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As cellular communication now enters its fifth-generation (5G), millimeter-wave (mm-W) frequencies are supported for the first time. It has been an uncharted territory for the 3rd Generation Partnership Project (3GPP). Compared to 4G Long-Term Evolution (LTE), mobile user experiences are widely enhanced: the increase of data rates and connection densities while reducing the latency; and new opportunities are created in the development of new technologies (machine type communications for instance). 5G standards use both sub-6-GHz and mm-W frequency bands with wider channel bandwidth, multiple-input, multiple-output (MIMO) techniques, and complex modulations such as the 256 quadrature amplitude modulation (QAM). These specifications are known to impose stringent phase noise and spurious tone performances on the local oscillator (LO).

That is why, 3GPP has especially paid great attention to mm-W local oscillator (LO) generation. In addition, as it is a mass-market application, the demand is growing to provide 5G mobile communications for everyone. Hence, it requires using a cost-optimized, highperformance, and huge scale integration (VLSI) technology, such as the 65-nm CMOS PD-SOI technology from STMicroelectronics used in this thesis.

In this context, this dissertation proposes a solution for mm-W frequency generation in CMOS technology: the quadrature-coupled differentially injection-locked digitallycontrolled oscillator (QILDCO). The work presented in this dissertation presents the 5G standards specifications and the analysis of the state-of-the-art and its limitations, the detailed mm-W design methodology, and the design of technological demonstrators. The QILDCO implemented in 65-nm CMOS PD-SOI technology from STMicroelectronics demonstrates the feasibility of a mm-W frequency generation with a wide tuning range, low-jitter, and phase error performances while providing a very compact design. The design robustness is also validated. This design approach is not limited to 5G communications and can be easily extended to other frequencies and other applications.

Résumé

Alors que la communication cellulaire entre maintenant dans sa cinquième génération (5G), les fréquences à ondes millimétriques (mm-W) sont prises en charge pour la première fois. Il s'agit d'un territoire inexploré pour le projet de partenariat de troisième génération (3GPP). Par rapport à la 4G Long-Term Evolution (LTE), les expériences mobiles des utilisateurs sont largement améliorées : augmentation des débits de données et des densités de connexion tout en réduisant la latence ; et de nouvelles opportunités sont créées dans le développement de nouvelles technologies (communications de type machine pour inst.). Les normes 5G utilisent à la fois des bandes de fréquences inférieures à 6 GHz et des bandes de fréquences mm-W avec une largeur de bande de canal plus large, des techniques MIMO (entrées multiples, sorties multiples) et des modulations complexes telles que la modulation d'amplitude en quadrature (QAM) 256. Ces spécifications sont connues pour imposer des performances strictes en matière de bruit de phase et de tonalités parasites à l'oscillateur local (LO). C'est pourquoi 3GPP a accordé une grande attention à la génération de l'oscillateur local (OL) dans les fréquences millimétriques. En outre, comme il s'agit d'une application de marché de masse, la demande est croissante pour fournir des communications mobiles 5G à tout le monde. Par conséquent, elle nécessite l'utilisation de technologies d'intégration à très grande échelle (VLSI) optimisées en termes de coûts et de performances, telles que la technologie 65-nm CMOS PD-SOI de STMicroelectronics utilisée dans cette thèse.

Dans ce contexte, cette thèse propose une solution pour la génération de fréquences millimétriques en technologie CMOS : l'oscillateur à commande numérique à injection différentielle couplée en quadrature (QILDCO). Les travaux présentés dans cette thèse exposent les spécifications des normes 5G et l'analyse de l'état de l'art et de ses limitations, la méthodologie détaillée de conception millimétrique et la conception de démonstrateurs technologiques. Le QILDCO implémenté en technologie 65-nm CMOS PD-SOI de STMicroelectronics démontre la faisabilité d'une génération de fréquence millimétrique large bande avec de faibles performances de gigue et d'erreur de phase tout en offrant un design iii très compact. La robustesse de la conception est également validée. Cette approche de conception n'est pas limitée aux communications 5G et peut être facilement étendue à d'autres fréquences et à d'autres applications.

Mots Clés : Oscillateurs-contrôlés, verrouillé par injection,ondes millimetrique, cinquième génération (5G).
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Telecommunications History

In Furthermore, according to a study made by the Global System for Mobile Communications Association (GSMA), 67% of the global population has subscribed to mobile services by the end of 2018. Since 2013, an average annual growth rate of 5% has been recorded but has slowly decreased to reach a rate of 1.9% from 2018 to 2025, leading to 71% of subscribers worldwide. In 2018, mobile services generated around 3.9 trillion of economic value globally. With the ever-growing need for mobile services with more connectivity, data rates, and latency, this number won't stop increasing. Meanwhile, in 2022, the fifth-generation (5G) standard is deployed. For each past telecommunication network, the spectrum is slightly expanded to enable an upgrade of the smartphone's functionalities, accessing to higher data rates and even more features.

As in previous generations, the 5G spectrum is expanded to sub-6 GHz frequency
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bands to improve smartphones' connectivity. However, the major overturning is the expansion to mm-W frequency bands being a key enabler of the Internet-of-Things (IoT) (smart cities, e-health, and so on). This turning point will widen the mass market dedicated to connected objects, as depicted in Figure 1. Hence, it is foreseen that 5G Indeed, mobile services address a mass market in steady increase and improvement to keep up with demand, making it even more challenging for each new generation.

Today's smartphone offer more functions and features (Wi-Fi, Bluetooth, GPS, camera, streaming, books, and so on) for the same price and size as cell phones did a decade ago.

To address all these frequency bands and applications, the complexity of transceivers has increased over the past generation of telecommunications. RF architectures were highly improved through the power consumption and the speed of RF circuits to match the growing demand for high-performance devices.

Nonetheless, the design and implementation of RF transceivers remain challenging today. Indeed, RF circuits are facing numerous trade-offs to satisfy the stringent requirements of the existing (Bluetooth Low Energy (BLE), Wi-Fi, GSM, third-generation (3G), fourth-generation (4G)) and emerging telecommunication standards such as 5G. Hence,
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the challenge lies in the ever-growing demand for higher performance, lower cost and even more functionality for decreasing power consumption. This phenomenon always raised the questions of production cost and reliability. A solution is the scaling of Very-Large-Scale Integration (VLSI) processes and the use of low-cost technologies such as silicon. To address 5G challenges in terms of cost, and performances, the Partially-Depleted Silicon On Insulator (PD-SOI) technology from STMicroelectronics is proposed in this thesis.

The 5G context offers an excellent challenge for designing the different functionalities of the RF chain. One of the significant challenges for RF transceivers is the design of an ultra-low-phase-noise local oscillator (LO) compliant with 5G requirements. Indeed, the phase noise of controlled-oscillators is the bottleneck for the whole RF chain. In this thesis a mm-W controlled-oscillator is presented.

Thesis Purpose and Main Contributions Thesis Objective

The primary purpose of this thesis is to propose a low-noise low-power frequency generation solution, which fulfills 5G requirements in the 30 GHz bands implemented in 65-nm PD-SOI CMOS technology, to take advantage of its high-quality factor (Q-factor) features for passive elements. Hence, the existing 5G architectures need to be explored via a state-of-the-art study at both the frequency generation and the controlled-oscillator levels. After identifying the critical parameters of the 5G standard, a mm-W design methodology is proposed to meet the stringent requirements in terms of phase noise to improve the state-of-the-art of mm-W controlled-oscillators.

Main Contributions

The main contributions of this thesis work are listed below:

• Injection-locking and Coupling Theory. Injection-locking and coupling theory analyze for quadrature injection-locked controlled-oscillators.

• mm-W Controlled-Oscillator Design Methodology. A mm-W design methodology to meet these requirements is proposed and detailed. First, active and passive devices are designed together to optimize the design. Then, another contribution of this work is to propose the integration of capacitor banks and active devices inside
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the inductor loop for area saving purposes. Being compliant with the 5G specifications while satisfying the proposed layout strategy at mm-W frequency bands is a major challenge that is met with the proposed design methodology.

• mm-W Injection-locked Oscillator. This design has featured the low-noise capabilities of the 65-nm Partially Depleted Silicon On Insulator CMOS Technology (65-nm PD-SOI CMOS technology) by implementing a straightforward design of an injection-locked oscillator operating at 27.5 GHz. This very first design also enabled to validate the integration of active and passive devices inside the inductor loop.

• mm-W Quadrature Differentially Injection-Locked Controlled-Oscillator.

The high-Q-factor feature of the 65-nm PD-SOI CMOS technology has been used in the proposed mm-W controlled-oscillator. The contribution of this work is the differential injection proposed to lock the coupled oscillators taking benefit from the low-noise property of differential signals. This design exhibits excellent performances in terms of phase-noise, tuning-range, phase errors and direct current (DC) power consumption. This work validates the design methodology presented in this thesis.

Manuscript Structure

The dissertation is organized into three Chapters as follows:

Chapter 1 introduces the performance required for a mm-W controlled-oscillator dedicated to 5G New Radio (5G NR) applications. An overview of the 5G NR specifications is detailed to cover: latency, data rates, and frequency spectrum. Some 5G architectures and topologies considerations are detailed towards designing a mm-W controlled-oscillator.

Finally, a discussion around mm-W frequency generation with mm-W oscillators and frequency synthesis state-of-the-art is proposed.

Chapter 2 investigates the injection-locking phenomenon proposed in this thesis for the design of injection-locked controlled-oscillator. The theory of coupling and injectionlocking is further discussed to understand better the proposed topology. 
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This chapter aims at providing the first principles and information needed to understand the analysis and accomplishment done during this thesis. First, the 5G context is briefly presented. 5G architectures and frequency synthesis topologies are detailed towards the design of a mm-W controlled-oscillator. Then challenges for a mm-W local controlled-oscillator are discussed after the state-of-the-art mm-W frequency generation section.

1.1 5G NR: From Smartphones to Smart Everything This new generation of telecommunications is a revolution regarding telecommunications architecture: going from antennas systems to network architecture, but will follow the pattern of previous generations with improved performances. These key features are fundamentals for the industry to improve the user experience. The idea is to develop a cheaper, optimized, and more robust network.

5G NR Specifications & Use Cases

5G NR is a significant evolution of mobile communication technology with high improvements of the RF chain performance and the expansion of the spectrum to the mm-W region. To keep up with demand, 5G networks include low latency, < 1 ms, and high data [3] and [4].

The various usage scenarios envisioned by 5G networks and beyond are categorized into three main groups:

• Enhanced Mobile Broadband (eMBB) to enable faster service and better coverage for all of our Internet applications and services, on any device, from anywhere;

• Ultra-reliable and Low-Latency (URLL) to enable real-time control at high-speed (up to 500 kilometers per hour). This use case addresses IoT applications having stringent requirements for reliability, latency, and network reliability (connected cars, body area networks, or even wireless control);

• Massive Machine Type Communications (mMTC) to support around 200 000 connected devices per square kilometer at a low cost (smart homes, remote monitoring, or sensing).

5G NR won't replace 4G instead, those two protocols will coexist. 5G will enable a vast diversity of routine tasks as it will support a large amount of connected objects: 60 Exabyte (EB) foreseen by 2030. Figure 1.3 presents the 5G specifications [6], [3] and [4]. To enable critical applications, Figure 1.3, the latency becomes ten times smaller, and higher data rates are expected. 5G networks will provide connectivity everywhere, including challenging environments such as remote areas, high-speed transport (planes, trains, and cars), and congested areas. Data rates beyond 10 Gbps will depend on the available spectrum and targeted use cases. For mobile networks, frequency bands are allocated under 3.6 GHz because these frequencies show good signal propagation with low path loss. These frequencies went very popular throughout the years for multiple applications and all the past developed generations of telecommunication. Unfortunately, now leads to spectral congestion; hence these bands cannot support the needs of 5G networks. Indeed, these bands present a limited bandwidth which is not in line with 5G objectives; low latency & high data rates especially. Frequencies close to the 5 GHz bands are attractive but insufficient to support the required data rates. Even though the primary growth in terms of the spectrum is

4G 5G
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in the higher bands, these lower bands are popular due to their excellent propagation properties in high rainfall regions.

Thus, to meet the requirements of high data rates, the frequency spectrum is expanded to mm-W bands (> 24 GHz) as larger bandwidths are available. They will complement to lower frequencies to provide high data rates in indoor and dense outdoor deployments.

However, these bands suffer from strong attenuation in free space, and several mm-W frequency bands are affected by air attenuation as they correspond to peak O2's (60 GHz) and H2O's (23 GHz) absorbance peaks [8]. The expected 5G mm-W frequency spectrum is summarized in Figure 1.4 [9], [10], and [11]. The allocation consists of two parts, i.e., frequency range 1 (FR1), which is below 7 GHz, and frequency range 2 (FR2), above 24.5 GHz. One of the 5G features is the frequency distribution according to the application targeted [9] and [11]. Indeed, frequencies below 1 GHz are dedicated to mobile communications and connected objects as these bands are ideal for the low data rate and narrow channel bandwidth requirements of IoT in 4G and 5G mMTC onward. Moreover, frequencies between 1 GHz and 6 GHz provide access to more considerable bandwidth, lower latency, and higher data rates to enable critical applications. These frequencies will lay the foundation to build smart cities. Finally, mm-W bands are ideally suited to 5G Fixed Wireless Access (FWA) and mobile eMBB densification for inner-city (smart traffic light for inst.) and stadium cases.

<7
Indeed, 5G NR is a scalable technology that can support all frequency bands: from low bands and mid-bands to high bands (up to E-bands, i.e., 86 GHz).

STATE-OF-THE-ART STUDY

5G Network Architecture

The 5G and 4G technologies are working together, as illustrated by Figure 1.5 [7]. Central and local servers provide faster back-hauls to users and lower latency for critical applications. The 5G mobile network comprises of two major networks: the Radio Acces Network (RAN) and the Core Network. When a 5G connection is established, the user device will connect to both the 4G network and the 5G network to provide the control signaling and the fast data connection by adding to the existing 4G capacity. With 5G coverage, the 4G network can take over to provide a continuous connection. Thus, the 5G network is complementing the existing 4G network. First, the RAN includes small cells, towers, and dedicated in-building and home systems that connect mobile devices to the core network. Small cells are a key parameter of 5G networks, especially with mm-W frequency bands where the propagation range is shorter. They are meant to complement macro-cells by being spread in clusters in cities. As previously declared, the multiple input/output (MIMO) principle is used in 5G macro-cells to provide multiple connections in order to send and receive more data simultaneously. Thus, users can benefit from high data rates while more users are connected to the network. It is worth noting that the physical size of antennas elements is close to antennas present in 3G and 4G systems, even if 5G antennas are considered as massive MIMO antennas. Lastly, the core network is the system that manages all the The new generation of telecommunications leads to several challenges regarding the RF transceivers, especially towards the frequency generation. Those challenges will be exposed in section 1.3 after presenting the frequency generation principles in the following section.

mm-W Frequency Generation Considerations 1.2.1 Frequency Synthesis

As telecommunications systems are moving towards mm-W frequencies to enable higher data rates and lower latency, a major challenge for RF transceivers is the design of an ultra-low-phase-noise LO. To generate the LO output signal, used in RF transceivers to down-convert the received signal to the baseband domain, a phase-locked loop (PLL) gets involved. The PLL locks the phase (frequency) of a Voltage Controlled Oscillator (VCO) from a low-frequency reference signal. Hence, the PLL can achieve the frequency and phase accuracy of the reference signal while keeping the tunable performance of the VCO. A direct synthesis can be used, as illustrated in Figure 1.6, meaning the output frequency is directly generated without any additional loop or stage getting involved. As shown in Figure 1.6 a basic PLL block diagram contains:

• A Reference input oscillator (XO). Usually coming from a high-quality quartz crystal oscillator;

• A Phase-Detector (PFD);

• A Charge Pump (CP);

• A Low-Pass Filter (LPF);

• A controlled-oscillator working at the frequency output;

• A Divider.

The output signal is divided by N to be compared in phase and frequency to the reference input signal, working at a lower frequency. Thus, the PLL circuit generates an output signal working at a high frequency from a reference signal.

A controlled-oscillator is designed to generate the output frequency of a PLL. The controlled-oscillator is a critical block of the mm-W PLL. It is working at the highest frequency and is also sensible to parasitic elements such as: capacitances, resistors, inductors and electromagnetic coupling. These parasitic elements can lead to a degradation of the resonator's Q-factor and can also modify the tuning range of the controlled-oscillator.

This controlled-oscillator is the purpose of this thesis and its design methodology will be developed in chapter 2.

Controlled-Oscillators

A controlled-oscillator is generally an amplifier with positive feedback. It has a gain equal to or slightly greater than unity. In the feedback path of the oscillator, capacitors, inductors, or both are used as reactive components. In addition, a transistor is used as an amplifying device. No external alternative current (AC) input is needed to cause the oscillator to work as the DC supply energy is converted by the oscillator into AC energy.

Hence, it can be modeled as depicted in Figure 1.7.

V IN β + _ V OUT A Figure 1.7: Oscillator behavior model V OU T = A • (V IN -β • V OU T ) (1.1) 
Hence:

V OU T V IN = A 1 + Aβ (1.2)
where A is the closed-loop gain.

To sustain oscillations, two conditions from the Barkhausen Criteria must be met:

• The loop gain must be equal or greater than unity, and the phase shift must be equal to zero, where the phase shift is considered the phase angle of the feedback loop, which varies as a function of the frequency.

• The closed-loop gain is infinite when Aβ = -1 at a fixed frequency, meaning that the circuit doesn't need any external input signal to launch the oscillation and to self-sustain. In theory there is no energy transfer between the elements of the oscillator. Indeed, the intrinsic noise of the transistor (a random phenomenon) imbalances the device and enables the launch of the oscillations.

Oscillators can be classified into two topologies: a direct and indirect frequency generation. The first consists of directly generating the output frequency while the second topology benefits from an additional circuit, a harmonic extraction to generate a high output frequency from a lower one.
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LO Generation Challenges for 5G NR

The 5G evolution leads towards an extreme coverage extension, as the bands are extended to the mm-W region. High-altitude platform stations (HAPS) and drones will serve as antennas to guarantee 100% coverage, and new wireless technologies will expand mobile access to the sea, sky, and outer space. Hence, designing mm-W RF transceivers presents several challenges for 5G base stations: power consumption is one of these. The use of distributed networks technologies through access points installed everywhere will considerably reduce power consumption and cost as these new access points are designed to consume less. Even if an extremely-low-power consumption and cost reduction is expected for network elements, the overall power consumption of 5G hardware is foreseen to be from two to four times greater than 4G as the number of elements is increased.

Thus, to meet the energy challenges brought by 5G, the first objective for designers is to develop "greener" circuits without impacting the performances of transceivers. Nonetheless, energy consumption per unit of data, expected by Huawei, is much less for 5G than 4G, while total power consumption is higher as predicted.

Moreover, the 5G standard presents a challenge in terms of signal quality as many factors can be noteworthy such as baseband signal processing, modulation, and up conversion. By moving towards the mm-W region and wider bandwidths, signal impairments can become more problematic impacting baseband and RF designs. Indeed, phase noise is one of the most challenging impairments in mm-W Orthogonal Frequency Division Multiplexing (OFDM) systems. At higher phase noises, sub-carriers can interfere with other sub-carriers leading to impaired demodulation performance. The phase noise is one of the most critical criteria in LO and is determined from the standard specifications through the EVM requirement (detailed in the next chapter). The 64-QAM and the 256-QAM modulation are used to modulate the sub-carriers of the OFDM 5G systems, .

In the worst-case scenario (256-QAM), the 5G phase noise constraints are greater than 4G. Indeed, in high-frequencies, the phase noise becomes higher with the increase of the working frequency (formula 1.3: ω0) as expressed by the following equations:

L(∆w) = 10 • log K B • T V 2 0 • L Q T • F • ω 3 0 ∆ω 2 [dBc/Hz] (1.3)
where F is the excess noise factor, Q T is the tank quality factor, K B is the Boltzmann's constant, T is the absolute temperature, L is the inductor, ω 0 is the working frequency and ∆ω a is the offset from the output frequency.
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Finally, it is also important to propose a robust circuit avoiding any degradation of performances, and consider a compact design to reduce the surface area cost of the silicon.

The design of controlled-oscillators for System-on-Chip (SoC) and 5G standard is challenging as it has to address several constraints simultaneously while providing a wide tuning range, low power consumption, ultra-low-phase noises, a mm-W output, and a compact design. Designing this controlled-oscillator is the objective of this thesis.

The following section presents different PLL and controlled-oscillator architectures that are compliant with the 5G standard for a 256-QAM modulation.

Designing a controlled-oscillator in the mm-W bands compliant with the 5G standards is challenging as it must provide a wide tuning range, low-phase-noise and low power consumption. To determine the specifications of mm-W controlled-oscillators, 5G standard requirements must be studied. A phase noise pattern can be displayed from these constraints, leading to a proposed frequency synthesis architecture. To provide super-fast communication speeds, RF transceivers must satisfy the 5G requirements [7]. The LO integrated jitter requirement for FR2 bands (from 24.25 to 50 GHz) is more stringent than FR1 bands (below 7 GHz) and 4G LTE applications.

LO Generation considerations in mm-W bands 1.4.1 Integrated Phase Noise to Jitter Requirement

EVM requirements are presented in Table 1.1 for base station 2-O (i.e., for FR2 frequency
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bands). The stringent modulation, in this table, is the 1024 quadrature amplitude modulation (1024-QAM), which imposes a high phase-noise constraint on the LO (-49.9 dBc of double-sideband (DSB) integrated phase-noise (IPN) for the complete radio link). Indeed, phase noise of less than -120 dBc/Hz at 1-MHz offset must be achieved to comply with this modulation scheme. This modulation can't be supported with a simple solution as illustrated in Figure 1.6. Nonetheless, we can infer that this modulation will be of high interest for the next generation of telecommunication, the sixth generation (6G), to further increase data rates.

- 

IPN (dBc)

Sub-200fs for 64-QAM Sub-100fs for 256-QAM The highest modulation proposed in the 5G standard is the 256-QAM. This modulation will be added in the next 3rd Generation Partnership Project (3GPP) release 17, which requires a double sideband (DSB) IPN of -30 dBc for the complete radio link, imposing a DSB IPN requirement for the LO generation of -36 dBc for a good signalto-noise ratio in MIMO scenarios [START_REF] Ek | A 28-nm FD-SOI 115fs Jitter PLL-Based LO System for 24-30-GHz Sliding-IF 5G Transceivers[END_REF]. Actually, many blocks of the RF transceivers must share this EVM budget, but the larger part must be allocated to the RF Power Amplifier (PA) to maximize its power efficiency. Thus, the LO generation contribution must be reduced. As presented in Figure 1.8, for a carrier frequency of 28 GHz, this IPN requirement is converted to a sub-100 fs RMS jitter. This ultra-low jitter performance is highly challenging to achieve for a PLL in CMOS technology but is chosen to release PA linearity constraints.

From this IPN requirement, a phase noise pattern can be deduced. For this purpose, a phase noise to jitter converter interface has been designed on MATLAB with the gui
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interface. The demonstration is detailed in appendix 3.7. Figure 1.9 proposes a phase noise pattern for a frequency synthesis compliant with 5G transceivers needs as it exhibits an IPN of -39.7 dBc leading to a jitter below 100 fs. It is worth noting that this pattern is one of the phase noise curve possibilities. This pattern has been determined based on the behavior of a common PLL: IEEE papers and off the shelf. As the IPN is the area under the phase noise curve, the in-band phase noise has a major impact on the IPN result. Hence, it is clear that if some phase noise improvements are made in the in-band, the IPN value would significantly increase, which can relax the constraints on phase noises at 1-MHz and 10-MHz offsets. Nonetheless, this converter tool provides some insight into phase noise constraints for a mm-W controlled-oscillator working at 28-GHz. To reach an IPN lower than -36 dBc, the phase noise requirements must be at both 1-MHz and 10-MHz offsets: -110 dBc/Hz and -120 dBc/Hz, respectively.

LO Generation Topology

In FR2 bands, solely time duplexing division (TDD) is used, meaning that the transmitter 
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recent state-of-the-art, a typical achievable tuning range is about 30% at 30 GHz frequencies, with suitable phase noise [14], [START_REF] Ek | A 28-nm FD-SOI 115fs Jitter PLL-Based LO System for 24-30-GHz Sliding-IF 5G Transceivers[END_REF], [START_REF] Lightbody | A -195 dBc/Hz FoMT 20.8-to-28-GHz LC VCO with Transformer-Enhanced 30% Tuning Range in 65-nm CMOS[END_REF]. Although multimode oscillators, as in [START_REF] Liu | Magnetic-Tuning Millimeter-Wave CMOS Oscillators[END_REF] and [START_REF] Shu | 17.4 A 18.6-to-40.1GHz 201.7dBc/Hz FoMT Multi-Core Oscillator Using E-M Mixed-Coupling Resonance Boosting[END_REF], demonstrate wider tuning range (41% and 73% respectively), their phase noise can vary more than 8 dB across the tuning range, making them not a suitable solution regarding the extremely rigorous phase noise requirements for 5G NR transceiver using the 256-QAM. An alternative can be to use multiple oscillators but at the cost of a larger chip area (i.e., silicon cost) to cover the wide-tuning range requirement. Besides the tuning range challenge, it is worth studying if a mm-W quadrature output is needed to feed the image rejection mixer in 5G transceiver architecture. From 2G to 5G sub-6 GHz transceivers, the homodyne transceiver architecture is used, as in 1.10a.

In this architecture, a quadrature LO signal is needed to feed to the I/Q mixer and must cover all FR2 bands, representing a challenge in terms of tuning range for a 5G controlledoscillator. This solution also raises a quadrature generation challenge by being at highfrequencies. One approach could be to design a controlled-oscillator at two times the carrier frequency and then divides its outputs by two to generate the quadrature output, which would consume less power than conventional solutions with coupled-oscillator or poly-phase shifter. However, it cannot be implemented at mm-W bands with such phase noise constraints.

The second architecture proposed, in Figure 1.10b and in 1.16, eases the constraints on phase-noise and quadrature by using a lower-frequency LO generation (2/3 f 0 ) and divide-by-two circuits to create the quadrature to feed the I/Q mixer. By lowering the working frequency of the LO, the tuning range constraints are also relaxed. However, additional mixers and divide-by-two are required resulting in a higher chip area and power
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penalty compared to the homodyne solution.

To determine the architecture in which our controlled-oscillator must be implemented, the transceiver architecture discussion is needed. Indeed, 5G transceivers are also defined by the beamforming techniques used. Beamforming is a signal processing system built on top of an antenna array to transmit signals in the desired direction. Efficient beamforming is necessary for enabling mm-W communication to alleviate the unfavorable path loss by providing the ability to steer a high gain antenna beam to the direction of the signal arrival to maximize the signal-to-noise ratio (SNR). This technique applies phase shifts to each RF signal to provide an optimized SNR. The phase-shifting operation can be performed at different locations of the TRx path, resulting in different options of beamforming, according to [18][START_REF] Ada | Supporting and enabling circuits for antenna arrays in wireless communications[END_REF][START_REF] Fakharzadeh | Cmos phased array transceiver technology for 60 ghz wireless applications[END_REF], as presented in Figure 1.11. In RF beamforming, as in Figure 1.11a, requirements on the mixer design are relaxed by performing the phase-shifting operation on the RF path. However, it is challenging to design a phase shifter at mm-W frequencies with a high resolution and it is also power consuming.

In image frequency (IF) beamforming, as in Figure 1.11b, the phase-shifting operation is achieved in the baseband path, leveraging the design requirements and enabling a finer resolution with lower power consumption. However, performing the operation after the mixer, I/Q mismatch becomes a major concern for the mixer design, leading to a possible SNR degradation.

In LO beamforming, as in Figure 1.11c, the phase shifting operation is performed on the LO clock path. It is noticeable that compared to RF and IF beamforming, this technique can enhance the SNR performance by avoiding doing it in the signal path.

Hence, the SNR of the complete radio link is insensitive to the phase shifter losses, nonlinearity, and noise [START_REF] Mohammed El-Halwagy | CIRCUITS[END_REF].
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Among the 5G community, none of the considered architectures is envisioned as the only solution to meet the mm-W 5G transceiver challenges, explaining why different architectures will probably be found in transceivers from competitive companies. However, considering all the arguments above-mentioned, the homodyne transceiver using an LO beamforming seems to be a good solution as it enables to save power consumption compared to the IF topology, and the principal asset is to enhance the SNR performance, which we remind, are very binding for mm-W 5G transceivers. The drawback of this architecture is the design of a quadrature low-noise LO generation which is a major concern at mm-W frequencies. However, if a quadrature low-noise LO generation can be designed, it will leverage the constraints on the mm-W 5G transceiver. In this thesis, we propose to address this challenge with the design of a quadrature controlled-oscillator.

System-level considerations for LO generation in mm-W bands

The next step in controlled-oscillator design is to determine the frequency synthesis architecture in which it can be implemented. The objective is to choose a highperformance topology exhibiting low-phase-noise and low-power consumption while providing a quadrature output. In this section, we are going to study different topologies to design a 5G controlled-oscillator.

Recent investigations ( [START_REF] Jany | A Programmable Frequency Multiplier-by-29 Architecture for Millimeter Wave Applications[END_REF], [START_REF] Yoo | A Low-Integrated-Phase-Noise 27-30-GHz Injection-Locked Frequency Multiplier With an Ultra-Low-Power Frequency-Tracking Loop for mm-Wave-Band 5G Transceivers[END_REF]) on both direct and indirect frequency synthesis to improve the trade-off between phase-noise (PN), small area and power for controlledoscillators. A trivial solution is high-frequency PLL that directly generates the mm-W signals, as presented in Figure 1.12a. This solution is the most straightforward architecture that can be used to generate the required LO signals. However, this is not the best solution regarding the phase noise and the power consumption. As the controlledoscillator is running in mm-W bands, high-frequency dividers must be designed at the targeted frequencies, increasing the power consumption of the overall PLL to suppress the elevation of the noise floor. Using CMOS technologies is challenging to design dividers working at high-frequencies. Then, with respect to phase noise, designing a PLL that directly generates mm-W signals is not the best solution as a high-reference signal must be used to provide the targeted phase noises.

An alternative solution is the dual-loop frequency synthesizer architecture. This solution has a better settling time and exhibits a better coarse and fine tuning than the previously presented architecture. However, the dual-loop architecture is not a good so- lution either, as it exhibits some huge drawbacks: the complexity of the architecture, the higher power consumption and the larger chip area. Among the best in class, the indirect LO synthesis proposes to lower the working frequency of the PLL for optimal PN, taking benefit from the spectral purity of the injected signal. It also enables to support several frequency bands by using different multiplication factors. The first solution is based on the cascaded PLL topology as presented in Figure 1.13a. It has the advantage of using dividers working at a lower frequency, decreasing the design complexity, and maximizing PN performances. However, using two cascaded PLLs can lead to a chip area and power consumption larger than other PLL architectures. Furthermore, the second loop Phase-Frequency Detector (PFD) works at a higher frequency, which can degrade the phase noise performances.

Finally, another topology is proposed: an injection-locked frequency multiplier (ILFM).

A lower frequency PLL coupled to a frequency multiplication system can generate the mm-W frequency bands, as shown in Figure 1.13b. This architecture still decreases the PLL operating frequency and needs a narrower tuning-range at low frequencies to create the required wide mm-W frequency range. Furthermore, benefiting from the injectionlocked property, the phase noise performances are enhanced. The total phase noise is
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determined by the phase noise of the sub-harmonic VCO, being degraded by 20.log 10 (N), through the following formula:

P N output = P N inj + 20 • log 10 ( f output f inj ) (1.4)
The output phase noise is shifted by 20.log 10 (N) from the injected phase noise, where N is the multiplication factor. Furthermore, as presented in Figure 1.14, the current state-of-the-art demonstrates that PLLs with an output frequency from 3 GHz to 7 GHz are the best candidates to generate ultra-low-phase-noise to feed a mm-W injection-locked oscillator (ILO)), as also explained in [START_REF] Jany | A Programmable Frequency Multiplier-by-29 Architecture for Millimeter Wave Applications[END_REF]. The phase noise trend of PLLs is not linear over the working frequency, which was predictive. Hence, using a PLL working at a lower frequency whose output signal feeds an injection-locked oscillator is a good solution to enhance the phase noise performance of a mm-W LO generation with an improvement of 16 dB. Hence, this last topology is chosen in this thesis to overcome the phase-noise challenge imposed by the 256-QAM modulation of the 5G standard. This solution enables to grant the sub-6 GHz bands of the 5G standard. [26]
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T r e n d 
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This section proposes a state-of-the-art study to understand the challenges of designing mm-W frequency generation dedicated to 5G applications. First, the state-of-the-art frequency synthesis is studied, followed by the state-of-the-art oscillator .
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Frequency Synthesis State-of-the-art

Making a mm-W PLL dedicated to 5G applications is challenging as an ultra-lowphase-noise pattern must be generated. The first frequency synthesis designed in mm-W frequency bands started being published in the 2000's. When operating in mm-W frequencies, the challenge is to design a wide-band frequency synthesis with low-phase noise levels without increasing the power consumption of the circuit. At the beginning of this thesis, many frequency synthesis were already been designed in mm-W bands. Nonetheless, only a few are in line with 5G expectations. The first one, reported in the state-of-the-art, dates from 2008 [START_REF] Gai | A fully integrated low phase noise, fast locking, 31 to 34.9 GHz dual-loop PLL[END_REF] exhibiting an IPN of -36 dBc whereas consuming a tremendous amount of power: 524 mW.

Moreover, recent works demonstrate excellent performances in terms of phase noise and power consumption [START_REF] Kim | 16.2 A 76fs rms Jitter and -40dBc Integrated-Phase-Noise 28-to-31GHz Frequency Synthesizer Based on Digital Sub-Sampling PLL Using Optimally Spaced Voltage Comparators and Background Loop-Gain Optimization[END_REF].

Let's focus first on frequency synthesis which propose to directly enhance the phase noise performance by coupling or combining PLLs.

Combining or Coupling

First, by combining PLLs, if the number of PLLs is doubled, the phase noise is reduced of the future generations of telecommunications. Nonetheless, the industry tries to build "greener" base stations. Thus, combining or coupling several PLLs seems to be an attractive solution but has an important power drawback.

Then, the first works exhibiting a jitter below 100 fs were designed using less common architecture such as the sub-sampling architecture or going further by designing digital-PLLs.

Sub-samping PLL

The first 5G compliant PLL in this dissertation is an isolated sub-sampling PLL, presented in Figure 1.18. This paper [START_REF] Yang | [END_REF] presents a sub-sampling PLL dissipating only 10.2 mW at 26.42 GHz. This PLL exhibits a low RMS jitter of 71 fs without compromising the spur level (-63 dBc). These performances are achieved by minimizing the disturbances at the sensing and control sides of the VCO by using a master-slave isolated sub-sampling Phase-Detector (SSPD); and by optimizing the inter-stage sampling capacitor and amplitude of the isolated SSPD to suppress the in-band phase noise. The RMS jitter is 75 fs at 26.25 GHz, while the reference spur is -45dBc at 250MHz.
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The in-band PN is -110.4 dBc/Hz at a 1 MHz offset, dominated by the input reference noise. With the Synthetic-aperture radar (SAR)-ADC-based frequency-tracking loop (FTL) ON (operating at 250 MHz/4), the charge sharing locking can maintain the jitter performance when the V DD of the controlled-oscillator changes from 0.35 V to 0.45 V.
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mm-W Controlled-Oscillators State-of-the-art

In mm-W controlled-oscillators the most commonly-used topology is the LC-based oscillator. To set the oscillation frequency, a pair of passive elements are used: the LC tank. Using a passive resonator, the oscillator's performances are enhanced, taking benefit from high-Q-factor, compared to its ring-oscillator counterpart. The higher the Q-factor of the tank, the lower the power consumption of the circuit. Nonetheless, as it is well-known, designing a circuit depends on the targeted applications, thus more digital solutions can be chosen to reduce the total power consumption, and the area occupation of the designed circuit. Ultra-low-phase noise performance is required to fulfill 5G requirements, as depicted in section 1.3. Thus, the LC-based oscillator is the ideal candidate to design a mm-W controlled-oscillator and has been chosen for the designs of this thesis.

VCO topology

In the presented state-of-the-art, three papers use this topology. The paper written by Ericson's team [START_REF] Ek | A 28-nm FD-SOI 115fs Jitter PLL-Based LO System for 24-30-GHz Sliding-IF 5G Transceivers[END_REF] uses a cross-coupled LC NMOS-PMOS push-pull topology. The push-pull structure limits the voltage swing of the controlled-oscillator nodes between supply and ground, ensuring the reliability of the thin oxide devices used to achieve high transconductance and minimum capacitive parasitics. A drawback was to feature PMOS devices, which are larger than corresponding NMOS, reducing the achievable frequencytuning range. This effect was limited by setting the PMOS width no more than two times that of the NMOS. Their design consumes 2 mA from a 1.25 V supply, and a phase noise of -195 dBc/Hz was reported.

Generally, single VCOs exhibit lower phase noise at 1-MHz offset, that is why other topologies are proposed to match 5G requirements. The two controlled-oscillators, presented in this brief state-of-the-art, are an injection-locked topology and a multi-core topology.

Injection-Locked Topology

This design is an ILO using an ultra-low power-FTL, hence the frequency drifts of 

Multi-core Topology

This last controlled-oscillator, [START_REF] Shu | 17.4 A 18.6-to-40.1GHz 201.7dBc/Hz FoMT Multi-Core Oscillator Using E-M Mixed-Coupling Resonance Boosting[END_REF], proposes a mm-W multi-core oscillator using electromagnetic (E-M) mixed-coupling resonance boosting to achieve a quad-mode operation bandwidth from 18.6 to 40.1GHz. [55], to the author's knowledge. This phase noise value is extrapolated for a 28 GHz carrier: -107 dBc/Hz. This result could be acceptable but would require a considerable amount of power to be generated. Indeed, as previously explained, the constraints on phase noise are stringent to comply with the 5G standard. It explains why the LC-based controlled-oscillator is the best solution for a mm-W design.

Topologies such as multi-core, [START_REF] Shu | 17.4 A 18.6-to-40.1GHz 201.7dBc/Hz FoMT Multi-Core Oscillator Using E-M Mixed-Coupling Resonance Boosting[END_REF], or multi-LC tank enable a higher tuning range but at the expense of a potential higher DC power consumption. Despite the numerous inductors designed, the one reported in [START_REF] Agrawal | 2.2 a scalable 28ghz coupled-pll in 65nm cmos with singlewire synchronization for large-scale 5g mm-wave arrays[END_REF] exhibits the lowest active area which can be linked to the process used for implementing this controlled-oscillator.

ILFM-based controlled-oscillator became very popular [START_REF] Yoo | A Low-Integrated-Phase-Noise 27-30-GHz Injection-Locked Frequency Multiplier With an Ultra-Low-Power Frequency-Tracking Loop for mm-Wave-Band 5G Transceivers[END_REF] for mm-W applications as a good phase noise performance can be achieved since gigahertz-range PLL provides an output frequency with low-phase-noise performance. If the multiplication is well done, i.e., the oscillator is locked to a harmonic of the injected frequency, the LO will provide an IPN compliant with the 5G requirements. Concerning frequency synthesis, numerous solutions are proposed. The sliding-IF architecture submitted by Ericson is an attractive solution that reduces the phase noise requirement. Nonetheless, it requires more mixers, and some distortion can be created with the LO leakage to IF, [START_REF] Ek | A 28-nm FD-SOI 115fs Jitter PLL-Based LO System for 24-30-GHz Sliding-IF 5G Transceivers[END_REF]. We can notice that several SSPLLs are proposed and can have the advantage of being low power, such as in [START_REF] Yang | [END_REF]. However, this proposed stateof-the-art highlights the complex trade-off between phase-noise, power consumption and wide tuning-range. Hence, depending on the targeted application, one will have to max- imize the phase noise over power consumption to be compliant with EVM requirement, for a 1024-QAM, while another will work on a jitter under 100-fs, for a 256-QAM, and a wide tuning range without sacrificing the power consumption under 20 mW.
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From the 5G standard specifications and the discussion above-reported, the mm-W 5G controlled-oscillator specifications are set: 

Power (mW) ∼20

Power for one osc. core (mW) ∼8

Power per frequency for one osc. core (mW/GHz) † ∼0.31
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Chapter Conclusion

This chapter has firstly introduced the context of the 5G NR standard. The objectives of the new telecommunication system have been presented as well as the strategy foreseen to deploy the 5G base stations (BS) in cities.

Before the state-of-the-art study, an overview of the basic frequency synthesis principles has been given and a discussion on 5G architectures and frequency synthesis topologies for the design of a mm-W controlled-oscillator. The most recent works compliant with the 5G requirement have been presented. Most of the proposed frequency generation architecture proposes a two-stage architecture taking advantage of lower phase-noise in the sub-6 GHz bands. Following the analysis, it appears to guarantee good LO performances in the mm-W frequency bands; studies must focus on controlled-oscillator performances. The challenges to designing a mm-W controlled-oscillator have also been discussed.

In this work, we propose to focus on the design of a mm-W controlled-oscillator compliant with 5G needs. This controlled-oscillator is aimed to be low phase-noise, low power-consumption and exhibits a wide tuning range. Hence the coupling and injection theory is further discussed in the next chapter to fully understand the proposed topology. 

Injection and
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This chapter aims at providing a good understanding of the injection phenomenon to precisely anticipate the ILO behavior. ILOs use the synchronization phenomenon to achieve impressive phase noise performances enabling innovative frequency synthesis.

After a discussion on injection-locked topologies to create the quadrature output of the mm-W controlled-oscillator, an architecture is proposed. The ILO, and its properties are presented to fully understand the topology chosen.

An introduction to the injection phenomenon

An ILO is a circuit synchronized by an input signal. In the absence of this injected signal, the ILO works as a classic oscillator operating at its free-running frequency f FREE .

Injection locking may occur in oscillators when an input signal of sufficient magnitude is injected, and when the difference between the free-running frequency (f FREE ) and the injected frequency (f INJ ) is shifted to f INJ [START_REF] Adler | A study of locking phenomena in oscillators[END_REF]. In some cases, the injection locking is desired, as in some radio receivers, but in other cases, it might be a problem, for instance when the oscillator locks to disturbance from a nearby circuitry.

Injection-locking phenomenon properties

The first documents on this phenomenon, are from Christiaan Huygens, the inventor of the pendulum clock in the 17th century [START_REF] Huygens | Hollandsche Maatschappij der Wetenschappen[END_REF]. This is the well-known phenomenon where two clocks with different times became synchronized when hung on the same wall.

These two pendulum clocks are coupled by the vibrations propagating in the wall, making them both injection-locked to a common frequency.

This phenomenon can be an issue in designing of 5G RF systems. A substrate coupling is generally observed as the LO and the PA work at the same frequency with different output power. These two circuits are usually placed far enough to minimize this substrate coupling.

However, this phenomenon can be attractive to enhance the performance of the LO generation circuit. Indeed, ILOs offer an alternative to common PLL architectures for low-jitter constraints applications.

THEORY OF INJECTION-LOCKING AND COUPLING FOR CONTROLLED-OSCILLATORS

The ILOs properties are the following: ILOs can be synchronized to an input signal close to f 0 , a harmonic signal with f 0 ≈f INJ /N or a sub-harmonic signal f 0 ≈f INJ • N. The acquisition time is lower than PLLs, and when injection-locked, the ILO copies the signal purity of the injected signal.

As presented in the previous chapter, the sub-harmonic topology is chosen to design a mm-W LO generation. Hence, only this use case is studied and explored in the following sections. 

Sub-harmonic injection-locking

PLL

x 5

sub-6GHz mm-Wave freq.

OUTPUT ILFM This architecture offers several advantages, as stated in Chapter 1. Lesson's theory [START_REF] Leeson | A simple model of feedback oscillator noise spectrum[END_REF]demonstrates that the controlled-oscillator phase noise is proportional to the squared frequency. Hence, the phase-noise is easier to be optimized at lower frequencies with the VCO of the sub-6 GHz PLL. This architecture is attractive for high-frequency synthesis in terms of phase-noise and power consumption performances.

Towards the mm-W Oscillator Topology Choice:

Controlled-Oscillator Topology

Designing a controlled-oscillator in mm-W bands can be very challenging. Indeed, the target is to design a high-performance mm-W controlled-oscillator with a wide tuning range and a good phase noise performance with low power consumption for extended battery lifetime. As presented before, the 5G phase noise requirements are stringent. Thus, a widely used topology for RF and low-noise applications is the LC-tank architecture,
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taking advantage of the improved performance of passive elements, which significantly enhance the phase noise. The LC-based topology comprises: the resonator and the negative resistance designed with a cross-coupled pair of transistors. The LC-tank is critical for controlled-oscillators design since these two passive elements dramatically affect the oscillator performances in terms of phase noise, through their Q-factor, and tuning range. 

Quadrature Injection-Locked Controlled-Oscillators

To generate the quadrature output, three commonly used methods are considered. The first solution consists in designing a controlled-oscillator working at twice the working frequency followed by a divide-by-two divider. However, it cannot be considered as it would require to design a mm-W master slave flip flop frequency divider which would require a substantial DC power consumption to work properly, the PN performance would be highly increased due to low Q-factor for passive elements at mm-W frequencies and the signal levels would also be decreased, thus emphasizing the increase of the DC power consumption with its output PA buffers.

Then, passive circuits can be used such as PPF, lange coupler, broadside coupler and phase shifter. As presented in Figure 2.3a, a poly-phase filter has the advantage of reducing the design complexity and the chip area . Although it can achieve wide-band performance with sufficient quadrature accuracy by cascading two or more stages, the mismatches of the interconnection line among the passive components increase as the frequency increases. Even if those two drawbacks can be compensated by selecting an optimal input feeding structure and making a compact floor plan to minimize the interconnect length, as presented in [START_REF] Kulkarni | Design of an Optimal Layout Polyphase Filter for Millimeter-Wave Quadrature LO Generation[END_REF], the LC-tank Q-factor can be highly degraded by the resistor-capacitor (RC) PPF, which is not in line with the PN requirements presented previously.

One of the best solutions considered in this thesis is to couple two controlled-oscillators with active circuits, enabling a trade-off between PN, phase accuracy and power consumption. Compared to PPF, coupled-oscillators provide minimal I/Q mismatch and a wide tuning and locking range. Nonetheless, the implementation of two oscillators implies an increase of area and power consumption. Some design and layout solutions are proposed and presented in the next chapter to leverage these drawbacks. It is worth noting that expanded power consumption is required in the buffers used to boost the sub-harmonic power to a level that can adequately lock the quadrature injection-locked oscillator (QILO). Also, the QILO frequency needs to be calibrated so that it is equal to N times the VCO sub-harmonic. Ostherwise, output I/Q error can become significant. Usually, quadrature ILOs are injection-locked by a quadrature signal so that both controlled-oscillators are locked, as in [YCK + 18]. Nonetheless, it can lead to more DC power consumption, phase noise degradation, and I/Q mismatch. To address these drawbacks, a quadrature ILO injection-locked by a differential signal topology is proposed. As
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presented in Figure 2.4b, for power reduction considerations, this topology proposes that only one of the two oscillating cores (DCO1) is injection-locked by a low-noise sub-6 GHz signal. If DCO1 and DCO2 have a proper master-slave relation, DCO2 will follow DCO1 when locked, and create the desired I/Q quadrature. This master-slave relation is guaranteed by the coupling strength α and if enhanced, it will also improve the quadrature accuracy [START_REF] Andreani | Analysis and design of a 1.8-GHz CMOS LC quadrature VCO[END_REF]. However, it could lead to PN degradation if the coupling strength α is too large. Hence, the coupling strength α must be chosen without degrading the PN performance.

By injection-locked the mm-W controlled-oscillator with a differential signal, the topology benefits from better input phase noise performance, as differential signals are known to have a better signal purity than quadrature signals.

This topology is a good candidate for mm-W frequency generation on advanced CMOS technology. Nevertheless, a good understanding of injection-locking and coupling phenomenons is essential to predict the differentially injection-locked controlled-oscillator behavior. Consequently, a theoretical study is necessary.

Injection and Coupling Theory applied to the mm-W quadrature injection-locked controlled oscillator

As the circuit is mainly ruled by the coupling and injection phenomenons, it is important to deepen those two concepts.

Coupling Theory

The quadrature controlled-oscillator is seen as two standalone, identical oscillators, pulled to a common frequency when one injects its output signal into the second in phase, and the second into the first out-of-phase. The oscillator can be coupled with transformers or active devices.

To understand the coupling phenomenon, it is shown a simplified version of two controlled-oscillators capacitively-coupled, in Figure 2.5. The two oscillators are modelized by their LC-tank and the coupling network by a simple capacitor C 1 . From Figure 2.5, Kirchhoff law gives the following equations:
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CONTROLLED-OSCILLATORS C C C 1 C 1 L L + + q 2 q 1 q 3 q 4 OSC1 OSC2
q 1 C = -L d dt (i 1 -i 3 ) (2.1)
q 2 C = -L d dt (i 2 + i 3 ) (2.2)
From the voltage law we have:

q 1 C = - q 3 C 1 + q 2 C + q 4 C 1
, where q 3 = -q 4 (2.3)

Hence the expression of the current i 3 is deduced:

i 3 = C 1 2C (i 2 -i 1 ) (2.4)
The following equations is determined when 2.4 is injected into 2.1 and 2.3:

1 C (q 1 + q 2 ) = -L d dt (i 1 + i 2 ) (2.5) 1 C (q 1 -q 2 ) = - L C (C + C 1 ) d dt (i 1 -i 2 ) (2.6)
If we expressed q + = q 1 + q 2 and q -= q 1 -q 2 , two differential equations are obtained:

             0 = d 2 q + dt LC + q + 0 = L(C + C 1 ) d 2 q - dt + q - (2.7)
Considering that the phase at the origin is π/2, the differential equations solutions
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are:

             q + = q 0+ sin(ω + t), where ω + = 1 LC q -= q 0-sin(ω -t), where ω -= 1 L(C+C 1 ) (2.8)
From equation 2.8 we can see that the two controlled-oscillators act as single harmonic oscillators, called "normal modes". For weak coupling, C 1 « C, we have ω + ≈ ω -, and the two normal modes are close in frequency:

q = q 0 [sin(ω + t) + sin(ω -t)] q = 2q 0 sin[ ω + +ω - 2 t]cos[ ω + +ω - 2 t]
(2.9)

If we have ω + ≈ ω -≈ ω 0 , the behavior can be thought as one sine function of frequency nearly equal to w 0 , but whose amplitude slowly fluctuates from 0 to 2q 0 at a frequency of ω + +ω - However, the circuit components will cause the outputs to shift from the quadrature when mismatches occur. The center frequencies of the two controlled-oscillators, w + and w -, are assumed to be close enough, so that the two oscillators pull each other and are locked to a common frequency. When the two oscillators are synchronized, the outputs of the oscillators are expressed as:

C 1 C 2 L 2 L 1 OSC 1 OSC 2 -R 2 -R 1 Q+ Q- I- I+ Q+

Q-I+ I-

V Q = -R 2 Z LC2 -R 2 + Z LC2 • g m2 • e -jωτ 2 • V I (2.10) V I = -R 1 Z LC1 -R 1 + Z LC1 • g m1 • e -jωτ 1 • V Q (2.11)
where w is the oscillation angular frequency and τ is transit time, V I = V I+ -V I-and

V Q = V Q+ -V Q-.
From the above equation, the ratio of the voltage output is expressed as:

V Q V I 2 = R 2 Z LC2 (Z LC1 -R 1 ) R 1 Z LC1 (Z LC2 -R 2 ) • g m2 g m1
• e -jω(τ 2-τ 1) (2.12)

However, as seen in Figure 2.6, there is a cross section between the two oscillating cores. We assume that there is a mismatch between the coupled transistor, thus we write that g m2 = -g m1 /M I and τ 1τ 2 = τ I , where M I and τ I are the mismatch factors. Then we deduce that:

V Q V I 2 = - R 2 Z LC2 (Z LC1 -R 1 ) R 1 Z LC1 (Z LC2 -R 2 ) • 1 M I e jωτ I (2.13)
Now we consider the mismatch with the negative resistance and the LC-tank with :
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R 1 Z LC1 = A M I1 R 2 Z LC2 • e -jθ M I1 -R 2 + Z LC2 = A M I2 (-R 1 + Z LC1 ) • e -jθ M I2
(2.14)

where A MI1 , A MI2 , θ MI1 and θ MI2 are the LC-tank's amplitude and phase mismatch representations. Thus:

V Q V I 2 = - 1 A M I1 A M I2 M I • e j(ωτ I +θ M I1 +θ M I2 ) (2.15) V Q V I = j 1 A M I1 A M I2 M I • e j(ωτ I +θ M I1 +θ M I2 )/2 (2.16)
Thus, the amplitude and phase errors between the two coupled oscillators are expressed as follows:

V Q V I = 1 √ A M I1 A M I2 M I (2.17) ∠ V Q V I = ± π 2 + ωτ I + θ M I1 + θ M I2 2 (2.18) 
From 2.17 and 2.18, we can observe that the amplitude error should be small as A MI1 , A MI2 and M I are mismatch factors close from 1 as the two tanks are the same such as the coupled transistors pairs. However, the phase error mainly depends on the negative resistance mismatch and the LC-tank since wτ I must be negligible. As the two oscillators are exactly the same (.i.e in equation 2.14 e -θ MIi =1), those phase mismatch factors should be close to 0, thus the phase error is nearly null.

This coupling topology is used due to its simplicity and the capability to provide small phase errors with low DC power consumption.
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Injection and Coupling Theory

First, it is noticeable that coupled oscillators are also an injection locking phenomenon.

Actually, as presented previously, the coupling of two oscillators requires that both of them inject a current mutually, driving them to oscillate at the same frequency. 

Considerations on Injection-locking

To analyze the behavior of an oscillator under the injection phenomenon, this discussion is first based on the work done by [START_REF] Razavi | A study of injection locking and pulling in oscillators[END_REF], derived from Adler's work. When injectionlocked, the oscillation frequency deviates from the free-running frequency. To illustrate this phenomenon, we first consider a common oscillator with an additional phase shift, ϕ on its output. The oscillator is modelized by an RLC tank expressed as:

Z RLC = R//L//C = jωLR R + jωL -ω 2 LCR (2.19
)

Z RLC = R 1 + jR(ωC -1 ωL ) (2.20)
With the quality factor Q = R ω 0 L and the LC-tank resonance ω 0 = 1 √ LC , we deduce that:

Z RLC = R 1 + jQ( ω 2 -ω 2 0 ω 2 0 ) (2.21)
From Taylor expansion to the first order:

Z RLC ≈ R 1 + j2Q( ω-ω 0 ω 0 ) (2.22)

THEORY OF INJECTION-LOCKING AND COUPLING FOR CONTROLLED-OSCILLATORS

The phase angle of Z is:

∠(Z RLC ) ≈ arg(R) -arg(1 + j2Q ω -ω 0 ω 0 ) (2.23)
If R > 0, then arg (R) = 0, thus:

∠(Z RLC ) ≈ -tan -1 (2Q ω -ω 0 ω 0 ) = tan -1 (2Q ω 0 -ω ω 0 ) (2.24)
Thus, the relation between instantaneous frequency, ω 0 and ϕ is obtained with: where I OSC represents the free-running current, I INJ is the injection current and I OUT is the output current. Adler's theory, [START_REF] Adler | A study of locking phenomena in oscillators[END_REF], introduces sinusoidal injection for LC-based oscillators, especially. From Figure 2.9a, the dynamics of the injection behavior can be determined. From the figure 2.9a, a relation between ϕ and α is deduced by:

tan(∠Z RLC ) = tan(ϕ) = 2Q ω 0 (ω 0 -ω), ( 2 
sin(ϕ) I IN J = sin(π -α) I OU T = sin(α) I OU T (2.26)
where I OUT and I INJ represent the tank current in a locked state and the injected current.
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From the cosinus law, we achieve:

sin(ϕ) I IN J = sin(α) I 2 OSC + I 2 IN J + 2I OSC I IN J cos(α) (2.27)
As our use case, when in weak injection, I INJ « I OSC , then 2.29 reduces to:

sin(ϕ) ≈ I IN J I OSC sin(α) (2.28)
It implies that ϕ is small and sinϕ ≈ tan(ϕ) ≈ ϕ. Then from 2.29 and 2.25 give:

sin(α) ≈ I OSC I IN J 2Q ω 0 (ω 0 -ω) (2.29)
This result expresses the phase difference across the locking range. Thus the locking range, under weak injection (I INJ « I OSC ), the phase difference reaches 90°(sin(90°) = 1) at the edge of the locking, hence from 2.29:

ω L ≈ ω 0 2Q I IN J I OSC (2.30)
with the overall locking range expressed by ± w L around w 0 . This equation highlights that if I INJ is increased the locking range becomes wider, but at the expense of more DC power consumption.

However as explained in [START_REF] Razavi | A study of injection locking and pulling in oscillators[END_REF], this equation implies that to have a 90°phase difference, the ILO must work at the edge of the locking range, which is not convenient as phase noise performance can be degraded at the edge of the locking range. 

ω L = ω 0 2Q I IN J I OSC • 1 1 - I 2 IN J I 2 OSC (2.31)
This equation demonstrates, through the added factor, that compared to 2.30 the locking range is exceeded, showing that it is not mandatory to be at the edge of the locking range to have a 90°phase difference between the input and output, which is of high interest for quadrature oscillators.
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From 2.29, as sin(α) can only assume values between ±1 (i.e. α = ±π/2), the synchronization condition is:

I OSC I IN J 2Q ω 0 (ω 0 -ω) < 1 (2.32)
Thus:

I IN J I OSC > 2Q ω 0 (ω 0 -ω) (2.33)

Towards two injections

In this section, only phase deviations are considered, as amplitude fluctuations can be stripped away by hard limiting buffers at the oscillator's output [START_REF] Rael | Physical processes of phase noise in differential LC oscillators[END_REF] and [MHB + 07].

Mirzaei's work shows that the phase dynamics α of the oscillator, is expressed by a first-order non-linear differential equation found from the Kirchhoff law at the oscillator output node: Under weak injection (I INJ « I OSC ) the equation is simplified to Adler's equation:

dα dt ≈ ω 0 + ω 0 2Q I IN J • sin(α IN J -α) I OSC + I IN J • cos(α IN J -α) (2.
dα dt ≈ ω 0 + ω 0 2Q I IN J sin(α IN J -α) I OSC (2.35)
This equation is expressed for a differential oscillator under one injection current, as in Figure 2.10. However, in the proposed design, two oscillators are coupled, each under a single injection current resulting from the coupling phenomenon, and one of the two oscillators is coupled and injection-locked by an external signal. Hence, this oscillator
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is under two different injection currents [MHB + 07], as seen in Figure 2.11. While the second oscillator behaves as previously presented, the first oscillator phase dynamics is slightly changed. The generalized equation for two injection currents is expressed by: From this equation, we can notice that the impact of the external signal (I INJ ) is as significant as the injected signal coming from the coupling network. Indeed, the two oscillators are coupled hence synchronized at the same frequency ω 0 . When the external injected signal is feeding the first oscillator, if the injection strength defined by I INJ /I OSC is sufficient to lock the oscillator at the injected frequency ω INJ (or a harmonic), the coupling strength (I CPL /I OSC ) makes the second oscillator "follow" the first and is also injection-locked by means of the coupling phenomenon. The attachment between the two oscillators is a master-slave relation when injection-locked by an external signal.

dα dt = ω 0 + ω 0 2Q I IN J • sin(α IN J -α) + I CP L • sin(α CP L -α) I OSC + I IN J • cos(α IN J -α) + I CP L • cos(α CP L -α) (2.

Analysis of coupling and injection-locking currents

Based on Mirzaei's study [MHB + 07], the following model, Fig. 2.12, represents the proposed controlled-oscillator with each core under different injection currents. Indeed, the first oscillator is seeing an external injection currents (from the injection-locked signal)

and the coupling injection current, whereas the second oscillator is only under the coupling injection current. From this model the behavior of the proposed oscillator is discussed.

In this study, we assume that the injected current is differentially injected into the LC tank of the first oscillator. Both oscillators consist of a lossy LC tank (resonance frequency of ω 0 = 1 √ LC where L is the inductance and C the capacitance) and a negative transconductance to compensate those losses with the difference that, the first oscillator has an added injection current I inj exp(j(α inj (t))).

dα 1 dt = ω 0 + ω 0 2Q I inj • sin(α inj -α 1 ) -I cpl • sin(α 2 -α 1 ) I osc -I cpl • cos(α 2 -α 1 ) + I inj • cos(α inj -α 1 )
(2.37)

dα 2 dt = ω 0 + ω 0 2Q I cpl • sin(α 1 -α 2 ) I osc + I cpl • cos(α 1 -α 2 ) + I inj • cos(α inj -α 1 ) (2.38) RC dA 1 dt + A 1 = R(I osc -I cpl • cos(α 2 -α 1 ) + I inj • cos(α inj -α 1 )) (2.39) RC dA 2 dt + A 2 = R(I osc + I cpl • cos(α 1 -α 2 )) (2.40)
Similarly as in [MHB + 07], we note the two output voltages by A 1 exp(jα 1 ) and A 2 exp(jα 2 ) (see Fig. 2.12), where A 1 , A 2 , α 1 and α 2 represents the amplitudes and output phases of the first and second oscillator, respectively. In the proposed model, a common quadraure oscillator is considered by coupling injection currents noted as I cpl1 = I cpl exp(j(α 2 )) and I cpl2 = I cpl exp(j(α 1 )).
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From Kirchhoff's Current Law (KCL) written at the oscillator output nodes, the phase and amplitude dynamics of each core are defined and given at the bottom of the page from equation ( 1) to ( 4). In the proposed model the second oscillator is injection-locked by means of the coupling strength m (I cpl /I osc ) whereas the first undergoes the coupling strength and the injection strength γ (I inj /I osc ).

When the external injected signal is feeding the first oscillator, if the injection strength defined by I inj /I osc is sufficient to lock the oscillator at the injected frequency ω inj (or a harmonic), the coupling strength (I cpl /I osc ) makes the second oscillator "follow" the first and is also injection-locked by means of the coupling phenomenon. The attachment between the two oscillators is a master-slave relation when injection-locked by an external signal. The amplitude and frequency behavior of the two coupled oscillators are determined considering that they are stable, thus when:

dA 1 dt = dA 2 dt = 0 (2.41)
and that the two output phases of the coupled oscillators, synchronized at a common frequency ω osc , are defined as followed: α 1 = ω osc t and α 2 = ω osc t + ψ. Hence, the four equations are simplified by:

ω osc, α1 = ω 0 + ω 0 2Q γ • sin(α inj -ω osc t) -m • sin(ψ) 1 -m • cos(ψ) + γ • cos(α inj -ω osc t) (2.42
)

ω osc, α2 = ω 0 + ω 0 2Q m • sin(-ψ) 1 + m • cos(-ψ)
(2.43)

A 1 = R • I osc (1 + m • cos(-ψ)) + γ • cos(α inj -ω osc t) (2.44) A 2 = R • I osc (1 + m • cos(-ψ)) (2.45)
These four equations highlight an asymmetry in phase and amplitude for the proposed controlled-oscillator. However, as most of injection-locked oscillators found in the literature, this work is also operated in weak injection for power saving and I/Q mismatch purposes as well, and the outputs are considered in a quadrature mode with the two

modes ψ = ± π/2.
Considering that the circuit designed is working in weak injection mode (γ << 1)

and that the absolute value of the cosine function is always equal or less than 1, output frequency and amplitude of the proposed oscillator are approximated as:

A 1 = A 2 = A = R • I osc (2.46) ω osc, α1 = ω osc, α2 = ω osc = ω 0 • (1 ± m 2Q ) (2.47)
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Chapter Conclusion

This chapter has presented the injection-locking phenomenon and how this design can benefit from a sub-harmonic injection to enhance the phase noise performance. The two potential injection-locking approaches for a quadrature controlled-oscillator were presented, and the differential injection was introduced to further improve phase noise performance and reduce DC power consumption. Indeed, two controlled-oscillators are coupled to provide the quadrature output, while only one controlled-oscillator is injection-locked on the fifth harmonic of the injected signal.

Coupling and injection theory are discussed to understand the two injection phenomenons occurring in the proposed mm-W controlled-oscillator. It highlights that one of the two controlled-oscillators is under two injection currents, an external and a coupling signal revealing a master-slave relation between the two oscillators. Then, a case study of Mirzaei's theory of a Generalized Adler's Equation has been studied to further undertstand the behavior of the proposed design.

To conclude, this chapter has shown that the quadrature ILO topology with a differential injection is one of the most relevant solutions for mm-W frequency synthesis. 

28 GHz

IMPLEMENTATION DESIGN SOLUTIONS IN 65-NM PD-SOI

This chapter first gives a presentation of the 65-nm PD-SOI CMOS technology:

Front-End-of-Line (FEOL) and Back-End-of-Line (BEOL) are detailed before proposing a mm-W design methodology for controlled-oscillator. Finally, the two implementations results of this thesis are provided.

First, the 28 GHz ILO has been designed to experience the phase noise performances of the PD-SOI technology. As these results were promising, a second implementation has been proposed: the design of a 28 GHz quadrature differentially injection-locked digitallycontrolled-oscillator (QILDCO) in C65SOIMMW technology from STMicroelectronics.

While the injection signal is differentially applied only on one DCO for power saving considerations, capacitor banks are integrated inside the inductor for area purposes and a 90°relative layout placement is proposed.

ST 65-nm PD-SOI CMOS Technology Overview

SOI technology emerged about 40 years ago to eliminate the parasitic elements in the bulk CMOS technology and enhance the robustness to ionizing radiations, making it more attractive for space applications. The success of this technology comes from the exceptional combination between the low power with well-controlled short channel effects transistors and the high quality (highly-resistive) SOI substrate. Even though the Siliconon-Insulator (SOI) technology has been mainstream for RF-SOI integrated circuits since the 21st century, its high manufacturing cost can be an obstacle for product fabrication.

Nonetheless, this technology has great potential to overcome the CMOS scaling limit via its unique features.

The 65-nm PD-SOI CMOS technology offers two stacks: a 5 metal layers (5ML) option and a 7 metal layers (7ML) option with two thick metal layers. Increasing the number of metal layers as well as the thickness of the top metal layers enable higher quality factors for passive elements such as inductors, being in line with 5G expectations. Moreover, to get a higher cut-off frequency, the FEOL enables two types of mm-W transistors: a 40-nm and 60-nm gate width option. Hence, this technology is ready to welcome mm-W and sub-6 GHz Front-end Module (FEM).

The FEOL and the BEOL of the 65-nm PD-SOI CMOS technology from STMicroelectronics, with the 5 metal layers option, are presented in Figure 3.1. In bulk transistors, the capacitance C DS value increases with doping whereas SOI devices exhibit 20% less parasitic capacitances. Moreover, the capacitance C BOX , which
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represents the capacitance between the body and the substrate, is defined by the geometry of the FEOL and especially by the thickness of the buried oxide (BOX) (a few hundred nm).

The BEOL is composed of 6 metal layers including the Aluminium (AP) layer:

• 4 thin metal layers: from metal 1 (M1) to metal 4 (M4);

• the top thick metal layer, the metal 5 (M5U).

The RF performances of mm-W circuits such as PAs, Low Noise Amplifier (LNA)s or PLLs can be optimized by designing passive elements with the two top thick metal layers available within this technology: M5U and AP, [1]. By using both metal layers, resistive losses and the substrate parasitic capacitance are reduced. Indeed, the fourth others metal layers are too resistive. That is why they are mainly used to interconnect active devices with passive elements.

As this technology is fairly recent, this thesis presents the very first uses for mm-W controlled-oscillators. During the thesis, the technology has evolved from the C65SOIFEM process (5ML stack with only 60-nm gate width transistors) to the C65SOIMMW process (5ML and 7ML stack with a new FEOL), explaining why the two designs reported in this thesis work implement each one a technology variations. While the first design is implemented in C65SOIFEM, the second uses the enhanced performances of the transistor characteristics (transconductance, parasitic capacitances, for instance).

Active Devices Considerations

As an RF SOI technology, PD-SOI transistors may have a body access that provides two types of transistors: the body-contacted (BC) and the floating-body (FB). The BC transistor is chosen to design the cross-coupled pair of the LO to benefit from hightransconductance (gm) to compensate tank losses and reach the phase noise requirements without a dramatic increase of power consumption; whereas the FB is used to design the switched-capacitor banks of the proposed mm-W controlled-oscillator to minimize parasitic capacitances. 

MOS devices Body-Contacted Floating-Body

Optimized for

High-transconductance g m design Higher operating frequency (Switches) Circuits sensitive to low-frequency noise (VCOs), Reduced High-frequency Noise (LNAs)

and with high breakdown voltage (PAs)

The studied active devices are 1 µm gate width Low Threshold Voltage (LVT) BC and FB NMOS transistors with 1 µm per finger, a 60-nm gate width, two gates, and one body access for a V DS = 1 V. DC results are plotted in Figure 3.3: the transconductance (g m ) highlight that the optimal operating zone for a BC transistor is reached when V GS is about 0.9 V. These first results highlight that BC transistors exhibit a much higher transconductance (g m ≈ 1.1 mS) than FB transistors making them more suitable for the design of cross-coupled pair of LC-based controlled-oscillator.
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Passive Elements Considerations

The 65-nm PD-SOI CMOS technology uses its thick top metal layer to provide a highquality factor for passive elements. All electromagnetic simulations were performed with a specific setup to ensure reliable results and especially a good agreement with measurements results. To ensure the same behavior in measurement as the one simulated An example of an inductor's performance of 76 pH with 14 µm width, with and without the impact of a ground plane, is presented in Figure 3.5. It is worth highlighting that the metal dummy's impact inside and outside the inductor is not simulated but is discussed later in this manuscript. Nonetheless, several studies done by STMicroelectronics
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engineers and some papers such as in [2] demonstrate that the metal dummy fills have a negligible impact on the inductor's performance if properly designed and placed. The two top thick metal layers enable a high-Q factor from 25 to 30 in mm-W range from 25 to 35 GHz. 

28 GHz Injection-locked Oscillator implementation in C65SOIFEM

The beginning months of the thesis work focused on the first injection-locked oscillator design, implemented in C65SOIFEM. This design had the objective to feature the lowphase-noise performance of an oscillator in the 65-nm PD-SOI CMOS technology.

The ILO design along with measurements results have been presented during the NewCAS 2021 conference [3].

Design Considerations

This design has been done in the early stage development of the technology hence it is relatively straightforward. To meet the phase noise requirement for a mm-Wave oscillator, the LC cross-coupled topology is usually chosen due to its intrinsic low phase noise performance, as presented in Figure 3.6a. To compensate for LC-tank losses, a negative resistance is designed with a cross-coupled pair comprising two NMOS transistors (8 µm of width and 0.06 µm of length). The transistors' transconductance g m is 7 mS in simulation. This circuit has been designed to operate at 27.5 GHz free-running frequency. To perform the injection-locking, the circuit is injection-locked in common mode, through the tail source. To adjust the 27.5 GHz
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free-running frequency, two metal-oxide-metal (MOM) capacitors are used to feature high-Q-factor. For symmetry purposes, the two capacitors are layout in opposite polarity. The high-Q-factor custom inductor is detailed in the next section.

As seen in Figure 3.6b, decoupling capacitors are added in parallel to DC paths, to filter parasitic frequencies above and below the working frequency.

The total active area is 0.031 mm 2 , including active devices and an inductor, as shown in Figure 3.6b. Active devices (current mirror and cross-coupled pair transistors) are integrated inside the inductor loop for area saving purposes.

Technology Considerations: A high-Q factor technology

As the number of base stations is considerably growing with 5G, some advanced technologies must be used to reduce the cost while satisfying 5G specifications. The 65-nm PD-SOI CMOS technology has been developed for this purpose in order to provide high-Q-factor for passive elements enabling lower power consumption. A differential custom center-tapped inductor with an inductance of 272 pH has been designed using this tech- 

Measurement Setup

Using a common mode injection, the proposed ILO generates an output frequency at 27.5-GHz when the oscillator is injection-locked by the 5th harmonic of a 5.5 GHz reference. To do so, a biasing tee is used to inject the RF signal and the biasing current on the input of the current mirror. The on-wafer measurements are depicted in Figure 3.8. 

Measurements Results

The oscillator is fully characterized via on-wafer probing with DC and RF probes, having decoupling capacitors at their edges. To avoid degradation of the oscillator performance, output buffers were designed to isolate the oscillator from the measurement setup (impact of the output pad capacitor, the inductance created by measurement cables, and the 50 Ω load of the spectrum analyzer). The output spectrum and phase noise measurements were performed with a R&S FSUP26 Phase Noise Analyzer using an external mixer to perform measurements above 24 GHz. The prototype was measured in free-running and injection-locked mode. All measurements were made at room temperature. To evaluate the robustness to process variations, the frequency and the phase noise were measured by sweeping the LO supply voltage from 0.8 V to 1.3 V. Figure 3.9b shows the simulated and measured phase noise at 10-MHz offset, through 8 sample dies coming from the same wafer. Overall the measurements, the phase noise variations are less than 4 dB. Thus validating the design robustness through process variations and the good agreement with simulations.

Free-Running Mode

Moreover, Figure 3.10 shows the spot noise at 1-MHz and 10-MHz offsets degraded by less than 7 dB, whereas the free-running frequency was changed by far less than 1% over the supply voltage variation. 

Injection-Locked Mode

To improve the phase noise performance of the LO, an external RF-signal generator, R&S SMA100A, was used to provide an input signal to generate an output frequency five times the injected signal, i.e, 27.5 GHz. The presented oscillator is injected in common mode, through its current source. During the reference signal injection, if the difference between the free-running frequency (f FREE ) and the injected frequency (f INJ ) is within the locking range (f L ) of the oscillator, then f FREE is shifted to f INJ . Locked on the fifth harmonic of the reference signal, the oscillator phase noise L ILO is settled as in [4]:

L ILO = n 2 (f 2 L -f 2 D )L IN J + (∆f ) 2 L F REE n 2 (f 2 L -f 2 D )L IN J + (∆f ) 2 (3.1)
where n, L F REE , L IN J , f L , f D , ∆f , respectively are the harmonic number, the freerunning and injected phase noise, the locking range, the frequency deviation, and the
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offset frequency. If the frequency deviation is minimized and since the offset frequency is much less than the locking range, the injection-locked oscillator is assumed to achieve better phase noise performance by the stated formula:

L ILO = n 2 L IN J with ∆f << f L (3.2)
Thus:

P N ILO = 20.log 10 (n) + P N IN J (3.3)
Consequently, the expected output phase noise is shifted from the injected signal by Figure 3.12 summarizes the phase noise results obtained in the free-running and injectionlocked mode. In free-running mode, the simulated phase noise coincides with the measurements results, emphasizing the design compliance. In injection-locked mode, the deviations from the theoretical noise model are evaluated, as the phase noise of an ILO depends on the performance of its injected source. Figure 3.12 highlights that the theoretical phase noise, obtained from the noise model, shows a good agreement with the measurements results.

Table I summarizes the mm-wave ILO performance and provides a comparison to the state-of-the-art mm-wave LC-based LOs. Although [4], [5] and [6] have a wider tuning range; these oscillators exhibit bigger active areas (e.g. 0.11 mm 2 in [4]). The design reported in [6] achieves the biggest frequency tuning range due to a multi-core topology (quad-core) which inevitably increases the DC power consumption of the overall oscillator 

Controlled Oscillator design in C65SOIMMW

From chapter 1 and chapter 2 discussions and previous ILO low-phase-noise results, an indirect LO synthesis is chosen to lower the working frequency of the LO generation for optimal PN performances, taking benefit from the spectral purity of the injected signal.

To provide a quadrature output, two oscillators are coupled and only one oscillating core is chosen to be injected for power and phase-noise considerations. The following section presents the proposed 5G mm-W controlled-oscillator topology.

Proposed mm-W 5G Controlled-Oscillator

This thesis presents a 28 GHz quadrature differentially injection-locked digitally-controlledoscillator (ILDCO), as shown in Figure 3.13. While a sub-6 GHz injection signal is differentially applied only on one DCO for power saving and phase-noise considerations, switched-capacitor banks are proposed to optimize the LC-tank Q-factor. A differential signal is chosen to be injected as it performs better in terms of phase-noise. The proposed mm-W controlled-oscillator covers the 3GPP bands n257 and n258, achieved by a digital coarse tuning of the DCO. The circuit design is detailed in the following sections according to the design methodology proposed.

Circuit Topology -Design

A schematic of the mm-W QILDCO, shown in Fig. 3.14, reveals the quadrature subharmonically injection-locked controlled-oscillator topology with seven digitally-controlled switched-capacitors to create a wide frequency coverage. The circuit is composed of two identical DCOs coupled with a coupling network consisting of two pairs of transistors. To create the desired I/Q quadrature, the two cross-coupled (CC) pairs (M 1-4 ), implemented with body-contacted (BC) NMOS transistors to benefit from high-transconductance, are coupled via coupling transistors (BC NMOS M 5-8 ). The design objective is to comply with the targeted tuning range (~6 GHz), maximum reachable frequency (~29 GHz), phase noise performance, and integrate capacitor banks inside the inductor loop (further detailed in the next section). Furthermore, the performance discrepancy between the circuit level and the layout level is another design challenge, where layout-induced parasitics of passive devices cause severe performance losses at the post-layout level. Combining these design challenges leads to numerous re-design iterations, which ultimately increases the design time. To that respect, all active and passive devices are co-designed for optimization purposes.
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DCO design methodology: active and passive devices

Methodology Diagram

Through this section, we provide a methodology to design a mm-W controlled-oscillator. 

Switched Capacitor Banks design

At mm-W frequency bands, high-Q-factor varactors and inductors cannot be easily designed in the CMOS process. Hence, the LC-tank Q-factor is limited by both capacitors and the inductor, limiting the phase noise performances of the controlled-oscillator.

Although, as previously presented, the 65-nm PD-SOI CMOS technology allows the design of high-Q-factor inductors, on the other hand varactors' Q-factor is too low to be considered to tune the mm-W controlled-oscillator. To satisfy the phase-noise and tuning-range requirements, a DCO topology is proposed, using switched-capacitor banks to control the tuning range. As presented in Figure 3.19, the coarse and the fine tuning banks are composed of switched-capacitors digitallycontrolled by a binary word. The coarse tuning bank aims at creating the channels (the first channel: "00" as set in the example), whereas the switched-capacitor units of the fine-tuning bank are scaled in powers of 2 so that the binary word linearly modifies the total tank capacitance. The bits control whether the elements in the bank are connected or not from the LC-tank. The fine-tuning is binary-weighted (BW).

V P V M C U C U B i (a 
The switched capacitor unit is usually placed in a π configuration, as shown in Figure Hence, the total capacitor banks contribution to the LC tank capacitance is expressed by:

C cap,bank = C 1 N n=1 2 n-1 (B n + Bn C Par,n C 1 + C Par,n ), (3.4) 
where B n is the control bit of the switched capacitor unit.

In this structure, instead of using varactors to provide the continuous fine tuning, we propose to take benefit from the injection phenomenon to avoid any discontinuity. As presented in Figure 3.20, from one sub-channel (blue points) to another, the locking range of the ILO allows to tune the frequency, such as varactors. To properly work, the step capacitance, C step , is sized by the fine tuning bank to match with the ILO locking range and expressed as: 

C step = C 1 (1 - C Par,1 C 1 + C Par,n ) (3.5) f (GHz 

Within the Locking Range

Capacitance (fF) Coarse Bank (3 units) Fine Bank (4 units) 

OUT_I+ OUT_I- C 1 C u OUT_I+ OUT_I- C 1 C 2 C 2 C 3 C 3 C u 2 1 C u 2 1 C u

Oscillation core layout strategy and Inductor layout considerations

In order to make the design compact and minimize interconnection length, the switchedcapacitor banks and the active devices are integrated inside the inductor loop, as shown in Fig. 3.24, as in [8]. This proposed layout solution saves up to 30% of area compared to the classical solution. This inner area is usually filled with metal dummies to be compliant with density-rules of the chosen technology. Hence it can be considered a useless area for designing of LC-tank controlled-oscillators. To integrate active and passive devices inside the inductor loop, as shown in Figure 3.25, some rules must be followed to ensure the controlled-oscillator's performance. Capacitors To ensure that the inductor and capacitor banks performances are preserved, guarantying the phase noise performance, EM simulations have been carefully carried out, as As depicted in Figure 3.28, the two oscillating cores are placed at a relative 90°for measurement purpose. It allows creating an accurate I/Q quadrature. Based on EM simulations, the two cores were placed to avoid any cross-talk without increasing the active area compared to the relative 180°placement solution. Indeed, to minimize the mutual pulling effect, the isolation between the two VCOs must be preserved, as suggested in [9].

Other building blocks design considerations

Coupling Network

The coupling network, in Figure 3.29 and Figure 3.30a, and especially the coupling accesses, in Figure 3.30b, must be carefully designed as the four accesses are crossing, being impossible to design them with the same metal layer. Indeed, it is better to avoid using any vias to deal with the cross-sections. Hence, the two metal layers are used: M4 and M5U. This coupling network theory has been covered in chapter 2. These accesses are designed to be matched to 50 Ω, as presented in Figure 3.31, and to have the same losses (0.1 dB for M4 and 0.6 dB for M5U) for symmetry purposes.

According to EM simulations, to minimize the length of these accesses between the two coupling transistor pairs, the two controlled-oscillators are layout as close as possible.

Robust integration and reliability

In this work, we targeted high performances, reconfigurability, and robust integration for industrial applications. For this purpose, several reliability conditions have been checked, like electromigration and ESD protection. These reliability purposes, mandatory for the targeted applications, are discussed.

ESD Protection

As RF design shrinks in size, electronic discharge (ESD) robustness becomes more challenging to achieve. Further, new mobile standards such as 5G increase the working frequency, with some circuits operating at mm-W frequency bands. These changes pose significant challenges for the ESD protection of RF circuits, especially since they can interfere with the RF performance of the circuit. Therefore, the protection of RF circuits becomes a delicate balance between robustness and circuit performance. ESD protection is added at each gate access, as presented in Figure 3 

Electromigration

Target applications are assumed to specify a cumulative failure of 0.1% product failure after 10 years cumulative operating period at junction temperature of 125°. In order to provide a robust and reliable circuit, it is essential to fulfill all electromigration rules available in the DRM. To induce no damage to the circuit, the maximum current flowing in a metal for a minimum width and how many vias are mandatory to support the maximum current foreseen in the circuit. As previously discussed with the cross-coupled pair transistors, electromigration rules are fulfilled for 10 years of operation at 125°.

General layout considerations -Floorplan

Once the mm-W oscillator is sized to achieve the targeted performances, the designer sets up the floorplan. For a RF circuit design, several points are addressed with attention.

PADs

For on-wafer probing measurements, specific pads are used and partially determine the total area of the circuit. Indeed, there are distance rules and positioning for pads. This distance is linked to probes dimensions (pitch) which are of 100 µm. 

Ground Plan

The ground plan guarantees the good RF and thermal performances of the RF circuit. The current will "escape" through the ground plan. One objective in RF design is to bring an ideal ground as close as possible to RF elements, by having a very low resistivity.

For this purpose, we generally design the ground plan on all metal layers available in the chosen technology, which also offers a good thermal dissipation. To ensure a homogeneous ground plan, strip lines are added where it is needed. If the ground plan is divided, especially under the RF section, the current return paths may become longer, adding undesired inductance and leading to undesired performance.

In electromagnetic simulations with the EM tool, it is recommended to work with reference plans where the ground is considered perfect when brought back to this plan. This methodology has the advantage of reducing the simulation time since it avoids calculations that are not realistic.

Supply strategy

The oscillator is not a circuit that consumes as much current as PAs, however the supply line needs to be carefully designed as it must provide a low-noise supply to the
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oscillator. To minimize the risk of voltage drops between the pad and transistors, the supply line is designed with the top thick metal layer (M5U) as it is a low resistivity metal.

Decoupling capacitors

To protect the circuit from any parasitics, we usually use decoupling capacitors to "clean" this path. To do so, decoupling capacitors, in Figure 3.34, are added in parallel to the supply line. The total decoupling capacity value is chosen to filter the frequency of the parasitics. The decoupling capacitors used in this design filter at a frequency below the working frequency thanks to poly capacitor used and above with the MOM capacitor.

Decoupling the V DD path is of major concern as the inductance input must be a "cold spot". 

Transmission Line

To connect the circuit to the output pads, a transmission line must be designed matched to 50 Ω and with low losses. The most used topologies in mm-W integrated circuits are the microstrip and the coplanar line. In this design, recommendations of the DRM are followed.

To design the transmission line of the RF output, the mm-W oscillator environment must be taken into account: the transmission line must be loaded with a matched load of 50 Ω, as for measurement purposes, the circuit is connected to a spectrum analyzer.

Accordingly with density rules, the transmission line is designed to reduce losses. Transmission lines are made of Mtop and optionally of Mtop-1 or AP, with sidewalls and an optional patterned shield. Sidewalls start from M1 to M5U and end from metal 2 (M2) to AP.

Measurements Results and Comparison to simulation results

The following section focus on on-wafer measurements of the quadrature differentially injection-locked DCO implemented in 65-nm PD-SOI CMOS technology from STMicroelectronics with a five-metal layer (ML) option. The die micro-photograph is shown in Figure 3.37 and has a compact die area of 0.109 mm 2 .

The following sections target to present the performances reached by the designed controlled-oscillator. It illustrates operating conditions choices and estimates the robustness and reliability of the design. The RF performances of the 65-nm PD-SOI technology described in previous chapters are also highlighted.

The mm-wave measurements have been realized at the NANOCOM platform at IMS laboratory in Bordeaux University, France. Figure 3.38a presents the first measurement setup and a photo of the bench measurement used. The oscillator is fully characterized via on-wafer probing with DC and RF probes, having decoupling capacitors at their edges. To avoid degradation of the oscillator performance, output buffers were designed to isolate the oscillator from the measurement setup (impact of the output pad capacitor, the inductance created by measurement cables and the 50 Ω load of the spectrum analyzer).

The output spectrum and phase noise measurements were performed with a R&S FSUP26 Phase Noise Analyzer using an external mixer to perform measurements above 25 GHz.

An external balun is also used to feed the oscillator with a differential signal working at 1/5 of the working frequency.

Tuning Range measurements

The frequency value is measured across the tuning range every two-bit code for time measurement saving purposes. The measured TR is 21.3% from 23.26 GHz to 28.81 GHz, expanded by the injection phenomenon on the two endpoints of the bit code TR (from 23.41 GHz to 28.66 GHz). For instance, with a locking range of 350 MHz the minimum output frequency of the bit code TR (i.e., 23.41 GHz) is decreased to 23.26 GHz. The input power used for the injected signal is 0 dBm. The locking range varies from 20 MHz to 350 MHz when the power is swept from -7 dBm to 0 dBm. Figure 3.39 shows that the 8 channels are overlapping as predicted by the capacitor behavior, seen in the previous section, and the oscillator's simulations. According to measurements results, we can see that the frequency variation is linear for all channels. A good agreement with simulations Frequency (GHz) Tuning Range: 21.3% 

Phase Noise measurements

Oscillator phase noise is evaluated with a spectrum analyzer, the R&S FSUP26, which has a phase noise analyzer option and a single-ended input. The easiest way to connect a differential output to a single-ended input that has a 50 Ω load is to connect one of the
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outputs directly to the spectrum analyzer and terminate the other with a 50 Ω load to balance the drive currents. However, the drawbacks of that approach are that commonmode noise is not canceled out, which can increase the noise floor, and half of the signal power is lost. Additionally, as discussed previously, a weaker signal leads to a higher impact on the thermal noise.

Most phase noise measurement instruments have an automatic setup feature. Its purpose is to select the most optimal instrument settings for the given input signal.

When automatic setup is used, the instrument detects the power level and frequency of the input signal and automatically sets up several settings, including input attenuation, To evaluate the robustness to process variations, the phase noise variations are measured across supply voltage when swept from 0.8 V to 1.1 V and among four sample dies, as shown in Figure 3.43 and Figure 3.44. Overall supply voltage measurements, the phase noise degradation is less than 3.2 dB at 1-MHz and 10-MHz offsets. As the supply voltage changes, no frequency deviation from the target frequency was noticed, as expected in simulations. Then, Figure 3.44 shows the variations of spot noises and FoM (less than 3%) at offsets of 1 and 10-MHz, measured from four sample dies, while the bit code (n) is changed from MSB="000" to MSB="111" for LSB="0000". It is worth to Frequency (GHz)

PN@1MHz PN@10MHz FoM@10MHz FoM@1MHz notice that despite the presence of active devices inside the inductor loop, the phase noise results show low variability across the wafer. Hence, the mm-W design methodology to integrate the capacitor banks and active devices while providing low jitter, a quadrature output and a wide tuning range, is validated to be robust against process variations.

Phase and amplitude imbalance measurements

To further evaluate the phase errors of the proposed QILDCO, a ZN2PD-K44+ combiner is used for measurement purposes. bench requires to use the same RF cables for the two outputs combined to ensure the most accurate measure. However, it is worth to note that the R&S FSUP26 has a 1.8 dB of level measurements uncertainty. Hence, with this information and the uncertainty on the measurement setup and the measure itself, the phase errors results presented show a significant uncertainty on the displayed values.

The measured phase errors are summarized in Table 3.3 and demonstrate an excellent quadrature error among the two cores, while the differential error among each side's signals is very limited. The differential plus to minus path error will limit the LO signals overlapping, hence the signal path linearity. In contrast, the quadrature error will have an impact on the signal path image rejection for a global transceiver.

Comparison and discussion regarding State-of-The-Art mm-W Controlled-Oscillators

Table 3.4 summarizes the presented mm-W QILDCO and provides a comparison to the state-of-the-art mm-W LC-based 30 GHz controlled oscillators compliant with the 5G standards. However, this comparison is not representative as most of the published oscillators don't address the robustness challenge but offer a fair comparison to the proposed mm-W controlled-oscillator, in a technology in its first development. The comparison with the state-of-the-art reveals that the IPN requirement is not systematically a key parameter considered. In a PLL the phase noise contribution of the oscillator is mainly in the out-band (∼ 1-MHz generally). However, the IPN is a better metric to understand the phase noise behavior of a designed circuit.

The phase-noise results at 1-MHz and 10-MHz offsets are better than the state-of-theart over the two supply voltages (1 V and 0.8 V). When compared to the other quadrature injection-locked frequency multiplier [4], the phase noise shows a 5 dB improvement at 1-MHz offset and wider tuning range for similar DC power consumption. Compared to differential VCOs ( [5], [6], [10] and [11]), this work proposes better phase-noise performances without suffering from excess DC power consumption per oscillating core. [6], [10] and [11] report wider tuning-range (30.70%, 26.45% and 27%, respectively) with higher DC power consumption per oscillating core and don't provide a quadrature output, which can reduce the controlled-oscillator's tuning range with the increase of parasitics. Finally, [11] reaches a very low RMS jitter of 38.8 fs but is only integrated from 1-MHz to 40-MHz, hence this value would be higher integrated on a proper integration range.

The measured performance shows best in class phase noise at 1-MHz and 10-MHz offsets and jitter performance of 25.6 fs, 3.46, while operating at a DC power in line with the state-of-the-art and proposing a quadrature output. For a 1-V operation supply, which should be a standard case in the frame of an industrial 5G 30 GHz transceiver, this work demonstrates a phase noise improvement of 5 dB with respect to the stateof-the-art. This carefully designed prototype also takes also full advantage of the PD-SOI CMOS technology and its enablement of high-Q-factor passive elements and low parasitics. Finally, beyond RF performances, our oscillator is competitive in terms of occupied area compared to the others designs knowing that it provides a quadrature output whereas others don't, excluding [4]. The key techniques to reach state-of-theart jitter are: 1) low-phase-noise enable by high-Q-factor technology and by 2) using innovative topologies to optimize phase noise results and 3) reduce DC power consumption for the LO generation.
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This work has presented a QILDCO designed in the 65-nm PD-SOI CMOS technology using a differential injection. The proposed 28 GHz topology is based on two coupled LCtank digitally controlled injection-locked oscillators with integrated capacitor banks inside the inductor loop and a 90°relative placement, while the injection signal is differentially applied on only one core for power saving considerations. Then, by using the injection principle, the phase noise requirements are met exhibiting a high improvement in terms of jitter while providing a quadrature output with reasonable phase errors and a wide tuning range. It is worth noting that these performances are challenging to meet, as explained in the previous chapter.

Finally, the comparison with the state-of-the-art reveals that the IPN requirement is not systematically a key parameter considered in the oscillators' state-of-the-art. Our mm-W oscillator shows excellent PN and tuning range performances compared to the state-of-the-art. However, the DC power consumption can be a path to improvement without sacrificing the RF performances and keeping the small active area despite the dies. Beyond RF performances, our oscillator is competitive in terms of occupied area compared to other designed circuits.

Future Work

Through this thesis, it has been demonstrated that ultra-low-phase-noise performances are achievable in mm-W frequency bands in VLSI 65-nm PD-SOI CMOS technology.

This section describes the future works to improve the presented work and push further the development of low-power, low-phase-noise LO frequency generation.

From the two-stage architecture proposed to meet 5G requirements, the sub-6 GHz PLL needs to be designed to realize a complete LO generation. As the first stage is meant to feed the ILO with a differential signal, the phase-noise performances are the main interest for this design. We remember that to be compliant with the standard for a 256-QAM, the jitter value must be under 100 fs. From chapter 1, through the IPN converter tool designed, the phase noise pattern of the sub-6 GHz PLL is determined to achieve a sub-100 fs of jitter. The phase-noise constraints are set to be lower than This first stage must be a fractional-N PLL to satisfy the channel constraints (around 200 MHz). Sub-sampling architectures can be a good solution as they exhibit excellent phase noise performances with reasonable DC power consumption, enabling a mm-W frequency synthesis consuming less than 40 mW. In this work, the main interests are the VCO and dividers in terms of design to fit phase-noise requirements. To achieve the phase-noise performances, an LC-tank must be designed. The inductor should be designed with a high-Q-factor as did in the mm-W controlled-oscillator. Then, the VCO can be designed with varactors to cover the 1 GHz of tuning range as their Q-factor is much better in sub-6 GHz bands. In those bands, the design of passive elements is area-consuming. Hence, integrating active and passive elements inside the inductor loop can be once again considered for the design of the sub-6 GHz controlled oscillator.

Finally, one of the emerging goals is to integrate the frequency synthesis in the radiofrequency front-end (RFFE). It is one way to improve the integration level of RFFE.

The LO and the PA are usually placed far enough to minimize this substrate coupling and avoid a frequency deviation of the LO output frequency (pulling effect). One of the first steps would be to study the impact of the temperature, on phase-noise performances The function of a segment of the phase noise curve is expressed by:

H(f ) i = a i • log 10 (f ) + L(f i ) -a i • log 10 (f i ), i ∈ N (3.7) 
where L(f) is the phase noise at the frequency f and a i is the slope coefficient of the ième phase noise slope expressed in [Not], with respect to Fig. 3.48, by:

a i = L(f i+1 ) -L(f i ) log 10 (f i+1 ) -log 10 (f i ) , i ∈ N (3.8)
From this statement and the following references [Kes], [START_REF] Wang | Effects of Clock Noise on High-Speed DAC Performance[END_REF], [BB], [RTS], [BT], [Gro], [START_REF] Rishad | On the Extended Relationships Among EVM, BER and SNR as Performance Metric[END_REF] and [Sab], the IPN formula in dBc is determined by: Hence:

IP N [linear] = K-1 i=1 f i+1 f i 10 H(f ) i 10 • df, i, K ∈ N (3.
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  three decades, wireless communication took over the world. Nowadays, radiofrequency (RF) applications are ubiquitous. One of the main reasons is that the cost of electronics did not stop decreasing over the years. Then, the RF market explosion is mainly due to the Global Systems for Mobile Communication (GSM) standard appeared in July 1994. For instance, France had more than 20 million subscribers to mobile services. Ten years later, this number became three times higher with the Long-Term Evolution (LTE) standard deployment and has reached 78.4 million subscribers in March 2021.
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 3 presents 65-nm PD-SOI CMOS technology used in the two designs presented in this thesis. The design methodology to design a mm-W controlled-oscillator is detailed. The first implementation of an injection-locked oscillator in 65-nm PD-SOI CMOS technology running at 28 GHz is presented. This first design shows promising results in designing a mm-W low-noise frequency synthesis.Then, implemented in 65-nm PD-SOI CMOS technology, the quadratically coupled injection-locked mm-W controlled-oscillator design and results are proposed. Design and layout considerations are discussed: the design of the negative resistance, the mirror current to bias the oscillator, the harmonic generator and passive elements. The design optimization strategy used for robust integration and reliability, is also described.Measurements results of a quadrature injection-locked digitally-controlled oscillator (QILDCO) targeting the 5G NR challenges in 65-nm PD-SOI CMOS technology is presented. Frequency and phase-noise measurement results are shown across supply voltage variations and four sample dies. Then the QILDCO performances are extracted and compared to the mm-W state-of-the-art controlled-oscillator dedicated to 5G NR applications. All circuits were characterized via on-wafer probing exhibiting excellent state-of-the-art performances over the popular 28 GHz mm-W bands of the 5G NR.
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  Tx) and receiver (Rx) can share the same LO generation minimizing the number of PLLs used and decreasing the overall power consumption and it also relaxes the PLL locking time as it doesn't need to relock during Tx and Rx switching. Then, as even more bands are available in different countries (Figure 1.4), 5G transceiver (TRx)s have to support more bands at mm-W frequency bands, setting a new design challenge such as the wide tuning range provisioning on LO. According to Complementary Metal Oxide Semiconductor (CMOS) inductor-capacitor (LC) controlled-oscillator published in the 1.
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 110 Figure 1.10: mm-W 5G transceiver solutions: (a) a homodyne transceiver and (b) a sliding-IF transceiver.
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 111 Figure 1.11: Beamforming architectures [18-20]: (a) RF Beamforming, (b) IF Beamforming and (c) LO Beamforming.
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 1112 Figure 1.12: (a) Direct and (b) Dual-Loop mm-W Frequency Synthesis Topologies.
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 113 Figure 1.13: Indirect mm-W Frequency Synthesis: (a) Cascaded and (b) Injection-Locked Frequency Multiplier Frequency Synthesis Topologies.
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 115 Figure 1.15:Proposed scalable, single-wire approach for coupling-PLLs across multiple ICs and a schematic of a 28 GHz dual-input PLL targeting scalable synchronization.[START_REF] Agrawal | 2.2 a scalable 28ghz coupled-pll in 65nm cmos with singlewire synchronization for large-scale 5g mm-wave arrays[END_REF] 
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 116117 Figure 1.16: LO generation system and sliding IF TX architecture. [13]
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 118 Figure 1.18: (a) Block diagram of the proposed iSS-PLL. and (b) Measured PN after an on-chip divider-by-4 (i.e. 26.368GHz PLL frequency).The RMS jitter is insensitive to the loop BW, and its variation is <10fs RMS among 6 chips.[START_REF] Yang | [END_REF] 
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 119 Figure 1.19: mm-W band frequency synthesizer based on a digital SSPLL ??
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 120 Figure 1.20: (a) Detailed Architecture of charge-sharing locking quadrature PLL and (b) Proposed two-step locking: peak/bottom waveform locking followed by zero-crossing locking (assume N = 1 for simplicity). Waveforms of C share and DCO for charge-sharing locking. [53]
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 10121 Figure 1.21: (a) Basic principle of the loaded impedance (Zload) tunability of differential mode in the two-port resonator and schematic of the proposed multi-LC-tank class-F234 VCO[14] and (b) A Class-C VCO with transformer enhanced tuning range and tank Q.[START_REF] Lightbody | A -195 dBc/Hz FoMT 20.8-to-28-GHz LC VCO with Transformer-Enhanced 30% Tuning Range in 65-nm CMOS[END_REF] 
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 122 Figure 1.22: (a) Proposed mm-wave ILFM with the ultra-low-power FTL: Overall architecture and (b) Schematic of the QVCO. [23]
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 12318 Figure 1.23: (a) The proposed multi-core controlled-oscillator and (b) Operation condition, E-M analysis, and resonance frequencies of the four operation modes.[START_REF] Shu | 17.4 A 18.6-to-40.1GHz 201.7dBc/Hz FoMT Multi-Core Oscillator Using E-M Mixed-Coupling Resonance Boosting[END_REF] 

2 . 1 2 . 2

 2122 An introduction to the injection phenomenon . . . . . . . . 2.1.1 Injection-locking phenomenon properties . . . . . . . . . . . . . 2.1.2 Sub-harmonic injection-locking . . . . . . . . . . . . . . . . . . Towards the mm-W Oscillator Topology Choice: Controlled-Oscillator Topology . . . . . . . . . . . . . . . . . . . . . . . . 2.2.1 Quadrature Injection-Locked Controlled-Oscillators . . . . . . .

2. 4

 4 Chapter Conclusion . . . . . . . . . . . . . . . . . . . . . . . . Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Figure 2 .

 2 Figure 2.1 depicts a frequency synthesis using a sub-harmonic ILO. The fifth harmonic of the PLL output signal locks the ILFM, performing multiplication by 5.
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 21 Figure 2.1: LO generation using a sub-harmonic injection-locked controlled-oscillator
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 22 Figure 2.2: Schematic of the LC-based Oscillator Topology
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 23 Figure 2.3: Quadrature LO Generation approaches. (a) 30 GHz DCO + PPF and (b) 30 GHz QDCO.
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 24 Figure 2.4: Injection-Locking approaches. (a) subharmonic QVCO + QILDCO (b) subharmonic VCO + QILDCO.
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 25 Figure 2.5: Simplified schematic of two coupled controlled-oscillators.

2 ≈

 2 ω 0 . Now, with the understanding of how the phenomenon works [CCL + 18], it is shown in Figure 2.6 a more detailed view of the coupling mechanism used in this design. The circuit is composed of the negative resistance -R representing the cross-coupled pair of the controlled-oscillator, the LC-tank expressed as Z LC , and the biased coupling transistors with their equivalent circuit in Figure 2.7. The classic quadrature oscillator consists of two cross-coupled LC oscillator cores locked to a common steady-state frequency. If the two oscillators are perfectly matched, their output phases are in precise quadrature.
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 26 Figure 2.6: Equivalent circuit of the proposed coupling network.
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 27 Figure 2.7: Equivalent voltage current source of the coupled transistor with gm and τ , the transconductance and the transit time, respectively.
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 28 Figure 2.8: Injection and coupling techniques.
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 2529 Figure 2.9: (a) Adler's oscillator phase diagram (b) Block diagram of LC oscillator with injection current.

  If we consider the phasor diagram with an angle αϕ = 90°(i.e., between the injection current and output current), tan(ϕ) = I INJ /I OUT and I T = √ I OSC 2 -I INJ 2 , the equation is slightly changed by:
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 212 Figure 2.12: Quadrature Oscillator under two different injection currents.

  65-nm PD-SOI CMOS Technology Overview . . . . . . . 3.1.1 Active Devices Considerations . . . . . . . . . . . . . . . . . . . 3.1.2 Passive Elements Considerations . . . . . . . . . . . . . . . . .

3. 4 . 4 3 . 5 3 . 6

 443536 Decoupling capacitors . . . . . . . . . . . . . . . . . . . . . . . 3.4.5 Transmission Line . . . . . . . . . . . . . . . . . . . . . . . . . Measurements Results and Comparison to simulation results 3.5.1 Tuning Range measurements . . . . . . . . . . . . . . . . . . . 3.5.2 Phase Noise measurements . . . . . . . . . . . . . . . . . . . . 3.5.3 Phase and amplitude imbalance measurements . . . . . . . . . 3.5.4 Comparison and discussion regarding State-of-The-Art mm-W Controlled-Oscillators . . . . . . . . . . . . . . Chapter Conclusion . . . . . . . . . . . . . . . . . . . . . . . . Bibliography . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Figure 3 . 1 :

 31 Figure 3.1: 65-nm PD-SOI CMOS BEOL (left) and FEOL (right) with its parasitic capacitances
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 32 Figure 3.2: (a) Body-contacted and (b) floating-body MOSFET devices.
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 33 Figure 3.3: g m over V GS characteristics for NMOS (a) BC and, (b) FB transistors.
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 34 Figure 3.4: (a) Inductor Layout with RPO and PW layers and (b) Inductor's EM representation
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 35 Figure 3.5: EM Simulated tank (a) inductance L and (b) Q-factor from 10 GHz to 60 GHz.
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 36 Figure 3.6: (a) A common mode injection-locked oscillator architecture, (b) Chip Microphotograph of the designed circuit.
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 37 Figure 3.7: (a) Layout Design of the 272 pH inductor, (b) EM simulated tank inductance L and Q-factor from 10GHz to 60GHz.
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 38 Figure 3.8: (a)Measurement Setup in Injection-Locked Mode, (b) x and (c) b.

Figure 3 .

 3 Figure 3.9a depicts the measurements of the oscillator output spectrum which operates at 27.47 GHz with an output power of -12.66 dBm. The free-running oscillator achieves phase noise of -94 dBc/Hz and -119.23 dBc/Hz at 1-MHz and 10-MHz offsets, respectively.
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 39 Figure 3.9: (a) Measured output spectrum in Free-Running Mode, (b) Simulated and measured phase noise over the supply voltage sweep in Free-Running Mode.

Figure 3 . 10 :

 310 Figure 3.10: Measured phase noise and frequency changes over the supply voltage sweep in Free-Running Mode.

  20.log 10 (5), i.e., 14 dB, as shown in Figure3.11a. When injection-locked, the oscillator shows dramatic improvement of phase noise achieving -102.49 dBc/Hz and -116.75 dBc/Hz at 10-kHz and 1-MHz offsets, respectively. The total power consumption (excluding output buffer) is 2.06 mW under a 1 V supply. As shown in Figure3.11a, the difference between the levels of phase noises of the reference and the output signal is close to the 14 dB predicted by the theory. The RMS (integrated from 100 Hz to 1 MHz) is 30.4 fs, which corresponds to integrated phase noise of -48.6 dBc. Thus, the EVM requirement is fulfilled for a 256-QAM. Moreover, Figure3.11b presents the injection-locking range of the designed oscillator.The maximum achievable locking range is around 265 MHz when the amplitude of the injected signal is swept from 0.15 Vpp to 0.33 Vpp, as depicted in Figure3.11b.
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 311312 Figure 3.11: (a) Measured phase noise of the output signal at 27.5 GHz and P DC = 2.06 mW, (b) Measured locking range versus the injected signal amplitude (f INJ : 5.5 GHz and n = 5).
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 313 Figure 3.13: mm-W QILDCO injected by a sub-6 GHz PLL.
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 14586314 Figure 3.14: Proposed mm-W quadrature injection-locked DCO.

Figure 3 .

 3 Figure 3.15 synthesizes this methodology, highlighting all the essential steps in mm-W oscillator design. All blocks must be co-designed to minimize the overall off-capacitance, losses and optimize their Q-factor to ensure the target performances. The circuit design is detailed in following sections according to the proposed design methodology.
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 315 Figure 3.15: mm-W Oscillator design methodology simplified diagram.
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 319 Figure 3.19: Switched-capacitor Banks Principle: (a) Switched-capacitor unit and (b) Representation of the combined coarse and fine tuning capacitor banks.

3 .

 3 19a, in which the NMOS component between the two capacitors is the switch transistor, and the other two transistors are meant to set the common mode and filter out undesired harmonics. When the nth switch is ON, its contribution is C ON,n = 2 n-1 C 1 , considering C 1 the unitary element; whereas when OFF, the capacitor C OFF,n = (C n C Par,n )/(C n + C Par,n ), where C Par,n is the parasitic capacitance of the nth switched transistor. Note that 3. IMPLEMENTATION DESIGN SOLUTIONS IN 65-NM PD-SOI to preserve the linear behavior of the fine-bank, NMOS transistors are also binary scaled.
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 320 Figure 3.20: Injection phenomenon role in the fine-tuning bank creates a continuous frequency tuning.
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 321322 Figure 3.21: Two switched-capacitor banks: coarse and fine banks.
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 324 Figure 3.24: Proposed layout optimization strategy.
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 3326 Figure 3.26: DCO Layout Design: EM simulation.
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 327 Figure 3.27: EM simulated tank inductance L and Q-factor from 500 MHz to 60 GHz.
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 3328 Figure 3.28: DCO Layout Design: 90°placement.
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 14329 Figure 3.29: Proposed mm-W quadrature injection-locked DCO with the coupling network highlighted in blue.

  .32. On the Figure, one can notice that a resistor is added in series. A resistor is also added to protect the gate of the loaded transistor.
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 332 Figure 3.32: (a) Diode-based ESD protection (b)ESD protection layout used on DC pads.

Figure 3 . 33 :

 333 Figure 3.33: Pads examples with a pitch of 100 µm.
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 334 Figure 3.34: Decoupling capacitor: POLY and MOM capacitors.
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 338 Figure 3.38: (a) QILDCO phase noise measurement setup (b) Bench photo.
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 339 Figure 3.39: Measured frequency over bit code (n).
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 340 Figure 3.40: Measured spectrum and phase noise of the output signal at 28.43 GHz (fINJ = 5.687 GHz, generated from a R&S SMF 100A, and N = 5) with estimated phase-noise from the theoretical noise model.
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 342 Figure 3.42: Measured phase noise over all the tuning range.
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 343 Figure 3.43: Measured phase noise at 1-MHz and 10-MHz offsets for supply voltage variations.
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 344 Figure 3.44: Measured phase noise for four sample dies over one wafer.
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 345 Figure 3.45: Phase measurements setup.
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 34634 Figure 3.46: Graphical Performance Comparison with State-of-The-Art mm-W Oscillators.
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 36 DC )/(1mW)) ** The ILFM is locked by a 2.25 GHz PLL *** Normalized to 27 GHz †P DC per frequency = P DC (mW) / Output Frequency (GHz) # Restored from the PN measured at 9.75GHz (or 29.25GHz/3) through the test divide-by-3 ## Restored from the PN measured at 14.23GHz (or 28.46/2) through the test divide-by-2 ### Including coupling network 3. IMPLEMENTATION DESIGN SOLUTIONS IN 65-NM PD-SOI Chapter Conclusion This chapter has presented the two designs implemented in an advanced silicon technology. After a brief introduction of the 65-nm PD-SOI CMOS technology from STMicroelectronics for mm-W applications, a mm-W design methodology has been proposed. This design methodology is mainly based on designing active and passive devices together. Electromagnetic simulations are one of the main contributions in this design methodology. In addition, post-layout simulations have been carefully carried out to ensure the circuit's function. Two mm-W oscillators have been designed in this thesis. The two designs take advantage of the high-frequency performances of the 65-nm PD-SOI CMOS technology and have contributed validating the mm-W design flow. An injection-locked oscillator is the first design presented in this chapter. This first oscillator has featured the low-noise capabilities of the 65-nm PD-SOI CMOS technology.This first design operates at 27.5 GHz with a DC power consumption of 2 mW. The oscillator is properly injection-locked by a sub-6GHz signal, as the theoretical phase noise is recovered in measurement. This simple design also demonstrates the feasibility of integrating active and passive devices inside the inductor loop at mm-W frequency bands.This work has been presented during the NewCAS 2021 conference[3]. Then, following the proposed design flow, a low-noise quadrature differentially injection-locked digitallycontrolled oscillator has been realized to be compliant with the 256-QAM modulation of the 5G standard. The first challenge met is the integration of the active devices inside the inductor loop for a system working at mm-W frequencies. Phase noise measurements highlight the robustness of this design, despite the shared environment of the capacitor banks and the inductor. Hence, the proposed design layout methodology is validated for LC-tank oscillators working at mm-W frequency bands.
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  95 dBc/Hz and -125 dBc/Hz in the band and at 1 MHz offset. Through state-of-the-art research, a sub-6 GHz PLL can reach these phase noise performances and especially with high-Q-factor technologies.
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This Quadratically-Coupled Injection-Locked Oscillator (QCIDCO) has demonstrated the best-in-class jitter while providing a quadrature output. Some research perspectives conclude this dissertation for mm-W controlled-oscillators designed for 5G NR applications and beyond.
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1.1.1 Context

  

	Through the history of telecommunications, we can witness a revolution in the way
	people communicate. Even if modern telecommunication systems dated back to the
	invention of the telegraph in 1792, their development flourished in the 21 st century [1],
	going from the second-generation (2G) technology, the GSM, marking the start of the
	digital voice communication era and provided a secure communication channel, to the
	3G enabling the first access to the internet with embedded devices. Keeping up with
	the demand, the 4G has been developed to enable video calls, deal with voluminous
	files, and access higher data rates to enable smoother communication. There are two
	4G technologies: the LTE and the Worldwide Interoperability for Microwave Access
	(WiMAX). Figure 1.3 presents the mobile network evolution.
	The interest given in connected objects, and by extension IoT, predicts 26 billion of
	them would be online by 2030, pushing up the data traffic grows to a truly phenomenal
	pace. However, the actual fourth generation of telecommunications cannot support as
	many simultaneously connected objects. That is where 5G will be a key enabler of the
	IoT world.

1 24.25 -29.5 GHz N258: 24.25 -27.5 GHz N257: 26.5 -29.5 GHz N261: 27.5 -28.35 GHz 2 2 37 -43.5 GHz N260: 37.0 -40.0 GHz N259: 39.5 -43.5 GHz

  

	FR1 bands				FR2 bands						
	.125 GHz		30 GHz	40 GHz			50 GHz
			1									
	Europe	24	26	28	30	37	39	41	43	45	47	(GHz)
	United States											
	Canada											
	Korea											
	Japan											
	China											
				Multiple Antenna Techniques	Phased-Array Antenna MIMO FR1: 8 x 8 MIMO FR2: 2 x 2			

Table 1 .
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	Modulation Scheme	Required (%) EVM max	Required (dBc) EVM max	IPN (dBc)*
	QPSK	17.5%	-15.1	-18.2
	16-QAM	12.5%	-18	-21.1
	64-QAM	8%	-22	-24.9
	256-QAM	3.5%	-30	-32.1
	1024-QAM	0.45%	-47	-49.9

1: REQUIREMENTS OF EVM FOR BASE STATION 2-O [12]

*Calculated from EVM, Undefined bandwidth

Table 1 .

 1 2 and Table1.3 summarize all the performances of the previous frequency synthesis and the previous controlled-oscillators presented, respectively. The main challenge in mm-W frequency generation is to reach low phase noise at 1-MHz offset while consuming little power and exhibiting a wide tuning range.Note that no ring-oscillator topology is reported in the presented and extended mm-W controlled-oscillators state-of-the-art. The best ring-oscillator exhibits a phase noise of -134.4 dBc/Hz at 1 MHz offset from a 1.2 GHz carrier while consuming 9.5 mm 2

  FoM @1MHz =PN @1MHz -20log 10 (f 0 /1MHz) + 10log 10 ((P DC )/(1mW)) ** The ILFM is locked by a 2.25 GHz PLL *** Normalized to 27 GHz †P DC per frequency = P DC (mW) / Output Frequency (GHz) # Restored from the PN measured at 9.75GHz (or 29.25GHz/3) through the test divide-by-3 ## Restored from the PN measured at 14.23GHz (or 28.46/2) through the test divide-by-2 ### Including coupling network

	Reference	5G Osc. specs	[23] JSSC'18	[14] SSCL'18	[17] ISSCC'20	[15] RFIC'18	[54] JSSC'18
	Oscillator Type	QILO	QILFM	VCO	VCO	VCO	VCO
	Topology	N/A	Cross-coupled	Class-F	Multi-Core	Cross-Coupled	Push-Pull
	Process (CMOS)	N.A	65-nm	65-nm	40-nm	65-nm	40-nm
	Output freq., f 0 (GHz)	28	29.25**	28.46	30.70	26.45	25
	Quadrature (Y/N)	Y	Y	N	N	N	N
	LO Tuning Range (%) (Range (GHz))	25	11.6 (27.4-30.8)	15.7 (25.2-29.5)	73.2 (18.6-40.1)	29.7 (20.77-28.02)	27 (23-29.9)
	PN@1 MHz (dBc/Hz)	<-110	-115.6#	-109.02##	-108.5 to -100.3	-106.6	-108.1
	PN@10 MHz (dBc/Hz)	<-125	-129.9#	-126.22##	-130.3 to -122.7	-114.83	-123.06
	IPN (dBc)/ Jitter RMS (fs)	<-39 / sub-100	-39.1 / 86	N/A	N/A	N/A	-46.64 / -38.8***
	Jitter Integ. Range (Hz)	1k-100M	1k-100M	N/A	N/A	N/A	1M-40M
	FoM@1 MHz (dBc/Hz)*	<-190	-191	-189.6	-184.4 to -181.4	-183.94	-184.44
	FoM@10 MHz (dBc/Hz)*	<-185	-185.1	-186.8	-186.3 to -183	-172.24	-179.4
	Power (mW)	∼20	24.3 (17.5 QVCO)	6.6	9 to 15	12.65	16.9
	Power for one osc. core (mW)	∼8	8.75 ###	6.6	9 to 15	12.65	16.9
	Power per						
	frequency for one osc. core	0.31	0.3	0.23	0.48 to 0.37	0.47	0.62
	(mW/GHz) †						
	Active Area (mm 2 )	N.A	0.11 (wo. buffers)	0.083 (wo.buffers)	0.08 (wo.buffers)	0.1163 (w.buffers)	0.1 (wo. buffers)

*

Table 1 . 3 :

 13 PERFORMANCE COMPARISON WITH STATE-OF-THE-ART MM-W FREQUENCY SYNTHESIS

	Reference	5G PLL specs	[56] ESS-CIRC'21	[52] ISSCC'19	[51] ISSCC'16	[13] JSSC'18	[50] ISSCC'19	[53] ISSCC'20
	PLL Arch.	2 stage	SSPLL	Isolated SSPLL	Dual Input & Cascaded PLLs	Dual PLL, Generation System	Digital SSPLL + ILFM	Charge-Sharing Locking
	Process (CMOS)	N.A	180-nm SiGe BiCMOS	65-nm	65-nm	40-nm	28-nm FD-SOI	65-nm
	f OUT (GHz)	23-30	27.0-30.5	25.4-29.5	25.3-30	24-30	28-31	21.7-26.5
	f REF (MHz)	200	250	103	3500	491.52	100	250
	VCO Type	ILO -5th harlmo.	LC-VCO	Class-F -2nd & 4th harmo.	LC-VCO Varactors	LC N/Pmos Push Pull	QILFM	QDCO Class-F
	Output Freq. f 0 (GHz)	28	30	26.4 (@6.592)	28 (@3.5)	26 (@17.33)	28.5	26.25
	PN IN-BAND (dBc/Hz)	-93	-116 @100k	-99.5 @10k	-110 @10k	-90 @10k (2 PLLS)	-97.1 @10k	-95.76 @10k
	PN@1 MHz (dBc/Hz)	-112	-117.3	-112.8	-116# (single PLL)	-103 (2 PLLs)	-105.8	-110.4
	Ref. Spurs (dBc)	∼-60	-57	-63	N.A	-65.1	-58	-45
	Jitters RMS (fs)	sub-100	47.92	71	183	115.6	76.4	75.89
	IPN (dBc)	<-36	-43.89	-41.5**	-32**	-37.6	-40.6**	-40.12**
	Int. Range (Hz)	1k-100M	1k-100M	1k-100M	1k-100M	N/A	N/A	N/A
	FoM JIT * (dB)	<-250	-248/-250	-252.9	-235.4	-243.8	-246.1	-250.2
	P DC (mW)	<50	72	10.2	87	31	41.8	16.5
	Active Area (mm 2 )	N.A	0.45	0.24	2.4	0.11	0.32	0.5

*FoM JIT = 10.log(Jitter/1s) 2 .(P DC /1mW) ** Calculated from RMS Jitter # Value read from Phase Noise curve

Table 1 . 4 :

 14 THE PROPOSED MM-W CONTROLLED-OSCILLATOR SPECIFICATIONS

	Target Items	5G Controlled-Oscillator specifications
	Process (CMOS)	65-nm PD-SOI
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MHz of locking-range needed to cover one sub-channels to another (C STEP = 1.5 fF).

IMPLEMENTATION DESIGN SOLUTIONS IN 65-NM PD-SOIpresence of an inductor in the design.
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THEORY OF INJECTION-LOCKING AND COUPLING FOR CONTROLLED-OSCILLATORS

From this analysis, a coupled oscillator injection-locked (weak injection) by a differential signal provides two outputs working at the same frequency with the same output amplitudes. This work is a case study of Mirzaei's theory of a Generalized Adler's Equation and is our main contribution to advancing theory on coupled oscillators where only one oscillator is injection-locked by a differential signal. This analysis enables the efficient transistor level design of the proposed quadrature oscillator.
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A 27.5-GHz low-noise oscillator with a compact core area and low DC power consumption was designed and fabricated in 65-nm PD-SOI CMOS technology from STMicroelectronics. Through process variations, the design robustness is validated for 8 sample dies.

Overall, when injected through its current source, the local oscillator can to satisfy the stringent 5G EVM requirements with a state-of-the-art -48 dBc IPN, integrated from 100 Hz to 1 MHz.

Active negative resistance design

A cross-coupled pair is designed to generate the negative resistance to compensate the LC-tank losses. Conventionally, it can be constructed using only PMOS or only NMOS devices or both (CMOS). Among these topologies, the CMOS oscillator consumes less power since two cross-coupled pairs generate the targeted resistance with half of the current required by the other topologies. However, the phase noise degrades due to the noise coming from the additional pair, whereas the FoM is enhanced as it is inversely proportional to the PN and power consumption product. Nevertheless, the phase noise requirements are stringent, thus power consumption cannot be favored instead of PN.

In this design, a common NMOS cross-coupled pair is considered. The transistors' transconductance g m (36 mS in simulation) is determined to compensate LC-tank losses on the entire tuning range (~6 GHz) while minimizing parasitics. This value is extracted from the capacitor banks bench simulation. From capacitor banks' post-layout simulation (PLS) results, the total losses are extracted to determine the transconductance needed (>2/g m ).

I BIAS 24.2μm The cross-coupled pair layout is a major concern in this design. For symmetry purposes, the cross-coupled pair transistors are layout in an ABBA configuration. These transistors are also surrounded by dummies transistors to ensure that they all see the same environment. In Figure 3.16, only a part of these dummies transistors can be seen
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as the others are provided by the fine tuning bank transistors to which is attached the cross-coupled pair.

The cell presents a very compact and robust layout. The cell layout is realized by minimizing parasitics effects and complying with electromigration rules at 125°. To do so, the maximum current in each transistor is determined. In this context, I MAX = 10 mA, hence 2.5 mA per transistor. The transistor is composed of 14 drains and sources and 2 gates, meaning that each source/drain has to support 2.5 mA/14 = 0.178 mA and each gate 2.5 mA/2=1.25 mA. Through the lecture of the design rules manual (DRM), we look for the current value that a via can support at a given temperature. In C65SOIMMW, ViaiU (between M5U and M4) can support 1.1 mA per via and ViaiX (from M4 to M1 vias) can support 0.057 mA at 125°. Hence, the number of needed vias can be determined:

• per drain/source: 3 ViaiX;

• per gate: 2 ViaiU and 23 ViaiX.

These results are reasonable and were implemented on this design. Following the DRM recommendations, the number of vias is maximized to provide redundancy in the case of blocked or resistive vias. Hence, the following configuration is chosen:

• per drain/source: 4 ViaiX;

• per gate: 9 ViaiU and 45 ViaiX.

Harmonic Generator

The injection phenomenon is used to fully cover the 28 GHz bands without any discontinuity from one sub-channel to another. The harmonic generator (HG) is done using transistors M INJ connected to the cross-coupled pair (M1 and M2) as shown in Fig. 3.14.

The harmonics of the injected signal, generated by the non-linearities of M INJ , are injected into the tank working at 28 GHz amplifying the harmonic of interest (the 5th).

The fine-tuning bank is sized to match with the 160 MHz locking-range needed to cover one sub-channels to another (C STEP = 1.5 fF). Dummies transistors are also connected to the second cross-coupled pair (M3 and M4) for symmetry purposes. Transistors, T 2 , T 2B , T OUT and T OUTB , are in the saturation zone and proper sizing ensures that V T 2 = V T OUT . To ensure the cascode current source T OUT -T OUTB consumes minimum headroom while T 2B and T OUTB express equal drain-source voltages:

Current Mirror Topology

This enables accurate copying of I REF .

A dummies ring surrounds the circuit core to ensure that all transistors see the same environment.
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Hence, to minimize the overall off capacitance of the LC-tank (bit code n ="000 0000"), which determines the maximum reachable frequency (i.e., the tuning range); the two banks are implemented with MOM switched-capacitors (from M1 to M4) using floatingbody (FB) NMOS devices. Then, to integrate capacitor banks inside the inductor loop, an optimized layout is proposed in Figure 3.22. The size of capacitors and transistors is minimized while satisfying the target tuning range. The coarse tuning bank is integrated into the fine-tuning bank for area saving purposes. 
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and transistors must be shielded with dummies capacitors and transistors, respectively.

Using dummies capacitors is a major concern in this context to ensure the predicted value of capacitors hence the capacitor banks behavior. To minimize the equivalent capacitance of the coupling transistors, hence the overall LC-tank capacitance, the coupling BC transistors are sized to 6 µm of gate width.

Dummies transistors are also used to ensure that the transistors are seeing the same environment. The topology chosen is coplanar without a patterned shield with sidewalls from M1 to M5U. The grounded walls are designed to be far enough from the line to ensure that the significant part of the electric field is concentrated between the line and the ground. As presented in Figure 3.35, the transmission line is designed with grounded all levels metal walls. M1 strip lines are added to RF output lines to ensure a homogeneous ground. Using RF Professional (RFPro) software to perform EM simulations, transmission line Scattering-Parameters (S-Parameters) are extracted. Figure 3.36 presents the simulated results of reflection and insertion loss coefficients. All four ports are nearly matched to
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50 Ω and the two lines exhibit an insertion loss of solely 0.5 dB for a 376 µm length. In a mm-W oscillator design, minimizing losses to maximize the output power to ensure the maximum power ratio between the carrier power and the offset power from the carrier, is essential.

After layout strategy and common RF design elements discussions, the layout of the mm-W circuit designed is realized and is displayed in Figure 3.37. The pads arrangement is complied by the probes space requirements, one of those is that only one RF probe is allowed per side (west, south and east) which complies with DC supplies to be all be placed on one side (north).

The two oscillators have a 90°relative placement, and both have their active devices integrated into the inductor loop. Output buffers were designed for measurement purposes and isolate the mm-W circuit from any disturbance coming from the environment. The phase noise across the fine-tuning code and all the tuning range are presented in 

DCO1

Conclusion

This research work has been focusing on the design of a low-phase-noise mm-W controlledoscillator with a quadrature output and low DC power consumption. 5G mm-W challenges have been identified and related to the design of mm-W controlled-oscillators. This emerging telecommunications standard is evolving towards the mm-W frequency bands allowing promising new applications. However, the ever-growing demand for higher performance imposes very stringent requirements on the RF transceiver, especially on the LO frequency generation. The main challenges are to generate ultra-low-phase-noise, a wide frequency tuning range to cover several bands of the standard, an output quadrature with a reasonable DC power consumption and a robust circuit.

Considering these challenges, the state-of-the-art has been extensively studied at mm-W frequency generation and oscillator levels. Most of the proposed frequency generation architectures offer a two-stage architecture taking advantage of lower phase-noise in sub-10 GHz frequency bands. Choosing a two-stage architecture is attractive. It reduces the design complexity as no mm-W to baseband dividers are to be designed, lowering the design DC power consumption. In addition, it enables to design a wider tuning range at mm-W frequency bands. Besides providing an ultra-low-phase-noise sub-6 GHz signal, the design of the mm-W oscillator is a major concern in the frequency generation design.

Indeed, the constraints on the oscillator are significant as among all the oscillator metrics; only the DC power consumption can be a compromise to enable better phase noise performance.

The works presented in the literature are mainly voltage-controlled oscillators and two topologies are considered: the multi-core and push-pull topologies. The multi-core topology offers a very wide tuning range which is of high interest for the 5G standard with a low DC power consumption. The push-pull topology generally provides a tuning range of 30% while providing low-phase-noise, being a good candidate for 5G mm-W controlled-oscillators. None of these works proposes a quadrature output, which is complex to combine with low-phase noise performances and reasonable DC power consump-CONCLUSION tion. To the author's knowledge, only one reported work provides a quadrature output while exhibiting low-phase-noise performances: a quadrature injection-locked frequency multiplier [1]. This work takes advantage of the injection phenomenon to offer these performances. Indeed, it releases the constraints on phase-noise as it depends on the signal purity of the injected signal. • f

Once the IPN is calculated, the RM S Jitter , the EVM and the SNR are deducted to determine if the frequency synthesis is compliant with the targeted application. 

RM S Jitter
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