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 33. Structure of an HR-8PM LNA-first receiver with a differential structure, as in [START_REF] Xu | A Blocker-Tolerant RF Front End With Harmonic-Rejecting N-Path Filter[END_REF] and [START_REF] Ru | Digitally enhanced software-defined radio receiver robust to out-of-band interference[END_REF] 

General Introduction

The increasing number of connected devices in mobile and wireless applications leads to the allocation of new frequencies in the RF spectrum and new standards. In the context of 5G which aims to aggregate several standards to improve the data rate, the need for multi-standard receivers is increased. The use of multiple parallel receivers where each one is dedicated to one specific application consumes much power and takes a large area. Another solution is the use of only one receiver with one data processor that can cover large number of frequencies. Such system requires wideband devices at the circuit level: wide band LNAs, wideband mixers and wideband local oscillators that cover almost a decade (typically 300 MHz-2.4 GHz) in order to cover the most important RF standards, e.g: Bluetooth, Zigbee, GSM, Wifi,..,etc. However, wideband receivers are sensitive to blockers and must be highly linear. To mitigate this issue, agile (frequency tunable) circuits are preferred. In that context, harmonic rejection N-path mixers (HR-NPM) will be studied in this thesis with some considerations for wideband local oscillators required to drive the HR-NPM with non-overlapping signals.

In this framework, we proposed a wide band harmonic rejection 5-path mixer capable of rejecting until the 8 th effective LO harmonic order. The targeted band of this mixer is 300 MHz -2.4 GHz, whereas the master clock frequency for the clocks generator ranges between 1.5 GHz and 12 GHz (5*300 MHz and 5*2.4 GHz).

Chapter 1 is an introduction to this thesis; it recalls the historical point of view for communication, and explains the concept of the multi-standard approach including the software-defined radio. In this chapter, the concept of N-path filters and N-path mixers is presented first and harmonic rejection N-path mixers are then discussed. Specifically, the state of the art of Mixer-First and LNA-First receivers will be discussed. Then a particular attention will be paid to clock generation issues in the context of N-path mixers. Chapter 2 includes theoretical system studies of several novel HR-NPM architectures. These different architectures have been developed with the aim of reducing the complexity and the power consumption while having high harmonic rejection capabilities. A generic model of the HR-NPM is first introduce to correlate the complexity to the harmonic rejection performances. Then several novel architectures are introduced and their sensitivity to gain mismatch and overlapping effect is systematically studied. Hence, a comparison between the different new architectures is done. This chapter also presents the principle of post processing algorithms dedicated to harmonic rejection N-path mixers, including image rejection and IQ reconstruction for the HR-NPM architectures which are able to be implemented.

Chapter 3 is devoted to the implementation of one of the proposed HR-NPM architectures discussed in the previous chapter. With a similar level of complexity of a conventional HR-8PM, this system achieves a higher rejection band which allows addressing wider bandwidth. It has been implemented in the FDSOI 28nm technology and the effects on the HRRs of the LNAs mismatching and the clocks mismatching have been studied at schematic level and compared with the theoretical simulations. This chapter also details the layout design, post layout simulations and the measurement results which are compared to the state of the art. xxiii Finally, clock phases generator based on the Self-Timed-Ring-Oscillator STRO concept is studied briefly, which is interested for this applications since STRO can cover a very wide frequency band. The design of a 15-STRO in a 28nm FDSOI technology is then presented.
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Introduction: an historical point of view for communication

Communication is one of the main characteristics of human being and various forms of communications have evolved over the millennia, the former evolution being the development of the spoken word that can be transmitted from one person, and heard or received by another. It is funny to note that even in modern times town criers hold an annual contest to discover who can shout a comprehensible message over the greatest distance. However, while the world record for loudest crier is 112.8 decibels, it can only be understood at less than 100 meters, [1]. The desire to communicate more effectively than shouting, is as old as speech itself.

Let's make a big step in evolution. With modern advances in computing technologies, digital signal processing, digital communication algorithms, artificial intelligence, radio frequency (RF) hardware design, and networking topologies, modern communication systems have evolved into complex, intelligent, high-performance platforms that can adapt to operational environments and deliver large amounts of information in real-time while stating error-free. Those advances opened the door towards a multitude of applications for wireless remote control, mobile data transfer, high speed communications and so on, all of them being gathered through a multi-standard context.

After describing ( §2) the multi-standard context and demands, for which answers are proposed in both software and hardware domains, this first chapter will definitely focus ( §3) on a specific hardware, integrated circuit, solution based on N-Path filter and its corollary the N-Path mixer. The main issues for N-Path mixers are related to the presence of harmonics that generate folded back signals. Hence, the harmonic rejection N-path mixer is proposed ( §3.6) enabling to reject a certain number of harmonics, depending on the complexity of its architecture. This PhD thesis aims at proposing new solutions for harmonic rejection N-path mixers. This is the reason why a general state-of-the-art will be proposed ( §4) to compare two structures of harmonic rejection N-Path mixers, namely the mixer-first and the LNA-first.

Multi-standard approach 2.1 Multi-standard context

One possible way to introduce the multi-standard context could be through the internet, our international network, that is not anymore a network of computers but has evolved into a network of devices of all types and sizes, vehicles, smart phones, home appliances, toys, cameras, medical instruments and industrial systems. Animals, people, buildings are all connected, all communicating and sharing information based on protocols in order to achieve smart reorganizations, positioning, tracing, safe and control and even personal real time online monitoring , online upgrade, process control and administration [START_REF] Patel | Internet of Things-IOT: Definition, Characteristics, Architecture, Enabling Technologies, Application & Future Challenges[END_REF]. Sometimes inadequately, this zoo of applications is referred to as the Internet of Things, or as 5G, or both in the meantime, in such a melting pot that people and science politics may be somewhat confused.

In a very simple way, the main objective is to integrate technology into people's everyday life with three types of interactions: (1). people to people, (2) people to machine/things, (3) machine/things to machine/things, all of that in a mobile way, as much as possible, [START_REF] Patel | Internet of Things-IOT: Definition, Characteristics, Architecture, Enabling Technologies, Application & Future Challenges[END_REF]. For companies involved in RF communication and embedded systems, this is a mass market. For engineers and researchers involved in sustainable development, this is a baffling puzzle. By the way, a good motto to summarize the way it works todays could be "one application, one distance, one spec, one integration technique, one protocol". That is to say, in order to clarify and stay factual, that wireless applications are now shaping a multi-standard context. As a consequence, the form in which this integration is implemented leaves much room for improvement, from the solid state architecture up to the ergonomy of the embedded software interface. As an example for the latter, the user must set parameters within the application; and when the person's context changes, parameters have to be manually reconfigured [3].

Different wireless communication standards were defined such as Bluetooth (BT), Universal Mobile Telecommunication Systems (UMTS), Digital Video Broadcasting-Handheld (DVB-H) or Wireless Local Area Networks (WLAN). These standards are protocols for data transfer through voice/data networks using single mobile device. But many other ones exist. Fig. 1 shows ranges for different standards protocols with respect to the distance requirements and their power consumption. 
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Table I. Frequency bands addressed by various standards in the 300MHz-2.5GHz range

A question arises: how user is going to manage in one hand so many applications, for which radio communications are mandatory? One possibility would be to turn out towards wide band RF devices and softwares enabling to recover 𝑓 𝑚𝑎𝑥 /𝑓 𝑚𝑖𝑛 ratios as high as 6 or 7.

A multi-standard approach has to be considered. From software point of view, the software defined radio, SDR, is a largely used solution. In the following paragraphs of this first chapter, a spot is thus devoted to SDR, §2.2. From hardware point of view, various solid state approaches exist as well. Hence this thesis aims at proposing one solution among many multi-standard solid state architectures. This is the reason why the latters will be firstly described with their pros and cons, before introducing our approach in section 3.

Software defined radios, SDR

During the last decade, SDR has drawn attention because of its versatile hardware, which adapts its reception and transmission profiles by software. In that sense, the software part of the multi-standard approach seems totally dependent on the hardware one. None-the-less, SDR transceivers enable specific advantage due to software: they are able to analyze the transmitted signals before transmission, and therefore bring a part of intelligence by making the adequate choice.

Next-generation communications systems introduce new challenges that require solutions beyond what can be achieved through individual device optimization. Integrating more software control and cognitive abilities to the radio demands a more frequency-and bandwidth-flexible RF design. To achieve this goal, static filters need to be removed and replaced with tunable filters. Similarly, the concept of a common platform would allow for shorter development times, reduced manufacturing costs, and provide greater interoperability between systems. The common platform demands that the RF system be capable of providing full performance for applications that traditionally had very different architectures. Finally, future platforms are pushing size and power demands to a new extreme [4]. All considerations about interoperability, adjustability and power reduction must be considered in the hardware part.

Hardware solutions for multi-standard

Nowadays, most of RF wireless components are compatible with a multi-standard approach which has drawn the attention of researchers over the past years as the need for reconfigurable hardware, suitable for operating all these standards, became a must. The different architectures of multi-standard receivers are discussed below. 1) narrow bands with multiple blocks which are conventional multi-standard structures ( §2.3.2), 2) wide band onepath receiver that is the opposite concept ( §2.3.3), and 3) mixed architecture ( §2.3.4). As a reminding, the conventional structure for a narrow band standard is introduced in §2.3.1. Fig. 2 shows the block diagram of a conventional RF wireless receiver with RF band-pass filter (BPF). This type of receivers are related to narrow band and non-tunable wireless receivers that is to say they are designed for one specific application. As one receiver is matched to one standard this makes it a very limited system but a quite performant solution. Also filters are mostly composed of LC lumped components, which are difficult to be tuned, [5], [6]. Yet, lack of tunability is the most critical point for SDR systems. This explains why the most deployed solution for multi-standard is the following one, concerning narrow band multi-block structures. University Grenoble Alpes In the framework of SDR, the most common solution for multi-standard receiver consist in narrow band multiple parallel sub-receiver (see Fig. 3), such that each receiving path is dedicated to a specific standard (BT, GSM, etc…). Each RF building-block must consist of components to be compatible with the mandatory spec for post-processing by SDR. As a pro, multi-standard receiver achieves good immunity to adjacent standards whereas the linearity of the components (LNAs, active filters, mixers, etc…) is quite relaxed thanks to the narrow band property of each block. Meanwhile RF BPFs are often off-chip filters, thus increasing cost as they take much space to be fabricated, which constitutes a major drawback. None-the-less, these architectures inherently consume much power, [START_REF] Soliman | Multi-Standard Receiver Baseband Chain Using Digitally Programmable OTA based on CCII and Current Division Networks[END_REF].

Conventional single standard: narrow band

Multi-standard narrow band receivers

As an example, [START_REF] Held | Receiver Architecture and Performance of WLAN/Cellular Multi-Mode and Multi-Standard Mobile Terminals[END_REF] proposes a multi-mode and multi-standard receiver architecture for WLAN (OFDM, CCK, PBCC) and cellular systems (TD-SCDMA, cdma2000 1x-EV-DO, cdma2000 1x EV-DV, UMTS FDD HSDPA). Its structure is separated into two paths, one for WLAN and one for cellular standards as shown in Fig. 4. Anyway, for each path of [START_REF] Held | Receiver Architecture and Performance of WLAN/Cellular Multi-Mode and Multi-Standard Mobile Terminals[END_REF], as conventional LC lumped components BPFs are not tunable whereas various standards are driven through the WLAN path (the same for the cellular path), a specific filter architecture has been chosen for each path, on the basis of N-path filters, related as NPFs, that are introduced later in this Chapter, section 3. In that sense, this architecture could also be related to a mixed architecture as presented in §2.3.4. The simplest architecture would be a wideband receiver with tunable digital filters to reject blocker at baseband. However, such approach suffers from a high sensitivity to out of band blockers that would saturate RF stages and reduce the ADC sensitivity. To mitigate this linearity issues, the solution is to use agile components having a tunable bandwidth over a large frequency range as represented on Fig. 5. This architecture is a kind of Graal for fully integrated SDR, due to its low system complexity (in terms of number of components) and low fabricated size. Unfortunately, only the baseband chain after mixer are tunable in integrated circuit. RF components such as LNAs or filters, which need high performance passive components are not frequency tunable. Mixing fixed wideband RF components such as LNA with tunable baseband circuit is actually not feasible due to the requirement in terms of linearity of the RF blocks. For this reason, actual multi-standard solutions are mixed architecture as presented in the next paragraph.

Multi-standard approach: wide band tunable unique receiver

Multi-standard approach: mixed architecture

Because tunable RF devices are quite difficult to implement in integrated circuits (especially filters), narrow band RF path are merged with wide band fixed devices and tunable LF blocks. Due to non-linearities, it is difficult to have a unique wide band RF front-end that handle all the standards and a common way is to divide the RF band in several sub-band. Each sub-band is dedicated to one or several standards. The block diagram of this architecture is shown in Fig. 6, from [START_REF] Soliman | Multi-Standard Receiver Baseband Chain Using Digitally Programmable OTA based on CCII and Current Division Networks[END_REF]. As an example, in [START_REF] Li | A single-chip CMOS front-end receiver architetcure for multi-standard wireless applications[END_REF], a front-end receiver architecture similar to the mixed architecture is proposed to implement the single-chip CMOS multi-standard application for WCDMA/GSM/DECT. In the receiver, RF paths are separated for the three standards and a unique IQ baseband is shared. The structure of this architecture is shown in Fig. 7. Since the frequency operating bands for GSM, DECT and WCDMA cover from 1700 MHz to 2200MHz, three separated LNAs will be needed for each standard. The time division duplexer (TDD) and band selection switch, after the antenna is a single-pole-four-throw switch and can be realized with very small attenuation [START_REF] Anadigics | Tri-Band Phemt SP4T datasheet[END_REF]. This switch is controlled by the signal from the DSP controller chip. The signal also controls the on-off statuses of the three LNAs so that only one LNA is turned on when receiving. Switch performance is of major importance in mixed architectures. What's more, an interesting point in [START_REF] Li | A single-chip CMOS front-end receiver architetcure for multi-standard wireless applications[END_REF] focuses on the trade-off between dynamic range and sensitivity: every LNA should have switchable high gain and low gain modes. Multi-standard receiver offers the same advantages as the previous narrow band multi-path structure in terms of linearity and standard selectivity. Meantime, it benefits from only one wide band mixer and only one tunable baseband processor for all the standards which makes, at the same time, decrease power and system complexity as compared with the previous structure.

However, the single tunable path is still the target for these multi-standard architectures. N-Path mixer with tunable frequency band capabilities is a solution to reduce the selectivity needs for the RF path and could lead to simplified receiver with a lower number of parallel paths in the RF front-end. Even if it suffers from the presence of harmonics in its frequency response, the intrinsic tuning capabilities of the N-path filter make this component a good candidate for multi-standard receivers. The following sections are related to the presentation of this solution.

N-Path filters & N-Path mixers 3.1 Introduction

The principle of N-Path filters (NPF), and as a corollary N-Path mixers (NPM), is shown in this section with their limitations, essentially due to the presence of harmonics in their local oscillator (LO) frequency response. Hence the harmonic rejection N-Path mixer (HR-NPM) is introduced in order to increase the harmonic rejection band of the classical NPMs.

Historically, different names have been used to describe such structures, like 'narrow bandpass filter using modulation' [START_REF] Barber | Narrow Band-Pass Filter Using Modulation[END_REF], 'commutated network' [START_REF] Smith | Analysis of Commutated Networks[END_REF], 'comb filter using commutated capacitors' [START_REF] Lepage | Analysis of a comb filter using synchronously commutated capacitors[END_REF], 'sampled-data band-pass filter' [START_REF] Franks | Solid-state sampled-data band-pass filters[END_REF], 'frequency-translated filter' [START_REF] Franks | An Alternative Approach to the Realization of Network Transfer Functions: The N-Path Filters[END_REF], 'N-Path filter' [START_REF] Moschytz | Inductorless filters: a survey II. Linear active and digital filters[END_REF], as in the filter survey by Moschytz. We will use the generalized term 'N-Path filters' and 'N-Path mixers' in this manuscript.

N-Path filters: NPF

N-Path filter is basically an RC filter, originally a low-pass filter, for which the capacitor is replaced by a bank of capacitors alternately connected to a voltage source inner resistor, R, through switches. Its origin comes from the mid twentieth century with the study of commutated networks for motor driving [START_REF] Smith | Analysis of Commutated Networks[END_REF]. As an example, the general architecture of a single 4-Path filter is shown in Fig. 8, from [START_REF] Klumperink | N-path filters and Mixer-First Receivers: A Review[END_REF]. Physically speaking, at each path, while the switch is open, the charges can no longer load the capacitor, till the switch is close once again. There exists a time delay exactly as if a series inductance was delaying the current flow to the capacitance. An interesting approach comes when the input signal to be filtered, V in (t), is a sine wave of period T = 1 𝑓 ⁄ while the control signal, 𝑆 𝑖 (𝑡) driving switch number 𝑖, is a simple gate of period 𝑇 𝑁 ⁄ , with a phase shift between two consecutive 𝑆 𝑖 (𝑡) that is also 𝑇 𝑁 ⁄ . In that case, there exists an additive charges accumulation at each path. As a consequence, a simple electrical model could be a series RLC filter, that can be also represented as a parallel RLC band-pass filter as on Fig. 9, which as a first approach is amazing as an inherently low-pass structure, when switched, finally acts as a band-pass filter. Another physical fact to be noticed is that this particularism also occurs when the sine wave is twice or three times the fundamental frequency, or any harmonic, as the additive property applies as well. As a consequence, the filtering response of the NPF is a convolution of the band-pass response at the fundamental frequency with any harmonics (Fig. 10). In particular, in baseband. Mathematical analysis is not as immediate as the simplicity of the structure would feature. It depends on the duration of the switch control signal, S i (t). When time duration equals to T N ⁄ , where N is the number of paths an equivalent formula can be derived for the LC bandpass filter of Fig. 9, that enables to fit the filter response at fundamental frequency. Formulas (1), ( 2) and (3) are given for curiosity.

𝑅 𝑝 ≈ 𝑁 2 (1 -𝑐𝑜𝑠(2𝜋/𝑁)). 𝑅 2. 𝜋 2 -𝑁 2 (1 -𝑐𝑜𝑠(2𝜋/𝑁)) (1) 
𝐶 𝑝 ≈ 𝑁(𝑅 𝑝 + 𝑅) 2. 𝑅 𝑝 . 𝐶 (2) 
𝐿 𝑝 ≈ 1 (2𝜋𝑓 𝑠 ) 2 . 𝐶 𝑝 (3) Chapter 1
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In [START_REF] Smith | Analysis of Commutated Networks[END_REF] and [START_REF] Lepage | Analysis of a comb filter using synchronously commutated capacitors[END_REF], the -3dB bandwidth of the filter was already rather accurately estimated. The higher the number of paths, N, the better the selectivity: the following equations are giving the -3dB bandwidth and the Q-factor respectively of the filtering structure

∆𝑓 -3𝑑𝐵 = 1 𝜋𝑁𝑅𝐶 (4) 𝑄 = 𝑓 ∆𝑓 -3𝑑𝐵
= 𝜋𝑓𝑁𝑅𝐶

(5) The NPF is inherently a passive mixer as the multiplication of the clock signal with the sine wave at each path obviously leads to the presence of a transposed frequency signal, which could be a baseband signal in the particular case of a switching period, T, identical to that of the RF sine wave input signal, or an intermediate frequency if the LO frequency is shifted from the RF one. The driving signal, S i (t), is thus referred to as the local oscillator, LO. This architecture is very promising since NPM acts the functions of filtering and mixing, both at the same time. Such mixer-filter is frequency selective with center frequency tuning capabilities because it can be programmable through its LO digital control signal. Moreover, it is a fully integrated mixer-filter with no need for large inductances. Also, as bandwidth depend on the number of paths, N, the architecture provides a transfer function that can be adapted into the desired filter characteristic, with probably high-Q. Finally, linearity is interesting as long as MOSFET switches provide good linearity, to be checked in any technology for sure.

N-Path mixers: NPM

Anyway, there also exist some drawbacks. Each path is composed of a switch and a capacitor responsible for down converting the input signal, through 𝑓 𝐿𝑂 ( and filtering it, together with voltage storage ). In the meantime, as shown in Fig. 12, LO signal is not a pure sine wave but holds many harmonics, except the N th one. The presence of the 1 st harmonic at the 2 nd order make this architecture incompatible with the wide band applications even if it is a tunable structure. Bandwidth tuning is limited from RF to 2*RF. This issue is well known as the harmonic rejection band limitation. The effect of the 1 st LO harmonic order (2 * 𝑓 𝐿𝑂 ) is shown in Fig. 13, such that the unwanted information (at 𝑓 𝐿𝑂 + 𝑓 𝑅𝐹 ) will be mixed to the data carrier (𝑓 𝐼𝐹 ), which will lead to an information blocker; it is the same criteria with other harmonic orders 3 rd ,4 rth ,…,etc. A simple analysis is done below to show theoretically the mixing effect due to the fundamental and the 1 st LO harmonic. We suppose that 𝑓 𝑅𝐹 is the wanted signal. LPF stands for low-pass filtering.

Harmonic rejection band limitations

 Mixing due to the fundamental 𝑓 𝐿𝑂 : 𝑠𝑖𝑛(𝑓 𝑅𝐹 ) . 𝑠𝑖𝑛(𝑓 𝐿𝑂 )=𝑐𝑜𝑠(𝑓 𝐹𝐼 )+𝑐𝑜𝑠(𝑓 𝑅𝐹 + 𝑓 𝐿𝑂 ) LPF[𝑠𝑖𝑛(𝑓 𝑅𝐹 ) . 𝑠𝑖𝑛(𝑓 𝐿𝑂 )] = 𝑐𝑜𝑠(𝑓 𝐼𝐹 ) (6)  Mixing due to the 1 st Harmonic 2 * 𝑓 𝐿𝑂 : 𝑠𝑖𝑛(𝑓 𝐿𝑂 + 𝑓 𝑅𝐹 ) . 𝑠𝑖𝑛(2. 𝑓 𝐿𝑂 )=𝑐𝑜𝑠(𝑓 𝐹𝐼 )+𝑐𝑜𝑠(𝑓 𝑅𝐹 + 3. 𝑓 𝐿𝑂 ) LPF[𝑠𝑖𝑛(𝑓 𝐿𝑂 + 𝑓 𝑅𝐹 ) . 𝑠𝑖𝑛(2. 𝑓 𝐿𝑂 )]=𝑐𝑜𝑠(𝑓 𝐼𝐹 ) [START_REF] Soliman | Multi-Standard Receiver Baseband Chain Using Digitally Programmable OTA based on CCII and Current Division Networks[END_REF] Two information (wanted and blocker) are mixed towards the same intermediate frequency, IF. The presence of harmonics avoids these type of mixers to be compatible with wide band receivers. This is the reason why mixers with wide harmonic rejection, HR, have been needed for wide band applications. They are called HR-NPM, for harmonic rejection N-Path mixers. The first solution to enhance bandwidth was proposed by using differential NPM. The even harmonics cancelation can be obtained by a differential structure, as shown in Fig. 14.a, such that each path is composed of 2 branches with a differential input signal switched thanks to a π-delayed LO control, [START_REF] Klumperink | N-path filters and Mixer-First Receivers: A Review[END_REF], as shown in Fig. 14.b.

Differential N-Path mixers

Each path is controlled by two LOs that mix positive and negative signals. Hence, each path can be seen as an elementary mixer driven by an effective LO (𝐸𝐹𝐿𝑂) signal (𝑒𝑓𝑙𝑜(𝑡)) represented in Fig. 15. Studying 𝑒𝑓𝑙𝑜(𝑡) and its spectral representation (𝐸𝐹𝐿𝑂(𝑓)) is the heart for NPM understanding. Most of the proposed structures in literature aim to generate appropriate effective LO in the simplest and most efficient manner. In the present case of differential NPM, the even harmonics are suppressed in the 𝐸𝐹𝐿𝑂, avoiding the folding of the 2 nd harmonic of the RF signal, 2 * 𝑓 𝑅𝐹 , with the 2 * 𝑓 𝐿𝑂 . The first harmonic will occur at the 3 rd order with this structure.
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Ali ALSHAKOUSH 13 University Grenoble Alpes Never-the-less, bandwidth is limited from RF to 3*RF, that is still not suitable for the multistandard wide band applications. Higher harmonic rejection N-Path mixers are necessary for multi-standard receivers such that the receiver can be composed of only one HR-NPM to cover different bands. This architecture is explained well below.

Harmonic rejection N-Path mixers: HR-NPM

The block diagram of a traditional differential HR-8PM (HR-NPM with 𝑁 = 8) is represented on Fig. 16, from [START_REF] Ru | Digitally enhanced software-defined radio receiver robust to out-of-band interference[END_REF]. By introducing adequate gain ratios to the RF signal before mixing in the differential 8PM ( detailed in Chapter 2 ), that is to say (1, √2, 1), an equivalence can be made between the summation of the 3 signal (1*RF, √2*RF, 1*RF) mixed with LO and a single RF signal mixed with eflo(t), eflo(t) being a virtual signal, approximation of a sampled sine wave with the already given ratios (1, √2, 1). This approach is interesting as EFLO frequency response presents a high rejection in its harmonics band as compared to the initial LO signal, see Fig. 17. As a consequence, when mixing with RF, there will be no band limitation anymore until the lowest non-rejected harmonic, that is the 7 th one in the example of [START_REF] Ru | Digitally enhanced software-defined radio receiver robust to out-of-band interference[END_REF] and the (N -1) th in the general structure of a HR-NPM. Hence the entire bandwidth is now RF till (N -1)*RF, suitable for multistandard purposes. In the general HR-NPM architecture, the gain ratio may be applied before mixing, taking benefit of the low noise amplifier, but it can also be applied in low frequency (IF or DC) after switching before being stored to capacitor. Multi-standard architectures can thus be split into two categories: mixer-first or LNA-first architectures.

The final section of this general introduction to my work devoted to HR-NPMs will consist in a general state-of-art for NPMs architectures followed with a comparison on the performance of LNA-first and mixer-first architectures in the framework of HR-NPMs. A special focus will be put on clocks issues as well.

State of art for harmonic rejection N-Path mixers 4.1 Introduction

In literature, two different approaches are proposed to achieve HR-NPM. Some works present LNA-first architectures, essentially to mitigate noise issue thanks to the low noise figure of these devices. Other authors present mixer-first topologies for which the good linearity of the passive mixers is exploited to achieve highly linear RX. Depending on the considered architectures, the gain ratio needed to synthesize the 𝐸𝐹𝐿𝑂 is achieved in either RF or Baseband, or combining both sections. The sensitivity to gain and phase mismatch which reduces the HRR performance has been intensively studied [START_REF] Ru | Digitally enhanced software-defined radio receiver robust to out-of-band interference[END_REF], [START_REF] Xu | A Blocker-Tolerant RF Front-end With Harmonic-Rejecting N-Path Filter[END_REF] and is one of the major issues to be considered in the architecture design. Gain mismatch comes from amplifiers that synthesize the gain ratio whereas phase error can be produced either by the gain stages or the clock generation system. However, it appears that the clock generation system is the major contributor for phase error and this device might be carefully studied and designed. In addition, because HR-NPMs address wideband applications, the linearity is also an issue. Especially, linearity effect on Out-Of Band IIP3 and Blocker 1dB compression point are reported since these metrics show how the receiver is resilient to blockers.

In this state of the art, different architectures of mixer-and LNA-first are presented and discussed. A particular attention will be paid to the gain ratios implementation and their HRR performance are reported. The last part of this SOA is devoted to the issues in clock generation design and their impact on the system performance with a particular focus on phase error and overlap phenomenon.

Harmonic rejection N-Path mixers: LNA-first versus mixer-first architectures

As introduced, NPM may be mixer-first or LNA-first. Both architectures present interest. LNA-first will show better noise figure while typically mixer-first are more linear. However, they suffer from a tight tradeoff between input matching, noise figure, linearity and power consumption, so that the challenge in the latter is to prove that most of performance can be achieved, depending on the applied modulation scheme. Any structure presented below is HR-NPM showing some harmonic recombination through the choice of accurate gains, in BB for mixer-first, and either in BB or in RF for LNA-first for which there exist various challenging architectures.

Mixer-first HR-NPMs

A passive mixer-first receiver with tunable baseband impedance matching and the option of using either 4 or 8-phase mixers has been proposed in [START_REF] Andrews | A Passive Mixer-First Receiver With Digitally Controlled and Widely Tunable RF Interface[END_REF], as shown in Fig. 18. The mixerfirst architecture includes a programmable 4 or 8-phase frequency divider, quadrature passive mixers, transconductance amplifiers as part of the BB circuitry, baseband LNAs, and harmonic recombination amplifiers in order to cancel the 3 rd and 5 th LO harmonics. Mixing is operated in current mode and the structure inherently presents a virtual ground in RF as in BB. By tuning both R FR , the transconductance value, and capacitive nodes, input impedance matching is achieved with zero external components. Due to no RF gain the OOB IIP3 is expected to be high, but demands low-noise mixer, LO and BB circuitry. University Grenoble Alpes

The receiver was fabricated in 65 nm 1P9M CMOS. The circuit operates with a dual voltage supply, with the LO buffer, frequency dividers, and mixers using 1.2 V and the baseband circuitry using 2.5 V. When all the strips are turned on, the 1.2 V supply consumes between 6 and 33 mA, depending on the LO frequency, and the 2.5 V supply consumes 12 mA. This translates to a power consumption ranging between 37 and 70 mW. Expectedly, the OOB IIP3 is measured as high as 25 dBm. Furthermore, tunable impedance matching shows that 𝑆 11 < -30 dB can be achieved at any received frequency from 0.1-1.3 GHz. The power has been significantly cut down to 10 to 12 mW in [START_REF] Andrews | A wide band receiver with resonant multi-phase LO and current reuse harmonic rejection baseband[END_REF], by operating the passive mixer in the voltage mode (i.e. no virtual ground at BB nor RF), and using resonant multi-phase LO and current-reuse harmonic rejection at BB (see Fig. 19). Due to the limited tuning range of the resonant LO, the RF relative bandwidth is reduced (0.7 to 3.2 GHz), while the NF (10.5 +2.5 dB) and the OOB IIP3 (+10 dBm) are both penalized as a tradeoff with lower power consumption. As a first conclusion and before benchmarking mixer-first with LNA-first, it can be emphasized that very few architectures can be proposed for mixer-first, and with very little modifications each time. This is the reason why the choice was made to only describe the work by Cornell University ( [START_REF] Andrews | A Passive Mixer-First Receiver With Digitally Controlled and Widely Tunable RF Interface[END_REF], [START_REF] Andrews | A wide band receiver with resonant multi-phase LO and current reuse harmonic rejection baseband[END_REF]), illustrating the trade-off between power consumption, noise figure and linearity and proposing an interesting idea for antenna matching.

LNA-first receivers

Contrarily to mixer-first, various techniques may be cited for LNA-first. A first approach consists in using a unique LNA gain stage and then achieving the needed gain ratio in this baseband [START_REF] Lin | An RF-to-BB-Current-Reuse Wideband Receiver With Parallel N-Path Active/Passive Mixers and a Single-MOS Pole-Zero LPF[END_REF], [START_REF] Cha | A CMOS harmonic rejection mixer with mismatch calibration circuitry for digital TV tuner applications[END_REF]. Other works present solution in which the gain ratios are achieved both at RF by LNAs and at BF with baseband amplifiers [START_REF] Ru | Digitally enhanced software-defined radio receiver robust to out-of-band interference[END_REF], [START_REF] Xu | A Blocker-Tolerant RF Front-end With Harmonic-Rejecting N-Path Filter[END_REF].

An interesting system is the one of [START_REF] Lin | An RF-to-BB-Current-Reuse Wideband Receiver With Parallel N-Path Active/Passive Mixers and a Single-MOS Pole-Zero LPF[END_REF] defined as 'stacked RF-to-BB front-end', presented in Fig. 20. It covers the bands 150-850 MHz. The receiver is headed by a CS amplifier serving as the LNA, which is the only RF V-to-I conversion. Its output and bias currents are then modulated by an N-Path active mixer. A high-order current-mode LPF is stacked on top of each mixer offering the channel selection before BB I-to-V conversion via 𝑅 𝐿 . This architecture enables passive feedback helping to increase the selectivity and OOB rejection. Its power consumption varies between 10.6 to 16.2 mW whilst the IIP3 is equal to +17.4dBm. Additionally, the harmonic recombination block has been added at the outputs BB VBB[0] to VBB[N-1] in order to eleminate the 3 rd and 5 th harmonic orders from the LO response. The most interesting point in this publication is the combination between passive and active mixers in current mode to increase the selectivity and OOB rejection, whereas the harmonic rejection is one of the purposes of this architecture but not the main one. 
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In [START_REF] Cha | A CMOS harmonic rejection mixer with mismatch calibration circuitry for digital TV tuner applications[END_REF], based on the same principle with only one first LNA, harmonic rejection is applied in baseband through a network of resistors after mixing. Fig. 21 shows the proposed architecture composed of 2 main stages: the first conventional differential 8-Path mixer where the even harmonics have been eliminated, and the second stage responsible of rejecting the odd harmonics. The realization of the gain ratio is done by different fixed resistors with gain ratio 1:√2:1, with external calibration. Measurements of this architecture show 35 dB of gain, 8 dB of NF, and in-band IIP3 equaling -15 dBm. The 8-phase LO works up to 0.862 GHz. The HR achieves excellent HR3=72 dB and HR5=45 dB (HRR3=30 dB and HRR5=40 dB without calibration). The total power consumption is 189 mW. A third architecture, named as the 'two-stage polyphase HR system' has been proposed in [START_REF] Ru | Digitally enhanced software-defined radio receiver robust to out-of-band interference[END_REF], already introduced to illustrate the principle of the effective local oscillator in §3.6. It relies on the same approach than the previous one but in a more complex way in order to improve the total linearity by relaxing constraints on first LNA stage. The irrational ratio 1:√2:1 is realized in two steps with integer ratios: a first step with 2:3:2 at RF level and a second step with 5:7:5 at BB level. The first-stage weighting is realized via 3 parallel low noise transconductance amplifiers (LNTA). The gain ratios are achieved through the transconductance of the LNTAs. The second-stage weighting is realized via a baseband resistor network 'R-net' between the transimpedance amplifiers stages TIA1 and TIA2 (see Fig. 22). The effective irrational number, resulting from the two stages equivalent ratio 29 :41 :29, is shown in Fig. 23, from [START_REF] Ru | Digitally enhanced software-defined radio receiver robust to out-of-band interference[END_REF], where 41/29 is almost equaling √2 with a deviation error about 0.028% which has a low impact on HRR. The structure brings residual harmonic images below the noise floor. The OOB linearity in this structure has been improved by the combination of LNTAs, mixers, and TIAs with LPFs. Measurements of this architecture show 34 dB of gain, 4 dB of NF, and 3.5 dBm in-band IIP3 while the out-of-band IIP3 is 16 dBm. The 8-phase LO works up to 0.9 GHz. At 0.8 GHz LO, the analog 'two-stage polyphase HR system' achieves a second to sixth order HR>60 dB. The total power consumption is 50 mA under 1.2 V. 

Non-classified architecture

Finally, in [START_REF] Ru | A discrete-time mixing receiver architecture with wideband harmonic rejection[END_REF], a SDR downconverter aims to cover the DVB-H standard (470 to 862 MHz). Attention here has to be paid on the clock generation. In the former approaches, in order to generate the 8-phase, 12.5%-duty-cycle, full-swing LO clocks driving the sampling circuitry, an external or internal clock of 8* fC (or 8*LO) was necessary. When increasing the frequency, this might be non-achievable, except moving towards a more advanced technology node. In [START_REF] Ru | A discrete-time mixing receiver architecture with wideband harmonic rejection[END_REF], a clock generator is implemented by using a divide-by-4 circuit and NOR gates, so that an external sinusoidal differential master clock is used with a frequency of only 4*FC. The problematic of the clock generation will drive the ideas presented in this manuscript as detailed in Chapter 2.

In terms of measurements, the frequency ranges between 0.2 and 0.9 GHz, the HR-8PM shows 2 dB of gain but 19 dB of NF, an achieved IPP3 of about +11 dBm while the HRRs of the 3 rd and 5 th orders exceed 40 dB. The overall power consumption is 19 mW. 

Comparison between LNA-first & mixer-first architectures

Different architectures related to the family of HR-NPMs have been summarized with respect to their performance in Table II. The table exploits the already detailed architectures of §3, adding other references for fair comparison. Generally, the NF has been improved with the LNA-first receiver architectures compared to the mixer-first while the linearity shows an improvement with the mixer-first. The most critical things of the LNAs are their linearity limitations and gain bandwidth. Also the presence of LNAs surely leads to increase the overall system power consumption. 

Clock generation for HR-NPM

As discussed previously, the NPM or the HR-NPM architectures need control clocks in order to mix the RF input signal. These clocks control the gate ports of the switching transistors with a number of phases defined by the mixer architecture. Most of papers presenting NPM use external clock and only the clock distribution strategy is detailed.

The main issues faced by clock distribution devices are essentially the frequency of the external operative clock which is higher than the LO one, the power consumption which is highly related to the frequency, the need for logic gate to recombine the clocks to provide dutycycled signals, the phase error that reduces HRR as presented in [START_REF] Ru | Digitally enhanced software-defined radio receiver robust to out-of-band interference[END_REF], the rising and falling time of the output signals that drive the switches which reduces the linearity of the mixer. In addition, overlapping in the clock signals produces charge redistribution in the output capacitor which affect the overall performance. This effect is well known and most of the author refer to this issue, however there is a lack of quantitative studies in literature.

In a first part, the main solutions presented in literature to implement the clock distribution is presented, then overlapping effects and related papers are detailed in a second section.

Clock distribution architectures

Most of mixer architectures reported here, operate with either N=4 or N=8 control clocks, with a duty cycle equal to 1/N.

In order, to generate clocks with 25% duty cycle, [START_REF] Soer | A 0.2-to-2.0GHz 65nmCMOS receiver without LNA achieving 11dbm IIP3 and 6.5 dB NF[END_REF] proposed a direct conversion architecture driven by an on-chip clock divider. This on-chip clock divider consists of four transmission gates and four inverters driven by an off-chip generator with a frequency equal to four times the clock frequency. This architecture generates four output clock phases, each with 25% duty cycle in the range between 0.2 GHz and 2 GHz. Instead of working at 𝑁 time the LO frequency, [START_REF] Lu | A 4 th Order N-Path Filter in 40nm CMOS with Tunable Gm-C Stage and Reduced Center-Frequency Offset[END_REF] and [START_REF] Andrews | A Passive Mixer-First Receiver With Digitally Controlled and Widely Tunable RF Interface[END_REF] propose a solution to operate at 𝑁. 𝑓 𝐿𝑂 /2. Their circuits contain a basic D-latch frequency divider that generates four clock phases with 50% duty cycle each as presented in Fig. 25. NAND gates are used to combine the D-latches output to generate four output phases with 25% duty cycle. In addition, buffers are used to ensure the sharpness of the LO clock signals and to avoid the over-load effect. In this architecture, the frequency of the output generator (Master clocks CLK) is two times the output clock frequency LO instead of four in the conventional one [START_REF] Soer | A 0.2-to-2.0GHz 65nmCMOS receiver without LNA achieving 11dbm IIP3 and 6.5 dB NF[END_REF] which decreases the power consumption for the same frequency range.

With the same approach as in [START_REF] Soer | A 0.2-to-2.0GHz 65nmCMOS receiver without LNA achieving 11dbm IIP3 and 6.5 dB NF[END_REF], [START_REF] Ru | Digitally enhanced software-defined radio receiver robust to out-of-band interference[END_REF] and [START_REF] Lin | An RF-to-BB-Current-Reuse Wideband Receiver With Parallel N-Path Active/Passive Mixers and a Single-MOS Pole-Zero LPF[END_REF] proposed a clock generation architecture made up of eight dynamic transmission gates (TG) flip-flops (FF) such that this circuit can generate eight clock phases with 12.5% duty cycle each. One common master clock can drive the eight flip-flops, the frequency of this clock is eight times the LO frequency. Fig. 26 shows the schematic diagram of the ring counter It also represents the TG-FF dynamic cell architecture with initial ring condition (1 0 0 0 0 0 0 0). With this approach, a duty-cycle equal to 1/𝑁 is directly obtained with no need for logic recombination as it is the case in [START_REF] Andrews | A Passive Mixer-First Receiver With Digitally Controlled and Widely Tunable RF Interface[END_REF]. In [START_REF] Lin | An RF-to-BB-Current-Reuse Wideband Receiver With Parallel N-Path Active/Passive Mixers and a Single-MOS Pole-Zero LPF[END_REF], to cover the [0.15 GHz -0.85 GHz] band, the power goes from 2.8 to 7.5 mW. The falling and rising time of the clock signal that drives the mixer at the output buffer is 25 ps which has an insignificant impact on the RF performance of the receiver (gain, NF, linearities). Better rising edges can be obtained by decreasing the dynamic power consumption of the output buffer. In addition, a simulated phase error from 0.045° to 0.4° is reported, but the impact on the HRR, evaluated with the same approach as demonstrated in the annex of Chapter 2 (section 7.3) is negligible. We can notice that the phase error degrades for high frequencies but, in the same time, the HRR constraints reduces for these frequencies which is helpful. In [START_REF] Ru | Digitally enhanced software-defined radio receiver robust to out-of-band interference[END_REF], since the HRR requirement are relaxed for high frequencies, a frequency divider can be inserted when high bands are considered and the receiver can be reconfigured as a 4-Path mixer to save power. Performance reported in [START_REF] Ru | Digitally enhanced software-defined radio receiver robust to out-of-band interference[END_REF] shows a power consumption of 6.48 mW and 10.68 mW for the divider and the input buffers, respectively, for a 6.4 GHz (8*0.8 GHz) differential input clock. Intensive Monte-Carlo simulations show a maximum phase error of only 0.07°.

Fig. 27. LO generation ring circuit with 8 register cells of [29].

To reduce the input reference frequency, [START_REF] Murphy | A blocker-tolerant noise-canceling receiver suitable for wide band wireless applications[END_REF] and [START_REF] Ru | Discrete-Time Mixing Receiver Architecture for RF-Sampling Software-Defined Radio[END_REF] proposed to drive a shift register (similar to [START_REF] Ru | Digitally enhanced software-defined radio receiver robust to out-of-band interference[END_REF] and [START_REF] Lin | An RF-to-BB-Current-Reuse Wideband Receiver With Parallel N-Path Active/Passive Mixers and a Single-MOS Pole-Zero LPF[END_REF]) with a differential (or complementary) clock signal as presented in Fig. 27. Due to the limitations provided by the capacitive load of the mixer switches, the divider is operating from 80 MHz up to 2.7 GHz and it consumes between 3 and 36 mA, showing the larger power consumption of such part of the system.

In [START_REF] Ru | Discrete-Time Mixing Receiver Architecture for RF-Sampling Software-Defined Radio[END_REF], a frequency divider by 4 coupled to an input differential clock is used to generate eight phases with 12.5% duty cycle covering the frequency band 0.2 GHz -0.9 GHz. CML logic gate are used to design the divider while CMOS logic is used for the clock combiner that generates the duty-cycled control signals. To this end, CML to CMOS level shifters are used which increases the complexity as shown in Fig. 28. A power consumption of 7.8 mA and 10.6 mA is reported for a 200 MHz and 900 MHz LO frequency respectively. This state of the art shows the main issues and the main performance related to clock generation and reported so far in literature. While good precision can be reached, the power consumption appears to be a bottleneck. In addition, the literature does not deal with the issue of covering a large frequency band with a unique VCO since only external clock are used. However, this issue needs to be addressed in the context of a complete receiver.

Overlapping issues

One of the main critical effects on the NPMs or HR-NPMs is the overlapping phenomenon, such that the generated clocks are overlapping on each other, which permits to interconnect two paths at the same time, this leads to current leakage between the output capacitors thus degrading the fundamental carrier. Most researchers [START_REF] Ru | Digitally enhanced software-defined radio receiver robust to out-of-band interference[END_REF], [START_REF] Lu | A 4 th Order N-Path Filter in 40nm CMOS with Tunable Gm-C Stage and Reduced Center-Frequency Offset[END_REF], [START_REF] Andrews | A Passive Mixer-First Receiver With Digitally Controlled and Widely Tunable RF Interface[END_REF], [START_REF] Lin | An RF-to-BB-Current-Reuse Wideband Receiver With Parallel N-Path Active/Passive Mixers and a Single-MOS Pole-Zero LPF[END_REF], [START_REF] Soer | A 0.2-to-2.0GHz 65nmCMOS receiver without LNA achieving 11dbm IIP3 and 6.5 dB NF[END_REF], [START_REF] Murphy | A blocker-tolerant noise-canceling receiver suitable for wide band wireless applications[END_REF] and [START_REF] Ru | Discrete-Time Mixing Receiver Architecture for RF-Sampling Software-Defined Radio[END_REF] who are focusing on the NPM or HR-NPM designs agree unanimously that the generated clock phases must be nonoverlapped clocks, however, very few information exist concerning a qualitative study on the performance impact. The overlapping effect has been studied in details in [START_REF] Andrews | Effects of LO Harmonics and Overlap Shunting on N-Phase Passive Mixer Based Receivers[END_REF] especially on the passive 8-PM mixer-first receiver, such that when passive mixer LO pulses overlap, more than one of the mixer switches presents a low impedance to the RF port at a time. The result is a current that flows during the overlapping period from one sampling capacitor to the next, dissipating energy from the baseband signal, as shown in Fig. 29. This overlap leakage current will have its fundamental frequency components at 𝐹 𝐿𝑂 (N/2 ± 1), corresponding to a series of leakage pulses at each overlap time. The current leakage has been reduced by placing two isolated inductors in which these inductors avoid direct interconnection of the two paths conducting at the same time. Fig. 30 shows the effect of the inductors that eliminates current influence. This solution present drawbacks due to the size of inductors.
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Conclusion

An historical point of view about the communication concepts is briefly introduced in this chapter to discuss, in a second time, the nowadays multi-standard approach for different standards requirements such as GSM, Bluetooth, WLAN, Zigbee, etc. The multi-standard receiver architecture is then presented in a top-down manner. Design issues in the front-end and the frequency synthesizer are discussed. Also the receiver specifications are derived from the system requirements. Potential, robust, solutions are found with N-Path Filter NPF and N-Path Mixer NPM Thirdly, the principle of NPF and NPM is then explained, showing similarities in terms of the structural architecture. Their limitations are discussed with respect to the wide-band applications requirements. Typically, the limitations in the frequency response obliged us to focus on the wide-band mixer architectures available through the Harmonic Rejection N-Path Mixer, HR-NPM. These structures increase the frequency band and are compatible with the wide-band systems requirements.

The aim of the fourth section is to provide a comprehensive state-of-the-art about the different structures and functions developed for NPF and NPM. The state of the art is summarized in section 4, such that two main topologies with their specifications are displayed: mixer-first receivers and LNA-first receivers, each topology being required for a specific application. Obviously, low noise figure goes in favor of LNA-first systems whereas higher linearity is provided by mixer-first. Harmonic rejection mostly benefits from the presence of the LNA gains and is essentially discussed for LNA-first HR-NPM architectures. The clocks issues are also introduced.

As discussed in preamble, the main purpose of my thesis is to design a promising wideband mixer architecture to be compatible with the multi-standard approach in order to cover the more standards as possible. This is the reason why I will focus in my work on LNA-first HR-NPM. Conventional HR-NPM are limited with respect to the HR band, such that the maximum rejected LO harmonic is the 6 th order for HR-8PM. In the meantime, power consumption and complexity have to be reduced, whereas increasing the rejection is usually synonymous of more complexity and more consumption.

To answer those drawbacks, in next chapter, novel architectures are discussed in order to propose a better compromise between the HR band and the system complexity.

Introduction

As discussed in Chapter 1, the need for different standard compliance (IoT, GSM, Wifi, etc..) in the same device leads to the design of wide band receiver. In this context, it has been outlined that one of the most suitable mixer is the LNA-first harmonic rejection N-Path mixer (HR-NPM), that will be referred to as HR-NPM in a simpler way by the following. This chapter is now dedicated to system study. It explores several architectures and compares them to conventional HR-8PM, [START_REF] Xu | A Blocker-Tolerant RF Front End With Harmonic-Rejecting N-Path Filter[END_REF].

This chapter introduces the general architectures of the conventional HR-NPMs and their characteristics in terms of Harmonic Rejection band (HR band) and system complexity. To this end, based on signal possessing analysis, a novel model of HR-NPM is proposed that enables to link system complexity with HR band. It will be shown that these two properties are in contradiction in a conventional architecture. For this reason, new topologies need to be explored in order to reduce the trade-off between the HR band and the system complexity.

Consequently, four novel architectures are proposed in this chapter with the aim to reduce the system complexity while improving the HR band at the same time. The first two architectures are based on 5-Path mixers and use particular properties of the control signals to synthesize specific effective LOs that reach higher HR bands than the conventional 8-Path architectures. Both are using gain stages with different values of gain as in conventional HR-8PM. To reduce further the complexity, two topologies that explore the potentiality of the clock phases and the duty cycle of the control signals, respectively, are proposed. These structures achieved the same HR band of the conventional HR-8PM but with lower complexity. In the light of our own proposed analytical model, developed in a first part, the four architectures are then assessed, in a second part, and compared to the conventional HR-8PM, [START_REF] Xu | A Blocker-Tolerant RF Front End With Harmonic-Rejecting N-Path Filter[END_REF].

Finally, in the last section of this chapter, a system level study of an image rejection algorithm that uses the properties of HR-8PM is proposed, and the concept of the IQ reconstruction for one of the proposed architectures is discussed and studied analytically.

A general analysis for LNA-first harmonic rejection N-Path mixers

A generic topology for HR-NPMs is proposed in this section. Its associated model is described and its performance outlined. Then, the example of the HR-8PM is presented, which is the most popular architecture used. Complexity is discussed at the end in the light of this generic approach.

Generic HR-NPM architecture representation

The general representation proposed in Fig. 31 is well suited to LNA-first architectures [START_REF] Klumperink | N-path filters and Mixer-First Receivers: A Review[END_REF]. However strong similarities exist with mixer-first receivers. From this representation, a general form of the effective LO for the HR-NPM architecture can be derived in its frequency domain enabling to evaluate the theoretical HR band. In practice, the representation of Fig. 31 consists of 𝑁 paths and 𝐻 branches per path, where 𝐻 = 𝑁 is the most popular choice. Along each path, 𝐻 switches, respectively driven by signal 𝑆 ℎ (𝑡), sample the RF input signal through 𝐻 gain stages 𝐺 ℎ , mostly formed by LNAs in LNAfirst architecture. Their computation has been studied in the literature with several methodologies. In this work, we consider that the effective LO applied to the mixer (𝑒𝑓𝑙𝑜(𝑡)) is based on a sine wave sampled at a frequency 𝐹 𝑠 = 𝐻. 𝐹 𝐿𝑂 , which maximizes the number of zero coefficients, each coefficient corresponding to a dedicated gain during sampling. Hence, the value of the gain coefficients 𝐺 ℎ have to be carefully controlled to reach the targeted harmonic rejection by the end. The 𝐺 ℎ are given by the following series defined for 0 ≤ ℎ ≤ 𝐻 -1:

𝐺 ℎ = 𝑠𝑖𝑛 ( 2𝜋 𝐻 (1 + ℎ)) 𝑠𝑖𝑛 ( 2𝜋 𝐻 ) (8) 
Since 𝑒𝑓𝑙𝑜(𝑡) is a sampled and hold sine wave, it can be expressed by means of 𝐺 ℎ as follows: University Grenoble Alpes

𝑒𝑓𝑙𝑜(𝑡) = 𝑜𝑙 𝑠 (𝑡) * 𝑔(𝑡) = [𝑐𝑜𝑠(𝜔 𝐿𝑂 𝑡) . ∑ 𝛿[𝑡 -ℎ𝑇 𝑠 ] ∞ ℎ=-∞ ] * 𝑔(𝑡) = ∑ 𝐺 ℎ-1 . 𝛿[𝑡 -ℎ𝑇 𝑠 ] * 𝑔(𝑡) ∞ ℎ=-∞ (9)
where 𝑜𝑙 𝑠 (𝑡) is the sampled version of the sine wave with sampling frequency 𝐹 𝑠 = 𝐻. 𝐹 𝐿𝑂 , and 𝑔(𝑡) is the gate function of width 𝑇 𝑠 = 𝑇 𝐿𝑂 /𝐻.

The output signal (𝑜𝑢𝑡 𝑛 (𝑡)) spectrum at each path is given by: 𝑂𝑈𝑇 𝑛 (𝑓) = 𝑉 𝑠 (𝑓) * 𝐸𝐹𝐿𝑂(𝑓) [START_REF] Anadigics | Tri-Band Phemt SP4T datasheet[END_REF] where 𝑉 𝑠 (𝑓) is the spectrum of 𝑣 𝑠 (𝑡), the RF input signal. Finally:

𝐸𝐹𝐿𝑂(𝑓) = ℱ𝒯 {⌈𝑐𝑜𝑠(𝜔 𝐿𝑂 𝑡) ∑ 𝛿[𝑡 -ℎ𝑇 𝑠 ] ∞ ℎ=-∞ ⌉ * 𝑔(𝑡)} = {ℱ𝒯[𝑐𝑜𝑠(𝜔 𝐿𝑂 𝑡)] * ℱ𝒯 [ ∑ 𝛿[𝑡 -ℎ𝑇 𝑠 ] ∞ ℎ=-∞ ]} . 𝐺(𝑓) = { 1 2 [𝛿(𝑓 -𝐹 𝐿𝑂 ) + 𝛿(𝑓 + 𝐹 𝐿𝑂 )] * ∑ 𝐹 𝑠 . 𝛿(𝑓 -𝑛. 𝐹 𝑠 ) +∞ 𝑛=-∞ } . 𝐴𝑇 𝑠 . 𝑠𝑖𝑛𝑐(𝜋. 𝑇 𝑠 . 𝑓) ( 11 
)
where 𝐴 is the amplitude of 𝑔(𝑡). This implies that: As represented on Fig. 32, the harmonics occur at 𝐹 ℎ𝑛 = 𝑛. 𝐹 𝑠  𝐹 𝐿𝑂 that will be in the meantime the folded harmonics. Hence, the highest rejected harmonic is 𝐻 𝑟 = (𝐻 -2). This general description proves that the HR-NPM harmonic rejection band is linked to 𝐻, the number of branches in the principle schematic of Fig. 31, and as a general manner, the
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Ali ALSHAKOUSH 36 University Grenoble Alpes number of samples of the sine wave, but is not linked to 𝑁, the number of paths. In fact, many HR-NPMs have been proposed in the literature but most of them are differential structures with 𝐻 = 𝑁 (typically 4-PM or 8-PM, i.e. 𝑁 = 4 or 8), where 𝐻, the number of samples per period, equals 𝑁. Since it is common to set 𝐻 = 𝑁, some confusion may occur. Hence, in the common way where 𝐻 = 𝑁, the HR-8PM of [START_REF] Xu | A Blocker-Tolerant RF Front End With Harmonic-Rejecting N-Path Filter[END_REF] or [START_REF] Ru | Digitally enhanced software-defined radio receiver robust to out-of-band interference[END_REF] achieves an HR band until the 6 th harmonic order, as it will be detailed in next sub-section, while it is needed an HR-10PM to achieve an HR band until the 8 th harmonic order. Having a number of paths 𝑁 that could be different from the number of samples 𝐻 shall help a lot in choosing a compromise between bandwidth and complexity.

Example of the HR-8PM architecture [36]

The architecture of the HR-8PM is given in this part with its effective LO in time and frequency domain. The general synthesis for HR-8PMs with 8 samples consists in splitting each path into 3 differential branches with specific gain ratios [1;√2;1] (see Fig. 33), on the basis that 1/√2 corresponds to the sinus of 45°, i.e. 1/8 of a sinusoidal period as shown in Fig. 34. In that case, 2 gain coefficients are null (𝐺 3 and 𝐺 7 ) which reduces to 6 the number of branches to be implemented (3 differential ones) while having the performance of an 8 branch mixer. Depending on the receiver architecture, the gains come from the LNA in a LNA-first receiver
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Ali ALSHAKOUSH 37 University Grenoble Alpes or from the baseband amplifiers in a mixer-first topology. Hence, in HR-8PMs, the first harmonic that arises in the frequency spectrum of 𝐸𝐹𝐿𝑂 is the 7 th one while the last one to be rejected is the 6 th . 

Complexity analysis

The performance in terms of harmonic rejection and selectivity are respectively related to the number of samples, 𝐻, and the number of paths, 𝑁, whereas the complexity is related to the number of gain stages, 𝐻 𝑔 , and the number of switches, 𝑆 𝑤 . Hence, by calling 𝐻 𝑟 the highest rejected harmonic, ratios 𝜂 1 = 𝐻 𝑟 /𝐻 𝑔 and 𝜂 2 = 𝐻 𝑟 /𝑆 𝑤 are interesting Figures-of-Merit (FoM) in terms of harmonic rejection relatively to complexity.

As previously stated, in most cases, coefficient 𝐺 ℎ is achieved through a gain stage. In common structures where 𝐻 = 𝑁, high harmonic rejection leads to a large number of gain stages, similar to the generic topology detailed in 2.1. In other words, the system complexity increases with the targeted harmonic rejection. Fortunately, the effective number of branches, 𝐻 𝑒𝑓𝑓 , corresponding to the number of branches to be physically implemented, is reduced when some coefficients 𝐺 ℎ of 𝑒𝑓𝑙𝑜(𝑡) are null as it is the case on Fig. 33, where 𝐻 𝑒𝑓𝑓 = 6 while 𝐻 = 8. This means that the number of gain stages, 𝐻 𝑔 , is equal to 𝐻 𝑒𝑓𝑓 . In the case of RF differential input, the number of differential gain stages, 𝐻 𝑔 , is reduced to 𝐻 𝑒𝑓𝑓 /2. In both cases, the total number of switches is 𝑆 𝑤 = 𝐻 𝑒𝑓𝑓 . 𝑁. Each path of these architectures is loaded by a single capacitor, this means that the number of capacitors which are implemented in the general HR-NPM architectures is also equal to 𝑁. Moreover, there is no interconnection between 2 paths (capacitors) at the same time (see annex 7.1). Indeed, the interconnection between 2 different capacitors at the same time is a critical point for these structures, since it leads to modify the charges stored in each capacitor. Specifically, when 2 paths with π phase shift are connected at the same time, this leads to annihilate the charge in each one.

Table III. Normalized coefficients for a sine period for various sampling of the sine wave of frequency

𝑭 𝑳𝑶 .

For a given 𝐻, the normalized coefficients 𝐺 ℎ are described in Table III, in which the number of coloured cells corresponds to 𝐻 𝑒𝑓𝑓 , while the number of dark coloured cells corresponds to the number of differential gain stages, 𝐻 𝑔 . The maximum rejected harmonic, 𝐻 𝑟 , the number of gain stages, 𝐻 𝑔 , and the number of switches, 𝑆 𝑤 , are reported in the column entitled 'Conventional (𝐻 = 𝑁)' for conventional structures as previously reported. It appears that (i) even structures are favoured to odd ones since 2 null coefficients exist, (ii) for some even numbers of paths, the sampling coefficients appear twice in half of a period, with a perfect symmetry. This corresponds to an integer number of non-null samples in a quarter of period, that is to say, the following cases: 𝐻 = 2(2𝑖 + 1) = 6, 10, 14, 18, … Those cases achieve the best 1 efficiency and are particularly interesting in terms of coefficients symmetry. This symmetry can be used to leverage the number of gain stages needed to design the mixer or to propose an original architecture based on π-delayed driving signals as it is presented later.

The theoretical model of the generic architecture is validated with Matlab simulations. The time domain and frequency domain representation of the effective LO is given for 3 different architectures of HR-NPMs (𝐻 = 𝑁 = 8, 10 and 12) in Fig. 35. The Matlab code that has been used to draw these curves is described in annex 7.1, which is mainly based on a classic Direct Fourier Transform, DFT, function. As expected and presented in Table III, simulations shows that the HR-8PM achieves HR band until 6 th harmonic (while requiring 3 LNAs and 48 switches) whereas the HR-10PM increases the HR band till the 8 th harmonic (while the number of LNAs and switches of this structure increases to 4 and 80, respectively), and the 9 th harmonic can be eliminated with HR-12PM architecture (while the LNAs and switches number are increased to 5 and 120, respectively). The complexity increases with the HR band improvement which leads to a higher power consumption, more complex design and more parasitic effects.

Interest for a general model

A general representation of HR-NPM architecture has been proposed and studied in this section. The study shows that the gain ratios needed to implement HR-NPM is obtained by sampling a pure sine wave by 𝑁 samples to get gain ratio [𝐺 0 , 𝐺 1 , …, 𝐺 𝐻-1 ]. Based on this representation, the relation between HR band and 𝐻 is demonstrated and the practicular case of the conventional HR-8PM is analyzed.

From this system level representation, the complexity of the HR-NPM architectures is studied on the basis of the gain stages and switches number needed to build the circuit. It appears that some topologies lead to simplified circuits. Especially, an even number of branch results in a reduced number of gain stages, and among them, 𝐻=6, 10, 14, … might be preferred.

Novel architectures of HR-NPM

As discussed in the previous section, the improvement of the HR band of an HR-NPM increases the system complexity which also leads to increase the overall power consumption. In this section, four novel architectures are proposed with the aim of reducing the complexity while improving the HR band. Theoretical analysis will be provided with pros and cons. As it will be enlightened further, the number of needed clock phases, 𝑁𝜑, will also be of major importance. Since 𝐻 𝑔 , 𝑁, 𝑁𝜑, and 𝐻 give a valuable information on the complexity, for a sake of clarity in the classification of the novel architectures, they will be noted, when it is possible, with the following convention: HR-Hg/N/Nφ/H-PM. Hence the conventional HR-8PM and HR-10PM will be noted as HR-3/8/8/8-PM and HR-4/10/10/10-PM, respectively, which means that the design of these structures needs 3 gains, 8 paths, 8 LO phases, 8 branches and 4 gains, 10 paths, 10 LO phases, 10 branches, respectively, whereas the 1 st harmonic order will occurs at the 7 th (8-1) and 9 th (10-1), respectively.

It is a long symbol, but at the same time it summerizes the total architecture design:  𝐻 𝑔 (number of gains) is proportional to the LNAs power consumption and to complexity,  𝑁 (number of capacitors, paths) is proportional to the filtering quality factor 𝑄 if we were considering a filtering response at the output of each LNA (be careful this filter Q-factor is different from the 𝐸𝐹𝐿𝑂 Q-factor at the 1 st harmonic),  𝑁𝜑 (number of the needed clock phases) is proportional to the clock generator power consumption and to complexity,  𝐻 ( 𝐻 -1 is the 1 st occured harmonic) is related to the HR band.

Firstly, a new architecture, the π -Delayed HR-3/5/5/10-PM based on overlapping clocks, is proposed and detailed in this section showing the same HR band as the conventional HR-4/10/10/10-PM but with lower complexity. A mathematical analysis is produced to show the effect of the LNAs outputs mismatch in terms of gains and phases deviations on the Harmonic Rejection Ratio (HRR). It is important also to discuss the impact of the overlapping clocks on the HRRs in regards to that of the conventional HR-4/10/10/10-PM. The limitations of this architecture with respect to the overlapping phenomena leads to a modified structure for implementation, simply named implemented HR-3/5/10/10-PM, without π -Delayed clocks.

In a second time, a novel architecture (the HR-2/5/5/10-PM) also based on the π -Delayed concept, is introduced. It overcomes the clock overlapping issue of the π -Delayed HR-3/5/5/10-PM structure while keeping the same HR band with a significant improvement on the power consumption due to the reduced number of LNAs required for its implementation. For this architecture, a theoretical study is produced showing the independency of the 3 rd , 5 th and 7 th orders HRRs with respect to the overlapping phenomena. In addition, the impact of the LNAs outputs mismatch in terms of gain and phase deviations is analyzed which demonstrates an improvement in comparison with the previous π-delayed structure.

To overcome the LNAs mismatch effect on the performance of the π -Delayed HR-3/5/5/10-PM and HR-2/5/5/10-PM structures, two novel structures are then proposed which operate with constant gain values. These architectures achieve the same HR band of the conventional HR-3/8/8/8-PM. In the first architecture, the HR band is proportional to the number of clock phases used to drive the mixer while it depends on the duty cycle clock signal range in the second one. They are named π-delayed HR-2/1/15/8-PM and HR-2/1/6/8-PM, respectively. Incidentally, they proves the interest for de-correlating the number of clock phases, 𝑁𝜑, and the harmonic rejection bandwidth, related to 𝐻, justifying the proposed way to classify LNA-first HR-NPMs structures.

π-delayed HR-3/5/5/10-PM

With the conventional HR-Hg/N/𝑁𝜑/H-PMs, for which 𝐻 = 𝑁𝜑 = 𝑁 (HR-Hg/N/N/N-PMs), a large number of branches, 𝐻, is required to reach high rejection. This leads to high VCO frequency, related to the sampling frequency 𝐹 𝑠 = 𝐻. 𝐹 𝐿𝑂 . As 𝐻 = 𝑁 , this also leads to numerous switches and amplifiers. To increase harmonic rejection while keeping a low VCO frequency and without pushing up intricacy, a solution consists in choosing 𝑯 = 𝟐𝑵 where 𝑵 = (𝟐𝒊 + 𝟏) is an odd number of paths.

Principle

The π-delayed HR-3/5/5/10-PM principle is given in Fig. 36 It has to be mentioned that the VCO frequency needed for this π-Delayed architecture is not equal to 2𝑁. 𝐹 𝐿𝑂 but only to 𝑁. 𝐹 𝐿𝑂 which is a great advantage for clock generation and distribution in the IC. Finally, the reduced number of paths leads to lower complexity. As illustrated on Fig. 36, with this solution, the total number of branches to be implemented is only 𝐻 𝑒𝑓𝑓 =6, whereas the total number of switches is 𝑆 𝑤 = 30, to be compared to the 80 switches in Table III for an equivalent HR band obtained through the conventional HR-4/10/10/10-PM. The number of differential gain stages is chosen to be equal to 3 whereas only 2 stages are theoretically needed for 𝑁 = 5 as described in Table I. Let's remember that here 𝐻 = 2𝑁, we are not dealing with a conventional HR-2/5/5/5-PM. As shown in annex 7.2.2, with 2 gain stages, the number of capacitors connected to the LNA output would vary in time depending on the clock signal states. This time varying output load produces unacceptable time varying phase and magnitude mismatches. With three LNAs, the number of capacitors connected to the LNA output is always 1, as shown in annex 7.2.3.

π-delayed HR-3/5/5/10-PM compared with the conventional systems

The π-delayed HR-3/5/5/10-PM achieves an 𝐸𝐹𝐿𝑂 equivalent to one of the conventional HR-4/10/10/10-PM. Theoretically, as expressed by equation [START_REF] Barber | Narrow Band-Pass Filter Using Modulation[END_REF] and given in Table III, the order of the first harmonic that occurs is 9 th . The structure has been simulated with Matlab software in order to validate the harmonic rejection in the case of 𝐻 = 10 ( and so 𝑁 = 5 ) and to provide a comparison with conventional HR-3/8/8/8-PM as in [START_REF] Xu | A Blocker-Tolerant RF Front End With Harmonic-Rejecting N-Path Filter[END_REF]. Simulation results are illustrated on Fig. 37. The first harmonic occurs at 2.7 GHz for an input frequency signal of 300 MHz which corresponds to the 9 th harmonic order. Simulations also confirm that the same University Grenoble Alpes harmonic rejection is reached with 𝐻 = 𝑁 = 10, while the 1 st harmonic occurs at the 7 th order with the conventional HR-3/8/8/8-PM architecture. Table IV summarizes the system complexity and the HR band between the conventional HR-3/8/8/8-PM, HR-4/10/10/10-PM and the proposed π-delayed HR-3/5/5/10-PM structure, such that the presented solution only needs 𝐻 𝑔 °= 3 differential LNAs and 𝑆 𝑤 °= 30 switches whereas the equivalent HR-4/10/10/10-PM standard structure requires 𝐻 𝑔 °= 4 LNAs and 𝑆 𝑤 °= 80 switches. In addition, the frequency response of the π-delayed structure is compared to the standard HR-3/8/8/8-PM which has quite a similar complexity (𝐻 𝑔 °= 3, 𝑆 𝑤 = 48). As expected the 7 th harmonics occurs at 2.1 GHz reducing the system bandwidth as compared to the presented solution. The efficiency 𝜂 1 of the two conventional structures are the same whilst it has been improved with the proposed π-delayed HR-3/5/5/10-PM structure, this ensures also the improvement of the power consumption as discussed previously. Chapter 2
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LNAs mismatch impact

As discussed in [START_REF] Ru | Digitally enhanced software-defined radio receiver robust to out-of-band interference[END_REF], the mismatch between LNAs gain and phase degrades the HRR performance of the HR-3/8/8/8-PMs. Similar to the analysis done in [START_REF] Ru | Digitally enhanced software-defined radio receiver robust to out-of-band interference[END_REF], the same analysis is done on our system to obtain the relation between the HRRs and the LNAs mismatch in terms of gain and phase deviations. The analysis is detailed in the annex 7.3. Only odd harmonics which are affected by gain mismatch (σ A 2 ) and phase mismatch (σ φ 2 ) are discussed in this section, whereas the even harmonics come from differential mismatch. The latter was not studied in this thesis but a common solution was used for the implemented device presented in chapter 3 in order to overcome differential mismatch issues. 𝐻𝑅𝑅 3 , 𝐻𝑅𝑅 5 and 𝐻𝑅𝑅 7 are given in the relations ( 14), ( 15) and ( 16) respectively.

𝐻𝑅𝑅 3 = 𝑠𝑖𝑛 2 (3. 2𝜋 10 
) (3. 𝑠𝑖𝑛 ( 2𝜋 10 
))

2 . Based on the previous equations, HRRs are plotted with Matlab to observe graphically the LNAs mismatch effect. Fig. 38 shows the high phase sensitivity of the HRRs for the 3 rd and 7 th orders. 1% phase error leads to 70 dB HRR3 and HRR7 instead of infinite. Sensitivity to gain error is smaller than the phase one and 5% error gives 90 dB HRR3. We can also notice that the 7 th HRR has a similar behavior with respect to the phase deviation compared with the 3 rd one, whereas the 3 rd HRR is affected by the gain deviation more than the 7 th one. Finally, the equations show that the 5 th harmonic is always rejected whatever the phase and gain errors are, meaning high resilience towards the 5 th harmonic.

𝜎

Overlapping issues

Due to the charges, the time constant τ=R.C and the technology limitations, the rising, 𝑇 𝑟 , and falling, 𝑇 𝑓 , times of the control clocks are not null and their effects must be taken into account. They change the clock duty cycle. As discussed in [START_REF] Andrews | Effects of LO Harmonics and Overlap Shunting on N-Phase PassiveMixer Based Receivers[END_REF], the non-null rising and falling times leads to a phenomenon known as overlapping which is highly critical in HR-NPMs. Clock overlapping produces short between 2 paths at the same time which leads to current leakage between the output capacitors and degrades the fundamental and the HRR. The impact of this phenomena on the HRR of the π-delayed HR-3/5/5/10-PM architecture is discussed in this section. The response of the effective LOs with two different overlapping ranges (supposing that rising and falling times are equal Tr=Tf ) have been evaluated on Matlab and are given on Fig. 41. As observed, in the ideal case, the 1 st harmonic occurs at the 9 th order while increasing the overlapping range affects mainly the 5 th harmonic order. The HRR5 has been degraded more than 45 and 50 dB with 1% and 2% overlapping ranges, respectively. Intuitively, as the effective LO has to look like a pure sine wave as much as possible, there is a general drawback with the π-Delayed HR-3/5/5/10-PM structure because of the concomitance at the top of the curve of two identical samples as shown in Fig. 42 while with the overlapping effect on the HR-4/10/10/10-PM, the effective LO can be more likely identified to a pure sine wave. The high sensitivity of the HRR5 with the overlapping phenomena leads us to modify this architecture.

Discussion

A novel architecture of harmonic rejection N-Ptah mixers, based on a π-delayed structure, has been introduced in this section with an improvement in the system complexity and HR band. For the same gain stages number as in the HR-3/8/8/8-PM, the 1 st harmonic in the effective LO response occurs at the 9 th order in the π-delayed HR-3/5/5/10-PM, while with the conventional HR-3/8/8/8-PM the 1 st harmonic occurs at the 7 th .

In addition, effect of the LNAs outputs mismatch in terms of gain and phase deviations on the HRR of the 3 rd , 5 th and 7 th harmonic orders has been studied and formulated. This study shows an independency of the HRR of the 5 th order with the deviations in gain and phase errors, while the 3 rd and 7 th orders are degraded as the deviation increases. However, the overlapping phenomena study on the π-Delayed structure, brought to the fore its strong impact on the 5 th HRR, while the 3 rd and 7 th are not affected.

Implemented HR-3/5/10/10-PM

The previous proposed π-delayed HR-3/5/5/10-PM architecture shows an improvement in the complexity and in the HR band but this structure is not suitable for implementation due to its sensitivity to overlapping phenomena. To overcome the overlapping issue, a modified architecture, called HR-3/5/10/10-PM, has been proposed for implementation. This structure still relies on the conventional HR-4/10/10/10-PM architecture but with only 5 paths implementation and only 3 LNAs instead of 4 ones. Fig. 43 shows the schematic representation of the implemented structure with singular form, such that it is composed from 5 paths with 2π/5 phase shift between consecutive paths. Each path consists of 8 switches followed by 3 differential LNAs with gain series 1:1.62:1 in order to generate the effective LO of the conventional HR-4/10/10/10-PM structure. As the LO phases needed with this structure are 10, with a duty-cycle equal to 1/10, instead of 5 in the πdelayed HR-3/5/5/10-PM where the duty cycle is equal to 1/5, at each path, the imperfection on switches driving signals is affecting twice the 1.62 gain, as in a conventional HR-4/10/10/10-PM. Meanwhile, a constant LNA load over all the mixer states is maintained, as presented in annex 7.2.4. Anyway, this structure suffers from differential mismatch since the positive output of a LNA can be high Z while the negative is loaded by a capacitor. To avoid common-mode issues, a fully differential structure is chosen for final implementation that will be presented and discussed in the next chapter.

π-delayed HR-2/5/5/10-PM

With HR-3/5/10/10-PM, the issue of overlapping is solved but we lose the advantage of using a clock running at half the value of a conventional structure. To take the advantage of a π-delayed structure, another architecture is proposed. The HR-2/5/5/10-PM, also based on the π-delayed concept, is introduced to overcome the overlapping issue while keeping the same HR band. For this structure, the rejection of 3 rd , 5 th and 7 th order harmonics is resilient to overlapping. In addition, the impact of the LNAs outputs mismatch in terms of gain and phase deviations is reduced in comparison with the previous π-delayed HR-3/5/5/10-PM structure.

Principle

In the proposed architecture, the effective LO generation is based on the π-delayed clock signals 𝑆 ℎ + and 𝑆 ℎ -as shown on Fig. 44. The idea is illustrated with five paths but could be extended as well with any HR-Hg/N/Nφ/H-PM as long as 𝑯 = 𝟐𝑵 where 𝑵 = (𝟐𝒊 + 𝟏) is an odd number of paths, and 𝑵𝝋 = 𝑵. The difference between this structure and the previous one is only the way of generating the 𝑒𝑓𝑙𝑜 + (𝑡) and 𝑒𝑓𝑙𝑜 -(𝑡).

The 𝑒𝑓𝑙𝑜 + (𝑡) is a sampled version of sine wave with 5 samples (summarized in Table III). The 1 st harmonic in the 𝑒𝑓𝑙𝑜 + (𝑡) occurs at the 4 th and 6 th orders (folded harmonics). The 𝑒𝑓𝑙𝑜 -(𝑡) spectrum contains 4 th and 6 th order harmonics having the same magnitude as 𝑒𝑓𝑙𝑜 + (𝑡) but with an opposite phase, such that the combination of the 𝑒𝑓𝑙𝑜 + (𝑡) and 𝑒𝑓𝑙𝑜 -(𝑡) will suppress these harmonics. As a consequence, the first harmonic will occur at the 9 th order in the response of 𝑒𝑓𝑙𝑜(𝑡). Each path is now achieved through a network of 8 switches so that each LNA sees 2 capacitors at the same time, and this whatever the mixer state, as presented in annex 7.2.5. Thanks to this new approach, the complexity is now decreased in terms of the number of gain stages, at the very little expense of a larger number of switches, which does not account for power consumption. As a general way, as 𝐻 = 2(2𝑖 + 1), the number of differential gain stages, 𝐻 𝑔 , will be equal to only 

𝐻 𝑒𝑓𝑓 2 ⁄ = 𝑖 = (𝐻 2 ⁄ -1) 2 ⁄ .
𝑆 𝑤 = 2. 𝐻 𝑒𝑓𝑓 . 𝑁 = 4. 𝐻 𝑔 . 𝑁 for even 𝐻 = 2(2𝑖 + 1) (17b)
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LNAs mismatch impact

The same analysis done in section 3.1.3 is presented in this section in order to observe the effect of the LNAs mismatch in terms of gain and phase error deviations on the HRRs. The details of the theoretical analysis are given in annex 7.4 whereas only the results will be shown in this section.

The final expressions of the HRR relations for the 3 rd , 5 th and 7 th harmonics with respect to gain and phase error deviations have been expressed as follows:

𝐻𝑅𝑅 3 = 𝑠𝑖𝑛 2 (3. 2𝜋 10 
) (3. 𝑠𝑖𝑛 ( 2𝜋 10 
))

2 .

[ 

))

2 .

[1.845 𝜎 𝐴 2 + 105,571

𝜎 𝜑 2 ] [2𝐺 2 + 1 2 ] 2 (20) 
These relations have been carried out and compared with the previous π-Delayed HR-3/5/5/10-PM structure relatively to the gain and phase standard deviations using Matlab. As for the π -delayed HR-3/5/5/10-PM, there is no impact on the 5 th harmonic. The impact of the gain and phase deviations on the 3 rd and 7 th HRR of the presented HR-2/5/5/10-PM is quite the same as for the π -delayed HR-3/5/5/10-PM, as shown in Fig. 45. In practice, impact of the gain standard deviation is slightly deteriorated while the impact of the phase standard deviation is slightly improved.
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Overlapping issues

In this section, the impact of the overlapping phenomena is analyzed on the π-delayed HR-2/5/5/10-PM architecture and a comparison with the conventional HR-3/8/8/8-PM, HR-4/10/10/10-PM and π-delayed HR-3/5/5/10-PM is produced. Fig. 46 compares the ideal 𝑒𝑓𝑙𝑜(𝑡) with an 𝑒𝑓𝑙𝑜(𝑡) modified due to control signal overlapping. As compared to the π-delayed HR-3/5/5/10-PM, the distance between the two top spikes is not related anymore to a T/5 time; on the contrary it came back to a T/10 time as for conventional HR-4/10/10/10-PM (see Fig. 42), thus relaxing the constraint of overlapping on 𝐻𝑅𝑅 5 . The frequency response of the HR-2/5/5/10-PM is given in Fig. 47 for two different overlapping ranges (1% and 2%). It shows that the HRR of the 3 rd , 5 th and 7 th order harmonics is not modified by overlapping phenomena. 

Discussion

Table V compares the performance of the π -delayed HR-2/5/5/10-PM with the previously presented structures and the conventional ones. It shows how the complexity is reduced while the HR band is maintained. In addition, the resilience to overlapping effect is emphasized. Finally, the efficiency 𝜂 1 of the presented HR-2/5/5/10-PM structure is twice the conventional HR-3/8/8/8-PM and HR-4/10/10/10-PM structures, where it has been improved about 1.3 in comparison with the previous π-delayed HR-3/5/5/10-PM. Due to its reduced power consumption while increasing RF-front-end bandwidth, this structure fully deserves future implementation. The effect of the LNAs gain and phase mismatch on the 𝐻𝑅𝑅 of the π-delayed structures have been expressed in sections 3.1.3 and 3.3.2 while demonstrated in annexes 7.3 and 7.4, respectively. These mismatches lead to the degradation of the HRRs for theses 2 different structures. As a general rule, they also affects the conventional HR-Hg/N/N/N-PM as shown in [START_REF] Ru | Digitally enhanced software-defined radio receiver robust to out-of-band interference[END_REF]. This effect is mainly due to the need for LNAs having different gain involving mismatching issues. The mismatch comes from the technology limitations, layout parasitic, variability due to the temperature effects, etc… Reducing phase and magnitude impairment at the LNA output is a hard issue and implies tuneable systems. In addition, the LNAs consume the largest part of the budget in LNA-first NPM receivers. All these reasons led us to study a new architecture, the π-delayed HR-2/1/15/8-PM, having only 2 LNAs with the same gain level (GR=1) to alleviate mismatching effect and reduce power consumption.

Principle

Since the even harmonics can be rejected by using differential structure and because a square signal with 1/3 duty cycle rejects the third harmonic order, the effective LO 𝑒𝑓𝑙𝑜 𝑎 (𝑡) with 1/3 duty cycle, based on a differential structure, as shown in Fig. 49, rejects the 2 nd , the 3 rd and the 4 th harmonics. 𝑒𝑓𝑙𝑜 𝑎 (𝑡) = 𝑜𝑙 𝑠 (𝑡) * 𝑔(𝑡) [START_REF] Lu | A 4 th Order N-Path Filter in 40nm CMOS with Tunable Gm-C Stage and Reduced Center-Frequency Offset[END_REF] From 𝑜𝑙 𝑠 (𝑡), which can be expressed as follows:

𝑜𝑙 𝑠 (𝑡) = 𝑐𝑜𝑠(𝜔 𝐿𝑂 𝑡). ∑ 𝑖=-∞ +∞ 𝛿(𝑡 -𝑖𝑇 𝑠 ) (22)
𝑒𝑓𝑙𝑜 𝑎 (𝑡) can be rewritten as:

𝑒𝑓𝑙𝑜 𝑎 (𝑡) = 𝑐𝑜𝑠(𝜔 𝐿𝑂 𝑡) ∑ 𝑖=-∞ +∞ 𝛿 (𝑡 -𝑖 𝑇 𝐿𝑂 2 ) * 𝑔(𝑡) ( 23 
)
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From ( 21), 𝐸𝐹𝐿𝑂 𝑎 can be expressed as follows:

𝐸𝐹𝐿𝑂 𝑎 (𝑓) = 𝑂𝐿 𝑆 (𝑓). 𝐺(𝑓).

(

) 25 
Knowing that the Fourier transform of 𝑔(𝑡) is a sine cardinal function expressed as follows:

𝐺(𝑓) = 1 3𝐹 𝐿𝑂 𝑠𝑖𝑛𝑐 ( 𝜋𝑓 3𝐹 𝐿𝑂 ) ( 26 
)
then the expression of 𝐸𝐹𝐿𝑂 𝑎 is:

𝐸𝐹𝐿𝑂 𝑎 (𝑓) = 𝐹 𝑆 2 1 3𝐹 𝐿𝑂 𝑠𝑖𝑛𝑐 ( 𝜋𝑓 3𝐹 𝐿𝑂 ) ∑ 𝑖=-∞ +∞ (𝛿(𝑓 -𝑖𝐹 𝑠 ± 𝐹 𝐿𝑂 )) ( 27 
)
𝐸𝐹𝐿𝑂 𝑎 is plotted in Fig. 50 with 𝐹 𝑠 = 2. 𝐹 𝐿𝑂 . As expected, the 2 nd , the 3 rd and the 4 th harmonics are rejected. It is possible to reject the 5 th harmonic by combining 𝑒𝑓𝑙𝑜 𝑎 (𝑡) with a signal having the same fundamental but an opposite 5 th harmonic. This signal (𝐸𝐹𝐿𝑂 𝑏 ) is simply 𝐸𝐹𝐿𝑂 𝑎 multiplied by a complex exponential having a period equal to 10. 𝐹 𝐿𝑂 as shown below:

𝐸𝐹𝐿𝑂 𝑏 (𝑓) = 𝐸𝐹𝐿𝑂 𝑎 (𝑓). 𝑒 - 2𝑖𝜋𝑓 10𝐹 𝐿𝑂
⟹ 𝐸𝐹𝐿𝑂 𝑏 (5𝐹 𝐿𝑂 ) = 𝐸𝐹𝐿𝑂 𝑎 (5𝐹 𝐿𝑂 ). 𝑒 -𝑖𝜋 = -𝐸𝐹𝐿𝑂 𝑎 (5𝐹 𝐿𝑂 ) [START_REF] Borremans | A 0.9 V low-power 0.4-6 GHz linear SDR receiver in 28 nm CMOS[END_REF] Applying the delay property of the Fourier transform we can express 𝑒𝑓𝑙𝑜 𝑏 (𝑡) as: It is important to note that the same effective LO could be generated by using a 1/5 dutycycled differential signal, shifted by 𝑇 𝐿𝑂 /6 as shown in Fig. 52. Only the schematic representation has been provided as the demonstration stays similar to that of Fig. 51.
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Ali ALSHAKOUSH 57 University Grenoble Alpes Whatever the duty-cycle used (1/3 or 1/5) the number of differential phase clock necessary to implement this effective LO is 15. However, when achieved from a 1/5 duty-cycled signal with 𝑇 𝐿𝑂 /6 phase shift, the effective LO only needs 12 switches per path (𝑆 𝑤 = 2 × 6) instead of 20 switches per path in the case of 1/3 duty-cycled signal with 𝑇 𝐿𝑂 /10 phase shift (𝑆 𝑤 = 2 × 10). Another important point: the architecture has been proposed with only one single path. The number of implemented paths depends on the application requirements, the maximum implementable paths, taking advantage of the 15 phases and without any additional job on clocks, being 15. Last but not least, the π-delayed HR-2/1/15/8-PM is inherently a π-delayed structure. In fact, both 𝑒𝑓𝑙𝑜 𝑎 (𝑡) and 𝑒𝑓𝑙𝑜 𝑏 (𝑡) are based on π-delayed clocks. On the basis of Fig. 52, in order to address 𝑒𝑓𝑙𝑜 𝑎 (𝑡), 3 consecutive clocks of width 𝑇 𝐿𝑂 /15 are being connected to the + branch of the LNA of gain 1 while the 3 consecutive corresponding π-delayed clocks of width 𝑇 𝐿𝑂 /15 are being connected to itscounterpart. In order to address 𝑒𝑓𝑙𝑜 𝑏 (𝑡), the same observation is made, with a phase-shift of 𝑇 𝐿𝑂 /6. By the end, the 10 necessary driving signals per path are represented on Fig. 53. As the structure relies two identical gains, there is no need to study the LNAs mismatch impact. Overlapping issues are then developed directly.

Overlapping issues

Overlapping, as already stated, has a strong impact on the performances on N-path mixers. Because of the numerous involved phases in this precise architecture, it is even more important to check the π-delayed HR-2/1/15/8-PM structure sensitivity to this phenomenon. The overlapping will be checked for different overlapping ratios: 1 and 2%. To observe the overlapping impact on the HRRs of the π-delayed HR-2/1/15/8-PM, the responses of the 3 effective LOs waveforms of Fig. 54 are simulated with Matlab and given in Fig. 55. The 3 rd and 5 th harmonics orders are not affected by the overlapping which shows that this structure is quite resilient to this phenomenon. 

Discussion

The π-delayed HR-2/1/15/8-PM with two identical gains has been proposed and analyzed in order to avoid the effect of the LNAs outputs mismatch. Only one path has been proposed. It is well known that QAM modulation schemes are very common and of course with 1 path it is not possible to recover 𝐼 and 𝑄 signals directly on paths as it is the case for the conventional HR-3/8/8/8-PM. In section 4.2, a solution has been provided in order to recover I and Q signals by combining adequately 3 paths over the 5 in the case of the HR-2/5/5/10-PM. By the way there exists solutions to get those signals after analog-to-digital conversion from only 1 path, which seems the simpler way. Table VI summarizes the performance comparison of this structure with the conventional HR-3/8/8/8-PM. With the same HR band, our architecture shows a lower complexity with an efficiency 𝜂 1 equal to 3 instead of 2. In addition, this architecture is resilient to equally split overlapping phenomena. The price to pay is the increase of clock phases, keeping in mind that this architecture is a π-delayed one. The previous π-delayed HR-2/1/15/8-PM architecture achieves the same HR band of the conventional HR-3/8/8/8-PM with no need for gain ratio, which is an important advantage to reduce the LNAs mismatch effects on odd harmonics as discussed before. By the way, to build the HR-2/1/15/8-PM, one has to design a local oscillator with 15 phase shifts, which increases finally the complexity of the total system and should impact power consumption by the end. In the case of HR-2/1/15/8-PM, some clock generation architectures are not possible such as the ring counter based on transmission-gates TG Flip-Flops FF proposed in [START_REF] Ru | Digitally enhanced software-defined radio receiver robust to out-of-band interference[END_REF], [Fig. 12]. In this case, the input control signal (Master clock) frequency might be multiplied by 15, which leads to very high operating frequencies. Other clock generation structures must be considered which reduces the possible solutions for this approach. One solution, based on self-time ring oscillators (STRO) will be provided in chapter 3, last section. This section 3.5 aims at providing a solution overpassing the drawbacks of the π-delayed HR-2/1/15/8-PM by considering a lower number of phases without the need for different gain values. It will be shown that this new architecture requires 6 phases which classically enables to drive 6 paths, as in the HR-2/6/6/6-PM of Table III. As previously explained in the former section, we can consider only one path which should be suitable for any QAM modulation techniques. Our structure is symbolized by HR-2/1/6/8-PM. Its principle is explained first, with insight on various possible clocks duty cycle, then overlapping issues are considered and finally a small discussion is committed on advantages and drawbacks.

Principle

It is very interesting to note, on the basis of Fig. 52 and Fig. 53, that achieving the 𝑒𝑓𝑙𝑜(𝑡) of Fig. 52 Let's consider now the implementation of Fig. 57. By using 4 driving signals per path, it is possible to reconstitute the exact 𝑒𝑓𝑙𝑜(𝑡) of Fig. 52, exactly as it was the case for the π-delayed HR-2/1/15/8-PM. So that the harmonic rejection will also be the same, rejecting up to the 6 th harmonic. It is time now to make a small remark concerning signals 𝑆 4 , 𝑆 5 , 𝑆 6 that are π-delayed versions of 𝑆 1 , 𝑆 2 , 𝑆 3 . Why the present architecture is not a π-delayed one? The reason is that 𝑆 1 , 𝑆 2 , 𝑆 3 do not enable to achieve the entire period 𝑇 𝐿𝑂 . It is necessary to consider the 6 driving signals set for that purpose. Hence the HR-2/1/6/8-PM is inherently not a π-delayed structure. By considering the same assumptions as previously there is no need to study the LNAs mismatch impact (as a reminder, close LNAs on the IC and so no mismatch effect on the odd harmonics, fully differential implementation as it will be shown in chapter 3 and so no mismatch effect on the even harmonics). Overlapping issues are now being considered.

Overlapping issues

This structure lies on clocks overlapping. We need to consider here the impact of having some errors on duty cycle, exactly as previously (see Fig. 39 for a reminding of the definition: 𝜀. 𝑇 𝐿𝑂 is added to the theoretical ON-time period of the clock signal driving the switch). By the end, the final overlapping is not the targeted one but can be larger or smaller. To observe the clocks impact on the HRRs of the HR-2/1/6/8-PM, the responses of the 2 effective LOs waveforms of Fig. 59 (the one with 𝑇 𝐿𝑂 5 ⁄ and the one with 2𝑇 𝐿𝑂 5 ⁄ are simulated with Matlab and given in Fig. 60). As shown in Fig. 60, the architectures with 1/5 and 2/5 duty cycles are sensitive to the clocks overlapping phenomena, the 5 th order is degraded as the overlapping range increases. University Grenoble Alpes 

Discussion

In this section a simple architecture HR-2/1/6/8-PM has been proposed which has the same HR band of the conventional HR-3/8/8/8-PM structure with only 2 identical gain stages. The counterpart comes from the need of 6 phases with duty-cycle of 1/5, showing a phase-shift equal to 𝑇 𝐿𝑂 6 ⁄ between them, corresponding to an overlapping of 𝑇 𝐿𝑂 30 ⁄ between two consecutive phases. In order to build our proposed system HR-2/1/6/8-PM, a LO generator with tuneable duty-cycle is necessary. Some researches on high frequency, wide tuning range and low power supply Ring Voltage Controlled Oscillators VCOs were introduced in [START_REF] Parvizi | LowPower High-Tuning Range CMOS Ring Oscillator VCOs[END_REF] or [START_REF] Reddy | 0.4V CMOS based Low Power Voltage Controlled Ring Oscillator for Medical Applications[END_REF]. Our structure needs tuning on both duty cycle and frequency range. Typically [START_REF] Ngyen | A Wide Frequency Range and Adjustable Duty Cycle CMOS Ring Voltage Controlled Oscillator[END_REF] focuses on how tuning the duty-cycle and the frequency of the VCOs independently and could be used for the implementation of this architecture. The performance of the HR-2/1/6/8/PM will be compared to other structures in a final subsection 3.6, showing the pros and cons of the various studied architectures.

Comparison between the various proposed HR-NPM architectures

Several architectures of HR-Hg/N/Nφ/H-PM have been proposed. They can be grouped in two categories. Architectures that reject up to the 8 th harmonics and ones that reject up to the 6 th harmonics. The purpose of these topologies is to decrease the system complexity for low power consumption applications. For architectures that reject up to the 8 th harmonic, the system complexity has been improved with π-delayed HR-3/5/5/10-PM compared with the conventional HR-4/10/10/10-PM, such that the LNAs and switches number have been reduced. However, this structure faces troubles with the overlapping clocks phenomena. In order to overcome the overlapping issue, the modified structure HR-3/5/10/10-PM with 5 paths has been implemented such that the HR band achieved by this structure is the same of the π-delayed HR-3/5/5/10-PM. The physical implementation of this structure will be discussed in the next chapter. Then, the HR-2/5/5/10-PM has been proposed in order to avoid the overlapping issue while reducing even more the system complexity as compared to the previous one. The number of LNAs necessary to build this architecture is only 2 decreasing the system power consumption since the complexity of the digital control blocs is slightly the same.

Whatever the structure among the 3 proposed ones, they need for different gain values. Yet, the use different gain LNAs leads to mismatch in the gain and phase, which also leads to degradation of the HR band.

The issue of LNAs outputs mismatch have been solved with the HR-2/1/15/8-PM structure, since this structure operates with a double gains of gain ratio equal 1. However, this structure needs 15 clocks phases to operate which is an issue with some LO generators. To solve this issue, a simplest architecture has been proposed through the HR-2/1/6/8-PM. Here the control clocks duty cycle is modified to avoid the use of 15 phases nor different LNA gain stages. The constraint here is reported on the duty-cycle. Anyway ring oscillators with tuneable duty-cycle have already been reported in the literature. The HR band achieved by these 2 structures is the same of the conventional HR-3/8/8/8-PM.

Post processing algorithms for harmonic rejection N-Path mixers

In the previous section we observed that, in conventional structures, the harmonic rejection is related to the sampling frequency (related to the oscillator frequency) of the effective LO. The higher the 𝐻, the closer to pure sine wave the effective LO. In many conventional approaches, 𝐻 equals the number of path (𝑁) and the HR band is confusedly related to 𝑁. However, high 𝐻 can be combined with low 𝑁 for sake of simplicity. Also, is was demonstrated that a smart combination of the number of driving signals with an adequate duty cycle was enabling to generate an equivalent sampling also leading to high harmonic rejection.

The number of paths 𝑁 is related to the equivalent filter performance we could consider at the output of each LNA if interested by filtering performance (Q-factor of this filter is linearly proportional to 𝑁). In addition, 𝑁 gives other interesting properties to the system. Especially, it allows the generation of phase shifted replica of the received signal. Then, N-Path mixer with 𝐻 = 𝑁𝜑 = 𝑁 = 2 𝑛 , 𝑛 ≥ 1 intrinsically carries 𝐼 and 𝑄 information. Finally, when 𝑛 ≥ 1, additional information exists in the different paths giving the opportunity for advanced processing such as image rejection algorithm. An image rejection algorithm for conventional HR-3/8/8/8-PM architecture is thus proposed.

When the number of paths is different from 2 𝑛 , the 𝐼 and 𝑄 signals are not directly available at the mixer outputs and must be retrieved. To this end, an algorithm to get 𝐼 and 𝑄 signals in 5-Path mixers is also proposed.

Image Rejection of the HR-3/8/8/8-PM

As conventional mixers, HR-Hg/N/Nφ/H-PM suffer from image frequency, and image noise, as represented in Fig. 61. However, HR-3/8/8/8-PM contains shifted replica of the signal which can be used for image rejection as demonstrated here. To eliminate the image response of the 𝐸𝐹𝐿𝑂, an analysis is done based on the combination between the IF outputs of the HR-3/8/8/8-PM structure. The wanted signal and its image for the QAM technique is expressed below: 𝑉 𝐼𝑛,𝑤𝑎𝑛𝑡𝑒𝑑 = 𝑐𝑜𝑠((𝜔 𝐿𝑂 + 𝜔 𝐼𝐹 ). 𝑡) . 𝐼(𝑡) + 𝑠𝑖𝑛((𝜔 𝐿𝑂 + 𝜔 𝐼𝐹 ). 𝑡) . 𝑄(𝑡) [START_REF] Xu | A Blocker-Tolerant RF Front-end With Harmonic-Rejecting N-Path Filter[END_REF] Chapter 2

Ali ALSHAKOUSH 67 University Grenoble Alpes 𝑉 𝐼𝑛,𝑖𝑚𝑎𝑔𝑒 = 𝑐𝑜𝑠((𝜔 𝐿𝑂 -𝜔 𝐼𝐹 ). 𝑡) . 𝐼(𝑡) + 𝑠𝑖𝑛((𝜔 𝐿𝑂 -𝜔 𝐼𝐹 ). 𝑡) . 𝑄(𝑡) [START_REF] Bagheri | An 800-MHz-6-GHz software-defined wireless receiver in 90nm CMOS[END_REF] where 𝐼(𝑡) and 𝑄(𝑡) are the In-phase and Quadrature information, respectively.

Then the output voltage signal at the 𝑖 𝑡ℎ path of the HR-3/8/8/8-PM for the 𝐼𝑄 received signal can be expressed as follows:

𝑉 𝑜𝑢𝑡,𝑖 = 𝐿𝑃𝐹[𝑉 𝐼𝑛,𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑 (𝑡). 𝑒𝑓𝑙𝑜 𝑖 (𝑡)] [START_REF] Lerstaveesin | A 48-860 MHzCMOS low-IF directconversion DTV tuner[END_REF] where 𝑉 𝐼𝑛,𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑 (𝑡) is the received signal voltage and it may be the wanted 𝑉 𝐼𝑛,𝑤𝑎𝑛𝑡𝑒𝑑 or its image 𝑉 𝐼𝑛,𝑖𝑚𝑎𝑔𝑒 , and 𝑒𝑓𝑙𝑜 𝑖 (𝑡) is expressed in [START_REF] Li | A single-chip CMOS front-end receiver architetcure for multi-standard wireless applications[END_REF]. 𝐿𝑃𝐹[𝑉 𝐼𝑛,𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑 (𝑡). 𝑒𝑓𝑙𝑜 𝑖 (𝑡)] stands for low-pass filtering of the product of 𝑉 𝐼𝑛,𝑟𝑒𝑐𝑒𝑖𝑣𝑒𝑑 (𝑡) by 𝑒𝑓𝑙𝑜 𝑖 (𝑡). 𝑒𝑓𝑙𝑜 𝑖 (𝑡) can be expressed also as the following relation in terms of Fourier series coefficients:

𝑒𝑓𝑙𝑜 𝑖 (𝑡) = ∑ [𝐴 1,𝑖 . 𝑐𝑜𝑠(𝑛. 𝜔 𝐿𝑂 . 𝑡) + 𝐵 1,𝑖 . 𝑠𝑖𝑛(𝑛. 𝜔 𝐿𝑂 . 𝑡)] ∞ 𝑛=-∞ (33)
where 𝐴 1,𝑖 and 𝐵 1,𝑖 are the effective Fourier series coefficients at each path which can be expressed as the follow:

𝐴 1,𝑖 = 𝑎 1,𝑠 + √2. 𝑎 1,𝑠+1 + 𝑎 1,𝑠+2 -𝑎 1,𝑠+4 -√2. 𝑎 1,𝑠+5 -𝑎 1,𝑠+6 𝐵 1,𝑖 = 𝑏 1,𝑠 + √2. 𝑏 1,𝑠+1 + 𝑏 1,𝑠+2 -𝑏 1,𝑠+4 -√2. 𝑏 1,𝑠+5 -𝑏 1,𝑠+6
Note that 𝑎 1,𝑠 and 𝑏 1,𝑠 are the Fourier series coefficients of the 𝑠 𝑡ℎ sample and 𝑠 = [1:8].

Then the output voltage signal at each 𝑖 𝑡ℎ path of the HR-3/8/8/8-PM for the wanted and image input signals is expressed as the following: 36), [START_REF] Klumperink | N-path filters and Mixer-First Receivers: A Review[END_REF] and the coefficients values expressed in Table VIII, then the 4-step analysis below is followed to emphasize the criteria to eliminate the image signal. At each step the overall wanted and image signal voltages are expressed.

𝑉 𝑜𝑢𝑡,𝑤𝑎𝑛𝑡𝑒𝑑,𝑖 = 𝐿𝑃𝐹[𝑉 𝐼𝑛,𝑤𝑎𝑛𝑡𝑒𝑑 (𝑡). 𝑒𝑓𝑙𝑜 𝑖 (𝑡)] = 𝐿𝑃𝐹 {[𝑐𝑜𝑠((𝜔 𝐿𝑂 + 𝜔 𝐼𝐹 ). 𝑡) . 𝐼(𝑡) + 𝑠𝑖𝑛((𝜔 𝐿𝑂 + 𝜔 𝐼𝐹 ). 𝑡) . 𝑄(𝑡)]. ∑ [𝐴

 1 st step:

The output voltages of the 1 st , 2 nd and 3 rd paths are added together while the 4 th one is subtracted to get the following results:  2 nd step:

The output voltages of the 6 th , 7 th and 8 th paths are added together while the 5 th one is subtracted to get the following results:  3 rd step:

The result of the 2 nd step is shifted by 90° as shown in ( 42) and ( 43):  4 th step:

𝑉 𝑜𝑢𝑡,
The results of the 1 st step is subtracted from the result of the 3 rd step to get the overall output voltage signal:

𝑉 𝑜𝑢𝑡,[6+7+8-5],90 -𝑉 𝑜𝑢𝑡,[1+2+3-4]
Then:

𝑉 𝑜𝑢𝑡,𝑤𝑎𝑛𝑡𝑒𝑑 = 𝑠𝑖𝑛(𝜔 𝐼𝐹 . 𝑡) . 𝐼(𝑡). 𝑀 -𝑐𝑜𝑠(𝜔 𝐼𝐹 . 𝑡) . 𝑄(𝑡). 𝑀 [START_REF] Ngyen | A Wide Frequency Range and Adjustable Duty Cycle CMOS Ring Voltage Controlled Oscillator[END_REF] 𝑉 𝑜𝑢𝑡,𝑖𝑚𝑎𝑔𝑒 = 𝑧𝑒𝑟𝑜 [START_REF] Andrews | A Passive Mixer-First Receiver With Digitally Controlled and Widely Tunable RF Interface[END_REF] Chapter 2
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IQ reconstruction of the π-delayed HR-2/5/5/10-PM

The use of the communicational algorithm such as FM, AM, PM, QAM, …, depends on the application requirements, each one has its pros. and cons, the most popular communicational algorithm used is the QAM one, based on quadrature signals, which is a versatile technique for extracting information from amplitude, frequency and phase-modulated waveforms. Quadrature signals, also called IQ signals, IQ data or IQ samples, are often used in RF applications. They form the basis of complex RF signal modulation and demodulation, both in hardware and in software, as well as in complex signal analysis.

The block diagram of Fig. 64 shows the generic IQ QAM modulator and demodulator system blocks. Generally, the QAM demodulator is very much the reverse of the QAM modulator. The signal enters the conventional receiver, it is split in two and each half signal is applied to a mixer input. One half has the in-phase 𝐼(𝑡) local oscillator applied and the other half has the quadrature 𝑄(𝑡) oscillator signal applied on the other mixers input. For these reasons, we will suppose that the received data of our system are based on the 4-QAM technique. Our proposed analytical criteria to demodulate and to reconstruct the received data will be applied to the π-delayed HR-2/5/5/10-PM system that has been presented in section 3.3. The attention was paid on this architecture as it requires only two gain stages in order to achieve harmonic rejection till the 8 th one included, that is to say one the most interesting architecture.

With the conventional 4-PM or HR-3/8/8/8-PM architectures, the IQ information can be easily provided directly from the output capacitors. Chapter 2
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The constellation diagram and the way to retrieve it when dealing with the HR-3/8/8/8-PM 8 phases is shown in Fig. 66. The 𝐼 can be directly extracted from the 1 st path (total projection on I-axis) and the 𝑄 from the 3 rd path (total projection on Q-axis). By considering differential signals, 1 st , 3 rd , 5 th , and 7 th paths should provide 𝐼 + , 𝑄 + , 𝐼 -, 𝑄 -, respectively. Meanwhile, our proposed HR-2/5/5/10-PM architecture only offers 𝑁 = 5 paths (𝑁 ≠ 2 𝑛 , no symmetry). The IQ reconstruction has to be achieved by combining the mixer outputs in an accurate way. Firstly, the output signals at each path of the HR-2/5/5/10-PM can be expressed as in any QAM modulation format as follows:

𝑉 𝑜𝑢𝑡,𝑖 = 𝐼(𝑡). 𝐴 1,𝑖 + 𝑄(𝑡). 𝐵 1,𝑖 [START_REF] Un | Analysis and Design of Open-Loop Multiphase Local-Oscillator generator for wireless applications[END_REF] Where the effective Fourier coefficients 𝐴 1,𝑖 and 𝐵 1,𝑖 of each 𝑖 𝑡ℎ path of the HR-2/5/5/10-PM are displayed in Table IX. Its constellation diagram is shown in Fig. 67.a. 

Conclusion on data processing

IQ and Image Rejection (IR) mixer systems use similar circuitry to solve two different fundamental problems in communications and signal processing. IQ mixers address the problem of maximizing information transmission by allowing the user to modulate both the inphase 𝐼(𝑡) and quadrature 𝑄(𝑡) components of a carrier simultaneously, multiplexing two signals with the carrier one. Image Rejection (IR) mixers allow a user to select a signal in a crowded signal environment while suppressing the adjacent image signal, relaxing receiver filtering requirements. In the 1 st part of this section, an IR algorithm has been proposed for the conventional HR-3/8/8/8-PM architecture, such that by making a smart combination between the 8 output voltage signals with adding 90° phase shifter, the input image signal will be rejected whereas the carrier one only will be mixed. After that, the IQ reconstruction criteria from the proposed HR-2/5/5/10-PM structure, that has been proven to a very interesting architecture, has been discussed and studied analytically in the 2 nd part of this section. The smart combination between outputs leads to extract the IQ information but with a small amplitude mismatch between I and Q has shall be compensated afterwards.

Conclusion

In this chapter, we reminded, explained and theorized the conventional architecture for wide band receiver to solve the local oscillator harmonic rejection problems. Referring to the 𝑒𝑓𝑙𝑜(𝑡) waveform, it is intuitive to expect that a better approximation to a sine wave with more sampling points results in the cancellation of more harmonics. We emphasized that sampling is the key factor and not the number of paths. We identified the trends in the architecture evolution to lower system complexity and power consumption. By accurately combining the driving signals enabling switches from differential LNAs branches, by tuning the duty cycle of those clocks signals, we proposed smart harmonic rejection schemes. A generic name was given to consider complexity in terms of gains, paths, phases and sampling: the HR-Hg/N/Nφ/H-PM.

In practice, 5 novel HR-Hg/N/Nφ/H-PM architectures have been studied, in order to improve step by step the occurring issues that could be encountered. Among these, the 1 st one is showing some overlapping issues that can be overcome thanks to a slight change in the driving signals. This 2 nd architecture has been implemented and will be detailed in chapter 3. Then a 3 rd architecture reduces consumption even more while keeping the same harmonic rejection till the 8 th harmonic included, which is good for SDR systems. The 3 proposed architectures suffer, as any conventional HR-NPM, and more or less with the same impact, from LNAs mismatch. This is the reason why some investigations were put towards clocks phases and their duty cycling while keeping identical gains. 2 architectures were proposed, the 4 th and 5 th , comparable in terms of harmonic rejection to the conventional HR-8PM (namely HR-3/8/8/8-PM in this thesis). The 4 th one needs a huge number of clock phases, 15. In order to prove the feasibility, a specific approach for clock generation will be implemented in chapter 3. Finally, the 5 th one avoids this issue by better optimizing the clock duty cycle signals.

The maximum number of paths that can be achieved through a NPM is equal to the number of phases. Our proposed architectures do not necessarily present identical number of paths, phases and samples as in conventional ones. In particular, the 3 first ones demonstrate 5 paths. An IQ extraction criteria for the proposed π-delayed HR-2/5/5/10-PM has been analytically studied whereas the 𝐼(𝑡) and 𝑄(𝑡) information can be extracted by combining 3 over the 5 output path volatges followed by a small gain mismatch compensation. In the last section, also, the image rejection concept has been theoretically studied on the conventional HR-3/8/8/8-PM. By proposing a combination between the 8 outputs, the image input signal can be rejected.

For future, many work may be faced as the physical implementation of the π-delayed HR-2/5/5/10-PM and the duty cycled HR-2/1/6/8-PM. Algorithms for image rejection as well as IQ recovery for the 3 implemented architectures (actual π-delayed HR-3/5/10/10-PM, future πdelayed HR-2/5/5/10-PM and HR-2/1/6/8-PM) should be provided. Also a general formula could be found for a next generation of HR-NPMs based on identical gains and phase shifted clocks with tuneable duty cycle.

Load paths representation of HR-Hg/N/Nφ/H-PM structures

An issue in the design of HR-Hg/N/Nφ/H-PM is to maintain a constant load at the LNAs output for each output state. Depending on the topology, the number of capacitors connected to the LNAs output can vary for different states. In this annex, schematic representation of the LNAs load is given for different topologies to help the reader in understanding the analysed topologies.

HR-3/8/8/8-PM load path representation

As discussed previously, the conventional HR-3/8/8/8-PM structure is composed of 3 differential LNAs and 8 paths, such that each path consists of 6 effective branches, each one is controlled by a control clock signal 𝑆 ℎ (𝒕). As shown in Fig. 68, at each state only one capacitor is connected to one LNA. Two capacitors are never connected at the same time to the same branch. Also, the load at the LNAs output remains constant whatever the mixer state is. 

π-delayed HR-3/5/5/10-PM load path representation for a non-strategical 2-LNA based topology

As shown in Fig. 69, where only positive outputs are given, when 2 LNAs are used to implement a π-delayed HR-3/5/10/10-PM, during the conducting state 𝑆 1 ,2 capacitors are connected to positive branch of the 1.62 LNA while only one capacitor is connected to the positive branch of the other LNA. The load at the LNAs output is not constant and varies in time, which is not understandable for LNA design purpose. 

π-delayed HR-3/5/5/10-PM load path representation for a 3-LNA based topology

As shown in Fig. 70, where only positive outputs are represented, when three LNAs are used to implement a π-delayed HR-3/5/5/10-PM, the LNA outputs are always connected to only one capacitor, whatever the mixer state is. 

Implemented HR-3/5/10/10-PM load path representation for a 3-LNA based topology

For a HR-3/5/10/10-PM, the LNAs output loads can vary in time. As illustrated on Fig. 71, the LNAs outputs can be connected either to one capacitator or a high impedance. However, a high impedance state means that the LNA is not used by the mixer. In conclusion, each time the LNA is used, the load is constant and is equal to one capacitor. Anyway, this structure suffers from differential mismatch since the positive output of a LNA can be high Z while the negative is loaded by a capacitor. To avoid common-mode issues, a fully differential structure is chosen for final implementation that will be presented and discussed in the next chapter. The interconnection between the paths of the proposed HR-2/5/5/10-PM has been checked as shown in Fig. 72. There is no interconnection between any path at the same time. Consequently, while saving power as compared to the HR-3/5/5/10-PM, by having only 2 LNAs instead of 3, thanks to the smart arrangement of the switches driving signals, no overlapping issues should appear anymore.

π-delayed HR-2/5/5/10-PM load path representation with 2 implemented LNAs

LNAs mismatch analysis for the π-delayed HR-3/5/5/10-PM structure

On the basis of the work performed in [START_REF] Ru | Digitally enhanced software-defined radio receiver robust to out-of-band interference[END_REF], the impact of LNAs gain and phase errors on harmonic rejection has been derived. No error concerning the switch driving signals, 𝑆 𝑖 (𝑡), has been considered. Firstly, the HRR of the 𝑛 𝑡ℎ order harmonic can be evaluated as follow:

𝐻𝑅𝑅 𝑛 = 𝜎 ℎ 𝑛 2 ℎ 1 2 ( 51 
)
Where 𝜎 ℎ 𝑛 2 is the variance of the 𝑛 𝑡ℎ harmonic and ℎ 1 is the fundamental harmonic of the 𝑒𝑓𝑙𝑜(𝑡) defined by ( 12) and on Fig. 32. The harmonic ℎ n of the general HR-Hg/N/Nφ/H-PM architecture depends on the number of phases and gain levels of its 𝑒𝑓𝑙𝑜(𝑡), and it can be expressed as follows for even numbers of samples:

ℎ 𝑛 = 2. 𝑅𝐻 𝑛 . [𝐴 0 . |𝑐𝑜𝑠 (1. 𝑛 2𝜋 𝐻 )| + 𝐴 1 . |𝑐𝑜𝑠 (2. 𝑛 2𝜋 𝐻 )| + ⋯ . +𝐴 𝐻/2-1 . |𝑐𝑜𝑠 ((𝐻/2). 𝑛 2𝜋 𝐻 )|] (52) 
By considering mismatch: 

Where ∆𝐴 𝑖 and ∆𝜑 𝑖 are the deviations in gain and phase for the 𝑖 𝑡ℎ sample, respectively. 𝑅𝐻 n is the 𝑛 𝑡ℎ coefficient of the Fourier transform of 𝑆 𝑖 (𝑡) and will be detailed later.

Since the effective LO of the π-delayed HR-3/5/5/10-PM architecture is the same of the conventional HR-4/10/10/10-PM structure, the ℎ 𝑛 will be derived from the effective LO of the latter (Fig. 73 In the meantime, the Fourier coefficient 𝑅𝐻 n of the 𝑛 𝑡ℎ harmonic of 𝑆 𝑖 (𝑡) for 𝐻=10, can be determined through the following integration: As defined in [START_REF] Ru | Digitally enhanced software-defined radio receiver robust to out-of-band interference[END_REF], the standard deviation has the following form: We already supposed that the 2 LNAs providing 𝐴 0 and 𝐴 3 were showing the same mismatches ∆𝐴 3 = ∆𝐴 0 and ∆𝜑 3 = ∆𝜑 0 , then the standard deviations: 𝜎 𝐴 0 2 = 𝜎 𝐴 3 2 = 𝜎 𝐴 2 and 𝜎 𝜑 0 2 = 𝜎 𝜑 3 2 = 𝜎 φ 2 . Hence the standard deviations of the 3 rd , 5 th and 7 th harmonic orders are equal to: 

𝑅𝐻 𝑛 = 1 𝑇 ∫ 𝑆 𝑖 (𝑡
𝜎 ℎ 𝑛 2 =
𝜎 ℎ 3 2 = (
Notice that, from [START_REF] Held | Receiver Architecture and Performance of WLAN/Cellular Multi-Mode and Multi-Standard Mobile Terminals[END_REF] where

𝐺 𝑖 = 𝑠𝑖𝑛 ( 2𝜋 𝐻 (1 + 𝑖)) 𝑠𝑖𝑛 ( 2𝜋 𝐻 ) ⁄
, when 𝐻 = 10 and naming 𝐺 𝑖 = 𝐴 𝑖 to stay consistent with [START_REF] Ru | Digitally enhanced software-defined radio receiver robust to out-of-band interference[END_REF] and Fig. 74, we have:

𝐴 1 = 𝐴 2 = 𝑠𝑖𝑛 (2 2𝜋 10 ) 𝑠𝑖𝑛 ( 2𝜋 10 ) ⁄ = 𝑠𝑖𝑛 (3 2𝜋 10 ) 𝑠𝑖𝑛 ( 2𝜋 10 ) ⁄ = 2. 𝑐𝑜𝑠 ( 2𝜋 10 ) = 𝐺 ⟺ 𝒄𝒐𝒔 (- 𝟐𝝅 𝟏𝟎 ) = 𝒄𝒐𝒔 ( 𝟐𝝅 𝟏𝟎 ) = 𝑮 𝟐 ⟹ 𝒄𝒐𝒔 (- 𝟒𝝅 𝟏𝟎 ) = 𝒄𝒐𝒔 ( 𝟒𝝅 𝟏𝟎 ) = 2 𝑐𝑜𝑠 2 ( 2𝜋 10 ) -1 = 𝑮 𝟐 𝟐 -𝟏 (61) 
ℎ 1 can be expressed from [START_REF] Ohtsuka | Multi-phase ringcoupled oscillator for TDC using differential inverter[END_REF], by considering the same 𝜑 0 = -2. , as in the calculus of 𝜎 ℎ 𝑛 2 , as the following: Based on the above relations, then the 3 HRRs of the 3 harmonic orders have the following relations in terms of σ A 2 and σ φ 2 :

ℎ 1 = 2.
𝐻𝑅𝑅 3 = 𝑠𝑖𝑛 2 (3. 2𝜋 10 ) (3. 𝑠𝑖𝑛 ( 2𝜋 10 )) 2 . 
3. 𝜎 𝐴 2 + 45. 𝜎 𝜑 (63)

𝐻𝑅𝑅 5 = 𝑠𝑖𝑛 2 (5. 2𝜋 10 ) 
(5. 𝑠𝑖𝑛 (

2. 𝜎 𝐴 2

[(𝐺 -0.5). (𝐺 + 2)] 2 = 𝒛𝒆𝒓𝒐 (64)

𝐻𝑅𝑅 7 = 𝑠𝑖𝑛 2 (7. 2𝜋 10 
) (7. 𝑠𝑖𝑛 ( 2𝜋 10 )) 2 . 
3. 𝜎 𝐴 2 + 245. 𝜎 𝜑 With a similar analysis as in section 7.3, and applying equation ( 53), we can replace the Fourier transform coefficients with their values extracted from Fig. 44, so that the various harmonics ℎ 𝑛 , and their deviation, can be expressed as follows: 

ℎ 𝑛 + 𝛥ℎ 𝑛 =
The Fourier coefficient 𝑅𝐻 n of the 𝑛 𝑡ℎ harmonic of 𝑆 𝑖 (𝑡) are the ones of [START_REF]On the low-power design, stability improvement and frequency estimation of the CMOS ring oscillator[END_REF]. Then ℎ 1 can be formulated as follows: Chapter 2

ℎ 1 = 2. 𝑅𝐻 1 . [1. |𝑐𝑜𝑠 ( 2𝜋 10 )| + (1 + 𝐺). |𝑐𝑜𝑠 (2 2𝜋 
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Then ℎ 1 can be re-written as follow:

ℎ 1 = 2. 𝑅𝐻 1 . [1. 𝐺 2 + (1 + 𝐺). 𝐺 -1 2 + 2𝐺. 𝐺 -1 2 + (1 + 𝐺). 𝐺 2 + 1] = 2. 𝑅𝐻 1 . [2𝐺 2 + 1 2 ] (69)
Also the standard deviations of the 3 rd , 5 th and 7 th harmonic orders equal to: (72)

𝜎 𝐻 3 2 = (2. 𝑅𝐻 3 ) 2 .
The final expressions of the HRR relations for the 3 rd , 5 th and 7 th harmonics with respect to the gain and phase error deviations have been expressed as follows:

𝐻𝑅𝑅 3 = 𝑠𝑖𝑛 2 (3. 2𝜋 10 ) (3. 𝑠𝑖𝑛 ( 2𝜋 10 )) 2 . 
[ 

Introduction

After the theoretical study of the different HR-Hg/N/Nφ/H-PM architectures done in the previous chapter, an implementation of the HR-3/5/10/10-PM architecture is proposed and discussed in this chapter. This circuit presented includes some modifications from the differential π-delayed HR-3/5/5/10-PM, in order to reduce the clocks overlapping impact. The effects of the LNAs mismatching and the clocks duty cycle mismatch on the HRRs have also been studied at schematic level and compared with the theoretical simulations. Then, this system has been implemented in FDSOI 28nm technology. The design steps of each part of the implemented system (mixer paths, LO generator and LNAs) are detailed with some electrical and post layout simulation results. Then, measurement result ends that part. The measurement setup is described and results on the overall system are presented.

Finally, another device, quickly introduced in Chapters 1 and 2 for its wideband properties is the self-timed ring oscillator STRO that has been implemented as well during this PhD work. Wideband aspects are made possible thanks to its configurability. This structure also allows reduction in phase noise, which can be a significant characteristic in the system. The STRO is used in our case to generate the 15 clock phases of the proposed HR-2/1/15/8-PM architecture. The STRO has been layouted and post-layout simulation are given to validate the functionality and evaluate the performances.

Implemented architecture presentation 2.1. Introduction

The HR-3/5/10/10-PM implementation (with single and differential structure) in FDSOI-28nm is detailed in this section. The implemented architecture is similar to the π-delayed HR-3/5/5/10-PM structure detailed in the second Chapter with some modifications to overcome the clocks overlapping impact. Note that chronologically, this implantation has been done before studying the π-delayed HR-2/5/5/10-PM structure which has been developed later to address the limitation of the HR-3/5/10/10-PM.

Once the system designed, two major effects (LNAs mismatch and clocks duty cycle mismatch, leading to undesired overlapping issues) are studied and their impacts on the HRRs are presented. The results are carried out on Cadence simulation at theoretical level and schematic level.

In this chapter, most simulation results are extracted from Cadence. First simulations are done with ideal components (switch and ideal gain) to validate the theoretical study and with the output capacitors replaced by high resistance impedance in order to observe the effective LO of our structure. Next, the components are sized and schematic level and post-layout simulation results are presented in section 3. The choice for FDSOI-28nm is justified as this technology is well appreciated for its low leakage properties and its ft/fmax capabilities. On the other hand, as the BEOL is not well suited for RF signals, it implies to pay attention in the layout of RF paths.

Single and differential HR-3/5/10/10-PM structure representation

As observed in the second chapter, the proposed π-delayed HR-3/5/5/10-PM architecture is limited by the clocks overlapping issues which degrade the 5 th HRR. For this reason, this architecture has been modified to manage with the clocks overlapping. The modified structure is similar to the conventional HR-4/10/10/10-PM but with only 5 paths allowing to implement only 3 LNAs instead of 4 with the same number of clock phases. This architecture is symbolized by HR-3/5/10/10-PM. It has been shown at the final end of Chapter 2 that one path could be finally sufficient, with post-data processing in baseband to recover IQ signals. Anyway, by the time of implementation, 5 paths sounded necessary to be implemented.

The schematic of the implemented HR-3/5/10/10-PM architecture is presented in this section. The simulation results of both two versions (single and differential) are detailed. Fig. 75 shows the schematic representation of the implemented structure (single version). It is composed from 5 paths with 2π/5 phase shift between two consecutive paths. Each path consists of 8 switches connecting the output capacitances to 3 differential LNAs with gain series 1:1.62:1 in order to generate the effective LO of the conventional HR-4/10/10/10-PM structure. The simulation result of the effective LO waveform for the first path is shown in Fig. 76 in time domain. The effective LO of the other paths have the same form with 2π/5 phase shift between each two consecutive ones. This effective LO in frequency domain is displayed in Fig. 77 and Fig. 78 (respectively in linear and dB). The rejection of the 3 rd , 5 th and 7 th harmonics is higher than 70 dB, whereas the 1 st harmonic order occurs at the 9 th order (2.7 GHz for FLO=300 MHz).

Notice that this effective LO is obtained by applying an input DC signal with high loaded resistance instead of capacitance one. It is a way to observe the effective LO waveform, whereas in the real case, it is not possible to see the effective LO wave form. Indeed, the HRR of the n th LO harmonic order is determined by rationing the output signals amplitudes for the input RF signal frequency of the fundamental and the n th harmonic order, e.g, for FLO=300MHz, the 3 rd HRR is the ratio of the output signals amplitudes for the RF input signal frequencies FRF=300MH+FIF and FRF=3*300MHz+FIF. 

Chapter 3
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Once the circuit implemented, different parasitic effects (LO, wires, digital part, etc.) affect directly the overall mixer response. In order to limit the impact of mismatch and noise on even harmonics, a differential architecture of the NPM has been designed (shown in Fig. 79). The price to pay is a higher complexity (twice more switches) while maintaining the same number of output paths (5 output capacitors), same number of LNAs and same power consumption. The general representation of the implementedHR-3/5/10/10-PM architecture with single and differential mode have been shown in this section. The form of the effective LO of this structure has been drawn using Cadence simulations and validated the rejection of the 3 rd , 5 th and 7 th LO harmonic orders.

LNAs mismatching effect

The performance of the HR-3/5/10/10-PM is evaluated by the HRR which is given by the carrier to harmonic ratio. In the 2 nd chapter, the theoretical relations (63), ( 64) and (65) demonstrated the impacts of the LNA outputs mismatching (gain and phase) on the HRR of the 3 harmonic orders (3 th , 5 th , 7 th ) of the π-delayed HR-3/5/5/10-PM. These relations are the same for the implemented HR-3/5/10/10-PM since it has the same effective LO form and the same number and values of gains. A comparison has been done between the 2 architectures, HR-3/5/10/10-PM and the conventional HR-3/8/8/8-PM one, by plotting the effect on the HRR of the 3 rd , 5 th and 7 th orders with respect to the LNA output voltage gains and phases mismatching.

The ideal results labeled Theor. in Fig. 80 and schematic simulations labeled Schem. are plotted and discussed as the following to capture the effect of the LNAs outputs mismatching. At theoretical level, performed on Cadence, all the components are ideal. As compared with analysis on Matlab, where only analytical calculus results are plotted, the version on Cadence enables to face any electrical issue. At schematic level, still on Cadence, all the components are real transistor-based, except the LNAs in order to accurately control their gain and phase mismatches.

Fig. 80 (a) and (b) show the degradation of the 3 rd HRR with respect to the gain (10% max) and phase (5% max) deviations. The same behavior is observed for both architectures. Schematic simulation results show a degradation of about 5 dB compared with the theoretical ones.

In Fig. 80 (c ) and (d), the HRR5 of the 2 structures is given. In comparison, the HRR5 of the implemented HR-3/5/10/10-PM is not impacted by the gain and phase deviation, theoretically and schematically. In the meantime, the HRR5 for the HR-3/8/8/8-PM is degraded with respect to the gain and phase deviation such that also the theoretical simulation shows higher performance than the schematical one. In this section, the effects of the LNAs mismatching on the HRRs have been highlighted, theoretically and schematically. A degradation of the HRRs with respect to the gain and phases LNAs mismatching is observed when electrical models of the mixer are considered.

Another phenomenon, named the clocks mismatch, and concerning overlapping issues, affects the HRRs and the overall mixer response.

Clocks mismatch impact

In the previous chapters, the equally clock overlapping effect on HRR has been detailed. In this section, the clock mismatch which quantify the effect of the modification of one clock when others remain identical. Here, we only study the effect of the pulse enlargement as a mismatch effect since it has been observed in post layout simulation. This phenomenon leads to connect more than one path at the same time and it affects highly the HRR. Indeed, connecting several paths in the same time will change the charges saved in the capacitors, reducing the HRRs. This phenomenon mainly comes from non-equidistant clocks connections in the layout, transistor parasitics, process variation, as it will be highlighted by PL simulation in section 3. To understand clearly the impact of the clocks mismatch on the HRRs for the differential HR-3/5/10/10-PM architecture, a theoretical analysis has been done and compared with the schematic simulation results as detailed below. Firstly, the Fourier series coefficients in terms of the mismatch interval ɛ can be expressed as shown in the following relations:

𝑎 𝑛,𝑖 = 𝑞. [𝑠𝑖𝑛 ((2. 𝜋. 𝑛. 𝑖 𝑁 ) + ɛ 2 ) -𝑠𝑖𝑛 ((2. 𝜋. 𝑛. 𝑖 -1 𝑁 ) - ɛ 2 )] (76) 
𝑏 𝑛,𝑖 = -𝑞. [𝑐𝑜𝑠 ((2. 𝜋. 𝑛. 𝑖 𝑁 ) + ɛ 2 ) -𝑐𝑜𝑠 ((2. 𝜋. 𝑛. 𝑖 -1 𝑁 ) - ɛ 2 )] (77) 
Where n and i are the n th harmonic order and branch number, respectively and q=

1 𝑛.𝜋
The absolute value of the harmonic attenuation Hn of the n th order in the EFLO response is proportional to:

|𝐻 𝑛 | ≈ 𝑋 𝑛,𝑖+𝑘 ± 𝐺𝑅. 𝑋 𝑛,𝑖+𝑘+1 ± 𝐺𝑅. 𝑋 𝑛,𝑖+𝑘+2 ± 𝑋 𝑛,𝑖+𝑘+3 (78) 
Whereas: And k = [0,6] such that i+k<11.

Finally, the HRR of the n th order can be expressed as the follow:

𝐻𝑅𝑅𝑛 ≈ |𝐻𝑛| |𝐻1| (80) 
The HRR of the 3 rd , 5 th and 7 th orders have been extracted ideally (Theor.) and compared with the CMOS schematic simulation results (Schem.) in terms of the clocks mismatch effect. The considered mismatch ranges between zero and 10% as shown in Fig. 82. The result shows a degradation of all the HRRs (the 3 orders: 3 rd , 5 th and 7 th ones) with respect to the clock mismatch, such that the theoretical and schematic simulations show the similar behaviors. The impact of mismatch is highlighted here. To reduce mismatch, the control signal might be carefully carried out at layout level.

Conclusion

In this section, the architecture of the HR-3/5/10/10-PM structure has been detailed for both, single and differential, modes. Then, the HRR degradation due to two major phenomena (LNAs mismatching and clocks mismatch) has been studied theoretically and observed through simulations. These studies highlighted the fact that the design (LNA and clock path) has to be meticulously done, particularly the layout, to avoid the mismatch.

Design

Introduction

In this section, the design of a HR-3/5/10/10-PM circuit in the FDSOI 28nm from STMicroelectronics is presented and detailed block after block. The simulation results (schematic level and PLS ones) of each part are shown and discussed. Finally, all the designed functions (Mixer, LO and LNAs) are combined on a single chip Fig. 83. To finish, the HRRs simulation results of the total system (schematic one and PLS one) are extracted. 

Main requirements

This work is not driven by a specific application. It intends to explore new architectures and their limitations in the context of a wideband multi-standards receiver. Most of the performance are defined in a best effort approach with no stringent requirement. Concerning bandwidth, the main objective is to prove the capability to reject up to the 8 th harmonic which is the most original point of this architecture compared to SoA. With the intention to address the 2.4-GHz upper frequency, the lowest frequency is 2.4.10 9 /8=0.3 GHz. The IF frequency is chosen at 5 MHz and the acceptable IF bandwidth is around 10 to 20 MHz. Since the mixer is passive, the gain of the RF Rx is targeted around 10 dB with a noise figure around 5 dB. For this first design, the linearity was quite relaxed around 0 dBm even if it is a major requirement in this kind of architectures. In addition, the HRRs for the 3 odd harmonic orders are targeted to be higher than 40 dB in order to be comparable with the SoA. The requirements of our implemented system with additional interested ones such as B1dB and P1dB, are summarized in Table X. 

Mixer paths

As shown in the Fig. 79, (representation of the differential HR-3/5/10/10-PM structure), each path consists of 8 branches, whereas each branch is formed by a simple switch driven by a specific gain level. Switch design is a major point in the HR-Hg/N/Nφ/H-PMs design, because it affects directly the HRR performance. In this section, the characteristics of the transistors implemented in FDSOI 28nm technology are studied. Then the switch design and the total paths design of the differential HR-3/5/10/10-PM architecture are presented.

Transistor theoretical study:

The switch can be implemented by a simple N-transistor as shown in Fig. 84 a The SOI technology offers low power consumption properties, e.g, low power supply is possible due to lower VT. Note that there are other factors with this technology that improves the power consumption (e.g : Silicon Oxide Insulator SOI property which leads to reduction in the leakage current).

The general study of the transistor characteristics has been shown in this section. Using FDSOI technology allows taking advantages of its low leakage properties and offers the possibility of lower VT. Both properties are interesting in passive mixer for which speed and leakages are major parameters.

Switch design

In this section, the design of the switch for the differential HR-3/5/10/10-PM is given. The switch RON and the capacitor C of the i th path set the cutting frequency of the output LPF which around 10 to 20 MHz in our system. To control this cutting frequency a serial resistance Rseries is added as presented on Fig. 91 RF filtering response is impacted by the RON/ (RON+Rseries) ratio. In order to avoid the high capacitance parasitic effects, the minimum transistor width has been chosen. However, in this case, the ON-Resistance is about 1.6 kΩ, which is quite high and leads to an attenuation of the signal.

Fig. 90. Impact of OOB with respect to Rseries on the OOB rejection

To limit the impact of the RON resistance on OOB rejection, the Rseries is chosen to be 10 times the RON and C is chosen to comply with the LPF cutting frequency requirements leading to Rseries = 17 kΩ and C=0.5 pF. As the mixer is a differential structure (to robust the even harmonic and to limit the impact of the noise), the switch is designed in a symmetric way to provide a differential access to the capacitance, as shown in The simulation results of this differential switch is presented in Fig. 92. The switch control signal is set to a frequency of 300 MHz and a 1/10 duty cycle is applied. The switch load, instead of a capacitance, is replaced by a very high resistance value (to save simulation time). The switch effects on the differential input signal such that the differential output signal Out_M-Out_P is the same of the input signal multiplied by the LO. In this simulation, Vbg, the back gate voltage of the N-CMOS transistor is set to 0V. The effects of the back gate (Vbgn: Back-gate for N-CMOS) on the switch performance is shown in Fig. 93. Maximum Vbgn (Vbgn =3.2V) induces some leakage current during the OFF state of the switch (due to the very low threshold voltage VT). Therefore, it is preferable with the switching design to fit the Vbgn by zero to avoid this current leakage.

Total paths design

Similar to the schematic representation of the HR-3/5/10/10-PM (Fig. 79), each path consists of 8 differential branches. In the implementation, we have added 2 another branches (connected to GND) per path to fix the zero level of the effective LO wave form. The block diagram representation of only one path is shown in Fig. 94. It consists of 10 differential switches fitted by the outputs of the differential LNAs (Out_1P, Out_1M, Out_1.62P and Out_1.62M). The output baseband signal of each path is taken differentially from the capacitor, whereas the overall system is composed of 5 paths.
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Generation of the 10 signals to control the switches

For the differential HR-3/5/10/10-PM architecture, the switch control signals must be with 1/10 duty cycle. The main constraints for this 10 phases generator is to avoid overlapping and mismatch in duty cycle. The designed clocks generator for the implemented structure is discussed in this section illustrated with some simulation results. The first choice presents a lower complexity than the second one since the 1/10 duty cycle can be achieved by single LSR of 10 FFs. On the other hand, this structure needs an input clock (Master clock) frequency 10 times higher than the one required by the HR-3/5/10/10-NPM. Indeed, the input RO signal frequency need to be about 24 GHz to generate a 1/10 duty cycle clock signal of 2.4 GHz, which leads to increase the power consumption (and the layout complexity).

Architecture choice

Concerning the second way, the input LSR signal frequency has to be only 5 times the output clock frequency. In other words, the input clock frequency is 12 GHz to generate a 1/5 duty cycle clock signal of 2.4 GHz. However, logical combination is necessary to convert the 1/5 duty cycles into 1/10 ones as discussed in the clocks generation SoA of the 1 st chapter. The complexity is then increased compared to the first solution.

As one of the major challenge of our design is the power consumption, the chosen architecture is the 2 nd solution. In addition, an external clock can be applied in order to reduce complexity and better evaluate performance of the mixer and the phase combiners. 

Implemented system principle

Schematic level simulation results

To generate a 1/5 duty-cycled signal in the LSR, the registers might be initiated with As LSR contains 5 Flip-Flops, after stabilization, Sx +/-becomes equal to a signal of period 5TCLK, presenting a duty cycle of 1/5 corresponding to a ONE duration time equal to TCLK. This is valid for an set of initial conditions equal to (10000). 

Layout level simulation results

Once laid out with the 28-nm FDSOI technology (Fig. 99), the 5 stages LSR simulation results show some degradations. Simulation results are illustrated Fig. 100. Note that in the schematic level (Fig. 95) and the layout level (Fig. 99), buffers have been added between all the FFs and the AND gates. These buffers aim to load in a same way all the FFs outputs and to shape the driving signals in the same way.

Furthermore, some other (130) buffers have been added between the AND gates and the switches control to compensate for the transmission lines losses effects, 20 of these buffers are shown in the layout of Fig. 99.

In spite of best design efforts, the maximum CLK frequency applied to the LSR has decreased to 6 GHz and the maximum output clock signal frequency that can be achieved in the implemented structure is 1.2 GHz (Fig. 100) instead of 2.4 GHz showing one limitation of this structure. In addition, the pulse width varies from . These 2 issues will affect our system performance (HRRs), such that the impact of the pulse width is studied in section 2.4, while the phase error between 2 consecutive clocks has the same impact on the HRRs than the LNAs phases deviations which have been studied in section 2.3. A clock distribution system generating, from an external clock, 10 output phases with duty cycles 1/10 and no overlapping has been proposed. The parasitic effects and propagation delay in layout reduces the maximum output frequency than can be reached down to 1.2 GHz (instead of 2.4 GHz). Clock mismatch also exists and modifies the width of each control signals. This will modify the HRR as presented in the second section of this chapter. The implemented system is designed to mix a large input band frequency, from 300 MHz to 2.4 GHz, by rejecting the 3 rd , 5 th and 7 th harmonic EFLO orders. Fortunately, the rejection of these 3 harmonics concerns only low frequency band and it will be possible to check this fundamental property of our mixer with clocks frequency ranging between 0.3 GHz and 0.8 GHz. In the case of EFLO frequency equal to 0.8 GHz, the 3 rd harmonic order will be at 2.4 GHz and rejection should be observed.

Mixer and LO generator association

Once the mixer paths and the generation of the 10 control signals designed, the next step consists to put them together. The block diagram and the layout representations are shown in Fig. 101.a and b, respectively.

One of the most critical points in this layout is to take care about the equidistance between the control clocks signals (10 clocks phases of 1/10 duty cycles supplied by the LO generator) and the transistor gates of each path in order to avoid the clocks mismatch and clocks overlapping phenomena. A huge effort has been done in order to design this block. In the resulting layout, the line connections present the same lengths and the same widths in order to have the same parasitic effects induced. The simulation results of the HRRs of the 3 harmonic LO orders 3 rd , 5 th and 7 th are now extracted. The comparison between the schematic level and layout level ( PLS ) is displayed in Fig. 102. After layout (PLS), the HRRs of the 3 orders are degraded compared to the schematic ones. The 5 th HRR is degraded from 75 dB to about 55 dB and also it's similar to the another orders. This expected degradation is due to the effect of the parasitic capacitances and resistances induced by the layout design in spite of the efforts done in layout and in design (differential structure).
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Notice that the used gains with these simulations are supposed to be ideal gains, since we have decided to see the impact only of the mixer paths and the LO generator in this section. The general explanation of the real LNA design and its impacts are detailed in the next section.

LNAs

In order to generate the eflo(t) at each path, 3 different gains are needed (1; 1,62; 1) on the RF signal path. Serge Subias, engineer at RFIC-Lab, designed these LNAs. A brief description of the LNAs are provided for a better undersetting of the complete system.

In this section, the general architecture of the LNAs (with gain ratio 1.62) is detailed, and then some schematic simulations are displayed to highlight the performance of these LNAs in terms of frequency bands and the gain ratio. Some critical points are then discussed, as the gain and phase deviations errors between the differential outputs LNAs and between two different LNAs outputs. Finally, the HRR of the different EFLO harmonic orders are checked for the total HR-3/5/10/10-PM architecture (schematic and PLS level).

LNAs architectures

The main requirement of the differential HR-3/5/10/10-PM system is to amplify the RF signal with 3 gains, respecting a gain ratio of 1, 1.62, 1. The general block diagram representation of the designed LNAs is shown in Fig. 103. It consists of a first stage composed of a single to differential LNA (S2D-LNA) to differentiate the input RF signal, and a second stage composed of 3 differential LNAs in parallel, in order to generate 3 differential outputs gain levels with gain series 1:1.62:1.
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𝐺 𝑐𝑔 = 𝑔 𝑚𝑐𝑔 𝑅 𝑐𝑔 + 1 2 (83)
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The gain Gcs of the second branch is defined by the transconductance amplification gmcs of the transitor and the loaded Rcs as shown in the following relation:

𝐺 𝑐𝑠 = 𝑔 𝑚𝑐𝑠 𝑅 𝑐𝑠 2 (84)
Notice that to achieve single to differential operation, the two gains Gcg and Gcs must be equal to each other. 

LNA simulation results

Serge Subias have designed this amplification stage of the mixer in FDSOI technology. The specifications of these LNAs (Noise Figure NF, Gain Ratio GR and 1-dB Compression) are checked through schematic simulations. A special attention is paid to the LNAs frequency range band and the gain and phase error. As discussed in the previously, the LNAs outputs mismatch has a hard impact on the Mixer response. This is why we detailed here different simulation results. The gain and the phase errors deviations between the 2 differential gains with the same absolute value (e.g, Out_1.62P and Out_1.62N) and also with the 2 different gain levels (e.g, Out_1.62P and Out_1P) are checked.

Furthermore, the gain of the differential outputs of first LNA block (Out_1P and Out_1N) have been plotted on the band of 0.3 -2.4 GHz as shown in Fig. 106. The gain reach is about 4,5 (13dB) and the gain mismatch is lower than |0.5dB| on the wanted band (deviating between Chapter 3 Ali ALSHAKOUSH 117 University Grenoble Alpes 0.193 dB and 0.5 dB) whereas the phase mismatch between these differential outputs ranges between -1 and 3.7 degrees. This study is extended to the 2 nd stage of LNA and more specifically at the outputs of the 1,62 gain LNA. The gain error deviation between its two differential outputs (Out_1.62P/ Out_1.62N) has been plotted (see Fig. 107). The total gain on these outputs is about 17,3dB (1,62 times the first stage gain: 1,62 x 4,5 = 7,3, i.e. 17,3dB). The total differential gain mismatch is lower than 0.5dB, varying between 0.186 dB and 0.5 dB for the range 0.3-2.4 GHz. The phase shift in degrees have been plotted in the third row, while its phase error deviation is shown in the 4 th row which ranges between -1 and 3.7 degrees for the required band. Tuning knobs are used to equalize the output in terms of gain and phase. Tuning the S2D-LNA is a long process under simulation environment but is quite fast in the measurement bench and a better matching can be obtained as it will be presented in the measurement section. Then the gain and the phase mismatching LNAs between the different absolute gain values (1.62P and 1P) has been simulated. The 1 st row in Fig. 108 shows the gain curves of the positive outputs of the LNA_1.62 and LNA-1 (both LNA being in the 2 nd stage of amplification). The phase shifts of these two outputs are shown in the 3 rd row, such that the gain and the phase mismatch are displayed in the 2 nd and 4 th rows, respectively. The gain mismatch deviates from 0.033 to 0.06 dB in the wanted band while the phase mismatch ranges between 0.5 and 2.5 degrees at the same band. These mismatches in terms of gain and phase deviations impact the harmonic rejection response, degraded them as detailed in the 2 nd chapter and in the 1 st section of this chapter. The mismatch between two different LNAs will affect the odd harmonics EFLO orders while the mismatch between the differential outputs of one LNA will affect the even ones.

The Noise Figure NF achieved by this amplification chain is then extracted at the outputs of this amplification block, for both values of gain (1 and 1.62). The simulation results (Fig. 109) show that the NF is lower than 3.95dB, varying between 3.6 and 3.96 dB on the wanted band 0,3-2,4 GHz. The final 1-dB Compression point of this amplification chain at FEFLO=1GHz is about -24 dB as shown in Fig. 110. 

Fig. 110. 1-dB compression point for the designed amplification chain at FEFLO=1GHz

After studying the simulation results of the designed LNAs, the obtained performance is suitable for the objectives in terms of HRR. Note that only the schematic simulation of the LNA behaviors are considered, whereas PLS impacts will be shown through the overall implemented Chapter 3 Ali ALSHAKOUSH 120 University Grenoble Alpes system. The total system with its layout implementation will be described in the next section with some simulation results (schematic level and PLS).

Total System HR-3/5/10/10-PM

The layout of the total HR-3/5/10/10-PM implemented system is shown in Fig. 111. Different blocks can be distinguished as the 5 Mixer Paths, 10 Phases clock generator, the amplification chain (the S2D LNA followed by 3 LNAs with gain series 1:1.62:1) and some another additional blocks such as buffers, coupling capacitors, etc… The simulation results of the total system, at schematic and layout level, are summarized in the tables and figures below. Even at schematic level, lower HRRs (compared to the expected ones) are achieved due to the gain and the phase LNAs mismatch. Furthermore, the layout induces parasitics which degrade further the HRRs of the different harmonic orders. The schematic and PLS results are shown below with the gain and the phase deviation errors of the LNAs for each state.

Simulation results at schematic and post-layout levels:

The gain ratio of the designed amplification chain and its gain and phase deviations can be tuned through 4 tuning knobs. Each knob, acting on the LNA biasing currents, is responsible for a specific target that will affect the gain and the phase LNAs deviation errors (well detailed in section 4 concerning measurements). A power divider is used to copy the LNA outputs and provide a monitoring system for calibration during measurements. With the values detailed in Table XI, the achieved gain ratio and phase errors are 1,61 (0.5% gain error) and 0,68 degree (0.2% phase error), respectively. Applying these biasing currents, the HRRs simulation results for 3 EFLO harmonic orders 3 rd , 5 th and 7 th are around 37 dB, 50 dB and 37 dB, respectively (only these harmonic orders are checked since they are the most important ones and to save simulation time) for the EFLO frequency FEFLO=400MHz and IF=20MHz. The simulated HRRs are comparable with the ones that have been determined through schematic simulations of Fig. 80 (mentioned here as theo) for the gain and phase deviations of 0.5% and 0.2%, respectively. Note that there is no impact of the clock phases with these simulation results. This degradation at schematic level, is compared to the ideal system simulation. It mainly comes from the LNAs mismatches effect.

The post-layout simulations results are also mentioned in the Table XII. The achieved gain ratio for the RF frequency 420MHz is set to 1.58 (2.35% gain error) as demonstrated in Fig. 112 whereas the phase error for this frequency is set 4,6 degree (1.3% phase error). The post-layout simulation results for the HRRs of the 3 EFLO harmonic orders (3 rd , 5 th and 7 th ) range between 25 and 30 dB. However, these low values come mainly from the clocks mismatch (due to layout parasitics), also this dehradation come from the LNAs mismatch due to difficulty to tune the knobs in post layout simulation. As presented in the next section dealing with measurments, these results can be improved through better biasing values. 

IIP3 measurement

A third-order input intercept point (IIP3) is a specific figure of merit associated with the more general third-order intermodulation distortion (IMD3). This is a measure well suited for weakly nonlinear systems and devices, for example receivers, linear amplifiers and mixers. It is a major requirement for low-IF receivers. The third-order intercept point relates to nonlinear products caused by the third-order nonlinear term, in contrast to the second-order intercept point that uses second-order terms and need to be considered for zero-if receivers, which is not our case.

Since N-Path mixers are wide band systems not only in-band IIP3 (IB-IIP3) might be measured but also out of band IIP3 (OB-IIP3). To check IIP3, a 2-tone input RF signal is generated thanks to power combiner (Fig. 118). For the IB-IIP3, the 2 tones are chosen with frequencies F1=FEFLO+3MHz and F2=FEFLO+3.01MHz for FEFLO=300MHz. After downconversion, the IM3 component at 2.99 MHz is measured, the IB-IIP3 is around -1 dBm (see Fig. 119.a) which is good as compared with the conventional systems. The power 1dB compression point also can be extracted from Fig. 119.a, it shows about -24dBm for FIF=5MHz and FEFLO = 300MHz. In a second time, the out-of-band (OB) IIP3 is measured. Due to the LPF behavior, the measured OB linearity depends on the distance from FEFLO to the two RF tones used. We measured the OB-IIP3 at the EFLO harmonic offset frequency of 300 MHz, as proposed in [START_REF] Ru | Digitally enhanced software-defined radio receiver robust to out-of-band interference[END_REF] for 2 tones at frequencies 600.1MHz and 900MHz whereas FEFLO =300MHz. The measured out-of-band intermodulation point of order 3 is estimated to OB-IIP3<14dBm as shown in Fig. 

HRR measurements

For the HRR2, measurements are made with an RF signal of frequency 2*𝐹 𝐸𝐹𝐿𝑂 at -30dBm and a differential external master clocks at the frequency of 5*𝐹 𝐸𝐹𝐿𝑂 with an output power of 4 dBm to drive the input buffers. At the PCB output (SD1BUF), the peak amplitude of the signal at the frequency of 5 MHz is measured using the spectrum analyzer. For HRRn measurement, the same environment and same setup is used with the RF signal frequency, set at n* FEFLO.

Power consumption

As the power consumption is one of the main parameters to be checked with the wireless receivers and especially with our architectures, the comparison of the simulated and measured power consumption is summarized in The HRR for odd harmonics is 38.4 dB, 54,4 dB and 43.4 dB for respectively HRR3, HRR5 and HRR7 (Table XIV. Manip.1). As highlighted in previous section, these results are better than the ones obtained in PLS. It comes from the difficulty to finely tune the LNA when long simulation as PLS ones are run out. In addition, it shows how sensitive the system is and ask the question of the automated calibration. Note that the HRRs for the 3 odd harmonics can be improved by increasing the DC power supplies of the LNAs (Manip.2).

In addition, it can be observed that the even harmonics rejection ratios are quite low in comparison with odd ones especially the 4 th and 6 th ones. This performance reduction has been observed with retro-simulation. It appears when a 2.2% phase error between external input clocks is observed as shown in Fig. 120.a. Also it may come from wrong initial conditions (pulse widths of SET and RSET for the Flip-Flops of the LSRs) (see Fig. The structure HR-3/5/10/10-PM has been implemented in a 28nm FDSOI technology. The measurement results have been done on the wide 0.3-2.4 GHz band, and they are interested as compared with the SoA (see Table XV). This circuit is the first one reported in literature that has the ability to reject the 7 th EFLO harmonic order with HRR7=41dB. Otherwise, the 3 rd and 5 th HRRs are comparable with the ones presented in [START_REF] Xu | A Blocker-Tolerant RF Front-end With Harmonic-Rejecting N-Path Filter[END_REF], [START_REF] Ru | Digitally enhanced software-defined radio receiver robust to out-of-band interference[END_REF], and [START_REF] Lin | An RF-to-BB-Current-Reuse Wideband Receiver With Parallel N-Path Active/Passive Mixers and a Single-MOS Pole-Zero LPF[END_REF] and improved with respect to other references. Since our system uses only one LNA stage and there is not existing any BB processing, it shows an improvement of the power consumption with most references. Concerning linearity, the IB-IIP3 of our system is slightly lower than the best ones. It comes from the fact that many contributors add specific processing to improve linearity. In addition, this work is the first functional system proving ability to reject up to the 7 th harmonics, the constraint on linearity was quite relaxed during design steps. 

Self Timed Ring Oscillator STRO

Multiphase oscillators are often required in frequency synthesizers. The design of low phase-noise low-jitter oscillators is crucial when a large number of phases is required. Multiphase clock generation needs two important requirements: an accurate oscillation frequency and a fine temporal resolution. Moreover, high frequencies are often required in multiphase clocks.

The multiphase clocks generator designed in the frame of this application need to supply 10 clocks with some huge constraints on overlapping and phase shifts. In the first version of the chip (the implemented one), we studied a classical approach based on loop shift registers. Nevertheless, the main critical point with these multi-phase clock generators is the need for a very high master clock frequency. Indeed, the required frequency corresponds to the number of output phases multiplied by the phase output frequency. In addition, this leads to an extra power consumption. Another solution explored during this PhD thesis concerned the Self Time Ring Oscillator STRO.

Self-Timed Ring Oscillators (STRO) are clock generators able to provide multiphase outputs at high frequency. They have been extensively studied for different kind of applications such as high-speed serial links. Contrarily to inverter-based rind oscillators, for which the frequency drops when increasing the stage number, STRO architectures are able to maintain and achieve high frequencies with multiphase outputs because their oscillation frequency mainly depends on the initial state of the ring. In addition, STROs significantly reduce on their outputs the phase noise. This latter is reduced by 3dB when doubling the stage number, whilst maintaining the same frequency. This section, after briefly reminding some basics about conventional ring oscillators for principle comparison purpose with our explored solution, shows how the STRO-based clock generation is beneficial for low power receivers. Then, a 15-stage STRO has been designed and implemented in FD-SOI 28nm technology generating 15 phase signals evenly spaced for the proposed π-delayed HR-2/1/15/8-PM architecture which was discussed in the 2 nd chapter.

A quick remember on conventional ring oscillators

Inverter Ring Oscillators (IROs) are often used to generate clocks due to their simple structure, low cost and good integration in design flows. Fig. 121 shows the structure of an IRO with N number of stages. Each stage is composed of a CMOS inverter, which induces a propagation delay of the input signal. To allow the oscillation, the IRO must contain an odd number of stages. The oscillation frequency of an IRO depends on the propagation stage delay and the number of stages of the ring [START_REF] Ohtsuka | Multi-phase ringcoupled oscillator for TDC using differential inverter[END_REF], [START_REF]On the low-power design, stability improvement and frequency estimation of the CMOS ring oscillator[END_REF]. The period of oscillation can be expressed as follow:

𝑇 𝑂𝑠𝑐 = 2. 𝑁. 𝑇 𝑑 (86)
Where N is the number of stages in the ring and Td is the stage delay. The oscillation frequency and the number of phases depends on the number of stages. By increasing the number of stages, the frequency drops, while the number of phases raises accordingly to [START_REF] Issati | Oscillateurs Asynchrones en Anneau: de la Théorie à la Pratique[END_REF]. There are other kinds of IRO, such as those based on differential structures. These latter are cascading N inverting stages in a loop as shown in the diagram in Fig. 122 from [START_REF] Issati | Oscillateurs Asynchrones en Anneau: de la Théorie à la Pratique[END_REF].This is the adopted solution for an even number of clock phases.

These oscillators are mainly used in digital applications as clock generator or for applications requiring several phases. Their use restriction is mainly due to their phase noise performance, which is much lower than the requirements of wireless communication standards. However, their silicon area is very small. The two main problems with the IROs are: firstly, their time resolution limited by the stage propagation delay; secondly, the frequency drop with a higher number of stages. Since the number of available phases is equal to the number of stages, the only way to obtain more output phases is to add more stages, which decreases the frequency without improving the time resolution. Also, they are very sensitive to the voltage, temperature and process variability (PVT).

Consequently, inverter-ring oscillators cannot be used in applications requiring high resolution or high-speed multiphase clocks. In parallel, other solutions as LC or relaxation oscillators consume really much power and are not suitable for wide band applications. Today, many studies are targeting Self-Timed Ring oscillators (STRO), which are considered as a promising solution for generating multi-phase clocks.

The advantages and drawbacks of STROs compared to IROs will be discussed in the sequel. After that, an in-depth study of the implemented STROs is presented.

Self-Timed Ring Oscillators

Multiphase clock generation have two important features: the frequency and the resolution [START_REF] Issati | Oscillateurs Asynchrones en Anneau: de la Théorie à la Pratique[END_REF], [START_REF] Issati | Self-timed rings: A promising solution for generating high-speed high-resolution low-phase noise clocks[END_REF], as already discussed. We mean by resolution the lowest time interval between two phases of a multiphase oscillator outputs. Moreover, high frequency and high resolution are both often required in multiphase clocks.
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The principles of the STROs are introduced in the paragraphs below, showing their structure, explaining the analog effects (Charlie and drafting effects) controlling their oscillation modes. Unlike the IRO, the STRO oscillation frequency does not directly depend on the number of ring stages but more on the number of transitions propagating inside the ring without colliding. This phenomenon is formalized in the sequel thanks to the definitions of tokens and bubbles.

STRO principles
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Muller gates

The Muller gate is a widely used component for designing asynchronous circuits and systems [START_REF] Issati | Oscillateurs Asynchrones en Anneau: de la Théorie à la Pratique[END_REF]. In particular, it is used to implement asynchronous communication protocols. Various Muller gate implementations exist: 1. the dynamic C-element, 2. the weak feedback Celement, 3. the conventional C-element and 4. the symmetric C-element. Each one has specific properties such as the achievable maximal frequency, the power consumption or the phase noise. The dynamic C-element (Fig. 124) is the simplest and fastest Muller gate. The dynamic implementation consists of two PMOS transistors and two NMOS transistors connected in series such that the transistors displayed in this cell play the role of the switch, [START_REF] Issati | Self-timed rings: A promising solution for generating high-speed high-resolution low-phase noise clocks[END_REF]. The properties of this cell are particularly interesting for our application with respect to its lowpower consumption and the high frequency that can be achieved compared with the other cells. 

Concept of bubbles and tokens of STRO

In order to analyze the STRO behavior, let start by defining the notion of bubbles and tokens that particularly help to understand the behavior from a system point-of-view. The tokens and bubbles are defined as follows:

Stage i contains a bubble if its output C(i) is equal to the output C(i+1) of stage i+1.

Stage i contains a token if its output C(i) is not equal to the output C(i+1)of stage i+1.

In the following sections, NT indicates the number of tokens and NB indicates the number of bubbles. Each stage in the STRO has either a token or a bubble. A token only propagates from a stage i to a stage i+1 if and only if stage i+1 contains a bubble. Then the bubble in stage i+1 moves backward to stage i [START_REF] Cherkaoui | Comparison of self-timed ring and inverter ring oscillators as entropy sources in FPGAs[END_REF] If the STRO respects these conditions, it is able to oscillate and to generate several output phases; otherwise, the STRO will not oscillate. Therefore, it is important to pay attention to STRO initialization.

Charlie and drafting effects

As mentioned above, the STROs benefit from a specific behavior that can be analyzed thanks to an analog model taking into account the propagation time through the Muller gates. Indeed, the timing analysis of Muller gates exhibits two analog phenomena: the Charlie and the drafting effects resulting from the arrival times of events at the Muller gate inputs [START_REF] Cherkaoui | Comparison of self-timed ring and inverter ring oscillators as entropy sources in FPGAs[END_REF]. For a sake of consistency, we will briefly dwell on the causes of these phenomena.

The Charlie effect: the observation of the timing of a ring stage shows an impact of the separation time between the events on the two inputs on the propagation delay: the closer the input events, the longer the propagation delay. This phenomenon is called the Charlie effect. These delay variations can be explained by the analysis of the Muller gate structure, which is the main component of a ring stage. A possible implementation of a Muller gate is shown in Fig. 124, where the initialization circuit has been omitted. This gate can be divided into two stages: the front one and the output inverter. The front stage, composed of two P-MOS transistors and two N-MOS transistors connected in series, experiences a greater delay when both P-MOS (respectively the two N-MOS) transistors have to be fully saturated (respectively turned off) or reciprocally. This typically happens when the two input events occur with a very short separation time.

The Drafting effect: the timing analysis of a ring stage exhibits an impact of the elapsed time between two successive output commutations on the global propagation delay: the shorter this duration, the shorter the propagation delay. This phenomenon, called the Drafting effect, is due to the output capacitance of the stage: when a commutation occurs just after the previous one, the output has not enough time to reach VDD or GND before a new commutation, which causes a shorter propagation delay.

Depending on the magnitude of the Charlie and drafting effects, STROs can produce two oscillation modes (see Fig. 125). The evenly-spaced mode is dominated by the Charlie effect and the burst mode is dominated by the drafting effect. As mentioned before, the HR-Hg/N/Nφ/H-PM architectures need N evenly spaced clock phases. For this reason, as the designed STRO must oscillate in evenly-spaced mode, the Muller gates will be sized in order to get a strong Charlie effect, whereas the oscillation frequency of this oscillator is defined in the following section. As mentioned before, the oscillation frequency of the STRO mainly depends on NT and NB and not only of the number of ring stages L (as it is the case for IROs). The maximal frequency is achieved when Dff/Drr= NT/NB =r0 (see Fig. 126) where Dff is the static forward propagation delay from F to C and Drr is the static reverse propagation delay from R to C as already defined before (see Fig. 123.a).

The STRO initialization allows achieving evenly-spaced mode and also changing the oscillation frequency. Moreover, if the NT and NB are co-prime (irreducible by 2) the number of phases corresponds to the number of ring stages. The relation between the propagation delays (Dff and Drr), the token and bubble numbers and the oscillation frequency are expressed in the following formula: As shown in the expression above, the oscillation frequency of the STROs is independent of the stages number. It depends on the propagation delays, which can be controlled by sizing the transistors and depends on the initialization conditions too. This is one of the main advantages of STROs compared to the IROs because their frequency can be kept independent of the stage number.

In the next section, we will apply the previous recommendations in order to implement an STRO structure with 15 cells, which is required in order to generate clocks for the π-delayed HR-2/1/15/8-PM architecture.

Chapter 3

Ali ALSHAKOUSH 141 University Grenoble Alpes

Implementation & layout

As discussed in Chapter 2, the proposed π-delayed HR-2/1/15/8-PM architecture shows an improvement in term of power consumption since it structurally needs only two identical amplifier stages, while the most critical design point with this structure is the generation of 15 phases.

In the first implemented circuit, the HR-3/5/10/10-PM architecture used some multi-phase clock generators based on Flip-Flops. But these types of clocks generator face a trouble with the input master clock frequency needed. Indeed, the required frequency corresponds to the number of output phases multiplied by the phase output frequency, e.g, to generate 15 phases at 2.4 GHz, the master clock frequency must be 15 * 2.4 GHz = 36 GHz. In addition, this lead to a high power consumption. Therefore, the STRO seems to be a good candidate to generate 15 phases for the π-delayed HR-2/1/15/8-PM architecture.

15-STRO design

For this 15-stage STRO, it is worth mentioning first that no frequency tuning could be achieved so that it is mainly a proof of concept. Hence no current starving through the Muller gate inverting branch has been proposed. Also a fixed initialization has been chosen which consists of 10 Tokens and 5 Bubbles as shown in the block diagram of Fig. 127. This initialization respects the condition of the unique phase such that the NT and NB are irreducible by 2, which means that the number of phases is 15. Each Muller gate of this design is the dynamic cell, which is displayed in Fig. 124. The sizes chosen for the transistors of the dynamic cell are: Wn1=80n, Wn2=160n Wn3=320n, Wp1=160n, Wp2=320n and Wp3=640n. This 15-stage STRO has been fabricated in the 28nm FDSOI technology. Its layout is shown in Fig. 129. We designed the layout in order to balance as much as possible the interconnection lengths between the 15 cells. For instance, designing such a layout on a single line is subject to the "bottleneck" effect as the interconnection between the last cell and the first one will be longer than the other interconnections. This is susceptible to modify the strength of the Charlie's effect and the wanted properties of the STRO. The PLS results are shown in Fig. 130.a. The 15 phases are evenly spaced with a small phase error. The fundamental frequency for each phase reaches 4.36 GHz on Fig. 130.b, while including the parasitic effects of the designed layout. One observation relies on the non-repeatability of the duty cycle over the 15 phases. The other ones concern the frequency drop: one possible reason may be a shift in the forward and reverse static delays due to paths implementation. In that condition, on the basis of equation ( 87), there may be a change in the initial conditions making the frequency of oscillations to make a big step. Unfortunately, there were no time enough to understand at that time the discrepancy that will be justified further after measurements. The whole layout with the pad implementation is shown in Fig. 131. We finally decided for measurements constraints to only check 4 output phases (1 st ,11 th , 12 th and 15 th ) in order to demonstrate its performance and to understand the particular points of attention during STRO design. The 4 output phases including the pads and buffers are shown in Fig. 132 with a fundamental frequency of 4.47 GHz. Notice that, several buffers have been inserted between the 4 outputs of the Muller gates and the 4 tested pads in order to avoid the losses due to the length of these interconnections. 
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Conclusion on implemented 15-STRO

In the first part of this section, we presented the basics and the principles of the self-timed ring oscillators, which are considered as a promising solution for the multiphase clock generation. Such clock generators, that can be very wideband, are in fact necessary for the HR-Hg/N/Nφ/H-PM. It is important to note that the oscillation frequency does not depend on the number of stages, but on the ring occupancy, which is defined during the circuit initialization (i.e. by setting the number of tokens NT / bubbles NB). Fine tuning between two frequency steps may be achieved thanks to current starving The implemented 15-stage STRO has been discussed in this section, such that our design is composed of 10 Tokens and 5 Bubbles, which leads to generate evenly spaced 15 clock phases without needing to an external master clock with high power consumption, thanks to STRO. Then, this system has been fabricated in FDSOI 28nm technology. PLS simulations show a huge difference as compared to the schematic level one (4.47 GHz including buffers and pads as compared to 1.08 GHz at schematic level). One explanation could lie on the path length making a difference in the static forward and reverse delays that could change initial conditions for the frequency of oscillations. Measurements results on 4 phases have to be provided, frequency of oscillations checked, phases duty cycle as well, and further investigations concerning delays should be provided in order to explain PLS discrepancy with schematic level simulations. This topic is a rich perspective to be focused on in the future work.

General Conclusion

In this work, we developed several architectures to drastically decrease the power consumption and system complexity of wideband tunable receivers. Generally, this dissertation focused on broadband tunable, fully integrated mixers with high out-of-band rejection with intended applications such as cognitive radio, SDR or multi-standard receivers. Particularly, this dissertation focused on the Harmonic Rejection N-path mixer approach. While the HR-Hg/N/Nφ/H-PM has many advantages in terms of full integration, broadband tuning range and linearity, the approach has some limitations in terms of design trade-offs between power consumption and harmonic rejection band, clocks generation, and system complexity. This conclusion summarizes the key elements and the main contributions of this thesis.

In chapter 1, the first point was introducing the multi-standard archtiectures. A comparison is done between the conventional multi-standard receivers and the recent ones, and then the importance of the tunable components is highlighted, which opened the door to focus on the Npath receivers.. The limitations of these structures due to the presence harmonics in the effective LO response prevents them from the wideband applications. For this reason the HR-Hg/N/Nφ/H-PM are the best candidates for the wideband applications. Furthermore, the state of the art about the previous HR-Hg/N/Nφ/H-PM (mentioned firstly as HR-NPM) architectures is presented with their associated performances.

In Chapter 2, the generic architecture of the HR-Hg/N/Nφ/H-PM is presented to discuss the relation between the HR band of the structures and its complexity, which shows that these two main parameters are contradictory. For this reason, 2 novel architectures are presented in order to increase the HR band and maintain low system complexity; these architectures are based on the π-Delayed concept. These structures are sensitive to the LNAs mismatching since they operate with 2 different LNA gain values. Two other novel architectures have been proposed in order to decrease the LNAs mismatching impact whereas these structures achieved the same HR band of the conventional HR-3/8/8/8-PM, with a lower power consumption and a lower system complexity. At last, an algorithm for image rejection has been presented for the conventional HR-3/8/8/8-PM and a IQ reconstruction system has been proposed for the developed HR-2/5/5/10-PM.

In Chapter 3, the design of the HR-3/5/10/10-PM has been presented then the impact on the HRR of each part has been simulated at electrical level and post layout level. The system has been designed and fabricated with 28nm FDSOI technology, and the measurement results are compared with the SoA. HRR, gain and linearity is comparable with state of the art whereas the harmonic rejection band has been improved for the same complexity. Finally, a clock generator based on Self-Timed-Ring-Oscillator concept is studied in order to design a highspeed clock generator with 15 output phases with low phase noise, high speed and low power consumption capabilities.

Perspectives

During my PhD, an architecture had been proposed which is the π-delayed HR-3/5/5/10-PM. It showed a remarkable improvement in the HR band and power consumption in comparison to the previous systems. During the implementation of this structure, some modifications were applied for the fabrication in order to overcome the clocks overlapping issues. The measurements shows a high sensitivity to even harmonics essentially due to mismatch in the differential clocks used to achieve the fully differential structure. The development of a robust differential clock tree is an important track for the system improvement.

Indeed, another improved structure had been studied after the fabrication of the first one, which is the π-delayed HR-2/5/5/10-PM. This new architecture seems to be more promising, it allowed a power consumption reduction with the absence of clocks overlapping issues. This fact enhanced the importance of implementing and fabricating the HR-2/5/5/10-PM structure in the future. In addition to that, two more interesting systems must be throughly investigated: HR-2/1/15/8-PM and HR-2/1/6/8-PM, these will allow the reduction of LNAs mismatching and power consumption as well.

Furthermore, further work is crucial in the future to understand more the detailed concept of the STRO, especially to synthesize multiphase clock over a very wide frequency band (larger than one decade).
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  Fig.24illustrates the architecture. An inverter-based RF-amplifier (RFA) drives a passive switched-capacitor (SC) core consisting of three stages. Having an LNA at the input, in place of the RFA, would reduce the noise figure that is here inherently bad. This was not the purpose of the presented work and this is the reason why it has been presented as a nonclassified architecture. The first stage of the SC core is an oversampler, with fS=8*fC. fS brings the sampling frequency and fC is the carrier frequency (or LO frequency, the problematic of having a high frequency level initial clock being the same). The second stage consists of I/Q discrete time (DT) mixers for downconversion. The two DT I/Q mixers multiply the incoming samples with a DT cosine and sine wave, i.e., weighting factors of 1 and (1+√2), enabling to bring the weighting coefficients necessary for HR. The third stage is a low-pass IIR filter. The zero-IF quadrature outputs are buffered via source followers.
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  𝑆 𝑤 = 𝐻 𝑒𝑓𝑓 . 𝑁 for even 𝐻 (13b)

Fig. 35 .

 35 Fig. 35. Effective LO for HR-NPMs with different N=8, 10 and 12 in (a) Time domain, (b) Frequency domain with 𝑭 𝑳𝑶 ≈ 300 MHz.

  . The proposed architecture presents only 𝑁 = 5 paths and a smart combination of switches together with their driving signals enable to synthesize an effective local oscillator signal with 𝐻 = 2𝑁 samples. Practically, two versions of driving signals are used to control the switches: one for the positive branches, 𝑆 ℎ + , which generate a positive effective LO, 𝑒𝑓𝑙𝑜 + (𝑡), and one for the negative branches, 𝑆 ℎ -, which generate a negative effective LO, 𝑒𝑓𝑙𝑜 -(𝑡), as shown in Fig. 36. 𝑆 ℎ -is simply a π-delayed version of 𝑆 ℎ + . Consequently the number of different clock phases is simply 𝑁𝜑=5. Combined with the appropriate gains 𝐺 ℎ , the 𝑒𝑓𝑙𝑜(𝑡) signal at each path is similar to the standard 𝑒𝑓𝑙𝑜(𝑡) of a conventional HR-4/10/10/10-PM.
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 36 Fig. 36. π-delayed architecture with 𝑯 𝒈 =3, 𝑵 = 5, 𝑵𝝋 = 5, and 𝑯 = 10, in [39] and [40].
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 37 Fig. 37. Matlab simulations of the presented solution based on π-delayed driving signals for H = 10 and N = 5 (solid line). Comparison with conventional structures with H = N = 8 (red dashed line) and H = N = 10 (blue doted line) with 𝑭 𝑳𝑶 ≈ 300 MHz.
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 421636 [(𝐺 -0.5). (𝐺 + 2)] These equations are satisfied if and only if 𝑮 = [𝒔𝒊𝒏 ( with 𝑯 = 𝟏𝟎, 𝐬𝐞𝐞 (8), with only three LNAs, as on Fig. Please note that σ A is the standard deviation of amplitude (gain) error in percentage and σ φ is the standard deviation of phase error in radian.

Fig. 38 .

 38 Fig. 38. HRR for the 3 rd , 5 th and 7 th order with respect to gain and phase deviations for the π-delayed HR-3/5/5/10-PM architecture. Deviation gain error is given in % of 𝑨 𝟎 : 𝛔 𝐀-% = 𝛔 𝐀 𝑨 𝟎 ⁄ = 𝛔 𝐀 𝟏 ⁄ in %. Deviation phase error is given in % of 2π: 𝛔 𝛗-% = 𝛔 𝛗 𝟐𝝅 ⁄ .in %.

Fig. 39 . 5 +

 395 Fig. 39. Clock diagram representation of ideal 1/5 of duty cycle compared with 1/5+ Ԑ duty cycle.To observe theoretically the effect of the overlapping phenomena on the HRRs, the duty cycle of the control clock signals (𝑆 ℎ + and 𝑆 ℎ -have been varied from 1/5 in the ideal case to 1 5 +

Fig. 40 .Fig. 41 .

 4041 Fig. 40. Effective LO waveforms with and without overlapping effect of the π-delayed HR-3/5/5/10-PM.

Fig. 42 .

 42 Fig. 42. Effective LO with its fast envelope for (a) HR-4/10/10/10-PM, (b) π-Delayed HR-3/5/5/10-PM structure.

Fig. 43 .

 43 Fig. 43. HR-3/5/10/10-PM implemented architetcture, from a single-mode point-of-view.

Fig. 44 .

 44 Fig. 44. HR-2/5/5/10-PM principle with 𝑯 𝒈 =2, 𝑵 = 5, 𝑵𝝋 = 5, and 𝑯 = 10.

Fig. 45 .

 45 Fig. 45. HRR for the 3 rd , 5 th and 7 th order with respect to gain and phase deviations for the π-delayed HR-2/5/5/10-PM architecture, as compared to the HR-3/5/5/10-PM. Deviation gain error is given in % of 𝑨 𝟎 : 𝛔 𝐀-% = 𝛔 𝐀 𝑨 𝟎 ⁄ = 𝛔 𝐀 𝟏 ⁄ in %. Deviation phase error is given in % of 2π: 𝛔 𝛗-% = 𝛔 𝛗 𝟐𝝅 ⁄ .in %.

Fig. 46 .

 46 Fig. 46. Effective LO waveforms with and without overlapping effect of the π-delayed HR-2/5/5/10-PM.

Fig. 47 .

 47 Fig. 47. Effective LO response with and without overlapping effect of the π-delayed HR-2/5/5/10-PM architecture, supposing 𝑭 𝑳𝑶 = 300 MHz.The comparison with HR-3/8/8/8-PM, HR-4/10/10/10-PM, π-delayed HR-3/5/5/10-PM and π-delayed HR-2/5/5/10-PM is given in Fig.48. It shows that only the π-delayed HR-3/5/5/10-PM has a degraded 5 th order HRR due to overlapping phenomena.

Fig. 48 .

 48 Fig. 48. Impact of the overlapping phenomena on the 4 architectures displayed in Table V with 1 and 2%overlapping ranges.

3. 4

 4 . π-delayed HR-2/1/15/8-PM with the same HR band as the conventional HR-3/8/8/8-PM

Fig. 49 .

 49 Fig. 49. Effective LO of 1/3 duty cycle, based on a differential structure. 𝑒𝑓𝑙𝑜 𝑎 (𝑡) is a cosine function of frequency 𝐹 𝐿𝑂 sampled at 𝐹 𝑠 = 1 𝑇 s ⁄ = 2. 𝐹 𝐿𝑂 , named 𝑜𝑙 𝑠 (𝑡), and convolved by a square function, 𝑔(𝑡), having a width equal to 𝑇 𝐿𝑂 3 ⁄ = 1 3𝐹 𝐿𝑂 ⁄ , as given in (21).

  𝑂𝐿 𝑆 (𝑓) = ℱ𝒯(𝑐𝑜𝑠(𝜔 𝐿𝑂 𝑡)) * ℱ𝒯 ( 𝑓 -𝐹 𝐿𝑂 ) + 𝛿(𝑓 + 𝐹 𝐿𝑂 )] * 𝐹 𝑠 ∑ 𝑓 -𝐹 𝐿𝑂 -𝑖𝐹 𝑠 ) + 𝛿(𝑓 + 𝐹 𝐿𝑂 -𝑖𝐹 𝑠 ))

Fig. 50 .

 50 Fig. 50. Frequency response, 𝑬𝑭𝑳𝑶 𝒂 (𝒇), of the effective LO, 𝒆𝒇𝒍𝒐 𝒂 (𝒕).

  𝐸𝐹𝐿𝑂 𝑏 (𝑓) = 𝐸𝐹𝐿𝑂 𝑎 (𝑓). 𝑒 -2𝑖𝜋𝑓/10𝑓 0 ⟺ 𝑒𝑓𝑙𝑜 𝑏 (𝑡) = 𝑒𝑓𝑙𝑜 𝑎 (𝑡 -By summing 𝑒𝑓𝑙𝑜 𝑎 (𝑡) and 𝑒𝑓𝑙𝑜 𝑏 (𝑡), 𝑒𝑓𝑙𝑜(𝑡) is plotted in Fig.51. Matlab simulations of the effective LO given in the same figure confirm the theory and the rejection of the harmonics up to the 6 th order included.

Fig. 51 .

 51 Fig. 51. Effective LO of the π-delayed HR-2/1/15/8-PM with the same HR band of the HR-3/8/8/8-PM due to a smart combination of two effective LOs, of 1/3 duty cycles, each one based on a differential structure, and showing a 1/10 phase shift between them.

Fig. 52 .

 52 Fig. 52. Effective LO of the π-delayed HR-2/1/15/8-PM with the same HR band of the HR-3/8/8/8-PM due to a smart combination of two effective LOs, of 1/5 duty cycles, each one based on a differential structure, and showing a 1/6 phase shift between them.

Fig. 53 .

 53 Fig. 53. The 10 driving signals necessary to generate mixing in the π-delayed HR-2/1/15/8-PM based on a smart combination of two effective LOs, of 1/5 duty cycles, each one based on a differential structure, and showing a 1/6 phase shift between them.

Fig. 54 .

 54 Fig. 54. Effective LO waveforms with and without overlapping effect of the π-delayed HR-2/1/15/8-PM.

Fig. 55 .

 55 Fig. 55. Effective LO response with and without overlapping effect of the π-delayed HR-2/1/8/8-PM architecture, supposing 𝑭 𝑳𝑶 = 300 MHz.

  requires a 15-phase clock generator, together with the possibility of having those 15 phases π-delayed, which means 30 phases finally. Meanwhile only 12 of them are used per path. On Fig. 53, it is remarkable that 3 consecutive driving signals of duty cycle 1/15 are used each time, while overlapping during 𝑇 𝐿𝑂 30 ⁄ with another set of 3 consecutive driving signals. Instead of 4 sets of consecutive clocks, 4 clock signals of duty cycle 1/5 should be enough whilst keeping the desired 𝑇 𝐿𝑂 30 ⁄ overlapping, as proposed in the diagram representation of Fig. 56 where 6 driving signals of duty cycle 1/5 with an overlapping of 𝑇 𝐿𝑂 30⁄ enable to address the entire 𝑇 𝐿𝑂 period.

Fig. 56 . 6 -

 566 Fig. 56. 6-clock diagram representation with 1/5 duty cycles and TLO/6 phase shifts.

Fig. 57 .

 57 Fig. 57. The 4 driving signals per path necessary to generate mixing in the HR-2/1/6/8-PM based on a smart combination of two effective LOs, of 1/5 duty cycles, each one based on a differential structure, and showing a 1/6 phase shift between them.

Fig. 58

 58 Fig. 58 compares various possible driving signals with different duty cycles from 1/5 (20% Duty Cycle) to 4/5 (80% Duty Cycle) but the same phase shift of 1/6. It is interesting to note that all of them enable to reject the 5 th harmonic. It is interesting to note that 1/5 and 4/5 duty cycles have the same 𝑒𝑓𝑙𝑜(𝑡), idem for 2/5 and 3/5.

Fig. 58 .

 58 Fig. 58. Effective LO waveforms for duty cycles of 1/5, 2/5, 3/5 and 4/5 with the response of each one, assuming 𝑭 𝑳𝑶 = 400MHz.

Fig. 59 .Fig. 60 .

 5960 Fig. 59. Effective LO waveforms with and without overlapping effect of the HR-2/1/6/8-PM. (a) 𝟏 𝟓 ⁄ duty cycle and (b) 𝟐 𝟓 ⁄ duty cycle.

Fig. 61

 61 Fig. 61 Image mixing effect on the wanted one.

Fig. 62 .

 62 Fig. 62. Image rejection diagram representation of the HR-3/8/8/8-PM.Fig.62gives the diagram of this algorithm. It shows that with simple processing (addition, subtraction and phase shift), the image rejection can be done. Based on the formulated relations above, the response of the HR-3/8/8/8-PM with image rejection model is carried out using Matlab and given in Fig.63. Compared to the response without the IR algorithm, simulation shows the rejection of the image of the wanted signal which is the symmetric of the spectrum with respect to the center frequency of the RF signal.

Fig. 63 .

 63 Fig. 63. HR-3/8/8/8-PM response with and without the image rejection IR model.

Fig. 64 .

 64 Fig. 64. Classical modulator and demodulator used in the QAM technique.

  Fig. 65.a shows the constellation diagram of the simple 4-PM structure, such that the 𝐼 and 𝑄 are easily differentially extracted around phases 0°-180° (1 st output 𝐼 + -3 rd output 𝐼 -) and 90°-270° (2 nd output 𝑄 + -4 th output 𝑄 -), respectively, as shown in the schematic representation of Fig. 65.b.

Fig. 65 .

 65 Fig. 65. (a) constellation diagram of 4 outputs for the 4PM, b) 4PM structure with representation of the IQ reconstruction [22].

Fig. 66 .

 66 Fig. 66. (a) Constellation diagram of the 8 paths, (b) IQ reconstruction principle for the HR-3/8/8/8-PM [46].

Fig. 67 .

 67 Fig. 67. (a) Constellation diagram of the 5 paths, (b) 𝑰 and 𝑸 recontruction principle, (c) 𝑰 and 𝑸 extraction block diagram for the HR-2/5/5/10-PM.

Fig. 68 .

 68 Fig. 68. The connected branches representation of the HR-3/8/8/8-PM architecture. In red lines, the conducting state 𝑺 𝟏 .

Fig. 69 .

 69 Fig. 69. Illustration of a non-strategical implementation of the π-delayed HR-3/5/5/10-PM architecture with 2 LNAs instead of 3. Only the case which generates the 𝒆𝒇𝒍𝒐 + (𝒕) has been represented. In red lines, the conducting state 𝑺 𝟏 + .

Fig. 70 .

 70 Fig. 70. Illustration of the π-delayed HR-3/5/5/10-PM architecture with 3 LNAs. Only the case which generates the 𝒆𝒇𝒍𝒐 + (𝒕) has been represented. In red lines, the conducting state 𝑺 𝟏 + .

Fig. 71 .

 71 Fig. 71. Illustration of the implemented HR-3/5/10/10-PM architecture with 3 LNAs, from a single-mode point-of-view. In red lines, the conducting state 𝑺 𝟏 .

Fig. 72 .

 72 Fig. 72. Illustration of the HR-2/5/5/10-PM architecture with 2 LNAs. In red lines, the conducting state 𝑺 𝟏 + .

1 ≈ 1 .

 11 and Fig.74) while considering that only three LNAs are used, that is to say that the 2 gains of 𝐺 (𝐺 = [𝑠𝑖𝑛 ( 62 with 𝐻=10, see (8)), are provided by the same LNA, and not two different LNAs as in HR-4/10/10/10-PM. 𝑆 1 (𝑡) is represented on Fig.73for 𝐻=10 and given in equation[START_REF] Borremans | A 40nm CMOS highly linear 0.4-to-6 GHz receiver resilient to 0 dBm out-of-band blockers[END_REF]. Remember that the total numbers of 𝑆 𝑖 (𝑡) is the number of samples of the sine-wave, 𝐻. 𝑆 1 (𝑡) = ∑ 𝛿[𝑡 -(1 + ℎ. 𝑁)𝑇 𝑠 ] * 𝑔(𝑡)

Fig. 73 .

 73 Fig. 73. Simple representation diagram of the 1/10 duty cycle clock signal, 𝐒 𝟏 (𝒕).

Fig. 74 . 10 (

 7410 Fig. 74. 𝒆𝒇𝒍𝒐(𝒕) of the π-delayed HR-3/5/5/10-PM and HR-4/10/10/10-PM structures with equally 1/10 duty cycle sub-intervals. Phase and gain mismatch of LNAs occurs at a gain level 𝐴 0 ≅ 𝐴 3 ≅ 1 relatively to the maximum value 𝐴 1 = 𝐴 2 = 𝐺. By assuming the LNA of gain 𝐺 is the reference one providing the reference gain with the reference phase, by supposing that the 2 LNAs providing 𝐴 0 and 𝐴 3 shows the same mismatches ∆𝐴 3 = ∆𝐴 0 and ∆𝜑 3 = ∆𝜑 0 , being very close in the IC, starting with 𝑛𝜑 0 = -2. 𝑛 2𝜋 10 (instead of 𝑛 2𝜋 10 for further simplified 𝜎 ℎ 𝑛 2 equations purpose, this condition having absolutely no impact on the final result), then it comes from (53):

2 4 .

 4 [(𝐺 -0.5). (𝐺 + 2)] 2

2 4 . 7 . 4 .

 474 [(𝐺 -0.5). (𝐺 + 2)] 2 (65) LNAs mismatch analysis for the π-delayed HR-2/5/5/10-PM structure

Fig. 75 .

 75 Fig. 75. The HR-3/5/10/10-PM implemented architecture

Fig. 76 .

 76 Fig. 76. Effective LO waveform of the Singular HR-3/5/10/10-PM structure.

Fig. 77 .

 77 Fig. 77. Effective LO Response of the Single HR-3/5/10/10-PM structure (results in linear).

Fig. 79 .

 79 Fig. 79. The differential HR-3/5/10/10-PM implemented architecture.

Fig. 80 Fig. 80 .

 8080 Fig. 80 (e) and (f) shows the degradation of the 7 th HRR with respect to the LNAs deviations errors for the implemented HR-3/5/10/10-PM. As shown in Fig.80 (e), there is discrepancy between the theoretical and schematicl one, this coming from parasitic parameters, whereas the similar behavior with small degradation is realized between theoretical and schematic levels with respect to the phase deviation.

Fig. 81 .

 81 Fig. 81. 10 Clock signals diagram with symmetrical mismatch effect on the 4th one. The representation of the clock diagram for the HR-3/5/10/10-PM architecture is shown in Fig. 81 with the mismatch effect of ɛ 𝟐 between the 3 clock signals S3, S4 and S5 e.g.

Fig. 82 .

 82 Fig. 82. Clocks mismatch impact on the 3 rd , 5 th and 7 th HRR for the HR-3/5/10/10-PM architecture.

Fig. 83 .

 83 Fig. 83. Block diagram representation of the overall implemented system ( LNAs, 5 PMs, LO,.. ).

  . The transistor is conducting when the gate voltage Vgs is greater than the threshold voltage VT (Fig.84 c), whereas the transistor operates as a switch if-and-only-if the drain-source voltage Vds is less than the saturated voltage Vsat=Vgs-VT (linear region, Fig.84 b).

Fig. 84 .

 84 Fig. 84. (a) Transistor symbol, (b) consumed current with respect to Vds (c) consumed current with respect to Vgs A generic RF-Model of the transistor is shown in Fig. 85, where it is formed of ON-Resistance RON and some parasitic capacitors Cgd, Cgs, Cdb and Csb.

Fig. 85 .

 85 Fig. 85. Transistor RF Model

Fig. 89 .

 89 Fig. 89. I-V characteristic curves for different back gate voltages.

  a. As shown in Fig. 90 the Out-of-Band (OOB) rejection of the

  Fig. 91 b. Each branch is composed of a series resistor connected to a transistor. Both transistors have the same control signal LO and are connected differentially to the capacitor and to the differential LNA outputs (LNA_P & LNA_M).

Fig. 91 .

 91 Fig. 91. Block diagram of the switch design with (a) Single mode, (b) Differential mode.

Fig. 92 .Fig. 93 .

 9293 Fig. 92. The differential output switched signal versus the input RF signal (simulation results).

Fig. 94 .

 94 Fig. 94. Block diagram representation of one path of the 5-Paths mixer designed.

Firstly, we studied

  two ways to generate these 1/10 duty cycle signals, both based on Flip-Flop Looped Shift Registers (FF-LSR) : 1) 10 phases clock generator (10 FF-LSR).

2 )

 2 Two 5 phases clock generator with a logical phase combiner.

Two similar 5

 5 order looped shift registers (LSR) propagate a logical signal driven by 2 opposite external clock signals. The 10 output signals (Sx +/-) are then combined to produces 10 clock signals at the 𝑒𝑓𝑙𝑜(𝑡) frequency with a 1/10 duty cycle. The block diagram of the implemented system is illustrated in Fig. 95. Each LSR is composed of 5 standard FFs. The FFs are driven by the external input clock CLK of frequency FCLK, and its complementary, respectively, such that each LSR generates 5 phase clock signals, of frequency FCLK/5, with 1/5 duty cycle and TLO/5 phase shift between two consecutive phases. There exist a π-delay between the output signals coming from one LSR and the signals coming from the other one. The phase combiner uses 10 AND gates to combine two 1/5 signals, each one from a different LSR, in order to generate the desired clock signals with 1/10 duty cycle (S1 to S10) as shown on the following figure.

Fig. 95 .

 95 Fig. 95. Phase combiner used to generate the 10 phases with 10% duty cycle.

  [10000] word as shown in Fig.96.a. The ONE initialization is applied when the input pulse (PulseP) of SET-FF (see Fig.96.c) is equal to zero, whereas the ZERO initialization is applied when the input pulse (PulseN) of RSET-FF (see Fig.96 b) is equal to one. The FF used is one of the ST Microelectronics, it generates two outputs, one is the output clock phase (Sx +/-) and the 2 nd one is the FF output (Out-FF) which is the input of the next FF stage.At CLK rising edge, Out-FF of the Flip-Flop of Fig.96.d comes equal to IN-FF (ZERO if it is ZERO and ONE if it is ONE). It will hold this value until the CLK falling edge. At CLK falling edge, Out-FF comes equal to IN-FF and will strictly follow the value of IN-FF until next CLK rising edge (if IN-FF becomes equal to ONE during that CLK half-period, then Out-FF becomes equal to ONE, and ZERO for ZERO). At CLK rising edge, Sx +/-of the Flip-Flop of Fig. 96.d comes equal to IN-FF (ZERO if it is ZERO and ONE if it is ONE). It will hold this value until the next CLK rising edge and so on.

Fig. 96 .

 96 Fig. 96. (a) Block diagram representation of the 5 outputs LSR with initialization distribution, (b) RSET-FF schematic representation, (c) SET-FF schematic representation, (d) FF chronogram. Schematic level simulation gives a maximum input clock (CLK) frequency of 20 GHz with Vbgn (Vbg of N-transistor) and Vbgp equals to 3 and -3 V, respectively. The schematic simulation results of this LSR are presented in Fig. 97. The output signals are 5 synchronized clocks (S1 + to S5 + ) with duty cycles of 1/5.

Fig. 97 .

 97 Fig. 97. Simulation results at schematic level of the five outputs of one of the two LSR with 1/5 shift delay.

  The phase combiner used to generate the 10 switch driving signals (Fig.98) operates at a maximum frequency of 4 GHz(for the input CLK frequency equal to 20 GHz) with a 1/10 phase shift between each other.

Fig. 98 .

 98 Fig. 98. Total driving signals generation simulation at schematic level with external input clock CLK operating at 20 GHz.

Fig. 99 .

 99 Fig. 99. Layout representation for the overall 10 phases switch driving signals generator with 1/10 duty cycles.

Fig. 100 .

 100 Fig. 100. Total clock generation simulation at layout level (PLS) with 6-GHz max input external clock CLK.

  Fig. 101. (a) The block diagram representation of the 5 paths mixer with the LO generator of the Differential HR-3/5/10/10-PM architecture without LNAs, (b) Layout design.

Fig. 102 .

 102 Fig. 102. HRR of the 3 rd , 5 th and 7 th orders. Comparison between schematic and PLS simulation results.

Fig. 103 .

 103 Fig. 103. General block diagram of the LNAs block. The schematic representation of the S2D LNA is shown in Fig. 104. This S2D-LNA is a noise cancelling structure composed of two main branches, the first one is the Common Gate CG transistor loaded by Rcg whereas the second one is the Common Source CS transistor loaded by Rcs. The differential output signal V_out is taken from the 2 loaded resistors Rcg and Rcs. The amplification gain factor of both branches has to be the same. It is defined by the transconductance gm of each transistor (or by varying the loaded resistances as shown in the relations below (83) and (84)).

Fig. 104 .

 104 Fig. 104. Balun LNA schematic.

Fig. 105 .

 105 Fig. 105. Differential stage schematic representation. The schematic representation of the differential LNAs is shown in Fig. 105.The differential gain stage is also composed of 2 branches. The input signal is fitted differentially into the two Common Source transistors (same size and biased by a single Common gate transistor). The following relation shows the gain level Gd achieved by the transconductance gm, loaded resistors Rl and the output resistance ro of each common source transistor. 𝐺 𝑑 = 𝑔 𝑚 𝑅 𝑙 𝑟 𝑜 𝑅 𝑙 + 𝑟 𝑜

Fig. 106 .

 106 Fig. 106. Gain and Phase deviation errors between the differential outputs of the 1st LNA block.

Fig. 107 .

 107 Fig. 107. Gain and phase deviation errors between the differential outputs of the 2 nd LNA block

Fig. 108 .

 108 Fig. 108. Gain and phase mismatches between two LNAs on the 2 d amplification stage with a gain of 1 and 1.62 respectively

Fig. 109 .

 109 Fig. 109. Noise Figure of the amplification chain for both values of gain (1 and 1.62).

Fig. 111 .

 111 Fig. 111. Layout of the total HR-10/2PM system in FDSOI 28nm technology.

Fig. 112 .

 112 Fig. 112. (a) The 2 outputs of the LNAs of gains 1 and 1.62, (b) Gain ratio between Out-1.62P and Out-1P.

Fig. 118 .

 118 Fig. 118. Photo of the combiner equipment used to measure IIP3.

  119.b.

Fig. 119 .

 119 Fig. 119. Measured in-and out-of-band IIP3 for the third-order LO harmonic.

  120.b). Note that these simulations are performed only at the clock generator level in the circuit to check the impact of those two possible issues. This results in 5 non-consecutive driving signals with 1/10 duty cycle instead of 10 consecutive driving signals with 1/10 duty cycle. The response of the effective LO built with only 5 inconsecutive phases will degrade the 4 th and 6 th harmonic orders as shown in the theoretical 𝐸𝐹𝐿𝑂(𝑓) obtained from Matlab simulations and plotted in Fig.120.c. This shows how the clock generation architecture is sensitive. Improving it is a perspective of this work.

Fig. 120 . 5 .

 1205 Fig. 120. (a) Minimum phase deviation between the master clocks which generates 5 non-consecutive phases with 1/10 duty cycle. (b) Impact of PulseN and PulseP widths on the output phases number. (c) Theoretical impact of having only 5 phases instead of the 10 ones on the HR band. (c) 4.5. Conclusion on measurements results and implemented HR-3/5/10/10-PM

Fig. 121 .

 121 Fig. 121. Single IRO based structure.

Fig. 122 .

 122 Fig. 122. Differential IRO based structure.

Fig. 123 .

 123 Fig. 123. (a) Muller gate function with representation of the propagation times and (b) L-STRO structure.

Fig. 123

 123 Fig. 123.b shows the structure of a STRO with L number of stages. Each stage is composed of a Muller gate or C-element (well detailed later) and an inverter. There are two inputs per stage, F (Forward) and R (Reverse), and C is the output. Two important parameters, which influence the oscillation mode of the STROs are the forward propagation delay (Dff : delay from the input F to the output C) and the reverse propagation delay (Drr : delay from the inverted input R to the output C) as shown in Fig. 123.a.

Fig. 124 .

 124 Fig. 124. Dynamic cell schematic representation.

  ,[61]. The STRO oscillation requirements can be summarized as follows:L ≥ 3, L = NT + NB,NT is a positive even number.

Fig. 125 .

 125 Fig. 125. Two modes of propagation for the output of the STRO: evenly spaced and burst mode.

5 .

 5 Fig. 126. STRO Frequency as a function of its occupancy.

Fig. 127 .

 127 Fig. 127. Implemented 15-STRO block diagram with 10 T and 5 B. To avoid a load effect on the frequency oscillation, classical buffers are implemented at the output of each cell with a minimal transistor sizing. The 15 clock phases with a 50% duty cycle are displayed in Fig. 128.a, which shows the electrical simulation of the STRO. The fundamental frequency of this oscillator is about 1.08GHz as shown in the spectrum of Fig. 128.b.

Fig. 128 .

 128 Fig. 128. Electrical simulation of the 15-stage STRO showing (a) the 15 phases and (b) the spectrum of each clock phase.

Fig. 129 .Fig. 130 .

 129130 Fig. 129. Layout of the 15-stage STRO.

Fig. 131 .

 131 Fig. 131. Layout of the 15-stage STRO structure with the implemented pads.
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Table IV . π-delayed HR-3/5/5/10-PM architecture complexity compared with the conventional systems.

 IV 

				π-delayed
		HR-3/8/8/8-PM [36] HR-4/10/10/10-PM	
				HR-3/5/5/10-PM
	𝐻 𝑔	3	4	3
	𝑆 𝑤	48	80	30
	𝑁 (number of caps)	8	10	5
	𝐻 𝑟 (maximum rejected harmonic)	6 th	8 th	8 th
	𝜂 1 = 𝐻 𝑟 𝐻 𝑔 ⁄	2	2	2.67

  The total number of switches will be increased to 𝑆 𝑤 = 2. 𝐻 𝑒𝑓𝑓 . 𝑁. More practically 𝐻 𝑒𝑓𝑓 . 𝑁 switches are necessary to generate 𝑒𝑓𝑙𝑜 + (𝑡) and 𝐻 𝑒𝑓𝑓 . 𝑁 switches are necessary to generate 𝑒𝑓𝑙𝑜 -(𝑡)

	𝐻 𝑔 =	𝐻 𝑒𝑓𝑓 2	=	𝐻-2 4 for even 𝐻 = 2(2𝑖 + 1)

Table V . π-delayed HR-2/5/5/10-PM architecture complexity compared with π-delayed HR-3/5/5/10-PM and conventional systems.

 V 

	𝐻 𝑔 𝑆 𝑤 𝑁 (number of caps) 𝐻 𝑟 (maximum rejected harmonic) 𝜂 1 = 𝐻 𝑟 𝐻 𝑔 ⁄	HR-3/8/8/8-PM [36] 3 48 8 6 th 2	HR-4/10/10/10-PM 4 80 10 8 th 2	π -delayed HR-3/5/5/10-PM 3 30 5 8 th 2.67 Chapter 2 π -delayed HR-2/5/5/10-PM 2 40 5 8 th
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Table VI . π-delayed HR-2/1/15/8-PM architecture complexity compared with conventional HR-3/8/8/8- PM.

 VI 

		HR-3/8/8/8-PM	π -delayed HR-
		[36]	2/1/15/8-PM
	𝐻 𝑔	3	2
	𝑆 𝑤 /path	8	12
	𝑁𝜑 (number of clock phases)	8	15
	𝐻 𝑟 (maximum rejected harmonic)	6 th	6 th
	𝜂 1 = 𝐻 𝑟 𝐻 𝑔 ⁄	2	3
	Overlapping sensitivity	Low	Low

3.5. HR-2/1/6/8-PM with 1/5 duty cycle control signal with the same HR band as the conventional HR-3/8/8/8-PM

Table VII . HR-Hg/N/Nφ/H-PM comparison with respect to HR band and systematical complexity.

 VII Table VII compares the different architectures with respect to their HR band and complexity.

										Chapter 2
	Architecture	𝑯 𝒓 = 𝑯 -𝟐	Sw per path	Nb of gains 𝑯 𝒈	𝜼 𝟏 =	𝑯 𝒓 𝑯 𝒈	Nb of phases	Duty cycle	LNA mismatchin g sensitivity *	Clocks overlapping sensitivity
	Conventional HR-4/10/10/10-PM	8 th	8	4	2	10	1/10	High	Low
	π-delayed HR-3/5/5/10-PM	8 th	6	3	2.67	5	1/5	High	High
	Implemented HR-3/5/10/10-PM	8 th	8	3	2.67	10	1/10	High	Low
	π-delayed HR-2/5/5/10-PM	8 th	8	2	4	5	1/5	High	Low
	Conventional HR-3/8/8/8-PM	6 th	6	3	2	8	1/8	High	Low
	π-delayed HR-2/1/15/8-PM	6 th	12	2	3	15	1/15	Low	High
	HR-2/1/6/8-PM	6 th	4	2	3	6	1/5	Low	High
	*									
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Assumptions for smart comparison: two gain stages of identical values are assumed to be perfectly matched, mismatch is considered only for different gain values, mismatch on a differential structure is not considered.

  

  1,𝑖 . 𝑐𝑜𝑠(𝑛. 𝜔 𝐿𝑂 . 𝑡)By considering ideal low pass filtering that rejects high frequency terms, 𝑉 𝑜𝑢𝑡,wanted,𝑖 and 𝑉 𝑜𝑢𝑡,image,𝑖 are expressed in[START_REF] Xu | A Blocker-Tolerant RF Front End With Harmonic-Rejecting N-Path Filter[END_REF] and[START_REF] Klumperink | N-path filters and Mixer-First Receivers: A Review[END_REF], respectively:

							Chapter 2
					∞		(35)
					𝑛=-∞	
		+ 𝐵 1,𝑖 . 𝑠𝑖𝑛(𝑛. 𝜔 𝐿𝑂 . 𝑡)]}		
	𝑉 𝑜𝑢𝑡,𝑤𝑎𝑛𝑡𝑒𝑑,𝑖 =	𝑐𝑜𝑠(𝜔 𝐼𝐹 . 𝑡) 2	[𝐼(𝑡). 𝐴 1,𝑖 + 𝑄(𝑡). 𝐵 1,𝑖 ] +	𝑠𝑖𝑛(𝜔 𝐼𝐹 . 𝑡) 2	[-𝐼(𝑡). 𝐵 1,𝑖 + 𝑄(𝑡). 𝐴 1,𝑖 ]	(36)
	𝑉 𝑜𝑢𝑡,𝑖𝑚𝑎𝑔𝑒,𝑖 =	𝑐𝑜𝑠(𝜔 𝐼𝐹 . 𝑡) 2	[𝐼(𝑡). 𝐴 1,𝑖 + 𝑄(𝑡). 𝐵 1,𝑖 ] -	𝑠𝑖𝑛(𝜔 𝐼𝐹 . 𝑡) 2	[-𝐼(𝑡). 𝐵 1,𝑖 + 𝑄(𝑡). 𝐴 1,𝑖 ]	(37)
					∞		(34)
					𝑛=-∞	
		+ 𝐵 1,𝑖 . 𝑠𝑖𝑛(𝑛. 𝜔 𝐿𝑂 . 𝑡)]}		
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𝑉 𝑜𝑢𝑡,𝑖𝑚𝑎𝑔𝑒,𝑖 = 𝐿𝑃𝐹[𝑉 𝐼𝑛,𝑖𝑚𝑎𝑔𝑒 (𝑡). 𝑒𝑓𝑙𝑜 𝑖 (𝑡)] = 𝐿𝑃𝐹 {[𝑐𝑜𝑠((𝜔 𝐿𝑂 -𝜔 𝐼𝐹 ). 𝑡) . 𝐼(𝑡) + 𝑠𝑖𝑛((𝜔 𝐿𝑂 -𝜔 𝐼𝐹 ). 𝑡) . 𝑄(𝑡)]. ∑ [𝐴

1,𝑖 . 𝑐𝑜𝑠(𝑛. 𝜔 𝐿𝑂 . 𝑡)

  Table VIII summarizes the first order effective Fourier series coefficients 𝐴 1 and 𝐵 1 for the 8 paths of the HR-3/8/8/8-PM structure. It clearly appears that a smart combination between the paths can give interesting properties for image rejection.

Table VIII . A and B Fourier series 1 st order coefficients for the 8 paths of HR-3/8/8/8-PM.

 VIII 

	𝑖	𝐴 1,𝑖	𝐵 1,i
	1	0.264	0.637
	2	-0.264	0.637
	3	-0.637	0.264
	4	-0.637	-0.264
	5	-0.264	-0.637
	6	0.264	-0.637
	7	0.637	-0.264
	8	0.637	0.264
	Based on (		

Table IX . A and B Fourier series coefficients for the 1 st order of the 5 paths of HR-2/5/5/10-PM.

 IX 

	𝑖	𝐴 1,𝑖	𝐵 1,i
	1	0	2.55
	2	-2.42	0.79
	3	-1.5	-2.06
	4	1.5	-2.06
	5	2.42	0.79

Table XI . Schematic level simulation results for the EFLO frequency 𝑭 𝑬𝑭𝑳𝑶 =400MHz and IF=20MHz. Theoretical results are in respect to the obtained features with ideal LNAs enabling to reach those features and transistor-level for other components. Schematic results consider real components at transistor level, everywhere.

 XI 

	Biasing applied	Features obtained	Simulation results
	Common Gate Bias	12.2 µA			theo	schematic
		ratio	1,61	HRR 3rd	45	37.83dB
	Common Source Bias	15.87 µA			
					HRR 5rd	60	49.44dB
	Gain Bias for 1.62P/N 247.45 µA			
		Phase error	0,68	HRR 7rd °Gain	50	37.44dB
	Gain Bias for 1P/N	214.5 µA			

Table XII . PLS level simulation results for RF frequency of 420MHz, an EFLO frequency 400MHz and IF=20MHz. Theoretical results are in respect to the obtained features with ideal LNAs enabling to reach those features and transistor-level for other components.

 XII 

	Common Gate Bias	16.5 µA				theo	PLS
		Gain ratio	1,58	HRR 3rd	30	25.9dB
	Common Source Bias	16.8 µA			
					HRR 5rd	60	29.6dB
	Bias for 1.62P/N	235 µA			
		Phase error	4,6	25.1dB °Gain HRR 7rd 38
	Gain Bias for 1P/N	175.9 µA			

Features obtained Biasing applied Simulation results Fig. 117. Conversion gain with respect to the intermediate frequency IF.

  

  Table XIII for the different main blocks. The simulation results of the overall NPATHONE shows a power consumption of about 17 mW. Consumption has been increased with the measurement results to about 22 mW.

			Chapter 3
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Table XIII . Simulated and measured power consumption comparison for the Main Blocks of the Implemented HR-3/5/10/10-PM

 XIII 

		Diff-LNA	Balun	Mixer+	Total
		(mW)	(mW)	CLK-BUFF	Power
				(mW)	(mW)
	Simulated	14.3	1.8	1.262	17.362
	Measured	≈18.66	≈0.91	≈2.75	≈22.32

Table XIV . HRRs of 3 odd orders after varying the LNA trimmers RV1, RV2, RV3 and RV4.

 XIV 

Table XV . Benchmark between our measurement results and the SoA. Rx Freq. (GHz) NF (dB) Conv. Gain (dB) Power Cons. (mW) IN- IIP3 (dBm) OB- IIP3 (dBm) HRR3,5 (dB) CMOS Tech. node [30] JSSC 2018

 XV 

									Chapter 3
		LNA+Mixer +BB Gm+TIA	0.2-1	5.4-6	36	31.2	NA	9	51-52	65nm
	[18]									
	JSSC	LNA+Mixer+2 TIAs	0.4-0.9	4	34	60	3.5	16	60-64	65nm
	2009									
	[49] JSSC 2014	LNA with Current Passive Mixer Reuse RF Front End+Feedforward	0.15-0.85	4.6±0.9	51±1	10.6-16.2	-12	17.4	53-51	65nm
	[25] TMWC 2008	LNA+8PM+Harmon BB Amp. ic Recombination based on Resistors+	0.048-0.862	8	35	189	NA	-15	30-40 Without Calib	0.18um
	[51] VLSIC 2013	LNA+8 Path Mixer+Gm+ADC	3-6	3	58	35	NA	35	N/A	28nm
	[52] JSSC 2012	Gm+Mixer +TIA +BB Gm	0.08-2.7	1.9@2GHz	72	35.1-78	NA	13.5	42-45	40nm
	[32] JSSC 2008	LNA+Mixer+Anti-Filter+DAC Alias Filter+ADC+IR	0.048-0.86	4-7	90	750	NA	-13.8	72-N/A@60MHz	0.18um
	[33] JSSC 2011	LNA+Mixer+Gm+T IA+Gm-C	0.4-6	3	70	64-100	6	10	N/A	40nm
	This work	LNA+Mixer	0.3-2.4	7	9.2	22	-1	≈+14	50-53 HRR7=41	FDSOI 28nm
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The PCB schematic designed for the differential HR-3/5/10/10-PM chip is shown in Fig. 113. The integrated circuit is here identified as NPATHONE (as it is the first N-Path circuit designed by the team). Two RF inputs are distinguished: CLK signal to drive the 10 phases generator and the RF input signal. Four tuning knobs (Trimmer.1, 2, 3 and 4) allows adjusting the biasing of the LNAs. The differential outputs of two LNAs (gain = 1 and 1.62) are extracted through an external amplifier (ADL5534) to measure the gain and phase errors. One output of the HR-3/5/10/10-PM mixer (the one of the path 1 from the capacitance C1) is extracted from the die. This differential output is then amplified through a low input capacitance Op Amps (ADA4817) and provided at the PCB output (SD1BUF in Fig. 113).
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Starting from these coefficients, Fig. 67.a and Fig. 67.b, a smart combination between the output voltages should enable adequate projections on the I and Q axis.

 Reconstruction of 𝑄(𝑡)

Summing the 3 output voltages of paths 1, 2 and 3 leads to:

𝑉 𝑄(𝑡) = 𝑉 𝑜𝑢𝑡,5 + 𝑉 𝑜𝑢𝑡,1 + 𝑉 𝑜𝑢𝑡,2 = 𝐼(𝑡). [𝐴 1,5 + 𝐴 1,1 + 𝐴 1,2 ] + 𝑄(𝑡). [𝐵 1,5 + 𝐵 1,1 + 𝐵 1,[START_REF] Patel | Internet of Things-IOT: Definition, Characteristics, Architecture, Enabling Technologies, Application & Future Challenges[END_REF] with 𝐴 1,5 + 𝐴 1,1 + 𝐴 1,2 = 𝑧𝑒𝑟𝑜 𝐵 1,5 + 𝐵 1,1 + 𝐵 1,2 = 𝐵 ≈ 4.13 [START_REF] Xu | A Blocker-Tolerant RF Front-end With Harmonic-Rejecting N-Path Filter[END_REF] The simple formulation of the reconstructed 𝑄(𝑡) voltage signal can be expressed as follows:

𝑉 𝑄(𝑡) = 𝐵. 𝑄(𝑡) [START_REF] Ru | Digitally enhanced software-defined radio receiver robust to out-of-band interference[END_REF]  Reconstruction of 𝐼(𝑡) Subtracting voltage on path 5 to voltage on path 2 leads to:

Where

The simple formulation of the reconstructed 𝐼(𝑡) voltage signal can be expressed as follows:

𝑉 𝐼(𝑡) = 𝐴. 𝐼(𝑡) [START_REF] Cha | A CMOS harmonic rejection mixer with mismatch calibration circuitry for digital TV tuner applications[END_REF] As noticed, the constellation diagram of the HR-2/5/5/10-PM is not equally symmetrical, so that 𝐼 and 𝑄 are reconstructed but with a gain mismatch of ratio 𝐵/𝐴. So that a BB amplifier should be needed to compensate for the small difference. The total block diagram representation of the IQ reconstruction procedure for our proposed system is shown in Fig. 67.c. Note that the 𝐼 and 𝑄 could be reconstructed with another set of paths. 101
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Theoretically, the ON-Resistance is inversely proportional to the ratio W/L, while the parasitic capacitances Cgs and Cgd are proportional to the width transistor W as shown in the following expressions:

The ON-Resistance directly affects the response of the HR-Hg/N/Nφ/H-PM structures [START_REF] Xu | A Blocker-Tolerant RF Front-end With Harmonic-Rejecting N-Path Filter[END_REF], in such a way that the minimum RON achieved, the better HRR will be realized (well explained later).

Schematic transistor simulations

The technology used in our implementation is the FDSOI 28nm technology. Different transistors are available in this technology: RVT or LVT (Regular VT or Low VT). In this design, NMOS LVT transistors (nfetlvt_b) are used in order to boost the switch (fast switch). 

Measurement setup

The total test bench with the ports connections representation is shown in Fig. 114.a. The VNA-ZNB40 is used to calibrate the LNA in order to get the perfect matching and minimum gain and phase deviation error as possible, otherwise, different power supplies (2x2612B, 2x2450 and B2902A) are needed to bias our components (LNAs, Back-gates, Buffers, Clocks-Generator, Amps,..,etc). The Master clocks (for the clocks phase generator) have been generated from the external clocks generator (AWG-70000), the RF input signal (0. 

LNA Calibration

The first step in this HR-3/5/10/10-PM measurement campaign is to ensure the best LNAs outputs (no mismatch to ensure highest HRR possible).
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Ali ALSHAKOUSH 126 University Grenoble Alpes This calibration is done for a -30dBm input signal set at 300MHz frequency and no master clocks (CLK signal is not needed for the LNAs calibration, only used for the mixer and the 10 phase generator). This 300MHz frequency is the one for which the 8 th harmonics lie in the upper part of the input RF band (2.4 GHz) and is considered as the minimum operating frequency of our receiver. However, thanks to the very wide band of the LNA, lower frequencies can be processed by the mixer. In addition, the off-ship amplifiers ADL5534 (Fig. 115) used to monitor the LNA outputs have a 20 MHz -500 MHz bandwidth.

The outputs are measured through a VNA (ZNB40) on the 50Ω ports. To ensure the best LNA outputs (minimum matching), the LNA biasing currents have to be adjust through some variable resistances (RV1 to RV4, see Fig. 115).

Matching adjustment

By varying the potentiometer RV2 (to adjust the matching) on the PCB, the current "IBIAS_CG" is adjusted (to 12µA) to modify the gm of the common gate amplifier and tune the real part of the input impedance (see Fig. 104). However, modifying the input matching through the gm of the common gate also modify the positive gains of the S2D-LNA.

Differential adjustment

The current "IBIAS_CS" (see Fig. 104) is adjusted to a value around 16µA by varying the potentiometer RV1 on the PCB. This current affects directly the gm of the common source stage of the LNA and therefore the negative gains Gn2 (LNA-1.62P) and Gn1 (LNA-1.62N). The LNA is tuned so as |Gp2|=|Gn2|.

Max gain setting

The potentiometer RV3 on the PCB allows to set the current "IBIAS_AV1P62" (see Fig. 105) around 250µA. This biasing tunes the 2 nd stage of the LNA chain. This potentiometer is used to adjust | Gp2| ≈ | Gn2| at maximum value.
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Min gain adjustment

Finally, the current "IBIAS_AV1" (see Fig. 105) is adjusted with a value around 210µA through the potentiometer RV4 on the PCB. This plays directly on the biasing of the 2 nd stage (min gain) of the LNA and therefore on the gains Gp1 and Gn1 This potentiometer is used to adjust the ratio 

Mixer Test

Conversion gain measurement

For this measure, the input signal power is -30dBm and the frequency ranges from 0.3 to 2.4GHz. The CLK signal is applied as a differential clock, supplied by external AWG-70000. Its frequency is set at 5 times of the EFLO frequency (5*FEFLO) and its level to 4dBm. The differential output of the HR-3/5/10/10-PM is extracted through an external amplifier stage (AD4417 on PCB). The output is then observed using an oscilloscope (54855A: input impedance greater than 10MΩ). The peak amplitude of the signal is expected at IF=5MHz. As shown in Fig. 117, the higher conversion gain is observed at the IF=5MHz and is Gc≈9.2dB as shown and the IF band width is about 14 MHz.
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[61] J. Hamon, L. Fesquet, "Robust and Programmable Self-Timed Ring Oscillators," presented at the 2011 IEEE 9th International New Circuits and Systems Conference (NEWCAS),2011.
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