a dose level much higher than the requirement to highlight the effect. This simplification makes I D (V GS ) curve Threshold voltage shift is one of the major concerns brought out by TID effect. The shift indeed has two components: one is brought about by holes trapped in oxide, and the other is due to the interface states, as explained in the precedent section. For NMOS transistors, the two mechanisms are complementary, and the positive shift caused by interface states comes later than the negative shift caused by oxide traps. Hence, the shift will be firstly negative, then have a positive rebound. On the other hand, for PMOS transistors, the two mechanisms both introduce negative shift [START_REF] Cressler | Extreme environment electronics[END_REF][START_REF] Gonella | Tid tolerance of commercial 130nm cmos technologies for hep experiments[END_REF]. The negative shift of the NMOS transistors and the PMOS transistors can be both observed in Figures 9.7, 9.8 and 9.9.

Mitigation of the shift thanks to ELT gate can be clearly seen in Figure 9.7: TID until 12.3 krad has no impact on the NMOS transistors with or without ELT. However, at 100 krad, the NMOS transistor without ELT has an evident shift on a logarithmic scale, comparing to the NMOS transistor with ELT still no shift.

The digital PMOS transistors showed better TID tolerance, that the curves are almost all superimposed (Figure 9.8). Indeed, a little negative voltage shift of the PMOS transistor without ELT can be seen at 100 krad. For PMOS transistors, a negative shift means a larger absolute threshold voltage, that will further limit leakage current. For this reason, there is no leakage current at all. In contrast, for the analogue PMOS with larger dimensions without ELT, the leakage current reappears, even though very weak, in the order of 10 pA (Figure 9.9). It suggests that TID effect has a dimension dependance.

I D (V DS , V GS ) curve As shown on the right of Figures 9.7, 9.8 and 9.9, all the curves show a current decrease in saturation region at 100 krad. Indeed, ELT can only repel the impact from field oxide charge, but has nothing to do with the extra interface states introduced by TID in gate oxide. Carrier's mobility μ in inversion layer could be degraded due to more Coulomb scattering from radiation induced charges, which in consequence decreases channel current [START_REF] Cressler | Extreme environment electronics[END_REF], as shown in eq. 9.1, where μ the carrier's mobility, W the channel width, L the effective channel length and V TH the threshold voltage [START_REF] Razavi | Design Of Analog CMOS Integrated Circuits[END_REF].

I D = 1 2 μC ox W L (V GS -V TH ) 2 (9.1)
It is also noticeable that an offset exists between the curves of the MOS transistors with and without ELT, that with the same V DS and V GS , one group has larger currents I D and smaller output impedances r out6 than the other. It is probably due to the gradient of the lithography process, especially that gate length is the smallest size of the technology, whose effective value could vary from 0.30 to 0.46 μm centring the typical value 0. Almost all the curves are superimposed, except the digital NMOS transistor without ELT at 100 krad dose level under 1 μA. This is coherent with the I D (V GS ) curves. In addition, with larger current in the order of milliampere for analog bias, none of the cells show any drift, which assures the robustness of analog application.

Further discussions

The MOSFET of the technology has shown a good immunity against a dose level until 12.3 krad, and ELT gates can further guarantee the tolerance up to 100 krad, about seven times higher than the requirement of the ATHENA mission (See Table 9.2). Hence, it is preferable to keep ELT gates for digital NMOS transistors as a better assurance for a possible prolongation of the mission. For digital PMOS transistors, although no leakage current has been observed, in order to keep the same layout global dimensions and pattern for NMOSFET and PMOSFET array, it is also interesting to keep ELT gates. Concerning analogue PMOSFET, because it is biased with a current in the order of milliampere, the leakage current of 10 pA will not have any significant consequence on the normal operation.

Considering that ELT gates with larger channel length and width will occupy a much larger 

Gummel Plot

The mechanism of the increase of the base current I B due to TID effect leading to the decrease of current gain β has been discussed in the precedent section. Although SiGe HBT has a good TID tolerance reputation, it did show some impacts at higher dose level. Figures 9.13 and 9.14 are the Gummel plots I C , I B and β versus V BE of 3.3 V and 5 V NPN HBT with respect to different dose levels. While I C remains relatively constant, I B increases and β decreases evidently at 100 krad. The drift of I B and β also show a voltage bias dependence: when V BE is higher than 0.7 V, I B is much closer to the pre-irradiation curve and hence β has a smaller decrease, in particular, until 12.3 krad with V BE > 0.7 V, the curves of β are still very close to each other. The results are positive for the analogue devices of the WFEE, because a forward-bias bipolar transistor has a V BE around 0.7 V with bias current I C in the order of milliampere. Hence, bias current density should be superior to 3 μA/μm 2 . With the emitter dimension 0.4 μm×400 μm, bias current should be larger than 480 μA for keeping the nominal β up to 12.3 krad. The LNA developed for the WFEE is biased with a current in the order of milliampere, which guarantees a constant β. Moreover, even if TID reaches 100 krad because of a prolongation of the mission, β will decrease only 10%, in which scenario a bipolar transistor will still operate correctly in an amplifier.

I C (V BE ) curve Comparing to TID effect on I B and β, the evolution of I C with respect to different dose levels is less discussed in the literature. Moreover, the two classical DC curves I C (V BE ) and I C (V CE ) do not have lots of measurements with respect to TID neither. Indeed, I C is generally considered constant, even though some papers have also shown that different mechanisms can cause an increase or decrease of I C [START_REF] Hu | Modern semiconductor devices for integrated circuits[END_REF][START_REF] Cressler | Silicon-Germanium heterojunction bipolar transistors[END_REF][START_REF] Cressler | Extreme environment electronics[END_REF][START_REF] Wei | Excess collector current due to an oxide-trapped-charge-induced emitter in irradiated NPN BJT's[END_REF]. In Figure 9. For each curve of I C (V CE ), I B was fixed as the bias current, so the decrease of I C is due to the degradation of β. It is coherent to what is shown in Gummel plot: with V BE about 0.7 V, a larger V BE corresponds to a larger I B and a smaller degradation of β.

Further discussions

The drift of HBT is more evident than MOSFET. Indeed, because no particular RHBD technique has been used for the two HBT, the tolerance depends only on the technology -the structure and the doping of HBT.

For LNA, I C is always fixed by its current source. Hence, the degradation of β actually leads to a larger V BE at the input of the LNA. With the same common-mode input voltage V CM in , this could possibly make the bias of the following stages more problematic. Plus, considering that the fluctuation of power supply and ambient temperature will also influence the commonmode bias, the common-mode input voltage should be well chosen. Another aspect following the β degradation is the decrease of the differential input impedance of LNA, which equals

2β g m .
Furthermore, I C of 3.3 V HBT has a tendency of avalanche breakdown when V CE goes over 1.7 V, for its maximum operating voltage is 2 V [START_REF] Jang | Breakdown characteristics of emitter-base and collectorbase junctions of silicon bipolar junction transistors[END_REF]. In contrast, I C of 5 V HBT does Both two HBT have shown good tolerance of TID effect within the estimating dose level range of the ATHENA mission. Furthermore, even at 100 krad, the impact is limited. Hence, they are both qualified for the mission.

SEE Tests and Performance

Experimental Details

SEL and SEU tests were performed with the help of TRAD (Tests & Radiation Company) at UCL (Université Catholique de Louvain). The ASIC samples were irradiated by heavy ions accelerated by a cyclotron, with a fluence 107 /cm 2 , as recommended in the ESCC standard [START_REF] Agency | ESCC Basic Specification No. 25100 -Single Event Effects Test Method and Guidelines[END_REF]. The heavy ion sources available from the facility cover a Linear Energy Transfer (LET) range between 1.3 and 62.5 MeV • cm 2 /mg. Table 9.4 lists the heavy ions used for the tests. The samples were shown in Figure 9.17, where the three at the bottom were those for testing the digital parts of the ASIC (AwaXe_v1c), powered with 3.3 V, encapsulated in CQFP64 package without the lid, and irradiated at room temperature 25°C. 

SEL Assessment

Test results

The potential danger of SEL is mainly in digital CMOS circuits. Because of the high density of PMOS and NMOS transistor arrays, one beside another, such a structure forms uncountable parasitic thyristors. An incident in such zone without SEL protection can easily trigger latch-up [START_REF] Leavy | Radiation-induced integrated circuit latchup[END_REF][START_REF] Gregory | Latch-up in CMOS integrated circuits[END_REF]. In order to evaluate the SEL tolerance of the digital radiation-hardened library developed for the WFEE, four 8-bits registers were used for the SEL assessment, each with a different topology (Figure 9.3). The register constructed by the standard library of the technology without any SEL protection (presented by cell "a" in Figure 9.3) started to Figure 9.17: ASIC samples for SEL and SEU assessment.

show latch-up events when LET reached 16 MeV • cm 2 /mg, with 53 Cr 16+ . The other three registers (presented by cells "b", "c" and "d" in Figure 9.3) did not show any SEL event with the maximum LET 62.5 MeV • cm 2 /mg available at the facility, from 124 Xe 35+ source.

In order to go a step further, the test samples were tilted to 60°in order to double the effective LET 125 MeV • cm 2 /mg, according to eq. 9.2. It should be noted that the measured fluence also needs to be corrected, so the cross-section becomes eq. 9.3 [START_REF] Agency | ESCC Basic Specification No. 25100 -Single Event Effects Test Method and Guidelines[END_REF].

LET effective = LET normal incidence cosθ (9.2) σ = Number of Events fluence × cosθ (9.3)
where θ the tilt angle of the device under test with respect to the beam axis. The normal incidence means θ = 0. Yet, even with such high LET, none of the three registers with RHBD pattern has shown SEL, as shown in Figure 9.18. The results confirmed that a large distance and guard rings placed between PMOS transistors and NMOS transistors are necessary and also very efficient for latch-up prevention.

Figure 9.18: Cross Section of SEL events on the four registers. A point with a down arrow means that no event has been observed with the corresponding LET.

Further discussions

According to ECSS standard for radiation hardness assurance (ECSS-Q-ST-60-15C), a component withstanding a LET of 60 MeV • cm 2 /mg is considered immune to SEL for a space mission [253]. The effective LET 125 MeV • cm 2 /mg applying to the circuits is much higher than this recommended value. Besides, the testing fluence is much denser than that in space. Compared with a test duration of 20 minutes, a space mission will endure much sparser fluence for several years.

Guard rings for majority carriers have been proved sufficient for a five-year space mission like the ATHENA mission, so there is no need to add guard rings for minority carriers. Because all the three designs (presented by cells "b", "c" and "d" in Figure 9.3) have completely passed the test, the last one "d" with smaller size will be used for future ASIC.

SEU Test and Discussion

The SEU tolerance was not the main testing objective for the first version ASIC, but it was still monitored on the four 8-bits registers during the assessment. Each register has three outputs of 1 bit respectively named "UpSET", "ChRaz" and "ChSet", for informing the eventual events. As shown in Figure 9.19, the output "UpSET" actually equals to "ChSet OR ChRaz". So when an SEU event happens, there should be at least two outputs or possibly all of the three that change from low level to high level almost at the same time. Also, if there is an SEU event, the "UpSET" will change for sure. After each event, the concerned register will be initialised, and the three outputs returned to the low-level state.

D Q Q R S Bit #0 D Q Q R S Bit #1 D Q Q R S Bit #2 D Q Q R S Bit #3 D Q Q R S Bit #4 D Q Q R S Bit #5 D Q Q R S Bit #6 D Q Q R S Bit #7 input INI clock ChSet ChRaz UpSET
Figure 9.19: Simplified schematic of 8 bits registers for the SEL/SEU test However, although the three outputs did vary, they did not change logically as expected. Sometimes both "ChRaz" and "ChSet" had events, or one of the two had events, but "UpSET" had none. Sometimes neither "ChRaz" nor "ChSet" had events, but "UpSET" showed some events. The number of the events of "UpSET" was sometimes larger than the sum of the events of the other two outputs, or it was smaller than either of the other two outputs. Logically thinking, none of these cases above should have happened since the circuits have been proved to have a correct function.

The possible reason for the conflicts is that the area of each register is comparable with their output buffers, which suggests that a buffer actually has a lot more possibilities than the thin signal paths to be irradiated. If the value of a buffer changes due to the irradiation, it will also be noted as an event. Then it is impossible to know if these observed events were due to the value's change in the circuits or on the buffers. In consequence, the results of the SEU test were probably not representative, and the test vehicle for the future SEU tests need to be reconsidered.

Conclusion and Perspectives

This part presents the development of a radiation-hardened digital library using 350 nm SiGe BiCMOS technology of AMS. The electronics using this library will be finally integrated into the WFEE subsystem of the X-IFU instrument -one of the two instruments of the ATHENA observatory. In fact, the development has been fully accomplished after the delivery of the first version ASIC to the manufacturer. Consequently, only an 8-bit register with almost the same design as the new optimised library developed by me has been integrated into the ASIC. However, because the irradiated parts in the ASIC generally use the same RHBD design as the optimised library, the presented measurement results could represent the tolerance of the new library to a large extent. Moreover, the optimised library has been fully used in the digital circuits integrated into ASIC v2 and v2.5. New radiation assessment on this library could be expected in 2020.

Indeed, this first ASIC was a cornerstone laid during the feasibility phase of the mission, so that the future development of the WFEE subsystem can have a criterion to be based on. For this reason, the general objective of the work is to verify the adaptability of the technology to the mission, but not to repeat demonstrations of RHBD's capability that has been largely discussed. Under such considerations, an overall evaluation of TID and SEL effects on the main components of the WFEE subsystem has been conducted, including the impacts on the digital parts presented in this part.

The 350 nm SiGe BiCMOS technology used has been proved to be qualified for the mission. Although it is not "young" anymore, it is still a very good candidate for electronics operating in space, especially for mixed electronic systems with high dynamic, high linearity requirements. Its HBT showed a good intrinsic TID tolerance at low dose levels without any TID enhancement. For MOSFET, ELT gate has shown its effectiveness on NMOSFET, which thus will be kept for digital devices. It provides a much larger margin for a possible prolongation of the mission. The assessment of SEL effect showed that RHBD-enhanced design is still critical for preventing possible damage. The latch-up tolerance has been greatly improved, and the circuits can be considered immune to SEL. In conclusion, TID and SEL tolerance of the electronic components using 350 nm SiGe BiCMOS technology has been largely improved thanks to the RHBD techniques used. Both the ECSS requirements on TID and SEL effects were achieved with a large margin. With the described rad-hard design, the WFEE subsystem of the X-IFU instrument will be developed without fear of significant degradation during the five years (and even more) of the ATHENA mission.

During the TID measurements, it seems that the room temperature has caused a little perturbation on the measurements. Especially for those between 0 rad and 12.3 krad, at which levels the curves were indeed quite close to each other. The temperature control of the test room has been improved recently so that the ambient temperature could be better stabilised. For future tests, maybe one control unit non-irradiated could be kept as a reference for each measurement at different dose levels, so that the influence from an even slight temperature variation could be counteracted.

Furthermore, future ASIC still need to be irradiated. For TID effect, although 100 krad is far beyond the requirement, characteristics at dose level equal to 1.5 8 times the estimated dose level (14 krad × 1.5 = 21 krad) might be interesting to be measured. Since it is between 14 krad and 100 krad, the evaluation of characteristics can also be better traced. For SEE effect, LET of 60 MeV • cm 2 /mg should be reached [START_REF] Agency | ESCC Basic Specification No. 25100 -Single Event Effects Test Method and Guidelines[END_REF] as no other specific criterion exists for the mission. Moreover, higher effective LET (e.g. 125 MeV • cm 2 /mg) with certain tilting angles of the device under test is still interesting for the tests. For SEU robustness, since registers are necessary for constructing the I 2 C decoders, TMR solution is necessary to be studied. At last, it might also be necessary to assess SET effect on active analogue circuits, and displacement damage possibility on all elementary devices (MOSFET, HBT).

The development of a full-custom radiation-hardened ASIC is indeed necessary, having more assurance and relatively economical for a large space mission. Directly using Commercial Off-The-Shelf (COTS) products, on the other hand, although it can save development cost and time, the cost of radiation tests remains. The same devices from different lots still need to be re-tested or at least re-assessed. Moreover, for confidential reasons, information of COTS is not entirely available, which increases the difficulties of the radiation tolerance assurance.

Although my work was in the frame of the WFEE subsystem for the X-IFU instrument, it could also be used for electronics operating in similar circumstances for other space missions.

It is compact, and its library's radiation tolerance meets ECSS requirements. Knowing that such libraries developed by other communities are generally not available for outsiders, the development is necessary and useful. Besides, the library is open to be shared with other communities in need.

Beyond the library itself, maybe one thing more important is the experience gained from the development. Even if the technology based on it will not last very long, RHBD design ideas are the same and can be transplanted to the next generation library based on other newer technologies. The experience obtained from the measurements will make future tests be performed more efficiently and be better considered. At last, thanks to these experiences, my researching activities belong not only to the microelectronic/electronic community, but also to the community of radiation effects on electronics, which has opened a window towards more knowledge and a larger view.

Part IV

Design of Integrated Circuits for the WFEE Subsystem

This part is about my work on analogue circuits development during my thesis. Firstly, all three ASICs are presented as a whole to show clearly the evolution of the development of the WFEE. The following chapters are dedicated to the development of the LNA, the buffer and the current reference respectively. In addition, the design of the DAC and the development of the SQUID bias are presented following the current reference in the same chapter, since they together form a single working package.

Chapter 10 What is an ASIC? Well, maybe the singular form of the word will not mislead you to a pair of shoes 1 , but it is neither "Association for Science and Information on Coffee" 2 . In fact, the full name of the subject talked about here, is "Application-Specific Integrated Circuit". Maybe just from the first two words, you can already smell a scent of "exclusivity" or "privilege". Indeed, it is an integrated circuit designed for a particular use. Sometimes, people may prefer another solution, named FPGA, short for "Field-Programmable Gate Arrays". Might feel more flexible but not that "special"? The feeling is correct again! An FPGA is a programmable matrix comprising combinational functions and memories [START_REF] Brown | FPGA architectural research: a survey[END_REF], produced for general uses, without particular clients. If to make an analogy, ASIC is like a painter specially draw a portrait for a wealthy customer that will cost him a fortune, and FPGA is more like landscape paintings in a scenic spot drawn for tourists unknown passing by.

ASIC Development for the WFEE Subsystem

Comparing to ASIC, the advantages of FPGA include reprogrammable and less cost. But on the other hand, it is generally larger, slower and consumes more power. A research in 2007 shows that an FPGA is about 35 times larger, four times slower and 14 times more power-consuming [START_REF] Kuon | Measuring the gap between FPGAs and ASICs[END_REF]. Even though recently some competitive FPGAs began to emerge as rivals of ASICs, massive commercial IC productions or large space missions still prefer ASIC because of its higher performance and lower power consumption. Apple's "A series" chip is a typical example to prove that ASIC still keeps its advantages.

The development of an ASIC can be resumed as the following steps [START_REF] Horspool | The ASIC handbook[END_REF]:

1 ASICS is the name of a Japanese multinational corporation of footwear and sports equipment. It is an acronym for the Latin phrase "Anima Sana In Corpore Sano".

2 https://www.asic-cafe.org 147 1. Top level/module specifications, including the specifications of requirements;

2. Module design, including the design of schematics and simulations;

3. System/subsystem simulations, namely combining sub-modules and doing higher-level simulations;

4. Layout, namely the design of layout;

5. Post-simulations, namely re-doing the simulations that considering the influences of parasitic components brought by layouts;

6. Fabrication of ASIC, during the same period, preparing packaging information, Printed Circuit Board (PCB) and equipment for testing;

Testing of ASIC.

There could be some nuances in the workflow comparing the development of digital and analogue ASIC, or between industries and laboratories, but in general, it is the same.

In the frame of the assessment phase of the X-IFU instrument for ATHENA observatory, three ASICs "AwaXe_v1", "AwaXe_v2" and "AwaXe_v2.5" based on the 350 nm SiGe BiCMOS technology of AMS have already been developed for the WFEE subsystem, as part of the readout chain of the X-IFU instrument.

I joined the project at the end of the design phase of "AwaXe_v1" and have participated some of its measurements. Most of my contributions are on the development of "AwaXe_v2" and "AwaXe_v2.5", from the beginning phase to the testing phase. A large amount of the work of these two ASIC has been done by myself, especially the design of LNA, buffer and current source. Hence, all three ASICs will be first presented as a whole, to show clearly the evolution of the development of the WFEE. Then, the design and the representative measurements of the three critical components: LNA, buffer and current source integrated into the last two ASICs, will be discussed in the following sections. However, the measurements of the analogue components of the first ASIC will not be discussed in this chapter, as it was developed by APC microelectronic team. Interested readers can find detailed information of this ASIC in my paper [START_REF] Chen | Development of the WFEE subsystem for the X-IFU instrument of the ATHENA space observatory[END_REF].

ASIC v1

This first version of ASIC was designed to verify the basic performances of the main components of the WFEE and to evaluate the capacity of the technology against TID and SEL (Single Event Latch-up) effects, in order to match the five-year lifetime of the ATHENA space mission [START_REF] Nandra | The Hot and Energetic Universe: A White Paper presenting the science theme motivating the Athena+ mission[END_REF].

Figure 10.1 shows the microphotograph of the ASIC. It is actually composed of three subparts: "AwaXe_v1a", "AwaXe_v1b" and "AwaXe_v1c", framed respectively by orange, blue and red. They include different components of the WFEE subsystem, as listed in Table 10.1.

As can be seen, each of the three sub-parts has its own output pads: the ASIC has been encapsulated in several different packagings with different connections so that they could be tested separately.

Integrating so many different components, the ASIC already has a relatively large size: both width and height are larger than 2 mm. It suggests that even the same component in two adjacent chips have a distance about 2 mm, which makes the gradient effect of lithography process non-negligible. Indeed, the differences of DC characteristics between the two same MOSFET or HBT in two different ASICs have been observed during devices characterisations.

Another photo (Figure 10.2) shows the ASIC encapsulated in a packaging "JLCC68", mounting on one of the test boards that I designed, for the tests of digital circuits (I 2 C decoders and 8 bits registers) and the measurements of the MOSFET and SiGe HBT (Heterojunction Bipolar Transistor).

Figure 10.2: ASIC "AwaXe_v1" encapsulated in "JLCC68", mounting on the test board.

Table 10.1: Components and their distributions in the ASIC v1 ("AwaXe_v1")

Sub-part Components

"AwaXe_v1a", packaged in "JLCC28"

Following components are included in this sub-part:

1. Two current mirrors (a.1) respectively using PMOS transistors and NPN HBT;

2. Two configurable current sources (a.2) respectively using PMOS transistors and NPN HBT, whose outputs are quantised by DAC to 16 different levels corresponding to 4 bits;

The PMOS current source provides a positive current and the NPN HBT current source outputs a negative current. By connecting with the current mirrors, opposite currents are available.

"AwaXe_v1b", packaged in "JLCC44" or "CQFP44'

Following components are included in this sub-part:

1. Three bipolar transistor amplifiers (b.1) with diodes in series as load;

2. Two current sources (b.2).

The three amplifiers have the following differences:

a) The amplifier at left (LNA A 1 ) uses three diodes in series as load, so it has a gain 3 V/V [START_REF] Chen | Development of the WFEE subsystem for the X-IFU instrument of the ATHENA space observatory[END_REF][START_REF] Prêle | Gain drift compensation with no feedback-loop developed for the X-Ray Integral Field Unit/ATHENA readout chain[END_REF];

b) The amplifier at middle (LNA A 2 ) has three stages, and each stage is with two diodes in series as load, so theoretically it has a gain equal to 2 × 2 × 2 = 8 V/V [START_REF] Chen | Development of the WFEE subsystem for the X-IFU instrument of the ATHENA space observatory[END_REF][START_REF] Prêle | Gain drift compensation with no feedback-loop developed for the X-Ray Integral Field Unit/ATHENA readout chain[END_REF];

c) The last amplifier at right (LNA A 3 ) uses three diodes in series as load and in addition using a current deviation in order to increase the gain.

"AwaXe_v1c"3 , packaged in "JLCC68"

Following components are included in this sub-part:

1. Two identical decoders I 2 C (c.1) with different address;

2. Four registers 8-bits (c.2) made of different digital libraries, for comparing their radiation tolerance against SEL and SEU effect;

3. A capacitor (c.3); 4. Two NPN HBT (c.4), one with modules "npn254" 4 , and the other one with modules "npn254h5"5 .

5. Five MOSFET (c.5), including two NMOS transistors and three PMOS transistors with different topologies, for comparing their radiation tolerance against TID effect. Table 10.2 lists the measurement results of the first ASIC. Except for the elements introduced after its development (buffer, thermometer, RS485 protocol), basically, all aspects were tested. It laid a solid foundation for the subsequent development. 

ASIC v2

The second ASIC "AwaXe_v2" has been developed based on the measurements of the first ASIC. The results of the predecessor gave confidence to the development of the new ASIC. Hence, the objective of the second ASIC is to meet all the specifications of the WFEE asked by the CNES (Le Centre National d'Études Spatiales). However, due to the fact that some new requirements have been raised during its development (for example, a buffer), the development cycle became longer than expected. In order to catch up with the delivery deadline for the fabrication, the development has been split into two steps: One ASIC "AwaXe_v2" includes LNA, series communication module and thermometer has been first sent to the manufacturer (April 2018); Then another ASIC "AwaXe_v2.5", which is a complete version including all components of one WFEE channel has been sent four months later (August 2018).

The fabrications of the two new ASIC took twice the time as scheduled four months. "AwaXe_v2" has been received at the end of 2018, and "AwaXe_v2.5" April 2019, eight months for each. The same delay might need to be considered for future development if using the same technology. It is a larger ASIC, with one side about 4 mm and the other side about 2.4 mm. For this ASIC, it is still preferable to test the components separately, so four packagings were used with different inner connections as listed below.

1. a "JLCC28" for testing the LNA without intermediate outputs, and also for testing the thermometer;

2. a "SOIC24" for testing the same components as "JLCC28". It is a packaging more often found in the commercial market, intended to be provided to other interested teams for their use7 ;

3. a "JLCC68" with more output pins for testing both LNA, especially the LNA with intermediate outputs, and also for testing the thermometer; 4. another "JLCC68" for testing the serial bus RS485/I 2 C.

In order to adapt to the four different packagings, four PCBs have been developed for the measurements, of which three were developed by myself, as shown in Figures 10.4 and 10.5.

The samples have been thoroughly tested, especially the packagings for the LNA: four SOIC24, four JLCC28 and one JLCC68 have been measured for the characterisation of the LNA. Moreover, another JLCC68 packaging has been tested for the verification of the serial bus RS485/I 2 C.

Figure 10.4: ASIC "AwaXe_v2" encapsulated in "JLCC68", mounting on the PCB. A PT100 thermometer is glued on it for calibrating the thermometer in the ASIC.

Figure 10.5: ASIC "AwaXe_v2" encapsulated in "JLCC28", mounting on the PCB (left); ASIC "AwaXe_v2" encapsulated in "SOIC24", mounting on the PCB (right).

10.3 ASIC v2.5

ASIC "AwaXe_v2.5" is the newest version until now, and it is a complete version integrating all the components of one WFEE channel, including:

1. A low noise amplifier. Comparing to the LNA in the ASIC v2, this one has a smaller equivalent input noise and an optimised current source;

2. Four differential current sources (quasi-DC) for SQUID stage bias (A temperatureindependent current reference, eight DAC to vary the output current from 0 to 255 μA, the RS485/I 2 C interface and eight I 2 C decoders to control the DACs;

3. A buffer with a selectable gain 2 V/V, 4 V/V or 8 V/V to choose, to amplify the TES bias signal;

4. A thermometer to measure the temperature drift of the chip itself, the same as the one in ASIC v2.

The microphotograph of the ASIC is shown in Figure 10.6. It is also the largest ASIC for the WFEE until now, encapsulated in a CQFP144 packaging 8 . A PCB (Figure 10.7) has also been developed by myself for the measurements. Three ASICs have been characterised using this PCB.

The following sections will present the development of LNA, buffer and current source for the WFEE, including the design and the representative results measured on the ASIC v2 or v2.5. 

Chapter 11

Low-Noise Amplifier A low noise amplifier is often placed following two SQUIDs stages as a part of the frontend readout system [START_REF] Weinstock | SQUID sensors: fundamentals, fabrication and applications[END_REF]. One main reason for the need of an LNA is the output amplitude/impedance adaptation issue. Since it is necessary to have a large amplitude at the output for analysis, if only using SQUIDs in series for amplifying the signal, an immense output impedance of the second stage SQUIDs there will be, in the order of 15 kΩ.

The low noise requirement would be more easily achieved at cryogenic temperature. However, the heat dissipation of LNA will cause difficulties for the cooling system. So usually, the LNA is instead placed at room temperature [START_REF] Clarke | The SQUID handbook[END_REF][START_REF] Weinstock | SQUID sensors: fundamentals, fabrication and applications[END_REF][START_REF] Prêle | SiGe Integrated Circuit Developments for SQUID/TES Readout[END_REF], as the case of the X-IFU instrument.

Indeed, as part of the readout chain, the LNA of the WFEE contributes to energy resolution and count rate degradation [START_REF] Barret | The Athena x-ray integral field unit (X-IFU)[END_REF]. Hence, an ultra-low voltage noise 1 nV/ √ Hz is needed at the input of the LNA. In order to realise the unprecedented high spectral resolution of the X-IFU instrument 2.5 eV, it is necessary to keep a certain ratio between the amplitude of the signal (dynamic range) and the noise. For the WFEE case, the allocation is 0.4 eV included in the 2.5 eV [START_REF] Trong | X-IFU technical challenge[END_REF], corresponding to a maximum differential peak to peak input voltage 12 mV with 1 nV/ √ Hz as the equivalent input voltage noise. In addition to the noise floor within the 1 -5 MHz frequency band, it also requires a 1/f noise corner frequency lower 157 than 100 kHz. It is one of the features to assess if the gain has a significant fluctuation at low frequency [START_REF] D'addario | Gain stability: Requirements and design considerations[END_REF][START_REF] Loh | Unified theory of oscillator phase noise II: Flicker noise[END_REF].

Another technical challenge is to realise an ultra-stable gain with a gain drift < 350 ppm/K = 350 μV/V/K for the WFEE. The LNA needs to keep this stability during the operation in the order of 1000 s, between two calibrations, as well as the thermal environment of the ASIC must also be stable as less than 1 K/(1000s).

The third difficulty is to have high gain linearity < 1% for a voltage gain about 80 V/V, and with a large amplitude output ≈ 1 V diff-pkpk . The requirement of the impedance matching at the output indeed increase the complexity. In order to improve the linearity performance, the power supply of the new version LNA has been lifted from 3.3 V used in ASIC v1 to 5 V. Moreover, the common-mode input needs to be fixed by the common mode of the X-IFU readout chain, i.e. the ground 0 V on PCB of the WFEE, corresponding to a 1.5 V common input needed by the amplifier. Thus, the power supply has a translation of -1.5 V, namely using V DD = 3.5 V and V SS = -1.5 V.

- Because the scientific signals are multiplexed in the frequency band 1 -5 MHz, it is also the operating band of the LNA. It asks the LNA to have a reasonable large bandwidth for a proper amplification around 80 V/V within the band, which is not an easy task neither [START_REF] Instruments | Considerations for High-Gain Multistage Designs[END_REF]. Aiming to fulfil all of these requirements, the design of the LNA has chosen a fully-differential threestage cascading architecture. As shown in Figure 11.1, its input stage uses a common emitter topology with four diodes in series as loads, following a second stage an instrumentation-alike amplifier with resistive feedback, and the last stage is an output buffer (the common collector configuration). The design principles will be specified in the following sections. The choices of transistors and basic topologies will be first discussed. Then the three stages will be separately presented. Among the three stages, the input stage is the interface between the LNA and the previous SQUID stage. It is the most critical for the equivalent input noise performance and also contributes part of the gain. Thus, it will be first presented. The output stage is the interface between the LNA and the next DRE stage, which is responsible for the impedance matching and indeed also critical for the linearity. Thus, it will be secondly discussed. The task of the middle stage is actually simpler, to provide the main gain with a small drift. In consequence, it will be presented at last.
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Choices of Bipolar Transistors and MOSFET

The 350 nm SiGe HBT BiCMOS technology of AMS provides bipolar transistors and MOS-FET as choices. However, comparing to HBT NPN, the PNP bipolar transistors proposed by the technology is actually not HBT, but rather parasitic transistors as a more traditional way profiting from the CMOS process. It takes advantage of the p+ source and drain of PMOSFET respectively as the emitter and the collector, and n-well as the base to form a lateral PNP BJT. However, at the same time, it generates two parasitic vertical PNP BJT with p+ doping of the source or the drain as the emitter, n-well as the base and p-substrate as the collector, as shown in Figure 11.2 [START_REF] Senapati | Characterization and Modeling of Lateral PNP Bipolar Transistor in CMOS Process[END_REF][START_REF] Macsweeney | Modelling of lateral bipolar devices in a CMOS process[END_REF]. This parasitic structure makes the PNP BJT more complex to be characterised and also makes its performance less satisfying (e.g. a smaller current gain [100], less robust against TID and DD effects than HBT NPN [START_REF] Oldham | Basic mechanisms of TID and DDD response in MOS and bipolar microelectronics[END_REF][START_REF] Cressler | Silicon-germanium as an enabling technology for extreme environment electronics[END_REF]).

Based on these concerns, the PNP BJT is not used in this ASIC design.

Figure 11.2: Parasitic lateral and vertical PNP BJT available in a CMOS process, which is also proposed by the 350 nm SiGe HBT BiCMOS technology of AMS [START_REF] Senapati | Characterization and Modeling of Lateral PNP Bipolar Transistor in CMOS Process[END_REF].

Comparing NPN HBT and MOSFET, the former one has a larger transconductance g m with the same current bias, because for HBT, its g m is proportional to I C 1 , and for MOSFET, since it is biased in strong inversion with a large current, its g m is proportional to I D 2 .

A larger transconductance could provide a larger voltage gain as it is equal to g m r L on the one hand, where r L the load impedance. On the other hand, it results in a smaller equivalent input voltage noise, because the current noise √ 2qI o brought at the input equals

√ 2qIo g m
, where I o represents I C for bipolar transistors or I D for MOSFET, and q the absolute value of an electron's charge [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF]. In addition, if with the same current bias, a MOSFET must be much larger than a bipolar transistor to provide an equivalent g m . Consequently, the bandwidth is always smaller with MOSFET [START_REF] Razavi | Design Of Analog CMOS Integrated Circuits[END_REF][START_REF] Sedra | Microelectronic circuits[END_REF]. Moreover, MOSFET is indeed a more complex component with more variables comparing to a bipolar transistor. Hence, it is preferable to use NPN HBT in the design of this ASIC, and PMOS transistors are used rather for active loads or current mirrors connected with V DD .

Choices of the Basic Configurations of Single-Stage Amplifier

Among the three basic configurations of single-stage amplifier: the common emitter, the common collector 3 and the common base, the common-emitter configuration is no doubt the best choice as the voltage amplification stage of a voltage amplifier. It has a large voltage gain, a moderate input impedance as well as a moderate output impedance. The moderate input impedance is large enough regarding several hundreds of ohm of the source impedance.

The moderate output impedance needs to be lowered, often via a followed common-collector stage. The latter configuration has a higher input impedance and a lower output impedance than the common-emitter stage, but a close unity voltage gain, which makes it a very effective impedance buffer or current amplifier but not a voltage amplification stage. The third one, the common-base configuration has a smaller input impedance but a larger output impedance than the common-emitter stage, so it is generally used as a current buffer, and also used in current sources [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF].

Input Stage -Differential Common-Emitter Configuration with Diode Loads

Common-Emitter Configuration with Diode Loads

According to the above comparison, the common-emitter topology with NPN HBT is used as the first stage of the LNA. However, different from the classical topologies with resistive loads

1 g m HBT = qI C k B T . 2 g m MOSFET = 2μCox W L I D ,
where μ the mobility of charge carriers, Cox the gate oxide capacitance per unit area, W the channel width, L the channel length and I D the channel current [START_REF] Razavi | Design Of Analog CMOS Integrated Circuits[END_REF].

3 also known as emitter follower (Figure 11.4) or active loads using MOSFET, the first stage uses diodes4 as loads, as shown in Figure 11.3. The topology with resistive loads can easily reach a relatively high voltage gain by tuning the value of resistance R C :

Q 1 D D D D Q 2 D D D D I BIAS in + out - in - out + V CC
|Gain (R Loads) | = g m (r o //R C ) = qI C k B T × (r o //R C ) ≈ qI C k B T × R C (11.1)
where k B the Boltzmann constant, T the temperature in Kelvin, q the electron charge in absolute value, I C the collector current. r o is the output impedance of bipolar transistor, typically much larger than R C . Thus it is neglected here for a rough analysis. First, the gain is limited by the voltage drop across R C . More importantly, the gain is temperature dependant, for eq. 11.1 is inversely proportional to T, and the variables I C and R C are also susceptible to temperature, which will cause a large gain drift, not compatible with the requirement of the WFEE.

On the other hand, an amplifier with active loads can even reach a much higher gain, in the order of several thousands of V/V. The gain of a stage with a bipolar transistor as amplifier and with MOSFET as active loads can be expressed as eq. 11.2:

|Gain PMOS Loads | = g m r o ≈ qI C k B T × 1 λI D0 (11.2) 
with r o the output impedance of MOSFET, approximately equal to 1 λI D0

. And λ is the channel length modulation coefficient of MOSFET. I D0 is the current passing through MOSFET's channel just when V DS = V GS -V TH , where V DS the drain-source voltage, V GS the gatesource voltage, and V TH the threshold voltage of MOSFET [START_REF] Razavi | Design Of Analog CMOS Integrated Circuits[END_REF].

With equal to λ = 1 V E L , where V E the Early voltage, L the channel length of MOSFET, eq. 11.2 can be developed as eq. 11.3:

|Gain PMOS Loads | = g m r o ≈ qI C k B T × V E L I D0 (11.3) 
Supposing I C = I D0 , then eq. 11.3 can be further simplified as eq. 11.4:

|Gain PMOS Loads | ≈ qV E L k B T (11.4) 
Eq. 11.4 clearly shows that the gain of such stage is also temperature-dependant. Resistive feedback is often attached to such a stage for mitigating the drift and fixing the gain to a lower value. However, the resistors connected to the inputs will directly bring thermal noise there. Knowing that a 50 Ω resistor has already nearly 1 nV/ √ Hz voltage noise, it does not leave much room for the other components also generating noises, especially the input bipolar transistors. On the other hand, reducing the resistances may also degrade linearity. This compromise makes such topology not the best strategy for the input stage.

In consequence, the topology with diode loads has been proposed in the first ASIC dedicated to the WFEE [START_REF] Prêle | Gain drift compensation with no feedback-loop developed for the X-Ray Integral Field Unit/ATHENA readout chain[END_REF]. Its interest is that the transconductance g m of bipolar transistor is just inversely proportional to the small signal resistance r d of diode. When it only concerns the small signal situation, the variables in the expression of g m or r d will be cancelled and the gain will mainly equal to the number of the diode loads n D in series, as shown in eq. 11.5, with k B the Boltzmann constant, T the temperature in Kelvin, q the electron charge in absolute value, I C the collector current, I D the diode current and I C = I D . [START_REF] Prêle | Gain drift compensation with no feedback-loop developed for the X-Ray Integral Field Unit/ATHENA readout chain[END_REF] |Gain

D Loads | = g m × r d × n D ≈ qI C k B T × k B T qI D × n D = n D (11.5) 
However, the advantage is also a limit for the topology, that with such a single stage, the gain can not be very high: The voltage power supply defines first the margin. Because each diode contributes about 0.7 V operating voltage drop, one more diode in series will lower the DC voltage at the output another 0.7 V. Since other several stages are needed to be cascaded to reach the gain ≈ 80 V/V of the WFEE, a too low DC voltage at the output of this stage will raise difficulties for the bias of the next stage and will strongly limit the dynamic range.

Indeed, comparing to the LNA in the first ASIC using three diodes in series as loads biased by 3.3 V power supply, the first stage of the new developed LNA has cascoded four diodes in series, under the circumstance that the power supply has been lifted to 5 V. The increase of the power supply, on the one hand, gives more margin for better linearity with 1 V diff-pkpk as the output voltage of the LNA, and at the other hand, gives the possibility to load more diodes in series. The reason to use four diodes but not five diodes in series is that the bias voltage generally can be closer to the middle of the 5 V, which also helps improve the linearity.

Differential pair with diode loads

Although diode and bipolar transistor are both non-linear components, bipolar transistor differential pair with diode loads has a better linear performance. With the same method, there is V in = 2ΔV = 2ΔV BE , and V out can be expressed by eq. 11.9, with n D the number of diodes in series as loads. = n D . However, the gain could not keep linear with a too large input amplitude as the measurements have shown, since the Shockley law is an approximate equation and our assumption is only suitable for the ideal regime of p-n junction [START_REF] Chen | Dynamic Base Current Compensation for Cascaded Bipolar Low Noise Amplifier[END_REF]. Moreover, if the outputs (as shown in Figure 11.3) are connected to a next stage realised with bipolar transistors, then it will lead to a small difference in the I D and I C , depending on the output amplitude. Particular care must be taken to mitigate the effect of the next stage loading. In order to keep non-linearity of 1%, the crest value of I B of the next stage should be at least 100 times smaller than the trough value of I C of the diodes loaded stage.

|V out | = V + out -V - out = (V CC -n D (V D -ΔV D )) -(V CC -n D (V D + ΔV D )) = 2n D ΔV D ( 11 

First Stage Current Bias: Trade-off between Noise, Input Impedance and Gain Drift regarding Temperature Sensitivity

The choice of the bias current I C 's value is not only important for achieving the noise goal, but also critical for the input impedance h 11 and the gain drift with regard to the temperature variation. In general, the equivalent input noise can use eq. 11.11 to express.

S v = √ 2 × 4k B TR bb + 2qI B (R bb + Rs 2 )h 11 R bb + Rs 2 + h 11 2 + 2qI C g 2 m + 4k B T/R L g 2 m (11.11)
For a stage with diodes as loads, the last term under the root of eq. 11.11 needs to be replaced by diodes' shot noise, as shown in eq. 11.12, where Gain = n D , according to eq. 11.5.

S v = √ 2 × 4k B TR bb + 2qI B (R bb + Rs 2 )h 11 R bb + Rs 2 + h 11 2 + 2qI C g 2 m + 2qI D × r 2 D × n D Gain 2
(11.12)

The simplification 5 of the equivalent input noise eq. 11.12 gives eq. 11.13, which is useful to estimate the bias current to optimise the noise, by letting the two terms under the root equal, corresponding to i n Rs 2 = e n [START_REF] Prêle | Gain drift compensation with no feedback-loop developed for the X-Ray Integral Field Unit/ATHENA readout chain[END_REF]. After a simplification, the optimised bias current I C-opt can be deduced as eq. 11.14. With n D = 4, β ≈ 200, and with a source impedance R s ≈ 200 Ω for the differential inputs, namely 1 2 R s = 100 Ω for each input of the differential pair for the calculation, the optimised bias current I C-opt ≈ 4.1 mA, very close to the simulation.

S v ≈ √ 2 × 2q I C β i 2 n R s 2 2 + 2(k B T) 2 qI C × 1 + 1 n D e 2 n (11.13) 
I C opt = 2k B T qR s β × 1 + 1 n D (11.14)
However, the input resistance h 11 of the differential pair is inversely proportional to I C :

h 11 = βk B T qI C
. With I Copt = 4.1 mA and β ≈ 200 at 300 K, h 11 equals about 1262 Ω, which is not greatly larger than 1 2 R s = 100 Ω. The ratio between h 11 and 1 2 R s does not only affect the ratio of the input signal recovered by the amplifier, but also degrades the gain drift with regard to the temperature variation. It is due to the fact that h 11 is proportional to T, and changes the ratio of the input voltage bridge divider. Supposing that V in is the signal given by the previous stage, and V in is the voltage delivered to the input of the amplifier, then the total gain and the amplifier's proper gain can be expressed as:

Gain T = V out V in , Gain A = V out V in .
Eq. 11.15 puts Gain T and Gain A together:

Gain T = Gain A × V in V in = Gain A × h 11 h 11 + 1 2 R s = Gain A × 1 1 + RsqI C 2βk B T (11.15) 
In order to focus on the variation of gain caused by h 11 , the gain of amplifier Gain A is temporarily considered as a constant. Then the optimised bias current can be obtained by calculating the derivative of eq. 11.15 :

dGain T dT = Gain A × X (T + X) 2 , where X = R s qI C 2βk B (11.16) 
With an approximation, the equation of gain drift is:

dGain T dT Gain T = Gain A × X (T+X) 2
Gain T ≈ X (T + X) 2 (11.17 With R s = 200 Ω and β ≈ 200 at 300 K, a gain drift of about 350 μV/V results in I Cmax ≈ 7 mA, only considering the input voltage divider. In fact, because Gain A also fluctuates with temperature, and normally fluctuates more for a system with more stages, it is necessary to choose a smaller current to give a large margin.

I C = 2 mA is a reasonable value as the compromise. Although it is not really "optimal" regarding the voltage and current noise contribution (Indeed, current noise contribution will be certainly smaller than voltage noise.), it only brings about an equivalent input noise ≈ 730 pV/ √ Hz according to simulations, satisfying the noise requirement with a moderate margin. Besides, with I C = 2 mA, the input impedance h 11 is larger, providing a better gain drift than the calculation with eq. 11.17. Moreover, the power consumption can also be limited to some extent. Consequently, I C = 2 mA has been chosen as the bias for one branch of the differential pair of the input stage (4 mA for the differential pair).

Indeed, the optimisation of input noise eq. 11.14 is based on a stable β. However, β is actually very sensitive to the variation of process and also to the temperature. In Chapter 6 of Part II, the simulation of β with respect to the temperature shows a variation between 300 and 130 from -25°C to 75°C. Around 300 K,

dβ dT ≈ -1.3 K -1
. Moreover, the statistical distribution of β in the same section shows an astonishing "wild" variation due to the process imperfection from 70 to 380, with an average of 190 and a standard deviation of 84. It suggests that the optimisation of input noise can not be precise, and there is no real interest to stick to the "optimum" value obtained from eq. 11.14. Considering the extreme situations, β = 70 leads to I Copt ≈ 2.4 mA, and β = 380 deduces an I Copt ≈ 5.6 mA. Consequently, I C = 2 mA is still a good choice, even taking into account such a large variation of β.

Output Stage: A Common-Collector Stage as a Buffer for Impedance Matching

A common-collector stage is a classical topology, with a large input impedance, a very small output impedance and a voltage gain close to unity. Thus, it is very suitable as an output voltage buffer. The readout chain of the X-IFU instrument requires the impedance matching between the WFEE and the DRE. Because the resistive load integrated into the DRE for the LNA is 100 Ω, two 50 Ω resistors are respectively connected to the output of the differential common-collector, as a differential impedance matching [START_REF] Karki | Output impedance matching with fully differential operational amplifiers[END_REF]. It should be pointed out that these two 50 Ω resistors are not integrated into the ASIC, but mounted on PCB. Similar to the analysis of eq. 11.15, the impedance matching at the output could have the potential risk to introduce gain drift. Although the polysilicon resistance provided by the ASIC process has better precision than discrete resistors, it will probably not be the same type as the one used in the DRE, which means a different temperature coefficient. Then it will lead to a larger gain drift. In contrary, using discrete resistors mounted on PCB is less precise for the matching, but the resistor networks have a low thermal drift. Hence, choosing the same type resistor used as the DRE, the gain drift could be optimised.

Another issue brought about by the output matching is linearity degradation, which could only happen under the large-signal circumstance. 1 V diff-pkpk output amplitude suggests |V out | max = 0.5 V at the edge of the 100 Ω load resistor, leading to 5 mA as the instantaneous peak current, as illustrated in Figure 11.7. Such a large amount of current is subtracted from one of the current sources used to bias the common collector. If the current tail can not afford 5 mA, then the instantaneous peak voltage can not reach 0.5 V diff-pk-0 , leading to severe distortion. If the bias current is only slightly larger than 5 mA, then most of the bias current goes into the load resistor while the signal is around the peak region, and too little current left for a proper bias of the common collector's bipolar transistor. Knowing that the output impedance of the common collector, the two matching impedance 50 Ω connecting at the output of the common collector, and the 100 Ω load resistance actually form a voltage divider, as shown in Figure 11.5, the output is the voltage at the edge of the load resistor. . When there is output signal (Figure 11.7 shows an example with the large output signal.), the current flowing to the load is subtracted from one collector current and added to the other, leading to an increase of one output impedance and a decrease of the other. When the current variation keeps in a reasonable value/ratio comparing to bias current, the sum of 1 g m1 and 1 g m2 can keep a balance, introducing very little change in the output voltage. If the current variation occupies most of the bias current, then the instantaneous bias current of one of the branches drops greatly, leading to large output impedance. It dramatically decreases the ability to drive the voltage within the voltage divider, and the output cannot keep good linearity anymore.

14 mA 14 mA in + in - 50 Ω out + 50 Ω out - 100 Ω V CC V out 1/g m1 R o (50 Ω) R L (100 Ω) 1/g m2 R o (50 Ω) V out

Equivalent voltage divider

V out = V out R L R L + 2R o + 1 g m1 + 1 g m2 = V out R L R L + 2R o + k B T qI C1 + k B T qI C2 (11.18) 
Q1 Q2

I 0 I 0 are also equal, and much less than 100 Ω. Small signal analysis is indeed an approximation to this situation, which works well for really small signals, but not for large signals.

I 0 I 0 in + in - 50 Ω 0mA out + 50 Ω out - 100 Ω V CC 0V

Q1 Q2

I 0 + 5mA I 0 -5mA

I 0 I 0 in + in - 50 Ω 5mA out + 50 Ω out - 100 Ω V CC 0.5V Figure 11
.7: When a signal has very large amplitude, for example, a 0.5 V voltage across the 100 Ω load, 5 mA will be subtracted from one common collector and added to the other. Hence, the two common collectors are unbalanced. If I 0 is not much larger than 5 mA, then the output impedance of the common collector with I 0 -5 mA (Q 2 in the figure) will dramatically increase, thus largely degrades the voltage drive capacity, as well as the linearity.

The amount of bias current I C for keeping good linearity can be estimated with eq. 11.18. Indeed, because the instantaneous bias variation is comparable to the DC bias condition, the calculation can approximately use a DC analysis but not an AC small-signal analysis. It is to verify if the voltage distribution in the voltage divider keeps a similar ratio with 5 mA variation, as shown in eq. 11.19 and eq. 11.20.

V out(ΔI=0) = V out R L R L + 2R o + 2 1 g m = V out R L R L + 2R o + 2 k B T qI C (11.19) V out(ΔI=5 mA) = V out R L R L + 2R o + 1 g m1 + 1 g m2 = V out R L R L + 2R o + k B T q(I C -5 mA) + k B T q(I C +5 mA) (11.20)
A distortion or a non-linearity 1% means a linearity 99%, namely the ratio between eq. 11.20 and eq. 11.19 should 99%, as shown in expression 11.21.

V out(ΔI=5 mA) V out(ΔI=0) = V out R L R L +2Ro+ k B T q(I C -5 mA) + k B T q(I C +5 mA) V out R L R L +2Ro+2 k B T qI C 99% (11.21) 
With R L = 100Ω, R o = 50Ω, k B T q ≈ 26 mV, expression 11.21 can be simplified. In order to calculate the minimum I C as the boundary condition, the symbol " " is replaced by "=", then it gives eq. 11.22, where I C has the unity mA. = 0.99 (11.22) With further simplification, eq. 11.22 will become a cubic equation of I C , which only has one positive root: I C ≈ 9.6 mA, namely the minimum bias current needed for keeping good linearity of about 99% up to 1 V diff-pkpk amplitude. In order to have a reasonable margin and address possible higher amplitudes, a bias current I 0 = 14 mA is used for one branch of the common-collector pair, as noted in Figure 11.1. The bias current 14 mA has also been validated by pss simulation, which only showed about 0.1% THD (Total Harmonic Distortion) at 6 MHz6 .

Indeed, with such a strong current bias, bipolar transistors might fall into the non-ideal high injection regime. In order to avoid this situation, eight HBT in parallel, each with dimensions of 0.4μm × 50μm, are used for passing the 14 mA. The Gummel plot illustrated in Part II, Chapter 6 is actually for these eight HBT. Although the measurement did not anticipate such a strong bias, the simulation shows that with I C = 14 mA, the HBT still performs in the ideal regime. Nevertheless, the operating point is not far from the non-ideal regime. Doubling the number of HBT in parallel might be a better solution for the amplifier in future ASIC.

With such bias current at the output stage, the LNA cannot only keep a high-linearity with a large output amplitude as high as 1 V diff-pkpk , but can also further reduce its proper output impedance, which equals 2 × 1 g m ≈ 3.7 Ω7 . However, two branches consume already 2 × 14 mA × 5 V = 140 mW, which is indeed inevitable if the requirements of 1% nonlinearity and the output impedance matching are stuck. In other words, if the requirement of 1% non-linearity is considered far superior to the need of the WFEE as recently updated (by collaboration), then for future ASIC, it is possible to reduce the bias current of the buffer for lower power consumption.

Middle Stage: Instrumentation Amplifier alike Topology with Resistive Feedback

Since the first stage can only provide a voltage gain of 4 V/V and the impedance matching at the output will further provide a factor 0.5, the middle stage needs to provide a gain in the order of 40 V/V so to reach a total gain ≈ 80 V/V. At the meantime, the gain needs to be stable, conforming to the gain drift requirement.

Indeed, the first direct thought for a larger gain was to cascade several same stages as the input stage with diodes loads. Such architecture has been investigated with the first ASIC "AwaXe_v1". However, the cascading amplifier has also shown the degradation of linearity due to the large-signal behaviour but not resulting from the output impedance matching. This issue will be first discussed in the following section so that the transit from this more "natural" structure to instrumentation topology could be clearer.

Linearity Issue from Cascaded Differential Pair with Diode Loads

The amplifiers integrated into "AwaXe_v1" included a single differential stage amplifier "A 1 " with three diodes in series as loads, and also an amplifier "A 2 " with three differential stages cascaded where each stage with two diodes in series as loads, as shown in Figure 11.8. Theoretically, according to eq. 11.5, all the variables will be cancelled, and the gain of LNA A 1 should be 3 V/V, and the gain of LNA A 2 should be 2 × 2 × 2 = 8 V/V. Table 11.1 compares the measurement results of these two LNAs, both biased with I C = 2 mA and power supplied by V CC = 3.3 V. The gain performance of LNA A 1 is very close to the theoretical analysis and simulations (2.97 V/V comparing to 3 V/V). In contrast, LNA A 2 with three stages cascaded has the results less satisfying. Especially, when the output signal amplitude is larger than 227 mV, the gain's non-linearity largely degrades (7.57 V/V comparing to 8 V/V). 

LNA AC Gain Dynamic Range A 1 2.97 V/V V in ≈ ±200 mV, V out ≈ ±594 mV A 2 7.57 V/V V in ≈ ±30 mV, V out ≈ ±227 mV
Take another look at Table 11.1, Amplifier A 1 has a smaller gain, but keeps its good linearity until V out reaches ±600 mV; in contrast, amplifier A 2 has a larger gain, but only keeps its good linearity until a much smaller V out around ±220 mV. The comparison suggests that the cascade of the stages leads to the degradation of linearity performance. Otherwise, the V out of A 2 should be at least as large as the V out of A 1 .

Indeed, for a large (comparable to the biasing voltages) instantaneous output voltage, the two sides of the differential pairs are very unbalanced. While one side's input signal reaches its maximum value, almost all of the 4 mA, the biasing current of the whole differential pair flows in the corresponding branch. At the same time, it only remains a few tens of micro-amperes on the other side. In fact, in the architecture of amplifier A 2 , the outputs of one stage are directly connected to the inputs of the next stage, namely the bases of the next differential pair, so the diode current is equal to the collector current plus the base current of the next stage. Since the gain of one stage is negative (-g m r D ), the base current of the bipolar transistor increases at the same time while the collector current I C of the connected previous stage decreases. So the base of the bipolar transistor of the second differential pair with increasing current will extract more and more current from the branch of the first differential pair whose current is in fact decreasing. With nearly all of 4 mA biasing current passing through one branch, the bipolar transistor will extract 4 mA 230 ≈ 17μA from the branch of the first stage that has only a few tens of microamperes current left. It means that the extraction of the current by the second stage makes the first stage more unbalanced and makes false the eq. 11.5 which needs to have I C = I D , decreasing its gain in large signal compared to Gain = n D (eq. 11.5), thus causes larger non-linearity worsen by the cascaded amplifier [START_REF] Chen | Development of the WFEE subsystem for the X-IFU instrument of the ATHENA space observatory[END_REF]. Based on the above analysis, to dynamically compensate the base current and improve the linearity, a new dynamic base current compensation system adapting to this cascading structure has been designed, as shown in Figure 11.9. In this system, a dummy differential pair P 3 is added to the cascaded amplifier, with similar topology and same dimensions as the differential pair P 1 and P 2 . Assuming the biasing conditions of the components of P 3 are very close to those of P 2 , the base of Q 5 /Q 6 will extract the same current as the base of Q 3 /Q 4 does from P 1 . Until this step, twice the current is extracted as Q 5 /Q 6 does from P 1 . Q 7 and Q 8 also have the same dimensions as Q 5 and Q 6 . If they are also identically biased as Q 5 and Q 6 , there will be the same amount of current passing through their bases as Q 5 and Q 6 . Then the two current mirrors CM 1 and CM 2 , with W 2

L 2 = 2W 1 L 1 , W 4 L 4 = 2W 3 L 3
, permit to provide the currents back to P 1 , that always equal the instantaneous current losses following the amplified signal. In consequence, there will be no extraction of current from the first stage, and the linearity performance of the whole topology could be maximised. Indeed, some commercial components include already circuits for base current compensation purpose, such as operational amplifier "OP27". However, such circuits are often only for compensating the static base current but not dynamic current. By contrast, the design shown in Figure 11.9 compensates both, and the dynamic base current compensation is more critical for the linearity of the LNA, which makes it worth being studied.

Simulations showed that this dynamic base current compensation system could significantly improve the linearity performance of the amplifier with such cascaded differential pairs. However, with 1 V diff-pp output signal, the design can keep its THD (Total Harmonic Distortion) lower than 1% until about 400 kHz, which is not high enough for the operating band of the X-IFU instrument. Yet, it can still keep the THD lower than 10% (corresponding to -1 dB) up to 8 MHz. Although a -1 dB distortion is actually quite enough, as it is a common requirement for most of the commercial amplifiers, in order to stick to the 1% THD requirement, the development of this system did not continue but stayed at the simulation phase. So this thesis will not discuss further on this subject. In any case, it has shown good potential. More details, including the simulation results, can be found in paper [START_REF] Chen | Dynamic Base Current Compensation for Cascaded Bipolar Low Noise Amplifier[END_REF].
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Figure 11.9: Dynamic base current compensation system for two stages cascaded bipolar amplifier P 1 and P 2 . P 3 operates as a dummy stage used to "monitor" the second stage base current without any degradation of the performances of the second stage itself. Current mirrors (CM 1 and CM 2 ) dynamically replicate 2 times the measured base current.

"Instrumentation Amplifier like" Topology with Resistive Feedback

An amplifier with resistive feedback by using the same type resistors is actually a good way to fix the gain. Figure 11.10 shows an example of a differential amplifier, with a gain equals R 2 R 1

. It is the differential version of the classical single-ended inverting amplifier configuration [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF]. With the same temperature coefficient, the gain could be well fixed by the ratio, not affected by temperature variation. Besides, the gain can be easily tuned by varying the values of R 1 and R 2 .

Despite these advantages, this topology can not be used as the first stage, because the thermal noise introduced by the resistors, especially by R 1 , directly impacts on the input, that will easily degrade noise performance [START_REF] Trong | X-IFU technical challenge[END_REF]. However, it is feasible to use a stage with resistive feedback at the second stage, because the voltage noise introduced by this stage will be divided by four 8 when it is brought back to the input of the LNA, which will have less impact on the noise performance.

Nevertheless, a stage as shown in Figure 11.10 can still not be directly used as the second stage, 8 The first stage has four diodes in series as loads. Thus its gain is 4 V/V. because its input impedance will be largely degraded by R 2 because of Miller effect [START_REF] Razavi | Design Of Analog CMOS Integrated Circuits[END_REF]. For this reason, an "instrumentation amplifier like" stage has been chosen for the middle stage. It is nevertheless different from a typical instrumentation amplifier because an in-amp has a singleended output stage connected with more passive components for a certain operation [START_REF] Kitchin | A designer's guide to instrumentation amplifiers[END_REF].

LN A in
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In the LNA design for the WFEE, since the output also needs to be differential, and the signal only needs to be voltage amplified, only the first stage of an in-amp has been adopted, followed by a differential output buffer.

As shown in Figure 11.1, the resistance network is isolated from the differential inputs, so its input impedance will not be degraded by the resistors, and R 1 can be reduced for decreasing the noise as much as possible. Moreover, it keeps a global differential structure, so does a high CMRR (Common-Mode Rejection Ratio) [START_REF] Kitchin | A designer's guide to instrumentation amplifiers[END_REF]. Inside each of the two amplifiers of this stage, the topology does not need to be differential. Consequently, active loads can be used to reach a high gain. Another common collector is also needed as a buffer after the common-emitter stage with active loads. It firstly provides a small output impedance, so that the equivalent impedance brought by R 2 at the output because of Miller effect, that approximately equals R 2 and in parallel with the output impedance, will not influence the output [START_REF] Razavi | Design Of Analog CMOS Integrated Circuits[END_REF]. Its other function is to separate the active load stage and the output stage. Because the latter one is biased with 14 mA having a peak variation of 5 mA, it will draw about 61 μA as direct current (DC) and 22 μA as alternating current (AC), risking degrading the performance of the instrumentation stage if it is directly connected to it.

Another difference from the amplifier in Figure 11.10 is the connection of R 1 . As it is not connected to the input but to a common reference point, the topology becomes a non-inverting amplifier configuration, with a gain

R 2 R 1 + 1, but not R 2 R 1 [122].
The middle stage needs to provide a gain in the order of 40 V/V, by the ratio R 2 R 1

. In order to be precise, the two resistances have been integrated into the ASIC, and using a similar common centroid pattern that will be presented in the following section. The layout pattern results in a gain R 2 R 1 + 1 = 43 V/V. With respect to their value, two times R 1 is indeed realised with just one resistor of 260 Ω, so R 1 = 130 Ω, and R 2 = 5460 Ω. In fact, the resistances can not be too high, otherwise that they will contribute too much noise, especially R 1 . Noise simulations have shown that with such configuration, the resistor with two times R 1 contributes already 13% noise at the input of the LNA. On the other hand, R 1 cannot be too low either. Because with 12 mV diff-pkpk at the input of the LNA, there are already 24 mV diff-pk-0 at the edge of the resistor of 2R 1 = 260 Ω. It will cause a variation of about 92 μA in I B of the differential pair with active loads. Pss simulation showed that the linearity would degrade rapidly by decreasing R 1 and R 2 . Considering both noise and linearity performance, the current configuration has been chosen.

According to simulations, the open-loop gain of the second stage is more than 3800 V/V in the low-frequency band, which leads to a loop gain of about 87 V/V. However, within the operating frequency band, the gain has an evident degradation. Figure 11.11 plots directly the loop gain, and the attenuation factor of the intrinsic fluctuation of the gain equals just the loop gain plus 1. Although at 1 MHz the factor still has about 31.2, at 5 MHz the factor has only about 7.3. It suggests that the gain drift at 1 MHz should be four times better than at 5 MHz. Nevertheless, the simulations and the measurements of the gain drift did not show such a big difference, which still needs to be understood.

The bias currents for this stage are not as critical as for the input stage nor as for the output stage. In considering the factors such as noise, input impedance and consumption, 2 mA is used for biasing the stage with active loads, and 0.5 mA for biasing the buffer, as a balanced choice. 

Tuning

Figure 11.12 shows again the simplified schematic of the LNA, which is the same as Figure 11.1, for a better explanation of the tuning and the next section9 . For the HBT, dimensions of emitter 0.4 μm × 400 μm are used, for these in differential pairs of the input and middle stage, serving as amplifiers, and also for the diode loads (realised with HBT) of the first stage, so that a high current gain β ≈ 230 can be achieved. The same dimensions are also used for the differential common-collector of the output stage that needs to support a large amount of current passing through. For the common collector in the middle stage, its emitters' dimensions are a half: 0.4 μm × 200 μm, for there is less current passing through. In fact, all the HBT in the LNA, including those for the current bias, are standardised in smaller parallel HBT with the emitter dimensions 0.4 μm × 50 μm, so that common centroid pattern can be applied for achieving a better matching.

- For the active loads, large PMOS transistors have been integrated. A large channel length L = 10 μm has been chosen for having a larger output impedance r o , according to eq. 11.3, so to achieve a higher open-loop gain. Besides, a larger length also helps to mitigate the channel-length modulation effect and to reduce the power supply dependence [START_REF] Razavi | Design Of Analog CMOS Integrated Circuits[END_REF][START_REF] Sansen | Analog design essentials[END_REF]. For the channel width W, in order to avoid too much voltage drop across the PMOS transistors and so to keep a proper voltage bias for the differential HBT pair, a large width W = 500 μm has consequently been chosen for each PMOS transistor according to the simulations. These MOS transistors are also subdivided into 16 small PMOS transistors in parallel according to layout principles10 and also for the matching purpose. Furthermore, in general, a larger size helps to reduce the local variations, and thus to mitigate the mismatch [START_REF] Drennan | Understanding MOSFET mismatch for analog design[END_REF].
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11.7 Transfer Function of the LNA and Current Bias Strategy for the Improvement of Gain Drift

Based on the discussions above, and supposing that the gain of the input and the middle stage can be fixed respectively by n D and by R 2 R 1

, then the transfer function of the LNA can be simply expressed as eq. 11.23:

H = Gain stage1 × Gain stage2 × Gain stage3 ≈ n D × R 2 R 1 × R L R L + 2R o + 1 g m1 + 1 g m2 (11.23)
Since R 1 and R 2 are the same type of resistor "RPOLY2", and supposing that R L and R o will use the same discrete resistors, then in eq. 11.23, the only temperature dependent terms are the two output impedance 1 g m of the common collector of the output stage, hidden in the last fraction, knowing

1 g m = k B T qI C
, with a T inside.

In order to mitigate this unstable factor, it is more interesting to use a current source with positive temperature coefficient as the current bias for the LNA, instead of using one with negative temperature coefficient or one independent of the temperature 11 . Because in k B T qI C , T is in the numerator and I C is in the denominator, this strategy can undoubtedly mitigate, maybe not entirely cancelling, the gain drift originating from the output stage.

Various simulations have been run for the design and the optimisation of the LNA schematic, including DC, AC, noise, transient, pss, Monte-Carlo and corner simulations [START_REF] Todani | A Tutorial On Advanced Analysis For Cadence Spectre[END_REF]. After the validation of the schematic design, the development moved to the layout design phase, which is also very important for the performance of an ASIC and will be presented in the next section.

Layout Optimisation

Simulations at the level of the schematic are like palaces on the clouds, considering only ideal situations (except Monte-Carlo and corner simulations that include deviations from fabrications). Bad layout design can introduce non-negligible parasitic components, too much heat, differential mode degradation, noise propagation between blocks, latch-up, too large deviations of the components that should be matched (components in a differential pair), etc [START_REF] Saint | IC mask design: Essential layout techniques[END_REF]. These issues could impede the realisation of performance achieved from simulations. Hence, the layout design is also critical for the performance of an ASIC. A good ASIC designer should well know both schematic and layout aspects of a device under development, so that its performance could be optimised. In this section, several layout principles applied all along the development of the two ASIC will be discussed. These techniques guarantee a good performance of analogue devices developed for the WFEE.

Common Centroid Pattern for Differential Pairs

Gradient effect in fabrication is naturally inevitable, which could introduce a high mismatch between two components. For differential components or components that need to be as identical as possible, common centroid pattern is an effective way to reduce the mismatch from gradient effect [START_REF] Saint | IC mask design: Essential layout techniques[END_REF][START_REF] Khalil | Compensated layout for automated accurate common-centroid capacitor arrays[END_REF] 12 . This pattern is massively used for the analogue devices in the two new ASIC developed. Because the ratio of the two resistances R 1 and R 2 are critical for fixing the gain of the middle stage, it is preferable that R 1 and R 2 are matched, and the two differential R 2 are also matched [START_REF] Brand | Increasing the Common-Mode Rejection Ratio of Differential Amplifiers Through Precisely Matched Resistor Networks[END_REF]. In order to reach a good precision of resistance value, technical documents of AMS asks a minimum number five of squares of sheet resistance [274]. Considering this rule and the layout area occupied, indeed not all the resistor types of the technology are suitable. While the sheet resistance per square of "RPOLY1" is too small (8 Ω/ ) that a resistor in the order of 5000 Ω as R 2 will occupy too much space, the sheet resistance per square of "RPOLYB" (240 Ω/ ) and "RPOLYE" (190 Ω/ ) are too large for having five square for R 1 in the order of 100 Ω. In consequence, "RPOLY2" is the only proper choice, with 50 Ω/ [100].

It is also the reason that the two R 1 have been combined into one resistor, with 260 Ω, slightly larger than the resistance of five squares of "RPOLY2" 50 Ω/ × 5 = 250 Ω.

In order to better match R 1 , R 2 has been divided into the same size of the resistor 2R 1 . This standardisation based on the smallest resistance used in the feedback also helps improve the gain drift and matching. The temperature coefficients of the two resistors with the same size are less deviated due to the imperfection of fabrication process [START_REF] Clein | CMOS IC layout: concepts, methodologies, and tools[END_REF]. The parasitic access resistances can be well cancelled when calculating the ratio because they have the same multiple thanks to the standardisation. Besides, small subdivided resistors also help the matching between the two R 2 by using common centroid alike pattern, as shown in Figure 11.14, where R2_A and R2_B represent the two differential R 2 . So the value of R 2 is decided based on this symmetrical pattern used: Each R 2 has 21 small resistors in series, so R 2 = 260 Ω × 21 = 5460Ω. This is why the gain of the middle stage is 43 V/V (Gain

stage 2 = R 2 R 1 + 1)
. Indeed, the gain can be reduced by replacing several R2_A and R2_B at the border by dummy resistors. However, this measure is considered as completely feasible but not necessary. Because in the case of the WFEE, the main objective is indeed the stability of the gain, but not the gain's absolute value. Hence, the index 80 V/V is instead an order of the gain but not necessarily to be reached precisely.

Furthermore, the resistors at the side of an array have a different environment compared to the resistors in the middle, surrounded by other resistors. This difference could also cause a mismatch. Under this consideration, smaller dummy resistors have been attached around the whole array, as well as filling in the empty space beside the R 1 , as marked in the layout on the top of Figure 11.14. 
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Matching of the Common Emitter with Active Loads in the Middle Stage

The matching of the two common emitter pairs with active loads is a little delicate. As shown in Figure 11.15, although Q 1 and Q 2 form a differential pair, and so do Q 4 and Q 5 , the differential input signals from the first stage are actually connected to the base of Q 1 and Q 4 , and the differential outputs are actually from the collector of Q 2 and Q 5 . Hence, in fact, the matching between Q 1 and Q 4 , and between Q 2 and Q 5 are more critical. In consequence, instead of simply grouping the natural differential pairs to shape each a common centroid array, the layout of this stage groups Q 1 and Q 4 together to form a 4 × 4 common centroid array (the same pattern as shown in Figure 11.13) to receive the differential input signals.

Then it groups Q 2 and Q 5 together as another common centroid array to output the differential signals. The same idea has also been applied on the active loads and the common collectors within the same stage: the matching between the PMOS transistors "A" and "B", "C" and "D", are more important than between "A" and "C", "B" and "D"; and Q 3 and Q 6 should be matched. Figure 11. [START_REF] Bucciantini | Galileo's Telescope[END_REF] shows the layout and the matching strategy used for the two active loads, that "A", "B", "C" and "D" correspond to the PMOS transistors in the schematic of Figure 11.15. In the layout, "A" and "B" are closer, and "C" and "D" are closer for better matching. However, the matching of the four PMOS transistors is considered important anyway. Hence, the four PMOS transistors are indeed mixed together with an offset. The spaces left due to the offset are filled by dummy PMOS transistors with same dimensions, marked "X".

Routing Philosophy, Modules Distribution and Noise Optimisation

Besides the matching between components, the matching between the differential signal's path has also been optimised. Figure 11.17 illustrates the details of the routing within a differential HBT pair. Metal strips of the connections of a pair of differential signal passages generally have the same or very close length, so that the differential characteristic can be maximally kept. This principle has been applied not only on the microstructure but also on the global routing. In addition, as marked in the figure, 9 μm metal strips have been massively used in the layout, horizontally and vertically. Large metal strips allow to pass larger current, to reduce largely parasitic resistances, and to have fewer deviations between the two differential strips for better matching. Moreover, larger strips have larger cross-sections, so that more via can be used to reduce the resistance between different metal layers. Indeed, a via's resistance is quite large that can not be neglected for analogue devices. For example, a "VIA1" and a "VIA2" of 0.5 μm × 0.5 μm both have 1.2 Ω [100]! The analogue layouts of this thesis have always maximised the number of via so that the parasitic resistances between two metal layers are minimised. Globally, the layout has also been optimised. Especially, the distribution of the blocks has been globally considered so that the signals have a passage as short and as straight as possible, as shown in Figure 11.18. The differential signal paths have been optimised so that they have very close length. "METAL4" as the top metal layer and also the thickest and the least resistive metal layer [100], has also been massively used. Besides for the signal propagation, "METAL4" layer is also widely used for propagating GND or VDD and better fixing the global potentials in the middle of the layout through via. In addition, "METAL4" as a thick metal, can also provide a shielding against any kind of radiations and maximise the homogeneity of temperature in the chip. Hence, at last, the whole layout is covered by the "METAL4" layer.

Finally, the noise performance of the LNA in the ASIC v2.5 has also been optimised at the layout level. Summary from noise simulations showed that the noise of the LNA in the ASIC v2 has been degraded (even though the equivalent input voltage noise is still slightly lower than 1 nV √ Hz) due to the two long "METAL3" strips with 9 μm width connected to the base of the differential HBT pair of the input stage. Their parasitic resistance, each equal to about 3.8 Ω 13 , contributed about 13% voltage noise in total! In the ASIC v2.5, these two strips have been replaced by two "METAL4" strips with a much larger width. Thanks to this measure, their noise contributions become negligible and disappear from the top list of the summary. Moreover, the equivalent input voltage noise between 1-5 MHz from post-simulation has been reduced from about 0.94 nV √ Hz of the LNA in the ASIC v2 down to about 0.79 nV √ Hz of the LNA in the ASIC v2.5.

Measurements and Simulations

Because the LNA was one of the first identified and defined components in the WFEE and included in the thesis as a big part, it is the most elaborate work of the thesis. The LNA in both the ASIC v2 and v2.5 were thoroughly tested, and the results are very coherent, reproducible and are verified with many devices.

Gain, Noise and Phase

The measured gain, noise and phase of the LNA are shown in Figure 11.19 along with the post-simulation curves. About the measurements, within the operating band 1 -5 MHz, the gain equals 85.8 V/V, with an equivalent input voltage noise mainly under 0.8 nV/ √ Hz and a current noise roughly between 1 pA/ √ Hz and 10 pA/ √ Hz. The -1 dB point of the gain is around 17.5 MHz, and the -3 dB point is around 24 MHz, which leave a margin for the rest of the X-IFU readout chain and as well avoid phase shift in the useful bandwidth. The 1/f corner frequency (corresponding to ≈ 1.13 nV/ √ Hz) locates between 1 kHz and 3 kHz, and is certainly smaller than 4 kHz, which largely fulfils the 100 kHz requirement. Lines below 10 kHz are due to Electromagnetic interference (EMI) environment during the measurement but not the LNA's intrinsic noise 14 . Concerning the phase, at 5 MHz, it has a shift about -16.6°at the output. Although this measurement does not concern the LNA's own stability, the phase shift needs to be compensated in the DRE for the operation of the baseband feedback.

It is clear that the measurements are very close to the curves of the post-simulations. The gain is influenced by the current bias level because the output impedance of the output stage depends on it. Because there are no strong requirements on the gain's absolute value, the absolute value of current bias needs only to be at the correct order but not to be taken great care. The difference in the current bias could lead to the gain difference between measurements and simulations. Besides, the parasitic components from the PCB and the measurement connections could also play a role. About the noise, the simulated result is a little larger than the measured voltage noise. It is because the simulated noise is the equivalent input noise, including the term i n R S , where i n the current noise of the LNA and R S the source impedance. On the other hand, the measurement of the voltage noise was performed with input short-circuited. Thus the current noise is not included. The current noise must be measured separately, because the thermal noise generated by the resistor used for the current noise measurement is larger than 1 nV/ √ Hz, and the voltage noise of the LNA will be overwhelmed by this thermal noise term 15 and cannot be precisely measured. About 14 Other noise measurements performed using another test bench did not show the same lines. The computer used for the setup and automatic control of the measurements as well as the shielding defects of equipment are probably the main causes of this kind of lines. 15 Indeed, this thermal noise term does not exist at the input of the LNA, because the 200 Ω source impedance is from the SQUIDs, operating in cryogenic stage. So, the thermal noise is very close to zero. the phase, the measurement and the simulation are very coherent until high frequencies. It is probably due to the parasitic capacitances from the PCB and the measurement connections.

Stability

Certainly, it is necessary to verify the LNA's proper stability because of the resistive feedback existing inside the LNA. An overmuch phase shift will cause oscillation in the system. Unlike simulations, it is not possible to measure the open-loop gain and phase of the feedback, so its step response has been measured as a test of its stability [START_REF] Stevens | Simplifying Stability Checks[END_REF][START_REF] Mancini | Stability Analysis of Voltage-Feedback Op Amps Including Compensation Techniques[END_REF]. As shown in Figure 11.20, with a 1 MHz square wave of 12 mV diff-pkpk at the input, the LNA has an output with about 1 V diff-pkpk amplitude without oscillation. It shows a good stability of the LNA even with such a sharp and large signal. 

Linearity

Linearity was one of the main concerns during the LNA development because of the large output voltage amplitude. For its verification, two methods have been applied. One of the methods is to directly compare the output and input amplitude by measuring the output and input signals in the time domain on an oscilloscope. In this measurement, a sinusoidal signal was used. With the data, the output voltage and the residual as a function of the input voltage are plotted in Figure 11.21. Evidently, for an input amplitude of ±6 mV (namely 12 mV diff-pkpk as the maximum specification), the output with ±0.5 V (namely 1 V diff-pkpk ) is well in the linear zone, and the corresponding residual is very close to zero. In fact, the output can keep very linear until about ±1 V (2 V diff-pkpk ). It proves that the non-linearity of the LNA is well below 1% with 1 V diff-pkpk as output.

While the first method is in the time domain, another verification is to use the Total Harmonic Distortion (THD) method in the frequency domain to double-check the linearity performance.

Using an advanced oscilloscope that can analyse spectrum by making the Fast Fourier Transform (FFT) of the measured signals in the time domain, the amplitude of the fundamental frequency and the harmonics at the input and the output were noted. two times greater than the maximum specification. For an amplitude of 12 mV diff-pkpk input as the maximum specification, the output is again well in the linear zone. The thirdorder harmonics are also very linear with the input up to the nominal amplitude, again proving the good linearity of the LNA. Besides, the behaviour of the third-order harmonics with high amplitude in the nonlinear region is coherent with some measurements showed in literatures [START_REF] Lin | InGaP/InGaAs PHEMT with high IP3 for low noise applications[END_REF]. With this method, the linearity performance of the LNA is double assured throughout the operational frequency band.

Figure 11.22: Linearity measurement using THD method and the fit curves of the LNA, V out as a function of V in . V out and V in were the amplitudes of the fundamental wave in the frequency domain, noted from the spectrum calculated and shown directly by an advanced oscilloscope with FFT.

Gain Drift

Because it always lacks a definition of the operating environment inside the WFEE box (for example, the ambient temperature, the temperature fluctuation and the power supply fluctuation), the development and the optimisation of the electronic devices of the WFEE are always supposed at 300 K and the gain drift measurements are always performed under very severe conditions. For example, the temperature has always been varied within a very wide temperature range from about -25 °C to 75 °C. And the power supply fluctuation is tested up to ±5% variation. In any case, the real fluctuations of the two parameters will be significantly weaker than those used for the measurements.

The core of the thermal test bench is a cryo-thermostat Proline RP845 of LAUDA company. Limited by both the machine and the thermal liquid (SOLVAY SOLEXIS Galden HT110), the operating temperature range of our test bench is limited between -35°C to 100°C. During the tests, the testing PCB was entirely immersed in the liquid. A thermal probe was adhered on the lid of ASIC to record the temperature. The performance of ASIC was measured with multimeters outside the cryo-thermostat. The whole test bench has been automatised using LabVIEW thanks to the work of our intern Pham Viet DUNG, allowing varying and recording the temperature automatically and acquire data [START_REF] Dung | Warm front end electronics test bench development for the ATHENA space mission[END_REF]. The post-simulation gain is a little larger than the measurements, which is coherent with the Bode plot in Figure 11.19. The gain drift of the simulation is more stable than the measurements, smaller than 200 ppm/K over the whole temperature range. It is logical, because the measurements were actually also influenced by some factors that do not belong to the LNA itself, such as the components and connectors on the PCB, that are hard to be simulated.

The measurements show that even with temperature fluctuations greater than expected on the satellite, the LNA can still keep a gain drift lower than the requirement 350 ppm/K. Hence, it will certainly fulfil the requirement when the thermal environment is determined during future development.

11.9.5 Power Supply Rejection Ratio (PSRR)

Another Figure 11.24 shows the gain measurements of the LNA powered by three different power supply levels: 5.3 V, 5 V and 4.7 V, respectively corresponding to +6% variation, no variation and -6% variation of power supply. The measurements show that the gain variation is quite small through the operating frequency band. The PSRR of the LNA is calculated according to eq. 11.24, with ΔV power supply = 0.6 V, ΔGain = 0.3 V/V, Gain = 85.4 V/V and supposing a voltage output 1 V diff-pkpk . Then, it equals about 83.3 dB, fulfilling the requirement of CNES > 80 dB. Thanks to the differential architecture of the LNA, its common-mode gain has been largely mitigated, which makes its measurement very hard. In fact, because of the weak gain and the limit precision of the measuring instruments, the input amplitude was increased to 100 mV diff-pkpk for seeing something at the output. Yet, the measurements still have large uncertainties. Moreover, the input amplitude is about 9 times of the maximum specification 12 mV diff-pkpk , making the measurement not representative of the real CMRR performance.

Figure 11.26: CMRR measurement of the LNA, detected with a common-mode signal 10 times larger than the nominal signal. The result is consequently not representative for the real CMRR. The real CMRR will be much better than the measurement shown here.

In consequence, in order to have an idea of the LNA's CMRR, the results from Monte-Carlo simulations might be more persuasive. 

Discussions

The main measurements and simulations results of the LNA are summarised in Table 11.2.

It clearly shows that the LNA fully meets the requirements of the CNES specifications of the WFEE. Moreover, the measurements were actually quite close to the simulation results, especially to the post-simulation results. The nuances are mainly related to the current bias difference (e.g. gain, consumption), the parasitic components existing on the PCB (e.g. bandwidth) and the measurement limitations (e.g. noise, non-linearity, gain drift). Moreover, the characteristics of the LNA in ASIC v2 and v2.5 are very coherent. These facts validate the schematic and layout design of the LNA. Furthermore, it also proves that the SPICE models of the AMS design kit used by Cadence Virtuoso are very precise and effective [100,121], that should be saluted. This high coherence gives the future ASIC design more confidence, that simulation results could be an effective and precise reference as measurement anticipation. In the readout out chain system of the X-IFU instrument, the last stage Digital Readout Electronics (DRE) is not only responsible for the digitisation of the signals, but also for providing the baseband feedback and the TES bias to the FPA stage. Because these two stages are far away from each other (the FPA is inside the Dewar, and the DRE is 3 m far from the Dewar.), two buffers with low gain are considered necessary to reinforce the commonmode rejection on this long distance from the DRE to the FPA: one for the baseband feedback (BBFB) and the other for the TES bias.

Unlike the LNA and the SQUID bias, the buffer was assigned to the WFEE quite afterwards, yet there were still discussions on its need and location. Moreover, the specification for the buffer is not complete. For example, the gain, the output amplitude and the load impedance at the output until now are not very clear. For a large space mission at the assessment phase, this situation is genuinely comprehensible. However, for an ASIC designer, it does significantly increase the difficulties in the development.

Schematic and Layout Design

The buffer was integrated into the ASIC v2.5 at the last moment. Because it can be viewed as an amplifier with low gain, in order to accelerate the development, a design quite similar to the LNA has been used, as shown in Figure 12.1. One of the main differences from the LNA is that the buffer has peeled off the stage with diode loads. It becomes feasible because the buffer has a noise requirement less severe than the LNA: < 2.5 nV/ √ Hz.

Another difference is the impedance matching both at the input and the output. For the input matching, another resistive feedback is attached using the two resistors R F , as shown 195
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.1: Schematic of the buffer with an adjustable gain 2 V/V, 4 V/V or 8 V/V. in Figure 12.1. The matching can be achieved thanks again to the Miller effect. So the equivalent impedance from R F at the input can be expressed as eq. 12.1, to match one of the two differential 50 Ω resistors.

Z input = R F 1 -(-(Gain stage1 )) = R F 1 + Gain stage1 = R F 2 + R 2 R 1 (12.1)
At the output side, similar to the LNA, two serial resistors R L are connected with load resistor R L . However, in the buffer case, the two R L will be placed outside the buffer (which is the reason they are not named R o here), so the gain of the output stage should be considered to be close to unity. The value of R L and R L have not been finally determined yet, but will be in the order of 100 Ω.

The gain is another indefinite parameter, which is why there are several possibilities, 2 V/V, 4 V/V or 8 V/V, in this version. Because the gain will finally be fixed, it is not necessary to design a buffer with variable gain. So in order to facilitate testing the buffer's performance with different gain, all the resistors, 2R 1 , R 2 and R F are not integrated into the ASIC, but are planned to be mounted on PCB, easily to be adjusted. In fact, the value of the gain is also critical in terms of the stability of the buffer. Because the product of the gain and the corresponding frequency (GBW) stays the same with and without feedback, a lower gain means higher bandwidth and suggests a more significant phase shift. So the device tends to be less stable. For a buffer with low gain, the three different gain values 2 V/V, 4 V/V or 8 V/V might lead to different stability performance.

Finally, the input and output amplitude will be both in the order of several V diff-pkpk , but not really definite neither. A specification of the maximum output current going from 6.5 mA diff-pkpk to 20 mA diff-pkpk is being discussed. However, without R L and R L , the output voltage could not be specified. It is also a critical aspect for the design, because the linearity performance and the power consumption relate significantly to the amplitudes and the output loads: A larger output amplitude and a lower load impedance require a higher bias current for the output stage to keep the same level linearity.

The current bias also has the same design as the LNA, with a positive temperature coefficient to mitigate the gain drift. The dimensioning of the components are also the same as the LNA, which simplified the schematic and layout design. The values of the resistors are different from the LNA, because of the different amplitude, especially a much larger input amplitude than the LNA. A larger input amplitude generally needs a larger R 1 for keeping the linearity performance. According to the simulation results, different combinations of the resistors are proposed, listed in Table 12.1. 

1 R 2 R F Gain 2 V/V 600 Ω 300 Ω 150 Ω Gain 4 V/V 466 Ω 700 Ω 250 Ω Gain 8 V/V 200 Ω 700 Ω 450 Ω Figure 12
.2 shows the layout of the buffer in ASIC v2.5, including an attached current source and the output pads. Comparing to the layout of the LNA, the stage with diode loads and the resistor array have been peeled off. The layout of the current source has been modified in order to adapt the layout's form of the buffer, so that the global layout can generally be a rectangle.

Discussions and Perspective

The requirements of high linearity and a large amplitude make a high bias current at the output stage unavoidable. It is equally true for the LNA and the buffer. Supposing that a buffer consumes about the same power 190 mW as the LNA, then two buffers plus one LNA directly raise the power consumption to 570 mW. In considering the consumptions of the other components, the total consumption budget per channel of the WFEE has to be raised to 750 mW. A final ASIC of the WFEE will contain eight channels, consuming 6 W. Such level of power consumption will also bring up questions on the ambient temperature of the ASIC in a vacuum. In fact, a most recent preliminary study based on the mechanical model of the WFEE box has shown that the ambient temperature surrounding the ASIC will be about 45 °C, higher than expected, as shown in Figure 12.3. It is actually good news for the LNA because it has shown a better gain drift at higher temperatures. 45 °C ≈ 320 K is its optimum operating temperature in terms of the gain drift, which is towards 0 ppm/K (Figure 

11.23).

Due to the significant fabrication delay of four months, the measurements of the buffer have not been thoroughly carried out. However, it is necessary to mention that because the gain is significantly reduced compared to the LNA, with a gain of 2 V/V, current measurement shows oscillations. It is comprehensible since such low gain leads to much higher bandwidth and a more significant phase shift. Moreover, the parasitic capacitances at the inputs may also play a role. On the other hand, a gain of 4 V/V or 8 V/V should have a better performance, but the measurements have not been done yet. Indeed, because the stability also relates to certain critical parameters, such as the output amplitude and the loading impedances, this thesis will not present the measurement nor the simulation results. 

Chapter 13

Current Reference and DAC Bandgap reference is a classical topic in analogue design, for providing voltage or current bias for other circuits. Basic topologies typically include Complementary To Absolute Temperature (CTAT) references and Proportional To Absolute Temperature (PTAT) references. With some improvements, references with certain characteristics can be achieved, such as temperature independence, power supply independence, constant transconductance, etc [START_REF] Razavi | Design Of Analog CMOS Integrated Circuits[END_REF]. Among the relevant literature, voltage references are the one most talked about, and in contrast, current references with an output independent of temperature and power supply have much less discussion. This section will firstly present a current reference designed by me, independent of temperature and power supply. Then, the second part will present its application for the SQUID bias integrated into the ASIC v2.5. In fact, this current reference was first designed for the bias of the LNA. However, as discussed in the previous section, it is more interesting to provide the LNA with a current bias proportional to temperature for mitigating the fluctuation of the transconductance of HBT. On the other hand, a current reference independent of temperature suits more the SQUIDs bias, which is another essential function of the WFEE.

Temperature-Independent Current Reference

The design of the reference is based on a simple idea of compensation: a system with negative temperature coefficient combining with another system with positive temperature coefficient will mitigate the variation of the entire system within the whole temperature range and especially reach a balance point where the drift (derivative) equal to zero.

201 The reference could be taken from different components, such as conventionally from a discrete Zener diode [START_REF] Harrison | Current Sources and Voltage References: A Design Reference for Electronics Engineers[END_REF]. Since there is no Zener diode in the BiCMOS technology, the V BE and V T voltages are used as voltage references instead of a Zener voltage. Also, a Zener voltage based on an avalanche phenomenon leads to a much larger shot noise than that of a forwardbiased junction, and is often used as a noise generator [START_REF] Integrated | Building a Low-Cost White-Noise Generator[END_REF]. Hence, a Zener diode is not even desirable for our low noise applications.

M1 M2 M3 M4 Q 1 Q 2 Q 3 Q 4 M5 M6 M7 M8 Q 5 Q 6 Q 7 Q 8 Q 9 M9 M10 M11 M12 D1 R CT AT D2 R P T AT I out C 1 C 2 V DD V DD V DD
Figure 13.1 illustrates the schematic design. It mixes two current references with opposite temperature coefficients. The left branch is the reference referring to V BE , with a negative temperature coefficient, namely a CTAT. The right branch is the reference referring to V T , with a positive temperature coefficient, namely a PTAT.

Reference V BE

For the CTAT branch, M 1 , M 2 , M 3 and M 4 have the same dimensions, and Q 1 and Q 2 also have the same area. The collector and the base of Q 3 are connected together to form a diode. So the voltage at the edge of R CTAT equals the V BE of Q 3 , and it generates the current in the reference I CTAT = V BE Q 3

. It suggests that the current variation with respect to temperature relates to the V BE variation. In order to characterise this variation, ∂V BE ∂T needs to be calculated. Because the expression of I C is well known as eq. 13.1, from this equation, eq. 13.2 can be firstly deduced [START_REF] Razavi | Design Of Analog CMOS Integrated Circuits[END_REF].

I C = I S e V BE V T (13.1) V BE = V T ln I C I S = k B T q ln I C I S (13.2) 
Eq. 13.2 might give a direct thought that V BE is proportional to T. However, this is not true! Because the saturation current I S is also temperature dependent [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF].

I S = qA E D n/p n 2 i W B N A (13.3)
where q the absolute value of an electron's charge, A E the cross sectional area of the emitter, D n/p the diffusion constant for electrons or holes, n i the intrinsic carrier concentration in silicon, W B the base width and N A the doping density of the base. Among these parameters, D n/p and n i are temperature dependent. For D n and D p , the Einstein relationship firstly relates them to carriers mobility, as shown in eq. 13.4 [START_REF] Van Zeghbroeck | Principles of semiconductor devices[END_REF][START_REF] Hu | Modern semiconductor devices for integrated circuits[END_REF]:

D n/p = V T μ n/p = k B T q μ n/p (13.4)
Besides the T in V T , the electrons and holes mobility, μ n and μ p , are also temperaturedependent. Because the carriers mobility is dominated by lattice scattering, it leads to the fact that the carriers mobility decreases when the temperature increases. And they can be generally expressed as eq. 13.5, where C and a are constants depending on material and process [START_REF] Van Zeghbroeck | Principles of semiconductor devices[END_REF].

μ n/p = CT -a (13.5)
Then, the expression of D n/p with respect to T is:

D n/p = k B T q × CT -a (13.6)
Concerning the other temperature parameter n i , it can be expressed as [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF]:

n i = N c N v e - Eg 2k B T (13.7)
In eq. 13.7, E g is the bandgap energy, with the unity electron•Volt (eV). N c is the effective density of states of the conduction band, and N v is the effective density of states of the valence band, and they have the expressions eq. 13.8 and eq. 13.9, with m n and m p respectively the effective mass of electrons and holes, and h the Planck's constant [START_REF] Hu | Modern semiconductor devices for integrated circuits[END_REF].

N c ≡ 2 × 2πm n k B T h 2 3 2 (13.8) N v ≡ 2 × 2πm p k B T h 2 3 2 
(13.9)

Then, the product of N c N v can be calculated as:

N c N v = 2 × 2πm n k B T h 2 3 2 × 2 × 2πm p k B T h 2 3 2 = 4 × 2πk B T h 2 3 × (m n m p ) 3 2 = 4 × 2πk B √ m n m p h 2 3 × T 3 (13.10)
In eq. 13.10, all the parameters in the square brackets are constants. Using a constant D to represent this coefficient for simplification, then n 2 i equals:

n 2 i = N c N v e - Eg 2k B T 2 = (N c N v ) × e - Eg k B T = DT 3 e - Eg k B T with D = 4 × 2πk B √ m n m p h 2 3 (13.11)
Using eq. 13.6 and eq. 13.11 to replace D n/p and n 2 i in eq. 13.3, the equation of I S with respect to T can be finally deduced as:

I S = qA E W B N A × D n/p × n 2 i = qA E W B N A × k B T q CT -a × DT 3 e - Eg k B T = qA E W B N A × k B q × C × D × T 4-a × e - Eg k B T (13.12)
The first term in the above multiplication is independent to temperature, that can be replaced by a constant "b", then I S becomes:

I S = bT 4-a × e - Eg k B T (13.13)
So finally, ∂V BE ∂T can be calculated:

∂V BE ∂T = ∂V T ∂T ln I C I S - V T I S ∂I S ∂T = k B q ln I C I S - V T I S be - Eg k B T (4 -a)T 3-a + E g k B T 2-a = V BE T - k B (4 -a) q - E g q 1 T = (V BE - E g q ) 1 T - k B (4 -a) q (13.14)
E g is between 1.12 eV and 0.66 eV, depending on the Germanium fraction, which is generally between 5 -10% [START_REF] Behera | A comparative study on SiGe HBTs and Si BJTs in nanoscale[END_REF][START_REF] Sokolic | Physics and modeling carrier transport in the base of npn SiGe HBTs[END_REF]. According to the two figures (from [START_REF] Yang | Si/SiGe heterostructure parameters for device simulations[END_REF]) in Figure 13.2, the bandgap energy E g at 300 K is surely larger than 1 eV [START_REF] Yang | Si/SiGe heterostructure parameters for device simulations[END_REF][START_REF] Weber | Near-band-gap photoluminescence of Si-Ge alloys[END_REF][START_REF] Braunstein | Intrinsic optical absorption in germaniumsilicon alloys[END_REF]. So, it is certain that V BE -Eg q < 0, then the first term in eq. 13.14 < 0. The value of a is generally larger than 2 but certainly smaller than 4, so the second term k B (4-a) q in eq. 13.14 > 0. In consequence, ∂V BE ∂T < 0. It shows that a V BE reference has a negative temperature coefficient. 

Reference V T

The main difference between the PTAT branch at right side and the CTAT branch at left side in Figure 13.1 is that the PTAT reference has one more diode Q 8 also realised with HBT. Q 7 and Q 8 have different dimensions: Q 7 comprises four diodes in parallel, each with dimensions 0.4 μm × 50 μm, and Q 8 comprises 32 diodes in parallel, each with the same size. Because the saturation current is intrinsic, thus identical for each parallel diode, the total saturation current of Q 7 and Q 8 are different, as shown in eq. 13.15 and eq. 13.16:

V BE Q 7 = V T ln I C Q 7 I S Q 7 = V T ln I C Q 7 4I S (13.15) V BE Q 8 = V T ln I C Q 8 I S Q 8 = V T ln I C Q 8 32I S (13.16)
All the PMOS transistors, M 5 , M 6 , M 7 and M 8 , have the same dimensions, and Q 5 and Q 6 also have the same dimensions. It provides two equal currents flowing in Q 7 and Q 7 :

I C Q 7 = I C Q 8
. Thus, the only difference between eq. 13.15 and eq. 13.16 is the total I S , which leads to two different V BE . The resistor R P exists as a voltage sensor. The voltage difference between V BE Q 7 and V BE Q 8 will cross R P and generate a current equal to ΔV BE R P

. This voltage difference can be calculated as:

ΔV BE = V BE Q 7 -V BE Q 8 = V T ln I C Q 7 4I S -V T ln I C Q 8 32I S = V T × ln I C Q 7 4I S I C Q 8 32I S = V T ln8 (13.17)
The deduction of eq. 13.17 explains why the reference PTAT is referred to V T . Because V T = k B T q , the reference has a positive temperature coefficient, and it is proportional to temperature.

Improvement of Power Supply Rejection

Two structures have been used to improve the power supply rejection. One is the "bootstrap" feedback topology. Taking CTAT reference in Figure 13.1 at left as an example: a "beta helper" Q 4 is added to connect the collector of Q 1 and the base of Q 1 and Q 2 instead of a direct connection, in order to reduce the current lose from the base of Q 1 and Q 2 . Thus, Q 2 takes Q 1 as reference; For the PMOS transistors on the top, the drain of M 4 is connected with the gate of M 3 and M 4 , so it is M 3 taking M 4 as reference. Comparing to the classical topology with a resistor directly connecting to V DD for generating a current that has a high dependence on the power supply, this "self-bias" system avoids using V DD as a voltage reference, thus could show a high power supply rejection.

Another topology is the cascoding PMOS transistors with the same dimensions and the same connection, for example, M 3 and M 4 cascoded with M 1 and M 2 . This topology helps to minimise the channel-length modulation effect. It is important for the power supply rejection because the V DS of M 1 and M 2 are different. Due to the channel-length modulation effect, power supply fluctuation could still cause a certain level current variation [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF][START_REF] Razavi | Design Of Analog CMOS Integrated Circuits[END_REF].

The mismatch between the MOSFET in a "pair" (M 1 and M 2 , M 3 and M 4 ) could also degrade the power supply rejection. In order to minimise the mismatch, large dimensions are used for these PMOS transistors (M 1 , M 2 , M 3 and M 4 ), with L = 10 μm, and W = 700 μm for the version in ASIC v2.5 [START_REF] Gray | Analysis and design of analog integrated circuits[END_REF].

Capacitor for Automatic Start-up

Because of the self-bias mechanism, the system might have a start-up difficulty, that no current there will be in the reference when turn on the power supply. In order to avoid this situation, a capacitor has been connected to the base of Q 1 and Q 2 . When the power supply is turned on, the capacitor will draw current from the bases, then launch the system [START_REF] Sansen | Analog design essentials[END_REF].

During the development, the start-up of the system has been first verified with simulations of the step response. It also helped verify the stability of the system. The measurements subsequently proved the effectiveness of the capacitor.

Total Output Current

The position of the optimised zone with little drift depends on the ratio between the two currents brought to the centre by the PMOS current mirrors. And the total output current (I out in Figure 13.1) is the sum of the two parts. M 9 , M 10 , M 11 and M 12 have the same dimensions, and M 1 -M 8 all eight MOSFET have the same dimensions, so that the current flowing in M 9 /M 11 and in M 10 /M 12 have the same ratio as the current in the two references. The width ratio M between the PMOS transistors at middle and the PMOS transistors at left/right is one of the factors determining the sum current. This factor M equals 3.5 in the circuit within ASIC v2 for output of 1 mA and equals 1 in the reference of SQUID bias within ASIC v2.5.

Another factor determining the sum current and also the ratio of the current from the two references is no doubt the value of R CTAT and R PTAT . In order to better examine the performance and behaviour of the design, both resistors R CTAT and R PTAT are placed outside the ASIC on PCB, that can be adjusted easily. Both simulations and measurements prove that, with careful tuning, it is possible to obtain a very stable output current around the desired operating temperature.

Based on the above analysis, the total output current can be expressed as:

I out = V T ln8 R PTAT I PTAT + V BE R CTAT I CTAT × M (13.18)
13.1.6 Layout 

Measurements of Current Reference

The current reference for measurements provides an output current of about 1 mA. In fact, in order to better compare and illustrate the improvement on temperature dependence, the output from the two references can be separately measured: two pads are respectively connected with the drain of M 11 and M 12 in Figure 13.1. A third pad is used for measuring the sum. The three pads are connected with three SMB connectors on PCB for the measurements (Figure 10.4). Same as the gain drift measurements of the LNA, the temperature has been varied within a vast range of about 100°C, between -25°C to 75°C. This large variability is actually quite useful for wholly plotting the optimised zone and for a more general characterisation including the non-optimised zone. Moreover, each measurement had at least one back and forth "scan", namely that it started from the lowest temperature until the highest side, and then continued backwards till back to the lowest side, or a completely reverse scan. This method allows detecting any thermal gradient, namely if the thermal environment of the device under test has been well stabilised at each moment of the measurement. It can also be used for observing if the reference has different behaviours depending on different directions of temperature fluctuation.

The two resistors R CTAT and R PTAT for the measurements are the same type SMD: "COMP-CARD SMR-01", to achieve a better current compensation. Due to the limited choice of resistor's value, sometimes two resistors have had to be put in parallel or in series to reach a certain desired value.

Adaptation Capability to Different Operating Temperatures

The most interesting measurement results to be shown first must be the adaptable ability of the current reference for different operating temperatures/zones, and among which the best resistor combination for the WFEE can also be found.

Figure 13.4 compares the output current with respect to the temperature measured with five different resistor combinations. The Y-axis has been greatly zoomed in so that the difference between the curves can be clearly seen. The currents are indeed very concentrated around 1.03 mA, slightly larger than 1 mA. No effort has been made to get a precise absolute value from each combination, because the absolute current value is less important compared to the order of the current and the drift of each curve.

This largely zoomed figure clearly shows that each curve has a large platform as the optimised zone, meaning a very stable output current within tens of degree of temperature. Moreover, the comparison between the five curves illustrates the shift of the optimised zone as expected.

It has also been found that the centre position of the platform is quite sensitive to the value of resistors, especially to R PTAT . It is comprehensible since the voltage across R PTAT only has about 50 mV theoretically2 . Hence, a relatively small change of R PTAT may cause a relatively large change of I PTAT , then shifts the platform.

The optimised zone with R PTAT = 600 Ω and R CTAT = 3900 Ω is centred at about 60°C. By increasing R PTAT , I PTAT decreases a little, so the optimised zone moves towards left. With R PTAT = 628 Ω and R CTAT = 3900 Ω, the optimised platform is centred at about 30°C, close to 300 K as preferred. The five measured curves have already covered a broad temperature range from about 10°C to 70°C, where the current can be super-stable. Hence, even if the ASIC has to work at a higher ambient temperature than expected (e.g. 45°C as mentioned in the buffer section), the current reference can easily adapt to the change by adjusting the resistor combination. Moreover, although the measurements did not go further for outputs optimised at lower temperatures, it can undoubtedly be done just by carefully tuning the two resistors, to centre the curve at a particular desired zone.

Finally, by zooming in, it is noticeable that there is a slight shift between two directions of each measurement. This behaviour has not been well understood yet. One possibility has been generally excluded that the shift might be due to the ambient temperature fluctuation of the measuring instruments: a central air-conditioning system was used to control the room temperature well, and the measuring instruments were re-calibrated automatically before the measurement of each point. Nevertheless, this shift is actually very slight that it is not even noticeable without large magnification. even within such broad temperature range of 100°C, thanks to the compensation of the drift of bias current. This comparison strongly proves the improvement achieved on the temperature independence by the design.

In order to assess the drift, Figure 13.6 further zooms in for revealing more precisely the details of the total output current, on a scale even more miniature than Figure 13.4. A fit of the data has been made, and the derivative of the fit curve has also been calculated as the drift. It shows that the drift can be kept lower than 10 ppm/K between about 20°C and 45°C! And the optimised zone is just centred at about 300 K. Moreover, even for the whole measuring temperature range as large as 100°C, the current only has a maximum drift smaller than 200 ppm/K.

Common-Mode Rejection of the Current Reference

The common-mode rejection of the current reference was assessed by varying V DD and V SS 3 towards the same direction and with the same value. The absolute variation took V SS as reference. So, a variation with +10% V SS means that both V DD and V SS have an increase equal to 10% |V SS | = 0.15 V, corresponding to a common mode decrease of 0.15 V.

Figure 13.7 shows a temperature scan with the same five resistors combinations, and at the same time vary V DD and V SS for the assessment of common-mode rejection. With the help of a thermal test bench firstly stabilising the ambient temperature of ASIC at a certain degree, five points were measured in turn, with different levels of common-mode shift: +10% V SS , +5% V SS , 0% V SS , -5% V SS and -10% V SS , corresponding to a common-mode shift of -150 mV, -75 mV, 0 V, +75 mV and +150 mV. Then the thermal test bench raised or lowered the ambient temperature for the next five points at the same temperature. The figure illustrates that the drift caused by common-mode drift is slight, since the data are plotted on a very small scale. The measurements of each resistor combination concentrate around the data without common-mode shift, and each combination keeps well its form and optimised zone, without platform shifting.

Figure 13.8 keeps only the data using the optimising resistor combination R PTAT = 628 Ω and R CTAT = 3900 Ω, with a further magnification to show more details. By choosing the maximum value and the minimum value at the same temperature in the optimising zone, the drift due to the common-mode shift can be calculated as smaller than 30 ppm/1% V SS . Indeed, because no common mode is really referred to in the reference, it is comprehensible that a variation of V DD and V SS towards the same direction will not cause significant drift.

Power Supply Rejection of the Current Reference

The power supply rejection of the current reference was assessed by varying V DD and V SS towards different directions but still with the same value taking V SS as reference. In consequence, a variation with +20% V SS means that V DD increases 10% |V SS | = 0.15 V and V SS decreases the same amount, so the total fluctuation is +20% V SS . Vice versa.

The measuring setup is also similar to that of the assessment of common-mode rejection. Total output current with respect to five levels of common-mode shift (0% V SS , ±5% V SS and ±10% V SS , corresponding to a common-mode shift of -150 mV, -75 mV, 0 V, +75 mV and +150 mV) were measured, at different temperatures between -25°C and 75°C. Five steps corresponding to different levels of power supply fluctuation were measured at each temperature, corresponding to +20% V SS , +10% V SS , 0% V SS , -10% V SS and -20% V SS in turn, meaning V DD -V SS = 4.7 V, 4.85 V, 5 V, 5.15 V and 5.3 V.

Figure 13.9 shows the power supply assessment with the same five resistors combinations, measured at different temperatures between -25°C and 75°C. Compared to common-mode rejection, power supply fluctuation causes a larger drift, that the data measured using different resistors are mixed together. However, these measurements changed the power supply more than 10%, which is much severer than the drift of the bias during observations (<1%). Yet generally, the optimising zone of each data group still stays at the same position.

Figure 13.9: Power supply rejection of the current reference using five resistor combinations. Total output current with respect to five levels of power supply fluctuation (0% V SS , ±10% V SS and ±20% V SS , corresponding to V DD -V SS = 4.7 V, 4.85 V, 5 V, 5.15 V and 5.3 V) were measured, at different temperatures between -25°C and 75°C.

Figure 13.10 keeps only the data using the optimising resistor combination R PTAT = 628 Ω and R CTAT = 3900 Ω with a little magnification. The drift is indeed higher than that from the common-mode shift, with 376 ppm/1% V SS . However, it is still in the same order as the WFEE drift specification. In fact, because no common mode is really referred to in the reference, it is comprehensible that a variation of V DD and V SS towards the same direction will not cause significant drift. The drift of the total current due to the power supply fluctuation is equal to the sum of the drift from the two references CTAT and PTAT. The schematic topology was actually designed for improving the temperature independence, thus brought about a cost of a certain degradation of the power supply rejection. Under this consideration, a considerable width has been used for the PMOS transistors, just in order to mitigate the current drift due to power supply fluctuation. 

Process Corners of the Total Output Current

The imperfection of the process causes parameter variations. The influence on the total output current was evaluated using corner simulations. Since basically, only HBT and MOSFET are used in the design 4 , the simulation only included the corner models of the two transistors, as listed in Table 13.1. Three corners of HBT times four corners of MOSFET gives 12 possible extreme situations, as shown in Figure 13.11, as well as the nominal curve. The comparison between the nominal curve and the corner simulation curves shows a variation of the absolute value of the output current in the order of 0.01 mA. The observation of such a small variation indeed necessitates significant zooming of the figure. Nevertheless, this small difference between the absolute values is actually insignificant comparing to the drift of each curve, which is kept very well for each situation. Another evident influence is the shift of the optimising zone. In this case, one can use a different combination of R PTAT and R CTAT to neutralise the shift. Knowing that what corner simulations consider are the extreme situations less likely to happen, most of the cases will instead concentrate around the nominal curve. This simulation shows that the design has a very good tolerance of process defects.

Figure 13.11: Corner simulation for the total output current of the current reference, within the same temperature range between -25°C and 75°C as the measurements.

Discussions: a First Model Developed for the Current Reference

Based on the mathematical analysis in the first part and the measurements illustrated in the second part of this section, this part tries to establish a first rough model for calculating the resistor combination needed for a certain optimising temperature zone.

In fact, since the total output current I out is just the sum of the currents from two references times a coefficient M as the width ratio of PMOS transistors, the drift, namely the derivative of the total output current with respect to temperature ∂I out ∂T is also the sum of the derivative of the two currents times M, namely as shown in eq. 13 From the analysis in the previous section, it is known that the PTAT branch in the ASIC has ΔV BE = V T ln8 as reference (eq. 13.17) and uses R PTAT to transform the voltage to current. And the CTAT branch takes V BE as reference, using R CTAT to transform the voltage to current. Hence, eq. 13.19 can be further developed as:

∂I out ∂T = ∂I PTAT ∂T + ∂I CTAT ∂T × M =   ∂ ΔV BE R PTAT ∂T + ∂ V BE R CTAT ∂T   × M ≈ ∂(V T ln8) ∂T 1 R PTAT + ∂V BE ∂T 1 R CTAT × M (13.20)
Since the ratio between R PTAT and R CTAT matters more than their absolute values, and also because their temperature coefficient are indeed quite small (-100 ppm/°C according to the datasheet of thick film 1206 SMD resistors: "COMP-CARD SMR-01" 5 ), in eq. 13.20, the two resistors are assumed to be temperature independent for simplifying following calculations. Subsequently, the two terms in eq. 13.20 will be calculated separately. For the first term, namely the derivative of I PTAT equals: (13.21) For the second term, namely the derivative of I CTAT , the part of ∂(V BE ) ∂T has already been calculated in eq. 13.14, that can be directly used here. So, the second terms becomes:

∂I PTAT ∂T = ∂(V T ln8) ∂T 1 R PTAT = ∂( k B T q ln8) ∂T 1 R PTAT = k B ln8 q 1 R PTAT
∂I CTAT ∂T = ∂V BE ∂T 1 R CTAT = (V BE - E g q ) 1 T - k B (4 -a) q 1 R CTAT (13.22)
The optimising point is where ∂I out ∂T = 0. Since the two drifts have opposite sign, the condition can be achieved:

∂I out ∂T ≈ ∂(V T ln8) ∂T 1 R PTAT + ∂V BE ∂T 1 R CTAT × M = k B ln8 q 1 R PTAT + (V BE - E g q ) 1 T - k B (4 -a) q 1 R CTAT × M = 0
(13.23) 5 Measurements for another type resistors "COMP-CARD CBR-14" only showed 10 ppm/°C, which could be a better choice for achieving a lower drift. The calculation from eq.13.20 until eq.13.24 does not include the Temperature Coefficient of Resistance (TCR). To make the model more complete, it is still interesting to include this term in the model. According to the definition of TCR, the resistance R(T) equals: R(T) = R(T 0 )(1 + C R ΔT) (13.25) where R(T) the resistance at temperature T, R(T 0 ) the reference resistance at temperature T 0 and C R the temperature coefficient of resistance. Supposing a very small temperature variation, then ΔT = dT, R(T) -R(T 0 ) = dR(T). Consequently, the next two equations can be deduced from eq. 13.25 for the following calculations: Since R PTAT and R CTAT are temperature dependent, eq. 13.20 needs to be recalculated. With the help of eq.13.26 and 13.27, its first term ∂I PTAT ∂T becomes: (13.28) α and β are the two added temperature independent coefficients:

∂I PTAT ∂T = ∂ V T ln8 R PTAT (T) ∂T = d(V T ln8) dT R PTAT (T) - dR PTAT (T) dT (V T ln8) R 2 PTAT (T) = d(V T ln8) dT 1 R PTAT (T) - C R R PTAT (T 0 ) R 2 PTAT (T) V T ln8 = k B ln8 q 1 R PTAT (T) - k B Tln8 q C R R PTAT (T)(1 + C R dT) = 1 R PTAT (T) k B ln8 q 1 - TC R 1 + C R dT
∂I out ∂T =   ∂ αV T ln8 R PTAT (T) ∂T + ∂ βV BE R CTAT (T) ∂T   × M ⇒ α R PTAT (T) k B ln8 q 1 - TC R 1 + C R dT + β R CTAT (T) V BE - E g q 1 T - k B (4 -a) q - V BE C R 1 + C R dT = 0 (13.33)
Then a new expression of the ratio between R CTAT (T) and R PTAT (T) can be written as:

R CTAT (T) R PTAT (T) =

K B T q (4 -a) -V BE + Eg q + V BE TC R K B T q ln8 -TC R K B T q ln8 × β α (13.34)
Another difficulty is that the value of several parameters in eq. 13.34 are not precisely known, for example, the value of a and of E g both depend on the germanium fraction in SiGe alloy, generally 5 -10% [START_REF] Behera | A comparative study on SiGe HBTs and Si BJTs in nanoscale[END_REF][START_REF] Sokolic | Physics and modeling carrier transport in the base of npn SiGe HBTs[END_REF]. In order to take this uncertainty into account, supposing that it can also be included in another coefficient γ6 . Then, the final ratio of R CTAT (T) and R PTAT (T) becomes eq. 13.35:

R CTAT (T) R PTAT (T) =

K B T q (4 -a) -V BE + Eg q + V BE TC R K B T q ln8 -TC R K B T q ln8 × β α × γ Z (13.35) 
The three coefficients α, β and γ in eq. 13.35 can be combined and replaced by one new coefficient Z, equal to Finally, in order to decide the value of R CTAT and R PTAT , it is better to experimentally measure the voltage V T ln8 and V BE for each current reference. Then, with a desired total output current I out , following equation can be written:

I out = V T ln8 R PTAT + V BE R CTAT × M (13.36)
Combining eq. 13.35 and eq. 13.36, there are two equations for two variables R CTAT and R PTAT . Then, their values can be determined.

SQUID Bias Current Sources

Based on the development of the current reference, the first version of current sources for SQUID bias has been fulfilled and integrated into the ASIC v2.5. The sources group a current reference firstly developed with the ASIC v2, eight Digital-Analog Converters (DAC) newly developed with the ASIC v2.5, a RS485/I 2 C serial bus with a RS485/I 2 C interface firstly developed with the ASIC v2 and eight I 2 C decoders developed since the ASIC v1. ASIC v2.5 is the first one allowing the test of the whole system together but not to still test the components separately. Besides, eight outputs from the DAC can be further grouped to have four positive current outputs and four negative current outputs, which represents exactly the four differential current sources in one WFEE channel.

Adjustable Current Sources

The schematic design of one current source integrated into the ASIC v2.5 is shown in Figure 13.12. Because the SQUID bias/offset requires a current in the order of 200 μA with a resolution of 1 μA, several times lower than the bias for the LNA and the buffer, the integrated reference only has an output current about 100 μA, one-tenth of the reference presented in the previous section. In order to achieve the 1 μA resolution, two current mirrors serve to provide a 1/10 ratio from each (the coefficient 1/100 in Figure 13.12), so that there is about 1 μA flowing into the input of the current mirror of the DAC as LSB (Least Significant Bit).

The DAC controlled by RS485/I 2 C serial bus configures the negative bias current I out-at the output of the NMOS transistors. To measure the positive bias current I out+ , it is necessary to connect the output of the NMOS transistors and the input of a PMOSFET mirror with a switch on PCB.

Design of the DAC

Considering the urgency of the ASIC fabrication, I have chosen a simple design for the DAC. Its simplified schematic is shown in Figure 13.12: 256 identical NMOS transistors are controlled by eight binary bits. The LSB b0 has only one NMOS transistor (2 0 = 1), providing the resolution of 1 μA. Subsequently, the b1 output has 2 1 = 2 NMOS transistors in parallel, and so forth, till the MSB (Most Significant Bit) output b7 with 2 7 = 128 NMOS transistors in parallel.

Because the DAC is expected to provide a linear output for its 256 levels, several measures were applied to get a better matching between the bits at different weights. Each NMOS transistor was first subdivided into four small identical NMOS transistors in parallel to shape a similar common centroid pattern. In consequence, there are 256 × 4 = 1024 small NMOS transistors in total. Each of the 1024 MOSFET has the same dimensions: L = 25 μm and W = 5 μm, so they are not really "small". Both L and W were relatively large, permitting to attenuate the mismatch. A large channel length also allows attenuating the channel-length modulation effect. The channel width is determined according to simulations, that the transistor has a correct operating point with 1 μA passing through.

The switches in Figure 13.12 are also NMOS transistors, configured by the internal series bus I 2 C. There is one switch beside each NMOSFET for the current mirror, so there are also 1024 switches in total. Since they serve only as switches, it is not necessary to consider the mismatch issue. Each one has the minimum channel length of L = 0.35 μm. Its channel width takes the same value W = 5 μm as the NMOSFET for the current mirror, to well align with it, and form a standard single cell of the DAC, as shown in Figure 13.13.

Figure 13.14 illustrates the layout and its pattern of the DAC. At this level, one-fourth of the 1024 transistors first form a sub-array. Two arrays needed to be drawn (Block A and B) for having a 90°rotation of the association of the transistors and yet keeping the same orientation of the gate of individual transistors. Then, the other two arrays can be directly copied and rotated 180°. Piecing the four arrays together, with 90°difference between each, it finally forms a 32 × 32 array 8 . This layout pattern is relatively "easy" to realise. With such rotating strategy, it can surely counteract the process gradient to some extent, so to achieve a better matching between different binary-weights. The good linearity finally obtained on this DAC (Figures 13. 15 and 13.16) probably benefits from this careful design.

Measurement

The measurements of the DAC have only partially done. This thesis shows several representative results concerning the output current. The measurements prove that the whole circuits function well. The residual on the bottom is about 1/40 of the output current on the top, showing good linearity of the DAC. The highest value is around 250 μA, suggesting that the LSB equals about 1 μA. The LSB current actually depends on the values of the R CTAT and R PTAT used.

Output current and residual

DNL and INL

Another two important indexes to evaluate the linearity performance of DAC are Differential Non-Linearity (DNL) and Integral Non-Linearity (INL), both quantified in LSB. DNL is the difference between two successive levels of DAC's output. INL is the deviation from the ideal output of each level, which is indeed very similar to residual, just quantified in different unities.

Figure 13.16 plots these two parameters with respect to all the 256 output levels of the DAC. The DNL is always smaller than 0.2 LSB, and the maximum INL is smaller than 1 LSB. Because currently, there is still no specific requirement on the linearity of DAC, a direct quantitative justification is impossible. However, qualitatively, since the resolution of the DAC requires about 1 μA, such non-linearity should satisfy the requirement. Especially, knowing that the DAC will be used for a current scan to choose the best bias point for the SQUIDs, the output of each level need not be very precise. From this point of view, such non-linearity performance should satisfy the specification. 

Conclusion

This part has mainly discussed the two ASIC, "AwaXe_v2" and "AwaXe_v2.5", and the analogue parts integrated inside, which are newly developed and dedicated to the WFEE of the X-IFU instrument. The analogue devices developed by myself in the context of my thesis were all presented, including an LNA, a buffer and a current reference, as well as the SQUID bias system of which a large part also belongs to my contribution.

The LNA has been thoroughly and successfully tested, and the measurement results have been discussed in detail in this chapter. Since it is one of the key components of the analogue aspect listed in the thesis since the beginning, it has been taken full care. Using an original topology with diode loads as the input stage, an instrumentation-alike topology with resistive feedback as the middle stage, and a common-collector topology with strong current bias as the output stage, the differential LNA did show a very satisfying performance, including a super-linear behaviour with high amplitude voltage output, a stable gain with 85 V/V and large bandwidth, an ultra-low input noise with very low 1/f noise corner frequency, as well as a high CMRR. The measurements demonstrate that it fulfils all the specification of the CNES. Moreover, the LNA integrated in ASIC v2 and ASIC v2.5 have shown coherent performance, which further proves its successful schematic and layout design, and also provide more confidence on the future work.

The other analogue components that have been thoroughly tested and discussed is the current reference. Comparing to the LNA, it is more like an "unexpected bonus": It was firstly developed for the LNA, but became more interesting for the SQUID bias. It has also been proved a good design, especially its super-high temperature independence thanks to the compensation system between CTAT reference and PTAT reference. The measurements have demonstrated that it can stay super-stable with only 10 ppm/K or less within a temperature range of 25°C, and can keep relatively stable with a drift smaller than 200 ppm/K within a temperature range of 100°C. Moreover, it also has good adaptability to different operating temperature requirements. Just by tuning two resistors on PCB, its optimising working zone can be easily adjusted, which gives it potentials for other applications besides the WFEE. Furthermore, a first rough model has been developed for calculating the ratio between R CTAT and R PTAT and determining their values. Due to the lack of information, the model is not quite precise yet. Hopefully, it can be further developed in the future.

Concerning the development of the buffer and the SQUID bias system, the measurements are still on-going. One principal reason for the incomplete situation is the significant four months 227 delay of the ASIC fabrication for both ASIC v2 and v2.5. Notably, these two devices are both integrated into the ASIC v2.5, that has been received at the end of April 2019. Following the PCB design work and several conferences with accepted papers, it did leave me little time for a full characterisation of these two components. In consequence, this chapter has only discussed their designs without showing much information about their testing results.

At last, thanks to my large amount of development work that has been done on the two new ASIC, as well as to my several original designs that have been proved successful, three papers are planned based on the contents of Part IV, including one topic on the LNA, another topic on the current reference and the last one on the development of the ASIC v2/v2.5. This could be another point of view to validate the work presented in this part.

Conclusion and Perspective

This thesis presented the development of radiation-hardened mixed-signal ASICs dedicated to space observatories. The ASICs are developed for a scientific X-ray instrument, X-ray Integral Field Unit (X-IFU). It is one of the two scientific instruments of the ESA's future space X-ray observatory, Advanced Telescope for High ENergy Astrophysics (ATHENA). The X-IFU instrument will provide an unprecedented high spectral resolution of 2.5 eV at 7 keV, significantly contributing to the future astrophysical observations and researches.

In the context of my thesis, I largely contributed to the successive developments of the two most recent ASICs "AwaXe_v2" and "AwaXe_v2.5". These ASICs are dedicated to a subsystem of the X-IFU instrument, the WFEE (Warm Front End Electronics), as part of the readout chain. In the readout, the WFEE is the warm front-end, working at room temperature. It is placed between a deep cryogenic stage and a warm digital readout electronics. The cryogenic stage is cooled down to sub-Kelvin for operating TES detectors and SQUIDs amplifiers. The detector array of 3168 pixels will be frequency-multiplexing modulated by LC filters and first amplified by two SQUIDs stages. The WFEE subsystem is connected after the SQUIDs stage and missioned to amplify the signals, configure the cryogenic readout and reinforce the common-mode rejection for the baseband feedback and TES bias of the X-IFU instrument. To fulfil these tasks, especially, to help the X-IFU instrument to accomplish its 2.5 eV resolution, the WFEE needs to provide components with very high performance, such as Low-Noise Amplifiers (LNAs) with ultra-low equivalent input voltage noise < 1 nV/ √ Hz, low nonlinearity (<1%) and low gain drift (350 ppm/K), SQUID bias circuits with highly stable current output, and buffers with ultra-low nonlinearity and gain drift too. Besides, the electronics are also required to be radiation hardened, so that it could keep operating correctly during the nominal five-year lifetime mission in the space environment.

The WFEE is a mixed electronic system. The digital circuits are the series bus for configuring the current sources of SQUID bias. My contributions on this part include the design of a new radiation-hardened digital library and the creation of a new I 2 C decoder with optimised schematic and layout, made of my new digital library. These aspects are presented in Part III, as well as the representative radiation assessment results concerning the components and 8-bit registers with such radiation-hardened design. All the digital circuits integrated into the two new ASICs "AwaXe_v2" and "AwaXe_v2.5" are made of this new radiation-hardened digital library, as well as those in the future ASICs. The optimised I 2 C decoders have been proved a proper functioning along with the other circuits, integrated into the "AwaXe_v2" and "AwaXe_v2.5".

Part IV presented my contributions on the analogue circuits for the WFEE, including the design of an LNA, a buffer, a current reference and a Digital-to-Analog Converter (DAC), as well as five PCBs for testing the ASICs. The LNA, as one of the main subjects of my thesis, has been thoroughly studied and developed. Its original design is integrated into both ASIC v2 and v2.5, both thoroughly tested, and both showing satisfying and coherent results. The measurements demonstrated that it fulfils all of the specifications required by the CNES. Operating within the frequency band of 1 -5 MHz, it has a super-linear gain of 85 V/V, with a large bandwidth of -1 dB up to 17.5 MHz and a low gain drift < 350 ppm/K. It realises an ultra-low voltage noise ≈ 0.8 nV/ √ Hz at the input, which is critical for the X-IFU instrument to reach the 2.5 eV spectral resolution requirement. Moreover, the LNA also has a low 1/f noise corner frequency < 4 kHz, as well as a good PSRR and CMRR. The buffer uses a similar design and needs to be further studied in future work. The current reference has been thoroughly tested with an output of about 1 mA. Thanks to its original design compensating a CTAT and a PTAT reference, it has been proved to be capable of providing a super-stable temperature independent current. This characteristic is perfect for SQUID bias. At last, I have also developed an 8-bit DAC for the SQUID bias. Eight DACs along with a current reference and a series bus composing a complete SQUID bias of one WFEE channel, were integrated into the ASIC "AwaXe_v2.5". The first measurements showed a good result. More assessments need to be done in future work.

In conclusion, my thesis has yielded two ASICs, "AwaXe_v2" and "AwaXe_v2.5", and for both ASIC, I largely contributed to the development from the beginning phase to the testing phase. In particular, the last ASIC integrates all the components of one WFEE channel inside, which can be considered as a prototype and is a good representative of my work. Moreover, the high performance of the LNA and the current reference also give them the potential to adapt with other similar scientific missions. Based on my thesis work, I have already published three articles as the first author and three other publications are in preparation, respectively concerning the development of the LNA, the current reference and the two ASICs.

Despite the considerable progress on the ASIC development for the WFEE, lots of work still need to be done in the future. Most importantly, because the manufacturing line of the AMS 350 nm SiGe HBT BiCMOS technology is possibly towards its end, it is urgent to produce a definitive version of ASIC based on this technology. This ASIC will incorporate eight complete channels inside, encapsulated in the packagings with the definitive pinout, so that it can be directly integrated into the readout chain of the X-IFU. Because of the relatively large quantity and large dimensions of the ASIC to be ordered, its fabrication will occupy a dedicated wafer, benefiting from the engineering run of AMS, which will be ongoing for another one or two years.

Certainly, before the realisation of the ASIC, the buffer's performance needs to be improved first. And lots of measurements need to be performed on "AwaXe_v2.5", especially for the SQUID bias circuits. Besides, radiation hardening ability of "AwaXe_v2.5" is planned to be assessed in 2020. It will be the first radiation assessment on complete circuits of the WFEE. Based on the accumulated experiences and considering the present achievement, I have confidence in the future outcome. And I sincerely hope that my thesis work could be finally useful for the WFEE subsystem, for the X-IFU instrument and maybe for the other potential cooperative missions. Speaking of something "useful", I remember that one day, a man discussed with me about the "use" of an astrophysics mission such as ATHENA. He questioned: "It is cool to observe black holes, but what is the use?", "How can it improve life?", and "Shouldn't the money be invested to other research subjects, such as how to deal with nuclear waste material?". I felt that it was a classical and hard question, so, I tried to convince him with some practical arguments, like "A large project like ATHENA can attract more scientists to come to Europe and thus increases the soft-power." Nonetheless, he has not been persuaded and considered that these were "indirect use", but not direct benefits for people. His disagreement did not cause any unpleasant atmosphere but did make me think a little more thereafter. Indeed, some subdisciplines of modern physics have departed away from our daily life for a long time. For a single person, understanding better the structure of the universe does not help a bit his life. However, for human being as a whole, all the scientific researches aim at expanding the territory of human's knowledge. From this point of view, it could be a "use". And when talking about knowledge, there should not be any knowledge more useful than the others. And maybe "useful" is just not a suitable word for describing knowledge. I wish that I could still find a better answer in the future.
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 11 Figure 1.1: (left) Pits 5 and 6 in Aberdeenshire during excavation; (right) Cuneiform tablet: Enuma Anu Enlil, tablets 26 and 27, collected by Metropolitan Museum of Art (The MET, New York).
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 12 Figure 1.2: (left) Remnant RCW 86 unveiled by XMM-Newton and Chandra; (right) X-ray image of Crab Nebula taken by Chandra.
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 13 Figure 1.3: Fresco "Galileo Galilei Showing the Doge of Venice How to Use the Telescope" by Giuseppe Bertini (1858), located in the Bertini Room of the Villa Andrea Ponti.
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 14 Figure 1.4: (left) Extremely Large Telescope concept; (right) Hubble Space Telescope.
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 15 Figure 1.5: Transparency of atmosphere to X-rays [25].
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 16 Figure 1.6: The first solar X-ray picture by Burnight.
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 21 Figure 2.1: Compare between X-ray telescopes on their performance of collecting area and angular resolution.
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 22 Figure 2.2: (left) Cosmic web (left); (right) First image of black hole, at the center of galaxy Messier 87.
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 23 Figure 2.3: Lagrangian points
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 24 Figure 2.4: Wolter telescopes. Top left: Type I; Top right: Type II; Bottom left: Type I with 4 nested shells, as the configuration of Chandra; Bottom right: Type III. X-rays are represented by the thick black lines.
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 25 Figure 2.5: General process to create a SPO mirror stack. Top left: A silicon wafer will be etched and cut to get a rectangular plate. The dimensions of plates for inner and outer layers are different, to adapt the different radii: Inner radius plates: 110 mm × 49 mm, middle radius plates: 40 mm × 66 mm, outer radius plates: 21 mm × 102 mm [64]; Top right: side view of an etched silicon wafer: The 12" silicon wafer is commercially available, with thickness a = 0.775 mm[START_REF] Collon | Performance characterization of silicon pore optics[END_REF][START_REF] Proserpio | Optical design for ATHENA X-ray telescope based on slumped mirror segments[END_REF]; The rib thickness "b" and the membrane thickness left after etching "c" are the same, and have been reduced from 0.17 mm to 0.14 mm[START_REF] Willingale | The hot and energetic universe: The optical design of the athena+ mirror[END_REF][START_REF] Collon | Silicon pore optics for the ATHENA telescope[END_REF]; The rib pitch "d" has been improved, from 1 mm to 2.3 mm[49]; Bottom left: there will be a wedge between two plates for the different layers with different angles of inclination; Bottom right: a mirror stack formed by curve silicon plates with coating.
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 26 They use the same detectors: DEPFETs (DEpleted P-channel Field Effect Transistors) with dimensions 130 μm × 130 μm for one pixel. Each pixel has an angular
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 26 Figure 2.6: Focal plane design of the WFI instrument[START_REF] Meidinger | Development of the wide field imager for Athena[END_REF] 
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 2 Figure 2.7: (left) Cross-section of DEPFET [75]; (right) Equivalent circuit of DEPFET [76].
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 31 Figure 3.1: Simplified block diagram of X-IFU's readout chain.
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 32 Figure 3.2: (left) Characteristic of a TES -TES's resistance as a function of temperature; (middle)TES's simplified schematic; (right) A typical variation of TES's temperature or resistance when there is an incident absorbed photon heating both the absorber and the TES.
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 34 Figure 3.4: Characteristics of DC SQUID: (left) V(I); (right) V(Φ).
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 3738 Figure 3.7: Thermal layers of X-IFU
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 39 Figure 3.9: Simplified block diagram of one of the 96 WFEE channels
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 3 10 shows the inner view of one WFEE box. Two ASIC mounted separately on their PCB can be seen inside the box. The other two ASIC will be actually installed back to back with these two ASIC, which are covered thus cannot be seen. Four filtered 21-pin Micro-D connectors on the top connect with the FPA through Dewar. 4 filtered 15-pin Micro-D connectors at the bottom connect with the DRE. Each box has a mass of 5 kg with volume 21 cm × 12 cm × 37 cm, so three boxes have 15 kg in total.
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 310 Figure 3.10: Inside view one WFEE box

Figure 4 .

 4 Figure 4.1 illustrates the main components that the technology provides: NMOSFET, NPN HBT, PMOSFET, polysilicon capacitors and resistors [100]. Different from discrete NMOS transistors directly implanted in p-substrate, the NMOS transistors of this technology is in a p-well, which must be more heavily doped than the substrate, resulting in smaller access and parasitic resistances. The NPN bipolar transistors use an alloy SiGe as the base, instead of Si, which is the principal advantage of the technology. It will be presented in the later section.
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 41 Figure 4.1: Wafer cross-section of the 350 nm SiGe HBT BiCMOS technology of AMS [100]
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 42 Figure 4.2: Parasitic lateral and vertical PNP BJT available in a CMOS process, also proposed by the 350 nm SiGe HBT BiCMOS technology of AMS[START_REF] Senapati | Characterization and Modeling of Lateral PNP Bipolar Transistor in CMOS Process[END_REF] 

  predict the real situation at high frequency, consequently, Planck proposed a
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 43 Figure 4.3: The addition of Lorentzian spectra resulting from different time constants of traps leads to apparent 1/f noise behaviour.

Figure 4 . 4 :

 44 Figure 4.4: Measured noise in V/ √ Hz refers to the input of the WFEE LNA showing both white and flicker noise. Flicker noise well follows a 1/ √ f law. The intersection of the two tangents gives the corner frequency of flicker noise. The parasitic lines come from 50 Hz of the power line and the harmonics, visible up to a few hundreds of hertz.
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 51 Figure 5.1: Simplified structure of a NMOS transistor of enhancement mode.
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 52 Figure 5.2: Channel length modulation effect of NMOS transistors, with V DS > V GS -V TH .
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 53 Figure 5.3: DC characteristics of a NMOS transistor: (left) I D (V GS ) curve; (right) I D (V DS ) curves by varying V GS from 0.5 V to 0.8 V, with each step 0.05 V.
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 55 Figure 5.5: A more complete small-signal model of a MOSFET in the saturated region.
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 56 Figure 5.6: Simplified small-signal model of MOSFET with noise sources.
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 61 Figure 6.1: Simplified diagram of a NPN BJT with EB junction forward biased and CB junction reverse biased.

6. 2

 2 DC Characteristics (Forward Active Mode) Similar to MOSFET, bipolar transistors also have I(V) curves which are often used for studying the DC characteristics. As shown in Figure 6.2, on the left is the I C (V BE ) curve, showing with a constant V CE , the control of V BE on I C . On the right is a group of I C (V CE ) curves, measured with ten different bias levels, by varying I B from 2 μA to 20 μA, with each step 2 μA. The dashed line roughly separates the saturation mode region and the forward active mode region. It clearly shows that in the saturation mode region, I C increases fast by increasing V CE . In the forward active mode region, V CE has little influence on I C when the bias voltage is moderate. By contrast, the control of I B on I C is very evident. Interestingly, when V CE ≈ 2 V, I C tends to increase again. It is because the voltage bias V CE is already close to the maximum value of 2.7 V [100], so the transistor tends to have a breakdown. The cutoff region corresponding to quasi-zero current was not measured. In the figure, it is represented by a line close to zero current.
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 62 Figure 6.2: DC characteristics of a HBT, plotted with real measurements: (left) I C (V BE ) curve; (right) I C (V CE ) curves by varying I B from 2 μA to 20 μA, with each step 2 μA.
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 63 Figure 6.3: Gummel plot of a HBT: (top) I C , I B and (bottom) deduced β as a function of V BE .
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 64 Figure 6.4: Monte-Carlo simulations of HBT: (left column) eight HBT in parallel, each with dimensions "0.4 μm × 50 μm", biased with 2 mA; (right column) single HBT with dimensions "0.4 μm × 50 μm", biased with 0.25 mA. (First row) Simulations only considering "Process" factor; (second row) Simulations only considering "mismatch" factor; (third row) Simulations considering both "Process" and "mismatch" factors.
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 65 Figure 6.5: Monte-Carlo simulations of HBT: (left column) eight HBT in parallel, each with dimensions "0.4 μm × 50 μm", biased with 14 mA; (right column) single HBT with dimensions "0.4 μm × 50 μm", biased with 1.75 mA. (First row) Simulations only considering "Process" factor; (second row) Simulations only considering "mismatch" factor; (third row) Simulations considering both "Process" and "mismatch" factors.

Figures 6 .

 6 Figures 6.6 and 6.7 are the comparisons between two single HBT with different surfaces, only considering "mismatch": the one on the left has dimensions "0.4 μm × 50 μm"; the one on the right has one-eighth of the surface of the first one "0.4 μm × 6.25 μm". Both transistors have the same current density for the Monte-Carlo simulation. The comparison shows that the smaller transistor has a larger standard deviation of about √ 8 than the other one. It suggests that the attenuation of mismatch should instead give the credit more to the increase of surface but perhaps not the number of transistors in parallel. However, knowing that these Monte-Carlo simulations did not take into account the layout and common centroid topology improves matching, it is more interesting to increase the number of transistors in parallel instead of using a single large one. Moreover, because the AMS SiGe HBT technology limits the largest surface of a single HBT at "0.4 μm × 96 μm", it is imperative to use a certain HBT in parallel to reach a surface of several hundred.

Figure 6 . 6 :

 66 Figure 6.6: Monte-Carlo simulations of HBT considering only "mismatch" factors: (left) single HBT with dimensions "0.4 μm × 50 μm", biased with 0.25 mA; (right) single HBT with dimensions "0.4 μm × 6.25 μm", biased with 31.25 μA.

Figure 6 .

 6 Figure 6.7: Monte-Carlo simulations of HBT considering only "mismatch" factors: (left) single HBT with dimensions "0.4 μm × 50 μm", biased with 1.75 mA; (right) single HBT with dimensions "0.4 μm × 6.25 μm", biased with 218.75 μA.

Figure 6 . 8 :

 68 Figure 6.8: Simulation of β and the derivative with respect to the temperature, using eight HBT in parallel biased with 2 mA, each with dimensions "0.4 μm × 50 μm".

Figure 6 . 10 :

 610 Figure 6.10: Graphical representation of Early voltage.

Figure 6 .

 6 Figure 6.9 only shows the most important parameters of the small-signal model of BJT. However, under certain circumstances, some other parasitic components are also needed to be taken into account. A more complete small-signal model is shown in Figure6.11, in addition including the key parasitic components.

Figure 6 .

 6 Figure 6.11: A more detailed small-signal model of BJT taking into account main parasitic components.

Figure 6 .

 6 Figure 6.14: (Left) Energy band diagram of silicon homojunction BJT; (right) Energy band diagram of SiGe HBT [163].

Figure 6 . 15 :

 615 Figure 6.15: Cross section of SiGe HBT provided by the 350 nm SiGe HBT BiCMOS technology of AMS [100].
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Figure 7

 7 Figure 7.1: A rare photo of four different particles, proton, electron, muon (probably) and alpha, detected in a cloud chamber at the same time. Image from https://commons.

Figure 7 . 2 :

 72 Figure 7.2: Radiation Environment of Sun-Earth Lagrangian point L 2 .

Figure 7 . 3 :

 73 Figure 7.3: Sunspot observation of Cycles 22, 23 and 24, and prediction for the rest years of Cycle 24 (Current Cycle).

Figure 7 . 4 :

 74 Figure 7.4: Parasitic channel formed due to TID.

Figure 7 . 5 :

 75 Figure 7.5: A typical shift of threshold voltage of MOSFET due to TID effect: (left) PMOS-FET; (right) NMOSFET. When gate voltage equals zero, drain leakage current of NMOSFET increases, comparing to PMOSFET a decrease of leakage current or no leakage at all.

Figure 7 . 6 :

 76 Figure 7.6: Cross section of a typical silicon-based vertical NPN bipolar transistor with oxide for planarisation [112]. The current flows vertically downwards. The sensitive zone is the Si/SiO 2 interface above the E-B junction, marked by dashed line.

Figure 7. 8 :

 8 Figure 7.8: Sensitive TID zone of SiGE HBT [100]

Figure 7 .

 7 Figure 7.10: (left) Equivalent circuit of the parasitic components of the CMOS inverter shown in figure 7.9; (right) Simplified schematic of the parasitic components of the CMOS inverter.

Figure 7 . 11 :

 711 Figure 7.11: Sensitive SEU zone of SiGE HBT [100]

Figure 7 . 12 :

 712 Figure 7.12: SiGe HBT's heavily doped, thin base structure [100].

Figure 7 . 13 :

 713 Figure 7.13: Different incident particles can lead to different radiation effects.
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 1 and LT 1 , and at the same time reduce the two primary parasitic resistances R W1 and R S1 . The layout on the right of Figure 8.2 is an example with SEL preventions (It does not correspond to the left schematic.). For suppressing the gain of the two parasitic bipolar transistors VT 1 and LT 1 , one can increase the distance between the NMOS transistor and the PMOS transistor, as marked by the arrow in orange. For reducing the R W1 and R S1 , guard rings are used, as shown in the figure, the p+ guard ring surrounds the two NMOS transistors on the left, and the n+ guard ring does the same for the four PMOS transistors on the right [244].

Figure 8 . 1 :

 81 Figure 8.1: Enclosed layout transistor illustration, with the drain circled by a ring-type gate, and the source is outside, around the gate.

Figure 8 . 2 :

 82 Figure 8.2: (left) Simplified schematic of the key parasitic components of the CMOS inverter that causes the SEL effect; (right) An example of guard rings around NMOS transistors and PMOS transistors for the SEL prevention.

Figure 8 . 3 :

 83 Figure 8.3: schematic of the simulations

Figure 8 . 4 :

 84 Figure 8.4: (top) Curves V out (V in ) and (bottom) derivative dV out dV in , scanning the width of the PMOS transistor between 20.0 μm and 30.0 μm (10 points).

Figure 8 . 5 :

 85 Figure 8.5: (top) Curves V out (V in ) and (bottom) derivative dV out dV in , scanning more precisely the width of the PMOS transistor between 26.5 μm and 28 μm (30 points).

Figure 8 .Figure 8 . 6 :

 886 Figure 8.7 compares the first version and the optimised version more clearly. There are four major modifications:

Figure 8 .

 8 Figure 8.7: Comparison of the inverters between the first version and the optimised version.

Figure 8 . 8 :

 88 Figure 8.8: Parasitic bipolar transistors and resistances in a n-well CMOS inverter

Figure 8 . 10 :

 810 Figure 8.10: Comparison between the old version and the optimised version of the decoder I 2 C developed for the WFEE subsystem. The block on the top is the old version, with the dimensions 890.025 μm × 367.5 μm = 327084.1875 μm 2 ; The block on the bottom is the optimised version with the new radiation hardened digital library, and its dimensions are: 429.6 μm×253.05 μm = 108710.28 μm 2 . Thus, the ratio of the areas equals: 108710.28 μm 2 327084.1875 μm 2 ≈ 33.24%.

Figure 8 .

 8 Figure 8.10 is an example comparing the decoder I 2 C of the old version and the second version made of the optimised library.In order to shrink more the dimensions, some schematic simplifying techniques were also used, to reduce the logic gates used. Besides, the new "NAND3" gate allows simplifying the schematics further. By using these full-custom methods, the area occupied by one optimised decoder I 2 C is reduced to about one-third of the original one, largely improving the level of integration of the ASIC.
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Figure 9 . 2 : 5 V

 925 Figure 9.2: 5 V HBT module "npn254h5" with guard ring integrated in the ASIC, four parallel emitter's total size: 0.4 μm × 50 μm, namely the size of each: 0.4 μm × 12.5 μm.

Figure 9 . 3 :

 93 Figure 9.3: Inverters representing the topology of four different digital libraries. NMOS transistors are all on the left, "b", "c", "d" with p+ ground-connecting guard ring; PMOS transistors are all on the right, "b", "c", "d" with n+ vdd-connecting guard ring; "a" from standard library of the technology, without any radiation hardening.

Figure 9 . 4 :

 94 Figure 9.4: (left) ASIC samples encapsulated in different packagings and with a dosimeter beside for TID assessment; (right) ASIC samples under irradiation beside a γ source of Cobalt 60.

Figure 9 . 5 :

 95 Figure 9.5: TID effect on the NMOS transistors with and without ELT with L = 0.35 μm, W = 8.8 μm: (left) I D (V GS ); (right) I D (V DS , V GS ), by varying V GS from 0.5 V to 0.8 V, with each step 0.05 V. The NMOS transistors in both packs at all dose levels listed in Table 9.3 are plotted, which complicates the interpretation.

Figure 9 . 6 :

 96 Figure 9.6: TID effect on HBT "npn254", (left) I C (V BE ); (right) I C (V CE ) by varying I B from 2 μA to 20 μA, with each step 2 μA. HBT in both packs at all dose levels listed in Table 9.3 are plotted, which complicates the interpretation.

Figure 9

 9 Figure 9.7: TID effect on the NMOS transistors with and without ELT, with L = 0.35 μm, W = 8.8 μm: (left) I D (V GS ); (right) I D (V DS , V GS ), by varying V GS from 0.5 V to 0.8 V, with each step 0.05 V.

Figure 9 . 8 :

 98 Figure 9.8: TID effect on the PMOS transistors with and without ELT, with L = 0.35 μm, W = 16.8 μm: (left) |I D |(|V GS |); (right) |I D |(|V DS |, |V GS |),by varying |V GS | from 0.6 V to 1.1 V, with each step 0.1 V.

Figure 9

 9 Figure 9.9: TID effect on the analogue PMOS transistor, with L = 5 μm, W = 200 μm: (left) |I D |(|V GS |); (right) |I D |(|V DS |, |V GS |), by varying |V GS | from 0.7 V to 1.2 V, with each step 0.1 V.

  38 μm [100], bringing out a variation about 20%. Because I D and r out are both L dependent variables, it could explain the evident drift shown in the figures. g m (I D ) curve The g m (I D ) curves shown in Figures 9.10, 9.11 and 9.12 are obtained by calculating the derivatives of the I D (V GS ) curves (on the left of Figures 9.7, 9.8 and 9.9).

Figure 9 . 10 :

 910 Figure 9.10: TID effect on transconductance of the NMOS transistors with and without ELT, as a function of I D

Figure 9 . 12 :

 912 Figure 9.12: TID effect on transconductance of the analogue PMOS transistor, as a function of I D in absolute value.

Figure 9 . 13 :

 913 Figure 9.13: TID effect on HBT "npn254" -Gummel plot: (top) I B , I C and (bottom) deduced β as a function of V BE

  15 and Figure 9.16, I C (V BE ) curves are shown on the left. Curves relating to different dose levels are almost superimposed, which illustrates that TID has less impact on I C . I C (V CE ) curve As shown in Figures 9.15 and 9.16 at right, I C of both HBT has an evident decrease at 100 krad. For 3.3 V NPN HBT, I C decreases about 0.18 mA around 2 mA, namely 9% at 100 krad comparing with the pre-irradiation current. And it decreases more but with less percentage degradation (e.g. ΔI C ≈ -0.24 mA, namely 6% decrease around 4 mA), and vice versa. For 5 V NPN HBT, comparing I C at 100 krad and pre-irradiation, I C decreases about 0.16 mA around 2 mA, namely 8% degradation, and decreases about 0.25 mA around 4 mA, namely about 6.3% degradation.

Figure 9 . 15 :

 915 Figure 9.15: TID effect on HBT "npn254", (left) I C (V BE ); (right) I C (V CE ) by varying I B from 2 μA to 20 μA, with each step 2 μA.

Figure 9 . 16 :

 916 Figure 9.16: TID effect on HBT "npn254h5", (left) I C (V BE ); (right) I C (V CE ) by varying I B from 2 μA to 20 μA, with each step 2 μA.
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Figure 10 . 1 :

 101 Figure 10.1: Microphotograph of the test sample ASIC "AwaXe_v1" (size: x × y = 2371.575 μm × 2475.775 μm; Size of each pad: 100 μm × 100 μm).

Figure 10 . 3 :

 103 Figure 10.3: Microphotograph of the test sample ASIC "AwaXe_v2", with size 3945 μm × 2388.3 μm, and the size of each pad is 100 μm × 100 μm.

Figure 10 .

 10 Figure 10.3 shows the microphotograph of the second ASIC "AwaXe_v2". The components integrated inside are:

Figure 10 . 6 :

 106 Figure 10.6: Microphotograph of the bare die ASIC "AwaXe_v2.5", with size: 4371.05 μm × 2916.525 μm (Size of each pad: 100 μm × 100 μm).

Figure 10 .

 10 Figure 10.7: ASIC "AwaXe_v2.5" encapsulated in "CQFP144", mounting on a test PCB.
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Figure 11 . 1 :

 111 Figure 11.1: Simplified schematic of the LNA.

Figure 11 . 3 :

 113 Figure 11.3: Differential pair with diode loads Figure 11.4: Differential pair with resistive loads

. 9 )

 9 Assuming the diodes and bipolar transistors always work in the ideal regime, then they have the similar I(V) characteristics: I D = I S (e V D V T ), I C = I S (e V BE V T ). The diodes and bipolar transistors of the same branch of a differential pair are crossed by the same current I D = I C . The variation at input causes the same current variation in the diodes and bipolar transistors of the same branch. It means: I S (e V BE +ΔV BE V T ) = I C + ΔI C = I D + ΔI D = I S (e V D +ΔV D V T ) (11.10) Then ΔV D = ΔV BE . So the gain simply equals to 2n D ΔV D 2ΔV BE

) 5 R

 5 bb access resistor has been reduced by layout design, smaller than a few ohm. So R bb Rs 2 . Moreover,

Figure 11 . 5 :,

 115 Figure 11.5: (left) Common collector as output buffer with 100 Ω load and output matching; (right) Equivalent voltage divider formed by the output impedances of the common collector 1 g m1 and 1 g m2, the two matching impedances 50 Ω connecting at the output of the common collector, and the 100 Ω load resistance.

Figure 11 . 6 :

 116 Figure 11.6: When there is no signal, the two common collector are equally biased by I 0 . So, their output impedance 1 g m 1 and 1 g m 2

Figure 11 . 8 :

 118 Figure 11.8: (left) Differential pair with 3 diode loads -LNA A 1 ; (right) LNA A 2 with 3 differential stages cascaded where each stage with two diodes in series as loads.

11. 5 . 2 A

 52 Dynamic Base Current Compensation System Developed for Resolving the Linearity Issue of the Cascaded Differential Pair with Diode Loads

Figure 11 . 10 :

 1110 Figure 11.10: Differential amplifier with resistive feedback.

Figure 11 . 11 :

 1111 Figure 11.11: Loop gain of the middle stage of the LNA.

Figure 11 . 12 :

 1112 Figure 11.12: Simplified schematic of the LNA (Same as Figure 11.1).

Figure 11 .

 11 13 is an example of an HBT differential pair, which corresponds to the schematic on the right bottom. Each bipolar transistor in the schematic is actually composed of eight parallel HBT, so 16 HBT in total for a differential pair, just forming a 4 × 4 common centroid pattern as shown in the same figure on the right top.

11. 8 . 2

 82 Common Centroid alike Pattern for Resistances R 1 and R 2 of the Resistive Feedback in the Middle Stage of the LNA

Figure 11 .

 11 Figure 11.13: (left) Layout of a differential pair of HBT, with size: 154.4 μm × 167.2 μm, where the size of a HBT: 22 μm × 21.2 μm; (right top) Common Centroid pattern used for the components needed to be matched; (right bottom) Schematic corresponding to the layout on the left.

Figure 11 .+

 11 Figure 11.14: (up) Layout of the resistive feedback R 1 and R 2 in the middle stage of the LNA. The resistors are realised with "RPOLY2". Each small resistor is of 260 Ω, with size 41.35 μm× 8.2 μm, and every resistor is surrounded by p+ guard ring. Around the whole resistive array, there are dummy resistors for keeping the same environment; (bottom) Common Centroid alike pattern corresponding to the layout above.

Figure 11 . 15 :

 1115 Figure 11.15: Schematic of the middle stage of the LNA.

Figure 11 .

 11 Figure 11.16: (up) Layout of the active loads in the middle stage of the LNA. The PMOS transistors used are high voltage module "PMOSM", each divided into 16 small PMOS transistors in parallel, with size W = 31.25 μm, L = 10 μm, so each global PMOS transistor in the schematic has size W = 500 μm, L = 10 μm. n+ guard rings surround each small PMOS transistor, and a big p+ guard ring surrounds the two whole PMOS transistors array. Besides the dummy PMOS transistors "X", at each end of the array, left and right, small dummy PMOS transistors with size W = 31.25 μm, L = 0.5 μm are placed for keeping the same environment for the real PMOS transistors in operation; (bottom) Matching pattern corresponding to the layout above.

Figure 11 . 17 :

 1117 Figure 11.17: Details of differential routing of diode loads. Diodes D 1 and D 2 are the loads of a differential HBT pair. Only eight among the total 16 diodes are shown here. The right four diodes have the same differential routing as the left four diodes. M 2 and M 4 represent routings realised with two different metal layers: "Metal2" and "Metal4".

Figure 11 . 18 :

 1118 Figure 11.18: Layout of LNA, with size: 746.425 μm × 699.35 μm. The flow of signal and the distribution of main blocks are highlighted.

Figure 11 .

 11 Figure 11.19: Gain, noise and phase measurements and simulations of LNA.

Figure 11 . 20 :

 1120 Figure 11.20: Step response measurement of the LNA, for checking its stability. No oscillation is shown at the output.

Figure 11 .Figure 11 . 21 :

 111121 Figure 11.22 illustrates V out versus V in in different frequencies, which are the amplitudes at the fundamental frequency. The fundamental amplitudes in different frequencies show a high coherence. The compression is around 20 mV diff-pkpk input, an amplitude approximately

Figure 11 .

 11 Figure 11.23 shows the gain drift of the LNA with respect to the temperature fluctuation over [-25 °C, +75 °C]. Both measurements and post-simulation results are plotted in the figure. The top curves are the gain, and the bottom curves are the derivatives of the gain. According to the measurements, the LNA is able to keep a gain drift smaller than 350 ppm/K from about 11 °C up to over 75 °C, with a span larger than 60 °C. Such a large span can undoubtedly cover the operating temperature zone of the LNA. In fact, even for a gain drift 200 ppm/K, there is still a broad span of 40 °C, from 24 °C up to 64 °C, fulfilling the requirement.

Figure 11 .

 11 Figure 11.23: Gain drift versus temperature variation measurement of the LNA. (up) Gain; (bottom) Derivative of the gain, which is the gain drift with unity ppm/K or ppm/°C.

Figure 11 .Figure 11 .

 1111 Figure 11.24: Gain as a function of frequency measured at 24°C respectively with three power supplies (4.7V, 5V and 5.3V) and zooming in highlighting the small sensitivity of the gain to biasing fluctuations.

Figure 11 .

 11 Figure 11.25: AC Gain at 1 MHz and 5 MHz as a function of VDD -post-simulation

Figure 11 .

 11 26 shows the measurement results. At 1 MHz, the gain of common mode A c equals about 5 mV/V and at 5 MHz, it equals about 60 mV/V. Using eq. 11.25, and with the measured differential gain A d of 85.8 V/V, the CMRR at 1 MHz equals about 84.7 dB, and at 5 MHz about 63.1 dB. CMRR(dB) = 20log 10 A d |A c | (11.25)

Figure 11 .

 11 [START_REF] Keller | X-rays from the Sun[END_REF] is the simulations of the AC gain using Monte-Carlo model. Besides, Figure11.28 shows the distribution of the common-mode gain at 1 MHz and 5 MHz. These simulations show that the LNA's common-mode gain concentrates around several tens of μV/V. With such low gain, the measuring instrument indeed can not reach a sufficient precision for effective measurement. Indeed, a maximum 12 mV diff-pkpk input amplitude leads to 12 mV diff-pkpk × 10 μV/V = 120 nV diff-pkpk at the output! For calculating the CMRR, even if choosing the largest value in the statistical distribution as the worst case (Gain CM 1 MHz < 27.5 μV/V, Gain CM 5 MHz < 120 μV/V), but not the mean value, and using the measured differential gain of 85.8 V/V, the results are CMRR 1 MHz ≈ 130 dB and CMRR 5 MHz ≈ 117 dB, much larger than the requirement 70 dB.

Figure 11 .

 11 Figure 11.27: 20 times Monte-Carlo simulations for the common-mode gain of the LNA, randomly plotting 20 curves of the frequency response.

Figure 11 .

 11 Figure 11.28: Distribution of the common-mode gain of the LNA, using Monte-Carlo simulations. (left) Gain at 1 MHz; (right) Gain at 5 MHz.

Figure 12 . 2 :

 122 Figure 12.2: Layout of the buffer with attached current reference, with size 864.45 μm × 1135.25 μm.

Figure 12 . 3 :

 123 Figure 12.3: A first preliminary thermal analysis of the WFEE box, considering a power consumption of 6 W per ASIC. The thermal gradient can be clear seen.

Figure 13 . 1 :

 131 Figure 13.1: Schematic of current reference, mixing CTAT and PTAT.

Figure 13 . 2 :

 132 Figure 13.2: (Left) Bandgap energy of SiGe alloy versus Ge fraction in the alloy at low temperature; (right) Bandgap energy of SiGe alloy versus temperature for different Ge fractions (Both figures are from [285]).

Figure 13 .

 13 Figure 13.3 illustrates the layout of the current reference for the SQUID bias, integrated into the ASIC v2.5. This layout is different from the one for the LNA or the buffer. It is certain because that reference for the SQUID bias combines the CTAT and PTAT references, and

Figure 13 . 3 :

 133 Figure 13.3: Layout of the current reference for SQUIDs bias, with size: 701.35 μm × 851.65 μm.

Figure 13 . 4 :

 134 Figure 13.4: Total output current using five different resistor combinations, with respect to temperature between -25°C and 75°C.

13. 2 . 2

 22 Optimising Output Current at 300 K, with R PTAT = 628 Ω and R CTAT = 3900 Ω Following the current specification of ambient temperature of the WFEE,Figures 13.5 and 13.6 show the single measurement with output current optimised at 300 K, using R PTAT = 628 Ω and R CTAT = 3900 Ω.

Figure 13 .Figure 13 . 5 :

 13135 Figure 13.5 is a comparison between the current from PTAT reference, CTAT reference and the sum, plotting on the same scale. Firstly, the I CTAT and I PTAT curves verify their opposite temperature coefficients as expected. Secondly, compared to the evident slope of I CTAT and I PTAT curves, on the same scale, the sum current is very stable (temperature-independent)

Figure 13 . 6 :

 136 Figure 13.6: Total output current, data fit curve and derivative of the fit (drift), using R CTAT = 3900 Ω and R PTAT = 628 Ω, on a highly zoomed scale.

Figure 13 .

 13 Figure 13.7: Common-mode rejection of the current reference using five resistor combinations.Total output current with respect to five levels of common-mode shift (0% V SS , ±5% V SS and ±10% V SS , corresponding to a common-mode shift of -150 mV, -75 mV, 0 V, +75 mV and +150 mV) were measured, at different temperatures between -25°C and 75°C.

Figure 13 . 8 :

 138 Figure 13.8: Common-mode rejection of the current reference using the optimising resistor combination R CTAT = 3900 Ω and R PTAT = 628 Ω. Total output current with respect to five levels of common-mode shift (0% V SS , ±5% V SS and ±10% V SS , corresponding to a common-mode shift of -150 mV, -75 mV, 0 V, +75 mV and +150 mV) were measured, at different temperatures between -25°C and 75°C.

Figure 13 . 10 :

 1310 Figure 13.10: Power supply rejection of the current reference using the optimising resistor combination R CTAT = 3900 Ω and R PTAT = 628 Ω. Total output current with respect to five levels of power supply fluctuation (0% V SS , ±10% V SS and ±20% V SS , corresponding to V DD -V SS = 4.7 V, 4.85 V, 5 V, 5.15 V and 5.3 V) were measured, at different temperatures between -25°C and 75°C.

Further developing eq. 13

 13 

βα

  × γ . The measurements give a reference for roughly estimating the value of Z. By roughly taking into account three groups of data measured respectively with 1. R CTAT = 3900 Ω and R PTAT = 600 Ω 2. R CTAT = 3900 Ω and R PTAT = 616 Ω 3. R CTAT = 3900 Ω and R PTAT = 628 Ω as shown in Figure 13.4, and with a rough guess of a ≈ 3.3 and E g = 1.05 eV, besides taking V BE ≈ 0.67 V according to the simulated Gummel plot, C R = -100 ppm/°C according to the datasheet, Z has a value between 0.95 and 1.06, closer to 1 7 .

Figure 13 . 12 :

 1312 Figure 13.12: Simplified schematic of SQUIDs bias current source. One DAC is shown here, representing the same eight DAC in the ASIC v2.5. A single current reference is used for the eight DAC.

Figure 13 . 13 :

 1313 Figure 13.13: Layout of a single cell of the DAC, among the 1024 cells in total. It is composed of (right) a NMOSFET for the current mirror (L = 25 μm, W = 5 μm) and (left) a NMOSFET as switch (L = 0.35 μm, W = 5 μm).

Figure 13 .

 13 Figure 13.14: (Top) Layout of DAC, with size: 1040 μm × 398.1 μm; (bottom) The pattern of the layout on the top. Two block A and two block B form a 32 × 32 array. Each block has a 90°difference between each other to achieve a better matching between the bits weights.

  Each of the eight DAC has a negative output and a positive output. All the 16 outputs (8 negative outputs and eight positive outputs) of the eight DAC are plotted in absolute value in Figure 13.15. The negative current I out-is the output of NMOS transistors. The positive current I out+ was measured at the output of a PMOSFET mirror. The output is configured by eight binary bits, thus 256 levels, by the serial RS485/I 2 C bus, as shown in the figure.

Figure 13 .

 13 Figure 13.15: (Top) Measured positive and negative current outputs of the eight configurable SQUID bias/offset circuit in absolute value, with 256 levels in total, configured by 8 binary bits from RS485/I 2 C serial bus at 400 kHz clock; (bottom) Residuals of the outputs on the top.

Figure 13 .

 13 Figure 13.16: (Top) Measured positive and negative current outputs of the eight configurable SQUID bias/offset circuit, with 256 levels in total, configured by 8 binary bits from RS485/I 2 C serial bus at 400 kHz clock; (bottom) Residual of the output on the top.
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Table 2 .

 2 1: Main parameters comparison between ATHENA, Chandra and XMM-Newton

	Observatory	PSF HEW	Effective Area at 1 keV	Energy range	Resolving Power E/ΔE

Table 2 .

 2 

		2: Wolter Telescope
	Type	Primary Mirror	Secondary Mirror
	Type I	Paraboloid, inner surface Hyperboloid, inner surface
	Type II	Paraboloid, inner surface Hyperboloid, outer surface

Type III Paraboloid, outer surface Ellipsoid, inner surface

Table 3 .

 3 

	Parameters	Requirements
	Energy range	0.2-12 keV
	Energy resolution: E < 7 keV	2.5 eV
	Energy resolution: E > 7 keV	E/dE = 2800
	Field of View	5' (diameter)
	Effective area @ 0.3 keV	1500 cm 2
	Effective area @ 1.0 keV	10000 cm 2
	Effective area @ 7.0 keV	1000 cm 2
	Gain error (RMS)	0.4 eV
	Count rate capability -nominal bright sources	1 mCrab (>80% high-resolution events)
	Count rate capability -brightest sources	1 Crab (>30% low-resolution events)
	Time resolution	10 μs
	Non X-ray background (2 -10 keV)	< 5 × 10

1: Key performance requirements for X-IFU -3 counts/s/cm 2 /keV (80% of the time)

Table 3 . 2

 32 

		: Specifications of WFEE
	Parameters	Identified specifications
	Gain Noise	≈ 80 V/V 1 nV/ √ Hz
	Max. corner frequency 100 kHz
	Bandwidth	1-5 MHz (-1 dB)
	Linearity	1% on 1 V diff-outpp
	Gain Drift I bias range I bias noise	≈ 350 ppm/K ±200 μA 1 pA/ √ Hz
	Serial link	RS485/I 2 C
	TID	1.7-14 krad
	LET of SEL	60 MeV • cm 2 /mg

  SiGe NPN HBT . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .
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Table 4 .

 4 

		1: Typical dimensions (D) and resistance (R) of the contacts and vias used in the
	ASIC of the WFEE [100]						
		MET1-NDIFF	MET1-PDIFF	MET1-POLY1	MET1-POLY2	MET1-POLYB	Via 1	Via 2	Via 3
	D	0.4 μm × 0.4 μm	0.4 μm × 0.4 μm	0.4 μm × 0.4 μm	0.4 μm × 0.4 μm	0.4 μm × 0.4 μm	0.5 μm × 0.5 μm	0.5 μm × 0.5 μm	0.5 μm × 0.5 μm
	R 30 Ω/cnt	60 Ω/cnt	2 Ω/cnt	20 Ω/cnt	40 Ω/cnt	1.2 Ω/via	1.2 Ω/via	1.2 Ω/via
	one-seventh of that of the other three layers. So, in an integrated circuit, it is more interesting
	to use the top metal for long leads, power supply and ground propagation, and the positions
	preferring less resistive (e.g. connections to the bases of a differential pair).	
		Table 4.2: Typical value of metal layers' thickness and sheet resistance [100]
	Parameters	Metal1	Metal2	Metal3			Metal4
	Thickness	665 nm	640 nm	640 nm, if not top metal;	2800 nm
						925 nm, if top metal.		
	Sheet resistance 70 mΩ/	70 mΩ/	70 mΩ/ , if not top metal;	10 mΩ/
						40 mΩ/ , if top metal.	

Table 6 .

 6 

		1: Four operating modes of bipolar junction transistors
	V BE	BE junction	V CB	CB junction	Operating mode
	V BE 0	reverse bias	V CB > 0	reverse bias	Cutoff mode
	V BE > 0 forward bias V CB > 0	reverse bias	Forward active mode
	V BE > 0 forward bias V CB < 0	forward bias	Saturation mode
	V BE < 0	reverse bias	V CB < 0	forward bias	Inverse active mode

Table 8 .

 8 1. 

Table 8 . 1 :

 81 Compare of the dimensions of the NMOSFET and PMOSFET between the first version and the optimised version.

	Parameters	Original NMOSFET	Original PMOSFET	Optimised NMOSFET	Optimised PMOSFET
	Length of channel (L)	0.35 μm	0.35 μm	0.35 μm	0.35 μm
	Width of channel (W)	8.8 μm	16.8 μm	6.5 μm	19.5 μm
	Ratio W P W N	-	1.91	-	3

Table 9 . 1 :

 91 Parts of the AwaXe_v1 and their relevant radiation evaluations

	.1:

b) an NMOS transistor without ELT gate; c) a PMOS transistor with ELT gate; d ) a PMOS transistor without ELT gate; e) a PMOS transistor without ELT gate with larger size. 123 Figure 9.1: Two NMOS transistors and three PMOS transistors integrated in AwaXe_v1 for comparing their tolerance against TID effect: a) an NMOS transistor with ELT gate, L=0.35 μm, W=8.8 μm; b) an NMOS transistor without ELT gate, L=0.35 μm, W=8.8 μm; c) a PMOS transistor with ELT gate, L=0.35 μm, W=16.8 μm; d) a PMOS transistor without ELT gate, L=0.35 μm, W=16.8 μm; e) a PMOS transistor without ELT gate, L=5 μm, W=50 μm

  Inverter from the technology's standard library;

	b) Inverter with guard ring but without ELT gate;
	c) Inverter with guard ring and ELT gate;
	d ) Inverter with guard ring and ELT gate, but a smaller distance between the PMOS
	transistors and the NMOS transistors.

2 

"npn254h5" represents NPN HBT with two collectors, five bases and four emitters in parallel, working with higher power supply 5 V. The layout of the module with guard rings integrating into the ASIC is shown in Figure

9

.2 a)

Table 9 .

 9 

	Launch Year	TID	TID worst case 4
	2028	1.7 krad	6 krad
	2029	2.7 krad	7 krad
	2030	5 krad	10 krad
	2031	7.4 krad	12 krad
	2032	10 krad	14 krad

2: TID estimation for WFEE behind a 2 mm aluminium shield during the 5 year lifetime of ATHENA mission

Table 9 .

 9 4: Heavy ions used for the irradiation tests

	Ion	M/Q 7 DUT energy (MeV)	Range (μm in Si)	LET (MeV • cm 2 /mg)
	40 Ar 12+	3.33	379	120.5	10.0
	53 Cr 16+	3.31	513	107.6	16.0
	84 Kr 25+	3.35	769	94.2	32.4
	103 Rh 31+	3.32	972	88.7	45.8
	124 Xe 35+	3.54	995	73.1	62.5

Table 10 .

 10 2: Specifications of WFEE in comparing with the measurement results of the 1st version of ASIC and the goals of the 2nd version of ASIC

	Parameters	Identified specifications	ASIC v1 measurements	ASIC v2/v2.5 goals
	Gain Noise (1 -5 MHz)	≈ 80 V/V 1 nV/ √ Hz	3, 8, 24 V/V ≈ 1 nV/ √ Hz	80 V/V < 1 nV/ √	Hz
	Max. corner				
	frequency of	100 kHz	200 Hz	< 100 kHz
	1 f noise				
	Bandwidth	1-5 MHz (-1 dB)	DC-10 MHz (-1 dB)	>DC-5 MHz (-1 dB)
	Linearity	1% on 1 V diff-outpp	1% on 0.2 V diff-outpp 1% on 1 V diff-outpp
	Gain Drift	17 μV/V × 20 ≈ 350 ppm/K 6	≈ 200 ppm/K	< 350 ppm/K
	I bias range I bias noise Serial link	±200 μA 1 pA/ √ Hz RS 485	±40 μA 4 bits √ Hz 4 bits ≈ 10 pA/ I 2 C	±250 μA 7 bits 40 pA/ √ Hz 7 bits I 2 C in /RS485 out
	TID	1.7-14 krad	100 krad	-	
	LET of SEL	60 MeV • cm 2 /mg [220] 125 MeV • cm 2 /mg	-	

Table 11 . 1 :

 111 Measurements of the two LNAs with diodes loads

Table 11 .

 11 2: Compare between the specifications of WFEE [280], the simulation results and the measurements of the LNA integrated in the ASIC v2/v2.5 Schematic and Layout Design . . . . . . . . . . . . . . . . . . . . . 195 12.2 Discussions and Perspective . . . . . . . . . . . . . . . . . . . . . . 197

	Parameters	Identified specifications	LNA simulations	LNA measurements
	Gain Noise (1 -5 MHz)	≈ 80 V/V 1 nV/ √ Hz	≈ 88 V/V (post-AC) ≈ 85.8 V/V ≈ 0.88 nV/ √ Hz (post-noise) ≈ 0.8 nV/ √	Hz
	Max. corner			
	frequency of 1 f	100 kHz	< 100 Hz (post-AC) < 4 kHz
	noise			
	Bandwidth	1 -5 MHz (-1 dB)	DC-18.15 MHz (-1 dB) (post-AC)	DC-17.5 MHz (-1 dB)
	Non-linearity	1% on 1 V diff-outpp	0.1045% on 1 V diff-outpp (pss)	<1% on 1 V diff-outpp
	Gain Drift	17 μV/V × 20 ≈ 350 ppm/K	< 200 ppm/K (post-AC)	< 350 ppm/K
	PSRR	> 80 dB	> 107 dB (post-AC) 83.3 dB
	CMRR	70 dB	> 117 dB (Monte-Carlo)	> 84.7 dB at 1 MHz, > 63.1 dB at 5 MHz 16
		< 750 mW,		
	Consumption	6 W/ASIC, 8	195 mW (DC)	190 mW
		channels		

16 

Limited by the precision of the measuring instruments, the measurements of CMRR had to use 100 mV diff-pkpk at input, 9 times larger than the maximum specification 12 mV diff-pkpk , which makes the results not representative of the real performance. Even so, the measurements still have a large uncertainty, as shown in Figure

11

.26.

Table 12 .

 12 1: Combinations of the resistors used during simulations for realising different gain 2R

Table 13 .

 13 1: Corner models for simulation[100,[START_REF] Moursy | Automated triangular wave generator design with process corners compensation[END_REF] 

	Component Model	Represented corner
		biphs	high speed & high beta
	HBT	biplb	low speed & low beta
		biphb	low speed & high beta
		cmosws	worst case speed, slower NMOSFET and PMOSFET
	MOSFET	cmoswp	worst case power, faster NMOSFET and PMOSFET
		cmoswo	worst case one, faster NMOSFET and slower PMOSFET
		cmoswz	worst case zero, slower NMOSFET and faster PMOSFET

  .[START_REF] Berman | Zapped: From Infrared to X-rays, the Curious History of Invisible Light[END_REF]:I out = (I PTAT + I CTAT ) × M

	∂I out ∂T	=	∂I PTAT ∂T	+	∂I CTAT ∂T	× M	(13.19)

bande passante de -1 dB à 17.5 MHz et une faible dérive de gain < 350 ppm/K. Il réalise un très faible bruit à tension ≈ 0.8 nV/ √ Hz à l'entrée, ainsi qu'une faible fréquence de coupure de bruit 1/f < 4 kHz, un bon PSRR et un bon CMRR. Le buffer utilise une conception similaire à celle du LNA et a besoin plus d'études dans les travaux futurs. La référence de courant a été entièrement testée avec une sortie de 1 mA. Grâce à sa conception originale, qui compense les références CTAT et PTAT, elle est capable de fournir un courant super stable, indépendant de la température, parfaite pour la polarisation de SQUID. Enfin, j'ai également développé un DAC à 8-bit pour la polarisation de SQUID. 8 DACs, une référence de courant et un bus série composent un circuit complet de la polarisation de SQUID d'un canal WFEE. Ce circuit a été intégré dans l'ASIC "AwaXe_v2.5" et a donné un bon résultat lors de la première mesure.

An omen is a natural phenomenon that was believed to predict the future (e.g. eclipses, full moons, appearance of comets)

Schumann plate is a glass plate with a delicate silver bromide coating surface, early used for commercial photography and also astronomy observation[23, 24] 

"Uhuru" means "freedom" in Swahili.

Table 2.1 for more details.

The EXTREME ULTRAVIOLET EXPLORER (EUVE) was one of the X-ray telescopes with Wolter Type-II mirrors on board.

SODART: Soviet-Danish Röntgen Telescope

Crab is an astrophysical unit for measuring the intensity of astrophysical X-ray sources. As the name suggests, it takes the reference of the intensity of the Crab nebula, because it is one of the brightest and steadiest X-ray sources in the sky[START_REF] Kirsch | Crab: the standard X-ray candle with all (modern) X-ray satellites[END_REF]. 1 Crab equals 2.4 × 10 -8 erg s -1 cm -2 ≈ 15 keV s -1 cm -2 for X-ray. (https://heasarc.gsfc.nasa.gov/docs/heasarc/headates/brightest.html)

The initial design had 3840 TES detectors. At the end of the mission's assessment phase, the number has been reduced to 3168.

Netherlands Institute for Space Research. SRON is the abbreviation of its former name: Space Research Organisation Netherlands.

)Φ 0 , where n is an integer, supposing the induced current in the left branch (Figure

3.3) increases and the one in the other arm decreases, so that the total magnetic field across the loop will keep nΦ 0 . When the external magnetic field becomes higher than (n+[START_REF] Gaffney | Time and a Place: A luni-solar'timereckoner'from 8th millennium BC Scotland[END_REF] 2 )Φ 0 , the induced magnetic field tends to make the total magnetic field equal to (n+1)Φ 0 , so the induced current in the two branches change direction, as well as the voltage generated by the SQUID. Figure3.4 illustrates this mechanism: the voltage varies periodically as a function of Φ 0 /Φ, with a sinusoidal form. Figure 3.3: Schematic of a DC SQUID[START_REF] Clarke | The SQUID handbook[END_REF] 

Even

ppm/K is discussed.

Baseband feedback is a technique specially developed for the FDM SQUIDs readout of TES detectors.One of its most essential specialities is that it includes digital demodulation and re-modulation of the amplified signals executing in the digital readout stage DRE. The re-modulating signals are the feedback signals, helping to linearise the SQUIDs, improve its dynamic range as well as the linearity of the WFEE[START_REF] Hartog | Baseband Feedback for Frequency-Domain-Multiplexed Readout of TES X-ray Detectors[END_REF].

I 2 C: Inter-Integrated Circuit.

This is why this discipline is named "MICRO-electronics" from the first place. The dimension shrank down to nanometer level from the beginning of the

st century.[START_REF] Beck | A brief history of ancient astrology[END_REF] The lattice constant of silicon, namely the side dimension of a unit cell is 0.543 nm[START_REF] Neamen | Semiconductor physics and devices: basic principles[END_REF].

For example, to get across another lead without short-circuiting.

The work function is the energy needed for an electron to move from solid to outside, far away from the solid surface. The definition of "far away" is the electrostatic image force on the electron is neglected, so that the electron can stay outside the solid[START_REF] Kittel | Introduction to solid state physics[END_REF].

The circuit designs will be presented in Part IV.

The two p-n junctions of BJT have the same crystal material in common. Thus, it is strictly different from two independent diodes in series.

To reach this mode, V CE is not necessarily higher than V BE . Even V CE a little lower than V BE can still keep BJT operating in the forward active mode.

The MOSFET discussed in this thesis and used for this thesis work are all enhancement-mode, because it is the only mode available from the technology used. More vividly, the enhancement-mode is also called "normally-off", meaning without gate bias, MOSFET's channel is closed, and by adding a gate bias, the channel becomes conductive. It is also a mode more discussed in the literature. Another MOSFET type is "depletion-mode", or "normally-on", meaning without gate bias, MOSFET's channel is open, and when there is a gate bias, the channel will close[START_REF] Sze | Physics of semiconductor devices[END_REF].

This critical region of oxide is called "bird's beak" region because of its shape.

The oxide beside the gate, called "field oxide", is actually much thicker than the oxide below the gate that is called "gate oxide": for the 350 nm SiGe HBT BiCMOS technology of AMS, a typical field oxide thickness is 290 nm, while a typical gate oxide thickness has only 7.6 nm [100]. So in general, field oxides can trap much more holes than gate oxides.

W means "well" and S means "substrate".

However, if an electronic system operates in a proton-dominant environment, it is perfect to use a proton source to analyse the long term effect caused by proton irradiation.

Process catalogue of CMP can be found here: https://mycmp.fr/

Ref.: http://www.edaboard.com/thread96353.html

In fact, the final version of the optimised library has been accomplished after the delivery of the ASIC to the manufacturer, so the register integrated in the ASIC although already quite close to the optimised version, but has a little difference: the drain of the NMOS transistor of an inverter has three contacts, but not two.

The only difference between the one integrated into ASIC v1 and the final optimised version integrated into ASIC v2 and v2.5 is the number of contacts for NMOSFET's drain.

A large solar eruption similar to the one of 1989 has been included in the estimation

The irradiation was performed in December 2016, and 12.3 krad was the highest TID level reached before Christmas, a little lower but in the same order as the maximum value 14 krad of the worst case (Table9.2). So, the samples were kept in front of the γ source during the Christmas and New Year holiday until 100 krad. For this reason, there was no measurement between 12.3 krad and 100 krad.

r out = V E L I D , where r out the output impedance of MOSFET, V E the Early voltage, L the gate length and I D the drain-source current.

M/Q is the mass-to-charge ratio of ions.

"1.5" is the over-test factor for the consideration of ELDRS.

See Chapter 3 for more details about this sub-part

"npn254" represents NPN HBT with 2 collectors,

bases and 4 emitters in parallel, working with power supply 3.3 V 5 "npn254h5" represents NPN HBT with 2 collectors, 5 bases and 4 emitters in parallel, working with high power supply 5 V

Because the LNA is integrated in the baseband feedback of the X-IFU readout chain, the gain drift of the LNA can be released with a factor about 20 equal to (1+ loop gain), as explained in Section 3.4 of Chapter 3.

It was sent to NASA's Goddard Space Flight Center and SRON Netherlands Institute for Space Research via VTT Technical Research Centre of Finland.

It was sent to VTT Technical Research Centre of Finland for tests with their SQUIDs.

We use a diode-connected bipolar transistor as a diode, by connecting its base and collector.

The linearity performance of the LNA is even better at 1 MHz according to the simulations

Simulation of Gummel plot in Part II, Chapter 6 shows that the HBT still works in the ideal regime with

Look out! The redundant figure here is not for having one more page, but for the convenience of dear readers, so that an annoying backwards and forwards page-turning could be avoided!

Indeed, a MOSFET can not be too large, and it is forbidden by the Cadence Virtuoso layout editor.Otherwise, the centre area of the MOSFET can not be well biased, as it is too far away from the voltage biasing via at the border.

A current source super-stable, with an output current quasi-independent of the temperature has been developed during the thesis work. It will be presented later in this chapter.

Common centroid pattern can also help mitigate SET radiation effect, especially for technologies scaling down to

nm or smaller. Because a single event has more chance to influence more than one transistors, the charges due to ionisation damage would be shared by two or several adjacent transistors. With a common centroid pattern, an SET pulse could possibly show on both nodes of a differential pair, then become common mode and be rejected thanks to the high CMRR of the differential structure[START_REF] Kelly | Differential analog layout for improved ASET tolerance[END_REF].

Thermal voltage noise of the two parasitic resistances: en = √ 4k B T × 3.8 × 2 ≈ 350 pV/ √ Hz

The layout of the LNA and the buffer without their current reference are also both rectangles. Figure11.18 illustrates the layout of the LNA without attached current reference.

Eq. 13.17 gives an approximate calculation: V R PTAT = V T ln8 ≈ 26 mV × ln8 ≈ 54 mV.

V DD = 3.5 V, V SS = -1.5 V.

The capacitors C 1 and C 2 are only for the start-up. Thus they were not taken into account in the corner simulation.

This is the first reason why it is called a "rough" model.

According to my calculation, the precision of Z largely depends on the values of a, Eg, V BE and T. Besides, each current curve has a large optimising zone, so the exact optimising point is very hard to pick. Since these values have large uncertainties, it is uncertain if Z is smaller or larger than 1.

The four blocks in Figure13.14 correspond to the subdivision by four. So, for example, the one NMOS transistor of the LSB b0 is actually composed of four small NMOS transistors, one in each block separately.

Abbreviations

AC

Differential Topology and Linearity Analysis of Differential Pairs

Differential structures are widely used for analogue applications because of its intrinsic tolerance against common-mode noise [START_REF] Karki | Fully differential amplifiers remove noise from common-mode signals[END_REF]. Indeed, the readout chain of the X-IFU instrument widely applies the differential structure that the second SQUID stage, the WFEE, the DRE, the baseband feedback and the TES bias are all differential. Besides the high common-mode rejection ratio (CMRR), a differential architecture can also improve the linearity by suppressing the even-order harmonics [264]. In consequence, the LNA dedicated to the WFEE is a fully-differential amplifier. Following sections will discuss this aspect by taking the differential pair with resistive loads and then the differential pair with diode loads as examples.

Differential pair with resistive loads

Resistance is a linear component, but bipolar transistors are non-linear. For a differential pair with resistive loads R C (Figure 11.4), in the small-signal analysis, its characteristics are considered linear. However, in the large-signal analysis, the non-linear characteristics could not be neglected.

Considering a large differential signal applied to the differential inputs, ±ΔV represent a change of the differential signal respectively at the two inputs during the same period. So V in = 2ΔV. On the other hand, V out can be deduced as:

The item I C Q2 -I C Q1 in eq. 11.6 can be further developed with Taylor expansion, as shown in eq. 11.7, with V T = k B T q and I S the saturation current [START_REF] Sedra | Microelectronic circuits[END_REF].

(11.7) Substituting eq. 11.7 into eq. 11.6, the gain can be expressed by eq. 11.8. It is noticeable that the standard differential topology improves the linearity performance of an amplifier by cancelling all the even-order harmonics. It is the remaining odd-order harmonics that introduce the main non-linearity [START_REF] Razavi | Design Of Analog CMOS Integrated Circuits[END_REF].

Similarly, the second term ∂I CTAT ∂T becomes: (13.29) Similar to eq. 13.23, the new expression of the optimising point becomes:

From eq. 13.30, the resistance ratio corresponding to the optimising point becomes:

Assuming dT → 0, then eq. 13.31 can be simplified as:

(13.32)

Comparing eq. 13.24 and 13.32, it is interesting to notice that although the two resistors have the same TCR, it cannot be cancelled from the resistance ratio, and the optimising ratio depends on the TCR (C R in the equation). Eq. 13.32 stays still a theoretical analysis. In reality, first, the measured V T ln8 and V BE both have a difference from the simulation/theoretical values. The difference of V BE is not significant, which might be due to a room temperature different from the temperature used for the simulation 300 K. The difference of V T ln8 is relatively large. Because it is derived from the difference of two diodes, the mismatch between the two diodes might be the main reason for the difference.

In order to take into account these differences, a coefficient independent to temperature can be multiplied on each voltage term as a correction factor, eq. 13.23 becomes eq. 13.33, where