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Through nowadays increase of Internet-of-Things (IoT) devices incorporated into the daily life applications, it came up the need of its optimal power efficiency to extend their battery life. One of the most power demanding components of the Radio Frequency (RF) transceiver is the frequency synthesis unit, therefore, its power optimization is highly desired.

This work presents the Bit-Rate-Multiplier (BRM)-based Fractional-N PLL, which settles a new approach for ultra-low-power (ULP) frequency synthesizers for IoT applications.

The proposed architecture revisits an interesting concept of the late 60s called the Bit-Rate-Multiplier (BRM) and proposes an enhanced reduced complexity circuit based on this principle to perform a direct fractional division in the PLL. Thus, avoiding any use of a Σ∆-Modulator while preserving good performance, energy efficiency and high bandwidth.

A 2.4-GHz IoT prototype was designed and fabricated in 28-nm FD-SOI CMOS technology from STMicroelectronics, thus performing the proof-of-concept of this architecture. The prototype operates at VDD=0.5V and achieves fractional and reference spur rejections of -39.5 and -49.2 dBc respectively without any calibration or compensation circuit.

With a power consumption of 0.6mW, this architecture breaks the barrier of the sub-mW PLL proposals through an energy efficiency of 0.23 mW/GHz, keeping compliance with the Bluetooth Low Energy (BLE) Standard, and representing an attractive ULP frequency synthesis solution for IoT. Furthermore, the proposed solution employs a ringoscillator which allows to keep compactness, resulting in a solution of only 0.0059 mm 2 on its core area.

Résumé -FR

Grâce à l'augmentation actuelle du nombre d'appareils Internet des objets (IoT) intégrés dans les applications de la vie quotidienne, la nécessité d'une efficacité énergétique optimale est apparue pour prolonger la durée de vie de leur batterie. L'un des composants les plus exigeants en énergie de l'émetteur-récepteur radiofréquence (RF) est l'unité de synthèse de fréquence. Son optimisation de puissance est donc fortement souhaitée.

Ce travail présente la PLL Fractional-N basée sur Bit-Rate-Multiplier (BRM), qui établit une nouvelle approche pour les synthétiseurs de fréquence ultra-basse consommation (ULP) pour les applications IoT.

L'architecture proposée revisite un concept intéressant de la fin des années 60 appelé Bit-Rate-Multiplier (BRM) et propose un circuit amélioré à complexité réduite basé sur ce principe pour effectuer une division fractionnaire directe dans la PLL. Ainsi, on évite toute utilisation d'un modulateur Σ∆ tout en préservant de bonnes performances, une efficacité énergétique et une bande passante élevée.

Un prototype IoT à 2,4 GHz a été conçu et fabriqué en technologie CMOS FD-SOI 28 nm de STMicroelectronics, réalisant ainsi la preuve de concept de cette architecture. Le prototype fonctionne à VDD=0,5 V et atteint des rejets d'impulsion fractionnaires et de référence de -39,5 et -49,2 dBc respectivement sans aucun circuit d'étalonnage ou de compensation.

Avec une consommation électrique de 0,6 mW, cette architecture brise la barrière des propositions PLL sub-mW grâce à une efficacité énergétique de 0,23 mW/GHz, respectant la norme Bluetooth Low Energy (BLE) et représentant une solution attrayante de synthèse de fréquence ULP. pour l'IoT. De plus, la solution proposée utilise un oscillateur en anneau qui permet de conserver sa compacité, ce qui donne une solution de seulement 0,0059 mm 2 sur sa zone centrale.

Mots-clés: Multiplicateur de débit binaire (BRM), Fractional-N PLL, Internet-desobjets (IoT), Ultra-basse consommation (ULP), Bluetooth Low Energy (BLE), Synthétiseur de fréquence Chapter 1

General Introduction

Context and IoT Evolution

Wireless communication systems have been part of the common daily life for more than a decade, leading to the growing of the Internet-of-Things (IoT). This concept defines any "object" that can be wirelessly connected to the internet, hence becoming an IoT Device.

The number of IoT devices has grown exponentially and has become essential in many application areas such as health care, smart homes, smart cities, agriculture, railroad, connected cars, manufacturing, cloud computing, etc. These applications incorporate new technologies like artificial intelligence (AI), advanced analytics and machine learning (ML), and represent a continuously growing market (Figure 1.1). IoT devices rely on their energy efficiency to be able to operate for long periods of time before draining out their batteries. Consequently, power consumption is a critical factor that contributes significantly to the cost and reliability of the IoT infrastructure. Thus, energy efficiency is defined as one of the most attractive features in IoT market for consumers and manufacturers.

The solution proposed in this PhD work is focused in the design and implementation of a frequency synthesizer, an essential component of any wireless communication system, and particularly for the IoT. A frequency synthesizer fulfills an important role by providing accurate and stable frequencies used for Radio-Frequency (RF) communication. Additionally, its design represents an important challenge, as it is one of the most powerhungry blocks, reaching several milliwatts which is almost half of the overall total budget, and therefore representing a large amount of energy.

Thesis Objective and Overview

This thesis work is the result of a collaborative Industry-Academia PhD Program (CIFRE), involving STMicroelectronics, Crolles, France and the IMS Laboratory, University of Bordeaux, France.

As highlighted, the power consumption of a frequency synthesizers is a critical factor to determine it as attractive for ultra-low-power (ULP) IoT applications. Therefore, the development of energy-efficient solutions is crucial. Hence, this thesis proposes a new Phase-Locked-Loop (PLL) approach, which satisfies the ULP IoT requirements by having a reduced-complexity architecture.

The proposed PLL is targeted for IoT devices employing the Bluetooth Low Energy (BLE) technology, introduced in version 4.0 of the Bluetooth Standard. As it allows short bursts of long-range radio connections, it is an ideal standard for IoT applications that depends on long battery life. Applications such as health-care, fitness, security, beacons, smart-phones, entertainment devices, etc. BLE operates at 2.4 GHz in the ISM (Industrial, Scientific and Medical) frequency band, and is intended to have significantly lower power consumption while keeping a low cost and good security and reliability.

The compliance with BLE demands covering of 40 RF channels in the 2.4 GHz ISM band, i.e., from 2.402 GHz to 2.482 GHz with a channel spacing of 2 MHz. This sets a very stringent condition on the frequency synthesizer, as it must be capable to handle such a small channel spacing.

To address these requirements, the PLL architecture known as Σ∆-Fractional-N PLL is generally used. This is a mixed-signal solution that aids to mitigate the impact of the fractional spurious tones by using a Σ∆-Modulator and associated circuits in the PLL. However, this entails complexity and difficulty in design and implementation, and at the same time, hinders the feasibility of low-power requirements.

In this work, a reduced-complexity architecture called the Bit-Rate-Multiplier (BRM)based Fractional-N PLL is proposed to overcome these shortcomings while keeping compliance with the BLE standard and staying aligned with the state-of-the-art of the fractionalfrequency synthesizers for IoT.

For this purpose, by revisiting an interesting concept from the late 60s named Binary(Bit) Rate Multiplier, an enhanced BRM circuit was developed for integrating it into the PLL, leading to the BRM-based Fractional-N PLL. This solution represents an attractive solution for low-complexity and low-power frequency synthesizers for IoT.

The silicon proof-of-concept of this architecture was fabricated and measured in 28nm FDSOI CMOS technology, taking full advantage of FD-SOI features such as the Body-Bias. This feature enabled the optimization of the different internal blocks of the PLL, and led to a low-power and very compact solution suitable for ULP for IoT applications.

Main Original Contributions

The original contributions of this thesis to the state-of-the-art for Fractional-N PLLs for IoT captured by the proposed frequency synthesizer architecture, are:

• Starting from a 50-years old-existing Bit-Rate-Multiplier (BRM) concept, a new proposed Enhanced Bit-Rate-Multiplier (EBRM) architecture. This new approach allows fractional frequency division without a significant spectral purity degradation that represents an attractive solution for low-complexity and low-power frequency division techniques.

• EBRM flexibility for several Radio Frequency (RF) standards due to its High-Resolution. This is demonstrated in this work for the BLE Standard and integrated into a PLL.

• A BRM-based Fractional-N PLL integrated in 28-nm FD-SOI CMOS technology, a prototype fabricated and measured, contributing to a new approach to the frequency synthesis for IoT domain.

• At the circuit implementation level, Power Optimization of the digital circuits through FD-SOI Body-Bias feature. This was achieved by analysis and simulations at Ultra-Low-Voltage operation.

• Optimal Body-bias asymmetry over the PMOS and NMOS transistors studied, analyzed and applied to the EBRM circuit. This results on the Body-Bias application and implementation for minimizing the impact of Process, Voltage and Temperature (PVT) Variations.

Dissertation Overview

The dissertation is divided in six chapters as follows.

The second chapter presents the state-of-the-art of fractional-N PLLs for IoT for lowpower consumption and techniques for complying with the Bluetooth Low Energy (BLE) standard.

The third chapter contains an overview of the Bit-Rate-Multiplier (BRM) concept, since its origins to the latest topologies it reached. Afterwards, considering the shortcomings and challenges of existing topologies, the Enhanced Bit-Rate-Multiplier (EBRM) architecture is proposed and developed correcting the weaknesses of existing BRMs and integrated as an alternative divider block into the PLL for IoT frequency synthesis.

The fourth chapter develops the BRM-based Fractional-N PLL architecture along with its modeling and design considerations. The proof-of-concept is validated with a Simulink model in MATLAB®, allowing the analysis of its the trade-offs and design constraints. Additionally, the internal architecture for each functional block is detailed and justified.

The fifth chapter presents in detail the design, implementation and measurement results of the prototype PLL. The design decisions, layout and validation techniques for the implementation are detailed. The post-layout simulations are shown and compared to schematic including process and temperature variations. In addition the process corners verification were performed to ensure the robustness of the system corroborated by measurements of the fabricated samples.

Finally, the sixth chapter states the conclusions and gives perspectives on this thesis work, setting future work and improvements to be considered for this architecture. 

Internet-of-Things (IoT) Overview

The internet evolution opened a new level of global connectivity, leading to the term defined as the Internet-of-Everything (IoE) which encompasses people, process, data, and things together to establish more relevant and valuable networked connections. Through this information exchange, humankind created new capabilities, experiences and economic opportunities for businesses, individuals, and countries [START_REF] Priest | THE INTERNET OF EVERYTHING EVOLUTION[END_REF].

Notwithstanding, the internet is changing continuously and this impact the way how we live, learn, work, etc. Particularly on data virtualization and cloud that enabled a smarter, scalable, and programmable network that offers standards and applications that dramatically reduced the cost of IT (Information Technology), especially through the COVID-19 sanitary crisis that pushed remarkably the companies over the technology and transformed business sectors forever [START_REF] Laberge | COVID-19 digital transformation & technology[END_REF]. However, while the Internet is the communication network, the Internet-of-Things (IoT) is an interconnected system of clearly addressable physical elements (objects) with varying degrees of processing, sensing, and actuation characteristics that share the ability to inter-operate and communicate over Internet as their joint network platform [START_REF] Abdelrahman | Internet of Things (IOT): Research Challenges and Future Applications[END_REF].

Thus, the IoT pursue the interconnection between individual objects at any time or anywhere using any network, path, or service, and consequently, IoT is gradually considered as a subsequent phase in the Internet evolution as it will enable ordinary devices to be linked to the Internet in order to achieve several goals. Based on TAM Forecasts [START_REF]Current IoT Forecast Highlights -Transforma Insights[END_REF], a total of 4.9 billion Internet users and 11.3 billion active IoT Connections has been estimated in 2021, this represents more than the double of number of IoT devices versus Internet users, meaning that is higher the amount of daily IoT devices interconnected per person, and it is foreseen that this trend will increase even more its gap in the future. Nowadays, devices like smartphones, connected vehicles, industrial systems, cameras, toys, buildings, home appliances and countless others can all share information through the Internet, these devices can perform smart real-time monitoring, control, tracing, etc. despite their small sizes. Their most significant commercial effect has been observed in the consumer electronics, particularly in the revolution of smartphones and the interest of wearable devices with the expectation of a continuous expansion in number of devices and functions [START_REF] Abdelrahman | Internet of Things (IOT): Research Challenges and Future Applications[END_REF] [START_REF] Ahaidous | Towards IoT-Big Data architecture for future education[END_REF].

Potential applications of IoT are quite diverse, since they permeate into all aspects of daily life, institutions, education, health, and society. Nevertheless, their success is not only associated with their applications and functionality, but also with the implications that must be overcome to enable their mass adoption, such is the case of their energy efficiency because most IoT devices are expected to be constantly active to obtain data, which requires extended battery lifetime and hence, better IoT devices energy efficiency.

Frequency Synthesizers Importance in IoT Applications

The IoT architecture comprises four different layers (Perception, Transport, Processing and Application), of which the IoT Nodes are found in the Perception layer, these are network elements that represent the main interest in this thesis work since they include the hardware implementation that allows gathering environmental variables and communicating data to higher layers [Al-+18]. As shown in Figure 2.4, an IoT node is characterized by three modules: Processing, Network, and a Function; of which the Processing and Network modules typically dominate the power consumption of the IoT node, as the Function module and actuators are usually externally powered by an independent source.

During the transmission and reception tasks, a significant amount of power is consumed in the IoT node. These tasks are performed by a system known as a Radio Frequency (RF) transmitter-receiver (transceiver), which is generally composed of a low-noise amplifier (LNA), a power amplifier (PA), local oscillator (LO), modulators, and mixers as shown in Figure 2.5. The RF transceiver design obeys the alignments of the required standard, and in IoT architectures several communication standards could be employed (Bluetooth Low Energy, Zigbee, NB-IoT, Ultra-Wide-Bandwidth (UWB), etc.). One of the most important components of the RF transceiver is the LO, also known as the Frequency Synthesizer. This oversees the generation of well defined, precise, and stable frequencies to the communication chain; however, its design represents a major challenge since its power consumption is the second most important after the PA in the RF transceiver. Therefore, it is critical to perform a thorough power optimization on it.

A well-known and widely used solution in the implementation of Frequency Synthesizers is the Phase-Locked-Loop (PLL), this system performs the control and tuning of the required output frequency from the LO, thus providing the signal required by the different components in the transmission and reception paths [Che21].

Designing a power efficient PLL entails a highly challenging criteria, as in PLLs a good operating performance is achieved while using higher amount of power. The action of minimizing the power dissipation in the PLL results in a degradation of its performance, as each building block tends to have more limitations on their operation, and thus the spectral purity is impacted negatively [START_REF] Gavaskar | Low Power CMOS Design of Phase Locked Loop for Fastest Frequency Acquisition at Various Nanometer Technologies[END_REF].

The PLL spectral purity is defined by the output signal of the Voltage-Controlled Oscillator (VCO), a core element that delivers a periodical signal whose frequency is tuned by an input control voltage. Ideally a VCO output signal should have a Dirac δ located at the frequency of interest f o on its power spectrum analysis as shown in Figure 2.6.a. Nevertheless, in real implementations this signal is degraded, and these distortion characteristics define the metrics used to evaluate its performance. A real oscillator as shown in Figure 2.6.b differs from the ideal one, as it has its spectral energy spread around the central frequency f 0 , this degradation is the consequence of the instantaneous period variation in time domain that perturbs its zero crossings. This deviation from the true periodicity is known as Jitter, and is classified in random jitter that considers non-controllable fluctuations in the frequency variation, and deterministic jitter where the frequency is affected by known drift sources. If Jitter is too excessive, the RF transceiver could have errors in the transmitted-received data, hence, it is a crucial metric in the noise evaluation performance of an oscillator.

In frequency domain, the principal metric used to evaluate the spectral purity of the oscillator is the Phase Noise (L(f )). Its definition is related to the phase fluctuations ϕ n (t) that affects the oscillator when it is intended to operate at a fixed frequency ω 0 = 2πf 0 . These phase variations act as a perturbation in the oscillator as shown in Equation 2.1.

V osc (t) = A 0 cos(ω 0 • t + ϕ n (t))

(2.1)

Where A 0 represents the amplitude of the signal, and the value of ϕ n (t) creates an spectrum deterioration which results in the spreading of the energy around the proximity of f 0 as shown in Figure 2.6.b.

Phase Noise is the noise spectrum that considers the power on the carrier f 0 and its spread energy on either side. It can be plotted by performing a difference between f 0 and an adjacent offset value (∆f ), evaluated at 1 Hz bandwidth as shown in Figure 2.7. This difference contains the energy present around f 0 and is represented in dBc/Hz.

Phase Noise (dBc/Hz) Phase Noise (dBc/Hz) Offset from Carrier Frequency (Hz) Obtaining a lower Phase Noise leads to better spectral purity as the energy is condensed in f 0 in higher quantity, representing a reduced fluctuation of the signal from its carrier. Phase Noise characteristic is also used to derive the RM S jitter , another important metric that is obtained by performing an integration along the phase noise curve over a frequency interval and is measured in seconds.

The last and one of the most used metrics is the Figure-of-Merit (FoM) shown in Equation 2.2, this evaluates the PLL global performance, and gives a notion of how much power the PLL uses to generate a required frequency that has a specific value of RMS jitter. This metric is expressed in dB and the lower its value, better the FoM.

F oM P N (dB) = 10 • log RM S jitter 1second 2 P ower P LL 1mW (2.2)
However, it is worth to note that neither the Phase Noise nor Jitter considers the power consumption as an evaluation parameter; even in the FoM, the power consumption reduction does not produce a significant variation as it only implies a slight improvement in the FoM, concluding that the jitter the dominant metric. For this reason, in this thesis work, another Figure-of-Merit to evaluate the energy efficiency is stated; this metric has been used lately in Ultra-Low-Power publications along the state-of-the-art such as the case of S. Hong et al. [START_REF] Hong | A 250-uW 2.4-GHz Fast-Lock Fractional-N Frequency Generation for Ultralow-Power Applications[END_REF]. It is defined by the amount of power required by the PLL per 1 GHz generated as shown in Equation 2.3.

F oM energy (mW/GHz) = P ower P LL (mW )

f P LL (GHz) (2.3)
As lower the F oM energy , better the power efficiency of the PLL, as the frequency synthesis generation is being performed without requiring significant increase of power, taking main interest in ULP applications for IoT.

State-of-the-art on Frequency Synthesis for IoT

As battery lifetime took important relevance in IoT devices, ultra-low-power frequency synthesis solutions has been more present in the latest research developments and stateof-the-art [START_REF] Gavaskar | Low Power CMOS Design of Phase Locked Loop for Fastest Frequency Acquisition at Various Nanometer Technologies[END_REF]. Since these solutions are mainly focused on the power consumption optimization, obtaining the best-in-class metrics may result complicated, thus being more important the compliance with the required standard specifications.

In this section, the existing state-of-the-art solutions at the beginning of the thesis work are presented, giving a starting point of the architectural approaches to consider. As the focus is the development of an ULP PLL that has compliance with the BLE standard, it is important to remark the limitations of a classical Integer-N PLL architecture and the importance of the Fractional-N PLL for certain standards as BLE.

In Figure 2.8.a is shown the block diagram of the classical Integer-N PLL which has been widely used as a Frequency Synthesis solution, its popularity is given by the ideal integration action produced by the combination of the Charge Pump + Loop Filter being a versatile and adaptable circuitry for control and the Loop Filter where only passive elements are used. However, some inconveniences exist concerning the trade-off between bandwidth and noise. This trade-off plays a particular role in the PLL design because when using a lower f ref , larger will be the division N required for a given f V CO ; and at lower bandwidth, slower settling time. Additionally, the output noise is multiplied by N 2 , meaning that at higher division ratio N , the Phase Noise performance is impacted drastically.

As general statement, to avoid any instability issue in this architecture, the closed-loop PLL bandwidth must fulfill BW ≤ f ref /10 [Raz20]. Moreover, in this architecture type, the frequency resolution (channel selection) is defined by f ref , therefore, achieving highresolution means lowering f ref , that in counteraction will lead to a higher N required, and thus, phase noise degradation especially at low frequencies from the carrier.

The Fractional-N PLL idea came out to overcome the frequency resolution limitation of the Integer-N PLL. This is achieved by performing a fractional ratio mechanism using an accumulator that takes a fractional value (m-bits) as input, and that generates a 1-bit carry out signal that is fed into a Multi-Modulus Frequency Divider (MMD) as shown in Figure 2.8.b.

The fractional division ratio works in such a way that the carry out bit is asserted to the MMD when the accumulator residue surpasses its full-scale value. This behaves in such way that the MMD performs a division by N until the carry out is activated, at which point it will perform a division by N + 1, resulting in an averaged fractional frequency division and thus, obtaining arbitrary frequency resolution regardless f ref , which not requires its reduction anymore and allows to maintain high PLL bandwidth. The increments of the accumulator are defined by the input fractional value (f rac[k] = α) at each clock cycle, which generally is f div . Nevertheless, the PFD periodical error is affected by the series of pulses emitted by the accumulator over the time, thus adding a new periodical error that creates extra spurious tones in the synthesizer output that degenerate its noise performance as shown in Figure 2.9. This phase error given by the fractional division mechanism is defined by the instantaneous residue of the accumulator and produce high spectral degradation that limits its compliance with several high-resolution standards as is the case of BLE.

Fractional Spurs

To overcome these problems, the Σ∆ Fractional-N PLL architecture was stated by T. Riley, Copeland, and Kwasniewski [START_REF] Riley | Delta-sigma modulation in fractional-N frequency synthesis[END_REF] in 1993, and since its invention it has been widely used and improved though architectural modifications. This architecture makes use of a Σ∆ Modulator, a derived system from the Σ∆ Converters, which is integrated into the PLL with the objective of dispersing the fractional spurious tones.

There are several topologies that a Σ∆ Modulator could adopt for its implementation, some examples are the Multi-Bit Single-Loop (MBSL), Multi-Stage Noise Shaping (MASH), Norsworthy, Cutler, etc. Despite the topology, its linearized model considers two transfer functions relating the input and noise to the output [START_REF] Perrott | Behavioral simulation of fractional-N frequency synthesizers and other PLL circuits[END_REF]. • A Signal Transfer Function (STF) that filters the input signal, as the objective is to let it pass as integral as possible, its effect is not desirable thus, ST F (z) is required to be a unitary gain.

ST F (z) = z -L ≈ 1 (2.4)
• A Noise Transfer Function (NTF) that filters the noise that is assumed to be white, i.e. it performs a "noise shaping". Its filtering capabilities are defined by the order (L) of the Σ∆ Modulator.

N T F (z) = (1 -z -1) L (2.5)
Its integration into the PLL is done with the purpose to provide a bit-stream into the MMD instead of the carry out bit, in this way the input signal controlling the division is sufficiently "excited", resulting in a dithering effect, which makes the resulting quantization noise to be "shaped" to high-frequencies. The PLL dynamics acts like a low-pass filter, which is used to remove much of the quantization noise produced by the Σ∆ Modulator in the whole system [START_REF] Galton | CMOS phase-locked loops for frequency synthesis[END_REF]. Hence, the spurious frequencies are "spread" through the dither effect added and the same loop equations and noise transfer functions as Integer-N PLL could be approximated because N ≫ α.

However, the Σ∆ Quantization Noise (e Σ∆ [n]) establishes an important trade-off between the PLL bandwidth and noise suppression, as the high-pass frequency characteristic of the Σ∆ Modulator introduces more quantization noise as the PLL bandwidth increases. This is an unpractical condition as high bandwidth is required to reduce the VCO noise contribution to the total noise of the PLL.

Several techniques have been developed in order to mitigate the problem of the bandwidth limitations introduced by the Σ∆ Modulator, some of the most popular and wellknown are:

Fractional-N PLL with Σ∆ Noise Cancellation

This technique faces the two basic issues of the Σ∆ Fractional-N PLL which are the phase noise peaking due to the Σ∆ modulator's shaped quantization noise, and the noise folding caused by the charge pump (CP) non-linearity. By introducing a Noise Filter after the divider output to disperse the high-pass noise transfer function a wide bandwidth is allowed [START_REF] Swaminathan | A Wide-Bandwidth 2.4GHz ISM-Band Fractional-N PLL with Adaptive Phase-Noise Cancellation[END_REF].

One common implementation of the Noise Filter is by incorporating a feedforward DAC to inject into the loop filter the negative of the Σ∆ noise traveling through the CP, and other popular approach is the use of FIR filtering action equivalent to the Σ∆ noise through the use of multiple paths. One example of this technique is proposed by L. Kong and Razavi [START_REF] Kong | A 2.4-GHz RF Fractional-N Synthesizer With BW=0.25 fREF[END_REF] where a cascaded PLL incorporates a digital delay-line-based noise filter and an analog noise trap to suppress the Σ∆ noise while maintaining a moderate loop bandwidth.

Nevertheless, noise cancellation techniques require stringent matching or complex calibrations as they demand a linear CP behavior as they carry the unfiltered Σ∆ noise. Additionally, the added circuitry significantly increases the power consumption, which hinders the requirements of ULP IoT applications. The architecture works in such a way that the phase of the last cycle of the VCO is sampled using a sample-and-hold circuit controlled by the reference frequency.

Then the phase difference between the last cycle and the reference establishes the current injection into the loop filter given by the charge pump circuit.

This architecture reduces the phase noise compared to a classical PLL architecture, as the in-band phase noise contribution is mitigated by its sampling taken from the VCO output directly without any frequency division task.

One implementation example is given by W. Wu et al. [START_REF] Wu | [END_REF] where a DTC gain calibration and reference clock duty cycle corrections are added. This allows to achieve high performance with a FoM of -249.7 dB, but with a total power consumption of 18.9 mW.

However, the sampling switches significantly increase the power consumption of the architecture, as these requires a precise sample-and-hold circuitry in the phase detection which usually is limited in a classical PFD-CP control operation.

In a digital implementation, the DTC calibration requires an ADC to convert the sampling voltage to the digital phase error, adding extra power requirements complexity. While in an analog implementation the DTC calibration is not straightforward, requiring a voltage comparator and thus, degrading the PLL phase noise and spurious tones. The sampling and Sub-Sampling PLL is a very attractive solution for high performance applications, nevertheless being complex to reach low-power requirements while keeping performance.

All-Digital Fractional-N PLL

This type of PLL has all digital elements, including phase detector, filter and even the oscillator could be digital, one of the biggest advantages is that most of the blocks could be synthesized. Thus, the PLL can be customized and implemented in different fabrication processes across all foundries and the target application could be flexible handled depending on ULP or high-performance requirements. This PLL architecture is widely present in recent publications in the state-of-the-art due to its digital adaptability, allowing to control the system oscillator by using a binary word generated by the control loop, these oscillators are commonly known as Digitally Controlled Oscillator (DCO). This gives the advantage of avoiding any loop filter and passive components such as resistors or capacitors, reducing the silicon footprint and being attractive for mass production.

In this implementation the combination PFD/CP is replaced by a Time-to-Digital Converter (TDC) to perform the phase comparison. This circuit generates a digital binary word that is used by a digital filter, then generating the control word that tunes the DCO.

In the state-of-the-art, Z. Xu [Xu22] proposes a full synthesizable PLL where multiple phases of a three-stage Ring DCO are used for the injection. This proposed circuit additionally uses a dithering-assisted local skew calibration to reduce the PLL side spurs and a high linearity DTC to reduce the jitter achieving a FoM of -232.8 dB with a power consumption of 3.36 mW.

Nevertheless, the TDC accuracy is an important limitation in the general performance of the PLL due to its complex calibration, additionally to obtain high frequency resolution, the number of bits of the system increases which leads to higher hardware requirements, therefore an important trade-off between frequency resolution and power consumption needs to be considered in this architecture.

Another important architecture is the Injection-Locked PLL (IL-PLL) which reduces the phase noise dramatically, as it is capable to synchronize the VCO output with the reference frequency directly through the injection-locking phenomenon. However, this technique is less commonly used in fractional frequency synthesis with small channeling requirements, as it is affected by several additional spurious tones given by the charge injection of the reference over the VCO, significantly degrading the spectral purity and requiring spurious tone extra circuitry that increase the power consumption.

Sigma-Delta-based Fractional-N PLLs Limitations

There are several solutions along the state-of-the-art to perform the fractional frequency synthesis, nevertheless all of them use the Σ∆ modulator to mitigate the spurious tones, which leads to the implementation of additional blocks to suppress the Σ∆ Quantization Noise.

All-Digital PLLs can avoid the use of the Σ∆ modulator, however the system complexity tends to increase dramatically, this states a constraint in the achievement of low-power consumption.

Despite the techniques and improvements over these architectures, the Σ∆ quantization noise power remains as a limitation to achieve high PLL bandwidth, that in consequence degrades the phase noise specifications.

A better noise shaping could be achieved if the order of the Σ∆ modulator increases, however as the PLL filtering capabilities are limited the trade-off between noise suppression and bandwidth must be managed carefully, therefore a higher than 3rd-order Σ∆ modulator is rarely used, which additionally increases the implementation complexity and hence the power consumption.

Apart from the Σ∆ Quantization noise trade-off, the Σ∆ Fractional-N PLL must use a dither to achieve the dispersion of the fractional spurious tones, this is done through a 1-bit pseudo-random LSB dither signal added to the fractional value. This requires a pseudo-random generator that uses the same clock signal of the output frequency of the MMD, limiting the 1-bit Σ∆ quantization as it will not be able to produce a proper dither.

In general perspective, all architectures take into consideration the presence of a Σ∆ modulator in the design and optimization of the fractional frequency synthesis, which as result in recent architectures in the state-of-the-art the tendency to increase more and more the complexity at system level is common, leading to dense architectures such as [START_REF] Wu | [END_REF], [Kun+22], [START_REF] Kong | A 2.4-GHz RF Fractional-N Synthesizer With BW=0.25 fREF[END_REF], [Xu22].

Additionally, the Oscillator implementation plays a key role in the performance of the PLL, some use LC-based oscillators for their low jitter and high energy efficiency, however, they demand high silicon footprint due to the resonator components (Inductor and capacitor bank), and they could be affected by external coupling magnetic sources that could produce frequency shifting.

Others use Ring-based oscillators which keep a low silicon footprint and technology scalability, despite their high jitter and less spectral purity, they remain as a versatile option when more flexible performance requirements are present. For all mentioned above, this work proposes a reduced complexity fractional frequency synthesis solution using a Ring-VCO while keeping a power consumption of less than 1mW that fulfills the Bluetooth Low Energy (BLE) standard, thus giving an attractive and interesting contribution to the state-of-the-art in ring-based PLLs of recent years. As the Ring-VCO is used, the silicon area could be reduced significantly, resulting in a compact solution that could be migrated along different technology nodes.

The FD-SOI technology provides several features that help to reduce the intrinsic noise of the PLL components and make them achieve ultra-low-voltage (ULV) and ultralow-power (ULP) consumption.

To achieve these objectives, an interesting concept created in the late 60s called the Binary Rate Multiplier (BRM) has been revisited with the objective to propose a direct fractional division solution that aims the avoidance of the Σ∆ modulator in the PLL while keeping good performance and obtain ULP consumption with its reduced complexity architecture. The following chapters presents its development and opportunities that brings the BRM-based Fractional-N PLL At the beginning of the PhD thesis, the trends and analysis of the prior state-of-the art was performed, giving a general evaluation and perspective of the FoM, performance and power consumption that has been targeted lately. A survey of different published ring-based solutions has been done along journals and conferences such as IEEE ISSCC, ESSCIRC, RFIC, CICC, TCAS-I and TCAS-II as shown in Table 2.1. Thus, the results of this thesis work can be compared with the previous state of the art and the subsequent. [START_REF] Li | All-Digital PLL for Bluetooth Low Energy Using 32.768-kHz Reference Clock and lees than 0.45-V Supply[END_REF] propose ULP performance while achieving good FoMs and spur rejection, these proposals set the first sight about the specifications that could be pursued at ULP conditions. Additionally, the work of Zhang et al. [START_REF] Zhang | A Fractional-N PLL With Space-Time Averaging for Quantization Noise Reduction[END_REF], Wu et al. [START_REF] Wu | [END_REF] and Kong and Razavi [START_REF] Kong | A 2.4-GHz 6.4-mW fractional-N inductorless RF synthesizer[END_REF] present one of the best metric characteristics, however their power consumption noticeable is increased but taking important interest in high performance scope on frequency synthesizers.

The most important innovation focusing of this work is the power efficiency optimization while keeping a simple architecture that can achieve good performance, by avoiding the presence of the Σ∆ modulator it is possible to keep high bandwidth that allows to reduce the phase noise. In Table 2.1 there are compared various techniques and architectures aiming mostly low-power consumption with similar frequency tuning range of the BLE standard, giving a starting point to set the target specifications in this work.

Conclusions on thesis focus and objectives

Based on the state-of-the-art survey and the BLE specifications, the target specifications are defined as shown in Table 2.2. As the power consumption optimization is the primordial goal to consider, the performance of the PLL would be limited, the reason why the most important is to comply the BLE standard with an extra margin of assurance. FD-SOI CMOS technology used in this work provides important optimization features for ULP and ULV operation, thus assisting in the power consumption reduction while keeping a reasonable FoM in-line with the state-of-the-art.

Along with this chapter, the IoT interest and characteristics has been introduced, giving a scope on how the frequency synthesizers play a key role in their implementation and constant development. The advances and tendency that demands better power efficiency characteristics are linked in the design of the frequency synthesizers, which are required to maintain good metrics to ensure proper RF communications along the IoT network.

A constant development on the state-of-the-art has been observed, leading to advanced solutions to achieve better performance, but just lately taking more and more consideration over the power consumption reduction. During the development of this thesis from 2020 to 2023 these solutions took more relevance which could be contrasted in the final comparison of the state-of-the-art at the end as shown in Chapter 5 and 6.

Based on the BLE specifications, a maximum |FoM| of 225 has been set as objective, because undoubtedly the power consumption reduction sets a critical constraint in the exploiting of the PLL performance. Nevertheless, if the frequency synthesis solution can fulfill the BLE specs it can be considered as an attractive solution for ULP applications for IoT and further work. Additionally the FD-SOI technology offers new possibilities to enable ULP and ULV operations as it is detailed along the implementation Chapter 5, where the technology benefits are explored and used as versatile features. 

Chapter Introduction

Frequency dividers play an important role in analog, digital and mixed-signals systems, usually they are integrated in communication and information technology (IT) applications, such as analog to digital conversion, audio modulators, radars, radio frequency (RF), frequency synthesis, clock generation, etc. [LCW11] [START_REF] Tsai | A 7-12 GHz multi-modulus frequency divider[END_REF]. These applications rely on the high-speed operation, wide frequency range, fine division resolution and lowpower consumption of these incorporated frequency dividers [START_REF] Tibenszky | A 0.35 mW 70 GHz Divide-by-4 TSPC Frequency Divider on 22 nm FD-SOI CMOS Technology[END_REF].

Several digital D-Flip-Flop (DFF)-based frequency divider architectures are widely used [START_REF] Bou | Wide-division-range high-speed fully programmable frequency divider[END_REF], their low-power consumption, higher locking range and technology adaptability make them attractive compared to their analog high-frequency counterparts as is the case of the injection-locked frequency dividers (ILFD) [START_REF] Yin | A 0.8V 1.9mW 53.7-to-72.0GHz self-frequencytracking injection-locked frequency divider[END_REF] and regenerative dividers [START_REF] Hati | Ultra-low-noise regenerative frequency divider for high-spectralpurity RF signal generation[END_REF].

Nowadays, frequency division techniques have been extensively covered, leading to dense and complex circuits that in consequence are less power efficient [START_REF] Lin | A 5.5-GHz 1-mW Full-Modulus-Range Programmable Frequency Divider in 90-nm CMOS Process[END_REF]- [START_REF] Calosso | The sampling theorem in Pi and lambda digital frequency dividers[END_REF]. Hence, an improvement on these characteristics is highly desirable. The Bit-Rate-Multiplier (BRM) as fractional frequency divider revisits an interesting concept from the late 60s and proposes an adaptation for today's application requirements for frequency dividers.

During the introduction of the integrated circuits (IC) in the late 60s, a considerable quantity of digital solutions for control systems were proposed as they were required in all the domains migrating to an electronic-based operation. Although, an extensive quantity of them were discarded in the late 70s due to the Microcontroller invention [START_REF] Faggin | Microprocessors: How VLSI impacts computer architecture: A solution is suggested to the imminent problem of having more computer intelligence on a chip than anyone can use[END_REF]. This is the case of the Bit-Rate-Multiplier (BRM), a circuit presented in the Hybrid Computer Systems domain that performs first-degree segment interpolations [START_REF] Vasantha | High speed binary rate multiplier[END_REF].

Historically, the BRM was designed to be used in slow response control systems, i.e., low output frequency systems considering long periods of time as reference to produce the control action, such as servo-motors position control, DC-motor speed regulation, actuation elements in temperature systems, etc. [START_REF] Vasantha | High speed binary rate multiplier[END_REF] In this thesis work, through this chapter, an straightforward analysis on the BRM prior architectures is done, each one of them are considered with their features and drawbacks, in order to propose a new enhanced version that improves the output pulse uniformity and spectral purity on the prior solutions and represents an attractive high-frequency approach for current frequency division requirements with a simple architecture and thus, low-power compliance.

By doing so, this system could be suitable to be integrated in the frequency synthesis domain, more precisely into a new approach for a Fractional-N Frequency Synthesizer architecture that could be stated as an alternative of the conventional proposals such is the case of the Σ∆ Fractional-N PLL. The simulations, validation and analysis of these BRM architectures were performed in Simulink integrated in MATLAB® for its study.

Bit-Rate-Multiplier Overview

The Bit-Rate-Multiplier (BRM) principle is to generate an output pulse train, which has a frequency f out that is a fraction of the frequency of an input reference f in . This relation is established by an input Binary Word which gives the ratio between the number of output pulses versus input pulses. The first BRM architecture [START_REF] Vasantha | High speed binary rate multiplier[END_REF] achieved the generation of the target output pulse train; however, a non-uniformity in the distribution of the output pulses in the time domain [START_REF] Dunworth | The Error Characteristics of the Binary Rate Multiplier[END_REF] led to the exploration of corrective methods [START_REF] Elliott | A high-speed binary rate-multiplier[END_REF][START_REF] Chen | Comments on "A high-speed binary rate-multiplier[END_REF]. Therefore, the output pulse uniformity was improved, making it more accurate for control techniques [START_REF] Oberman | A Flexible Rate Multiplier Circuit with Uniform Pulse Distribution Outputs[END_REF].

Finally, some additional analysis and validation over control applications were performed [START_REF] Barry | Temperature control using integer-cycle binary rate modulation of the AC mains[END_REF]. Nevertheless, the advances from the basic principle did not reach the point of the BRM's viability for high-frequency applications due to the impact of its spectral impurity.

First (Classic) BRM Architecture

The first (Classic) BRM architecture [START_REF] Vasantha | High speed binary rate multiplier[END_REF] is composed of three main blocks designated as Data Register, Counter Register and Pulse Logic, as is shown in Figure 3.2. The Data Register has as input a Binary Word B of m-bits; the Counter Register comprises a power-of-two binary up-counter of m-bits which uses the reference frequency (f in ) as clock; and lastly the Pulse Logic takes the signals coming from the Data and Counter Registers to generate the target output pulse train (f out ).

The Classic BRM works in such a way that the Counter register performs a frequency division chain of f in by two at each stage. The number of stages m in the Counter Register and the Binary Word length in the Data Register are defined by m.

The Counter and Data Registers must have the same m bits in order to have a binary match in the Pulse Logic circuit. The latter comprises m AND logic operations between each bit of the Binary Word B and the corresponding bit of the Counter Register. Finally, the m results are OR-ed to yield f out . Figure 3.3 details the classic BRM schematic generalized for m-bits. The BRM idea came with the purpose that each individual pulse train from each stage of the Counter Register could be summed together through the OR-gate to create more frequencies than the basic derivation chain of 1/2 m from f in . Thus, according to the active bits of the Binary Word B in the Data Register, the respective AND gates in the Pulse Logic circuit activate the required combination of frequencies for the output pulse generation f out . This means that the value of the Binary Word B takes the role of a weighted binary fraction of f in , and hence, the name Bit-Rate-Multiplier.

Furthermore, the Binary Word B produces that the input reference frequency f in is multiplied by a fractional division ratio K, which must be in the range 0 ≤ K < 1, and thus, the value of the output frequency f out is K times f in . Consequently, this division ratio K has a direct relationship with the value of the Binary Word B and the chain frequency division of the Counter Register.

f out = Kf in → f out f in = K (3.1)
For instance, by considering the 2 nd and 4 th outputs of the Counter Register, these corresponds to f in /4 and f in /16 respectively; these two Counter Register outputs pass if their respective AND gates are active with the correspondent bit of the Binary Word B. So, when both of them are OR-ed in the Pulse Logic, the sum value is 5f in /16, i.e. 5 output pulses are produced every 16 input pulses of f in . Therefore, the division ratio K is defined by the decimal value of the Binary Word B dec , and the number of stages m of the Counter Register by the next transfer function:

f out f in = K = B dec 2 m (3.2)
The resolution of the division is directly proportional to the number of stages m; if m increases, 2 m also does and hence, a finer division can be achieved. Evidently, the transfer function also covers integer frequency division.

Counter Register

Data Register

Pulse Logic For illustration purpose, a 4-bit (m = 4) architecture was worked out in MATLAB® through Simulink as it is shown in Figure 3.4. This model allows to simulate and observe its input, output, and intermediate signals. A division ratio f out /f in of 11/16 is used to check the fractional division behavior. An input clock signal of f in = 1Hz is chosen for simpler exemplification in time domain. And a decimal Binary Word B dec = 11 whose binary is 1011 is used, thus, satisfying Equation 3.2 for the desired division ratio of 11/16 by using m = 4.
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The simulation in Figure 3.5 shows how the output pulse train f out is generated by the combination of the frequency division chain of f in and the active bits of the Binary Word B through the AND operations, which triggers the passage of the necessary frequency divisions from the Counter Register. In this example, the output pulse train f out(BRM out ) is composed by the combination of f in , f in /2, f in /4 and f in /16, as these are the active frequencies defined by the Binary Word 1011. The contribution of f in is always present despite any chosen Binary Word B. Therefore, as expected, the resulting output signal f out has 11 pulses for each 16 input pulses of the reference f in . In Figure 3.5, it is also possible to observe the timing error in the position of the output pulses in contrast with an ideal fractional frequency division, this non-uniformity is generated as the output is derived from f in by selectively omitting some pulses without altering the basic spacing. This was not a problem after the BRM creation as it was mainly employed in control circuits for slow-speed processes where they implied measurements over a sufficiently long time to make the non-uniformity insignificant.

Number of Bits Considerations for Classic BRM

The selection of the Number of bits m of the Classic BRM is linked to the requirements of the application requirements, this considers the target output frequency f out and the frequency at the input of the BRM f in . Sometimes both input and output frequencies could be a frequency range, and these both defines the Binary Word B and resolution of the division required.

For the reason that the BRM performs the task of a frequency divider through its ratio between output pulses versus input pulses, its integration into the PLL system is certainly as an alternative for the frequency divider in the feedback path. By so, the Voltage-Controlled Oscillator (VCO) signal is injected into the BRM and its frequency f V CO divided in a way that the comparison with the PLL reference frequency f ref could be done with f BRM as it is shown in Figure 3.6. By assuming that the VCO covers the BLE frequency tuning range (from 2.402 GHz to 2.482 GHz), the BRM assign is to be able to perform all the required frequency divisions along this range with a channel spacing of 2 MHz as it is showed in Table 3.1. It is important to remark that in the reference frequency f ref of the PLL is a constant value, usually from a high spectral purity source, and thus, fixing the first constraint to find m of the BRM, as f BRM requires to be be same as f ref to comply the PLL operation. Therefore, the analysis of the binary step ∆B addition to produce a BLE channel change by maintaining the integrity of the transfer function of the BRM with its Binary characteristic is taken into consideration. If we have a channel n at certain f V CO , by applying a ±∆B, the BRM would be able to change the PLL to a channel ± n as it is detailed in Table 3.2. Channel n -1 Channel n Channel n + 1

f BRM f V CO = B 2 m → B = 2 m f BRM f V CO (3.3)
B -∆B = 2 m f BRM f ch n-1 B = 2 m f BRM f chn B + ∆B = 2 m f BRM f ch n+1
As the BRM is a digital system, the minimal binary step is ∆B = ±1 by considering the binary number nature, and this minimal step is the most important as it defines also the minimal frequency resolution of the BRM for a given m. Hence, by considering the change between two consecutive channels, the required number of stages could be obtained in function of this Binary Step ∆B in the next way:

B = 2 m f BRM f chn ≡ B = 2 m f BRM f ch n±1 ± ∆B -→ ∆B = 1, 2, ..., ∞ (3.4 
)

2 m f BRM f chn = 2 m f BRM f ch n±1 ± ∆B 2 m = ∆B f BRM 1 f chn ±f ch n±1 (3.5) m =        ln ∆B(f chn )(f ch n±1 ) f BRM (fch n ±f ch n±1 ) ln 2        (3.6)
And thus, Equation 3.6 allow the computation of the number of stages m for a certain channel change in function of ∆B. The division range also is linked to the number of stages m in a way that the Binary Word could just takes values since the minimal Binary step ∆B = 1 until ∆B = 2 m -1. This justify the that the division ratio of the BRM will be always between 0 and 1.

f BRM f V CO = B 2 m ⊂ 1 2 m → 2 m -1 2 m 0 < B 2 m < 1 (3.7)
By taking into account the specifications shown in the state-of-the-art, a PLL reference frequency f ref = 20M Hz is a proper selection for IoT applications. Hence, by proceeding with a PLL f ref as target of the BRM output frequency f BRM , the required division ratios along the BLE frequency tuning range goes from 120.1 to 124 with a step resolution of 0.1 (120.1, 120.2, ... , 123.8, 124) as shown in Figure 3.7. Considering the minimal possible Binary step ∆B = 1, the minimal number of stages m of the BRM to comply the requirements is obtained. The m value that cover the BLE divisions is obtained by taken two consequent BLE frequency channels, preferentially the two latest as they cover the maximum frequency that will enter in the BRM and represents the larger required division.

BLE chn = 2.480GHz | BLE ch n+1 = 2.482GHz | ∆B = 1 m = 18 (3.8)
Therefore, the minimal required m to comply the BLE requirements and cover the required Binary Words that fulfill the frequency divisions to produce a BRM output frequency target of f BRM = 20M Hz are 18, and these Binary Words are between the range of 2114 to 2182 with steps of 1 accordingly to the Binary nature of these binary numbers as it is shown in Figure 3 

Classic BRM Analysis for High-Frequency

When considering the time and frequency-domain an important problem arises when further analysis are performed in this BRM architecture. First, by taking an algebraic point of view, the Counter Register will produce a division on the power-of-two at each stage (f in /2 stage ), these components furthermore are passed depending of the Binary Word B in the Data Register, here each bit of it correspond to an specific power-of-two value in decimal value, and the Pulse Logic circuit produce a summation of all of these components as shown in Figure 3.9. These pulses summation will produces the average output frequency, as mentioned previously, the BRM was intended to be used by taking enough long time that makes the non-uniformity insignificant. Certainly the increase of the number of stages m can be made arbitrarily small, but never zero.

f out = m-1 j=0 P j = m-1 j=0 b m-j 2 m-j f j (3.9) f out = f in 2 m m-1 j=0 b m-j 2 m-j (3.10)
Secondly, when a boolean point of view is considered, some insights that leads to the spectral impurity justification of this system are found. Each output of the AND gates P m corresponds to the generation of an specific pulse train, same that is obtained by f in which persist as input of all the AND gates, which means that each generated pulse train has the component of the Counter Register stage division and f in as constant. For instance P m is produced by b 0 AND the generated pulse train by f m with f in as shown in Figure 3.10. The generalized way to represent a pulse train is by the summation of Dirac δ functions in time-domain, where each one of this has a separation defined by T 0 corresponding to the period of the signal. The advantage of the Dirac δ function is that its conversion to frequency domain keeps the same pattern as a summation of pulses with a separation of ω 0 that represents the harmonics of the signal as it is represented in Figure 3.11.

Time Domain Frequency Domain

Where: Hence, the pulse train representation can be used for any pulse produced at the output at the AND gates in the Pulse Logic, this means the pulse P j which is produced by the AND operation between b m-j and the pulse train generated by f in with f j has a time and spectral representations as shown in Equation 3.11 where just the positive frequencies are considered (Unilateral Spectrum).

P j (t) = b m-j +∞ n=0 δ t -n 1 f in ↔ P j (ω) = 2πf in b m-j +∞ n=0 δ(ω -n2πf in ) (3.11)
And thus, the output of the BRM could be obtained, as the OR gate produce a second summation of the active pulses that has a form of the Equation 3.11, it is possible to generalize the BRM output in Time and Frequency domains as detailed in Equations 3.12, 3.13 and 3.14

BRM out (t) = m-1 j=0 P j (t) (3.12) BRM out (t) = m-1 j=0 b m-j +∞ n=0 δ t - n f in Time Domain (3.13) BRM out (ω) = m-1 j=0 2πf in b m-j +∞ n=0 δ(ω -2πnf in ) Frequency Domain (3.14)
The output pulsed signal has the combination of all the possible spectral components from the active power of two active divisions on the Counter Register. Hence, each bit of the Binary Word B, acts like a trigger which adds harmonics to the spectrum in the BRM output, where the smaller harmonic is produced by the longest active division. This condition degrades tremendously the spectral purity of this approach, and in consequence making it non-viable for high-frequency applications.

Oberman BRM Architecture

The spectral impurity present in the classic BRM architecture led to further improvements, considering as main point the fact that the OR gate in the Pulse Logic is the source of the spectral degradation as it produces the summation of the spectrum harmonics, its suppression was necessary to keep just one output spectral contribution. The second BRM proposal made by R. Oberman [START_REF] Oberman | A Flexible Rate Multiplier Circuit with Uniform Pulse Distribution Outputs[END_REF] did just that by using only an AND operation in the Pulse Logic to generate the output pulse train f BRM . .12 shows the block diagram of this approach, where the Data Register keeps the input Binary Word B, but its output is sent to the Counter Register instead of the Pulse Logic. The Counter Register sends a signal to the Pulse Logic together with the input clock f in , canceling any direct interaction between the Data Register and the Pulse Logic as was the prior case in the classic BRM.

The architecture schematic is detailed in Figure 3.13 where it is noticed that the Counter Register has a full-adder (FA) chain working in feedback with D-Flip-Flops, forming a controlled counter clocked by f in . This one accumulates an input value that in this case is the Binary Word B coming from the Data Register each rising-edge of f in = CLK, until it reaches the overflow state and repeat cyclically its operation.

Due to the binary nature of the system, the full-adder chain can cover values from 0 ≤ ACC ≤ 2 m -1, and the cyclic overflow is found in the carry-out signal OV F of last full-adder of the chain. The Oberman BRM idea came out with the intention mitigate the non-uniformity of the generated pulse train and to do so, the use of the overflow signal of the controlled counter to perform the rate multiplication is stated.

At each rotation of the accumulator OV F becomes active signaling the overflow, but also marking the completion of certain period of time based on the Binary Word B used as accumulator set-point and the input clock f in that defines the period that this overflow might take. Therefore, the overflow OV F signal certainly contains the approximation of the target output pulse train to generate.

The counting scheme controlled by the Binary Word B on the Counter Register, for all the Binary Rates with a fixed B, the pulse generation is part of the operation of the 2 m controlled counter where a pulse generation is performed each time that, in a jump of B, the controlled counter overflow OV F will become active and then counter content is then reset to:

BRM Reset → S mod 2 m (3.15)
Where S is the number which will generate an overflow on the next counting pulse and varies at each overflow produced in the accumulator.

T =2 m 0 B mod 2 m = 0 (3.16)
Through the accumulation sequence, it logically evident that a series of B output pulses are generated over a 2 m total counting, corresponding to the transfer function of the Classic BRM in Equation 3.2. And hence, despite that there would be a remaining modulo depending on B, the counter always has a a period of T = 2 m as represented in Equation 3.16.

Finally, for the pulse generation purpose, in the Pulse Logic circuit of this architecture, an AND gate that use as inputs the overflow signal OV F and the input clock f in is used.

At an overflow OV F = 1 occurring when the input clock produces an accumulation that exceed 2 m , as the accumulator continues its operation as long as B + A CC ≤ 2 m , the output pulse is generated aligned with f in and therefore, a Binary Rate of B/2 m are produced.

The Oberman BRM architecture functional test was performed similarly as for the classic BRM using Simulink on MATLAB® as shown in Figure 3 
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Here, the Binary Word B sets the increment step of the accumulator ACC to ACC + B at each clock cycle; when ACC overflows, the OV F signal is activated. The AND operation uses the OV F signal as an enabler that lets the input pulse train signal CLK pass to the BRM output. As shown in Figure 3.15, there are 11 output pulses generated for each 16 input ones.

The pulse uniformity is slightly improved, but it is not fully optimal in the time domain distribution due to the limitations of the single-edge operation, constraining the output pulses to coincide with those of the reference. This supposes a problematic when incorporating into a PLL system as this condition limits this architecture for fractional division ratios, keeping considerable spectral degradation in the output spectrum. 

Oberman BRM Truncation and Accuracy Error

The Oberman BRM certainly improves the pulse uniformity at its output pulse train, additionally, it has the advantage that the considerations for its number of stages m are aligned with the Classic BRM. However, a first limitation is found when considering the accuracy of this system to converge to its target frequency f BRM due to the Binary nature.

To comply with a precise frequency division, the ideal number of stages is found when this number increases as detailed in Equation 3.17. Nevertheless, this arises an important constraint, because the propagation delay considerations found in the ripple-carry adder structure become more exigent. This propagation delay is defined by the total time in the adder's chain from the first carry in C i 0 to the last carry out

C o m-1 . BRM best resolution = lim m→∞ B 2 m (3.17)
As m must be fixed according to its necessary number to fulfill a requirement as detailed in Equation 3.6, and the limitations of its physical implementation of the propagation delay, there are an accuracy error derived from the selected number of bits that has an strong influence on the spectral purity.

The accuracy of the BRM frequency division is defined by the minimal achievable division, which is established by the Less-Significant-Bit (LSB) of the Binary Word, i.e., B = 0bXX...XX1, and that could be represented as in Equation 3.18.

BRM accuracy = 1 2 m f in (3.18)
As the Binary Word B that performs the proper division is often a "real" number with its decimal part, an approximation to the next integer value is required to be in accordance with the Binary needed number, and therefore, producing a Truncation Error which make it lose the accuracy of the BRM as expressed in Equation 3.19.

trunc(B, m) ← Practical Value

B trunc = ⌊B⌋ = 2 m f BRM f in (3.19)
The truncation of the Binary Word B transfer an error to the instantaneous output frequency of the BRM, leading to a degeneration in the spectral purity in terms of the frequency convergence, that into a PLL system produces a constant correction when a comparison with the reference is performed.

Error B = B-Btrunc B -→ Error f BRM = f BRM -f BRM B trunc f BRM (3.20)
These errors can be estimated as detailed in Equation 3.20, and both lead to the error expressions detailed in Equations 3.21 and 3.22 which are correlated between them and that represents a generalized way to compute these truncation errors.

Error B = 2 m f BRM f in - 2 m f BRM f in 2 m f BRM f in
Binary Word Truncation Error (3.21)

Error f BRM = f BRM -f in 2 m f BRM f in 2 m f BRM Instantaneous Frequency Error (3.22)
For instance, recalling the BLE compliance example for the Classic BRM architecture when being incorporated into the PLL, for the Oberman BRM the same could be considered due to the transfer function match. Therefore, by considering a BRM with m = 18, where the target frequency is f BRM = 20M Hz and in this case the f V CO corresponds to the first channel of the BLE f chn 1 = 2.402GHz used as f in of the BRM, we can obtain these errors as below in Equations 3.23 and 3.24.

BM R accuracy = 2.402GHz 2 18 = 9.163KHz (3.23) B f =2.402GHz = 2182.71 ⌊B f =2.402GHz ⌋ = 2182 Error B = 0.0325% Error f BRM = 0.0327% (3.24)
Additionally when a comparison is made for a different number of stages m, for example m = 18 and m = 20 is it possible to notice the truncation error reduction, as the Binary Word B necessary to produce a channel change has an increased range, but remarking the fact that this requires an extension in the hardware requirements as the information to handle increases and the propagation delay constrains also. In Figure 3.16 it is represented the Binary Step ∆B necessary to produce a channel change in the output frequency f V CO of the PLL system for the case of an m of 18-bits and 20-bits. The Binary Words B required for a 20-bits is larger than the 18-bits case, with Binary steps changing between 6 ≤ ∆B ≤ 8 but that keeps a general convergence to 7 and representing a lesser error as the dispersion is reduced compared to the 18-bit case where ∆B changes from 1 to 2, and 1.5 cannot be accomplished due to the digital nature, therefore the convergence varies between these both values abruptly. This dispersion could be corroborated when analyzing the Probability Density Function of these two cases as shown in Figure 3.17, where the convergence of the Binary Word change to 7 is visible for the 20-bit BRM and more repetitive than the 18-bit case. These errors also has a short correlation on non-desired spurious tones produced at the output of the PLL system, as the PFD will try to correct this each f ref = f BRM .
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Figure 3.17: Probability Density Function of the Binary Step ∆B for 18-bits and 20-bits.

Rolling Error and Spurious Tones

A second limitation on this architecture is detected when considering the counter increment in the Oberman BRM. The step increment is defined by the Binary Word B and it is produced at each rising edge of f in = CLK of the BRM, as mentioned the capacity of the BRM is defined by the number of stages m, in such a way that the maximum accumulative value is 2 m -1, giving an accumulation value in such way that:

ACC = (i • B) mod 2 m (3.25)
Where ACC is the decimal value of the accumulator and i represents the BRM iteration. Whatever the Binary Word B used, after 2 m iterations of the BRM, the modulo force the count to be zero and restart as shown in Equation 3.26.

ACC = (2 m • B) mod 2 m = 0 (3.26)
Through the BRM continuous roll, after 2 m runs the count prior modulo is 2 m • B, therefore the count overloads the counter size by B times, and it comes that the counter will roll B times over 2 m BRM iterations. Certainly in the accumulation can occur that the counter cross the value of 2 m -1, hence, producing a rolling error in the accumulator, where there will exist a series of bits that toggle B times over 2 m BRM iterations.

In Figure 3.18 is shown a waveform example of the evolution in time of the counter of the BRM that is taking its increments of B controlled by f in = CLK, compared with a continuous evolution for a perfect fractional division. As stated, the roll counter not all the times will be aligned perfectly until it reaches 2 m because the B count step could not be a multiple of it. In consequence, there is an Roll Error produced that is a direct factor of the counter value after (modulo) and this modulo has a direct relationship with a time delay in the output of the BRM that generates spurious frequencies.

The BRM circuit has always a periodical signal at its output f out , although, the period of the generated pulse train does not match with the period of the ideal signal that should be generated due to the rolling error. Additionally, in a given cycle, the time resolution of the BRM is T in /2 m and thus, the output pulse train contains spurious harmonics. To determine these spurs, the number of bits m and B should be considered as the accumulator will overflow B times every 2 m clock cycles and generates the periodical pulse train. One complete period contains more than one cycle, meaning that this multicycle period determines the primary spurs frequency and its generalized location could be obtained with Equation 3.27.

T spur = 2 m T in ⌊B⌋ ↔ f spurn = n f in ⌊B⌋ 2 m n=1,2,.. Primary Spurs (3.27)
As mentioned, the truncation error in the Binary Word B has an influence on the addition of spurious tones. To find these spurs, the decimal value of the truncated B is used to find the locations of these spurs with Equation 3.28.

T runc Spur

index = (B(2 m -1)) mod ⌊B⌋ (3.28)
And this index could be used to find the frequency value for this spurious around the carrier due to the rolling error with Equation 3.29.

f RollSpurn = nf in T runc Spur index 2 m n=1,2,... Truncation Error Spurs (3.29)
And finally, when considering all these spur generations, a summation of both previous contributions is obtained as it is showed in Equation 3.30 where there are considered the spurs of both sides from the carrier f BRM (Bilateral Spectrum).

f Spurs Oberman = f in 2 m ±∞ n=1 n ⌊B⌋ + ±∞ n=1 n(B(2 m -1) mod ⌊B⌋) (3.30)
In conclusion, the Oberman BRM architecture could be integrated into the PLL system, however, its spectral purity contains several spur additions which affects the Phase Noise performance significantly, and hence, its integration could be made more likely in few high-frequency applications with low accuracy and spectral-purity requirements.

Enhanced Bit-Rate-Multiplier (EBRM)

Based on the shortcomings found in the Classic and Oberman BRM architectures that displayed an important output pulse non-uniformity and consequently spectral degradation, an enhanced solution tackling all the above problems is proposed in this work. The Enhanced Bit-Rate-Multiplier (EBRM) aims to the optimization of the output pulse uniformity by adding a feedback control logic loop with double-edge operation (complementary input clock). The EBRM keeps the same three main blocks of the other BRMs as shown in Figure 3.19. We made two major changes compared to the prior BRMs: the first is the use of two input pulse trains (f in and f in ) which as mentioned are complementary clocks CLK and CLK; the second is using two input Binary Words (S and R) to set the BRM division ratio f BRM /f in . Additionally, the Counter Register has a bilateral signal exchange with the Data Register and also feeds its output to the Pulse Logic. The Data and Counter Register are clocked only by f in (CLK), while the Pulse Logic uses both f in (CLK) and f in (CLK) to generate the target output pulse train BRM out .

By incorporating these changes, the pulse distribution at BRM out is improved through the two input complementary clocks CLK and CLK which allows to expand the time domain resolution and thus, a finer control over the pulse distribution is achieved. Additionally with two the Binary Words S and R of m-bits, extra flexibility is added to set the frequency division ratio. If the output spectral purity is improved, so is its compliance for high-frequency applications and its compatibility with Frequency Synthesis applications without significantly impacting the performance.

The EBRM schematic with m-bits is detailed in Figure 3.20. Its key operation resides in the interaction between the Counter and Data Register. These two form a feedback control logic loop, which sets the Select signal. This signal then performs the control of the active Binary Word S or R stored in the Data Register and also selects the input clock CLK or CLK that passes to BRM out through the Pulse Logic circuit. A primary optimization strategy in this architecture is the versatility to handle positive and negative values throughout the entire logic. Thus, in the Data Register S is a positive number and R a negative number represented in the complement-of-two format. Therefore, in the Counter Register the accumulation of either positive or negative values is possible. Both Data and Counter Register must keep the same number of bits m to maintain the binary match in its operations as in the Classic and Oberman BRM.

The three blocks work together to produce an output pulse train BRM out that, as highlighted, have an optimal pulse uniformity, and for this common purpose, each one has an important role to fulfill.

Data Register Operation

The Data register comprises two elements, the first is a m-bit Multiplexer (MUX) and the second is a m-bit array of D-Flip-Flops in a register configuration, see Figure 3.21. The two m-bit Binary Words S and R are main inputs of the EBRM, their corresponding signals being connected inside the Data Register to the m-bit MUX, which is controlled by the Select signal coming from the Counter Register which corresponds to the M SB of the accumulator.

The selected Binary Word B (S or R) is stored in the m-bit D-Flip-Flop Register, which is clocked by the main clock signal CLK (f in ). In this way, the value of B is held for at least one CLK period independent of the changes that might occur in the MUX based on the signal Select. The selected Binary Word B is further used as a main input of the Counter Register. The logic operation of the EBRM Data Register is detailed in Figure 3.21. As stated above, the control signal Select enables S when it is active and R when it is inactive, to pass to the MUX output. At each rising-edge of CLK, the value present at the MUX output is held by the Flip-Flop Register at its output B until the next rising-edge of CLK, when this value is refreshed according to the new output of the MUX.

Waveforms Example

It is worth to remark that the proposed EBRM uses positive boolean logic, meaning that the active value is represented by ′ 1 ′ and the inactive by ′ 0 ′ .

Counter Register Operation

The Counter Register comprises two main elements as the Data Register: first is a chain of m-Full-Adders (FAs) connected in a ripple-carry adder structure, and second a m-bit D-Flip-Flop array in a register configuration, see Figure 3.22, both forming a feedback summation circuit which behaves like a controlled counter or accumulator.

The input of the Counter Register is the selected Binary Word B stored in the Data Register and its output is the control signal Select, which corresponds to the Most-Significant-Bit (MSB) of the accumulator ACC. As the value of B can be positive according to the selection between S and R, an accumulation is performed when S is active and a reduction when R is active in the Counter Register. The logical operation of the Counter Register is shown in Figure 3.22, where it is depicted how the accumulator value can take additions or subtractions with respect to the selected Binary Word B coming from the Data Register output. The chosen Binary Word B depends on the control signal Select, which is generated also in the Counter Register, producing in this way a feedback control logic loop which takes two CLK periods to close, with one period used by the m-bit D-Flip-Flop in the Data Register to store the value of B, and one period used by the ACC in the Counter Register to perform an accumulation.

Waveforms Example

The value that ACC can take in the Counter Register can be represented using the same alignment as the input Binary Words S and R and the selected Binary Word B in the Data Register, that is, using the complement to two format, i.e. from the m-bits that these numbers have, the MSB refers to the sign-bit, therefore when MSB is active a negative number is referred and a positive one when it is inactive.

Although, for a simpler logical exemplification of the EBRM overall operation, the value of ACC may use an unsigned representation, for instance if ACC = 1001 a decimal equivalence of ACC dec = 9 might be used instead of ACC dec = -7. By so, the most important to consider is that the M SB of ACC is the control signal (M SB = Select) used by the EBRM feedback control loop and not a sign-bit of ACC, thus when the value of ACC ≥ 2 m-1 , Select is active. This results more convenient than using a negative representation of the values on ACC for its understanding.

Pulse Logic Operation

The Pulse Logic circuit shown in Figure 3.23 comprises three elements, the first is a D-Flip-Flop which receives the control signal Select from the Counter Register and is clocked by the main clock CLK, the second is a Multiplexer which has as inputs the complementary clocks CLK and CLK and is controlled by the Select signal, and ultimately an AND gate takes the outputs from the two previous blocks as inputs and generates the EBRM output signal BRM out .

The purpose of this circuit is to perform the selection of the input clock (CLK or CLK) that is passed to the BRM output according to Select control signal. When Select = ′ 0 ′ the Multiplexer lets pass the complementary clock CLK to its output, and when Select = ′ 1 ′ , the main clock CLK is passed, resulting in the pulse train generation according to the stored Select signal at the output of the D-Flip-Flop (Q1) which acts as enabler of the AND operation. As shown in Figure 3.23, when Select = ′ 1 ′ the pulsed output signal BRM out (f BRM ) is the result of the AND operation between the signal Q1, which corresponds to the Select signal stored during a period of CLK in the D-Flip-Flop, and the output of the MUX Sel_CLK.

Waveforms Example

AND

EBRM Overall Operation

The output pulse train BRM out representing the fractional frequency division ratio f BRM /f in applied to the incoming pulses is obtained according to the selected Binary Words S and R. These define the fundamental EBRM overall operation, as they establish the behavior of the control signal Select which controls the accumulation direction.

The latter takes important relevance because the EBRM overall operation can be explained through the principle of accumulation and subtraction. Thus, during the global operation of the EBRM, in the Counter Register the value of ACC takes additions when S is active and subtractions when R is active in such a way that:

• For a total of |R| cycles of CLK, the EBRM accumulates the number S.

• For a total of S cycles of CLK, the EBRM subtracts the number R, as this is a negative number.

• The EBRM has a full period of S + |R| cycles of CLK, that also corresponds to the maximum capacity of the accumulator ACC.

When the accumulation reaches the value ACC ≥ 2 m-1 , the feedback control signal Select becomes active, changing of the selected Binary Word B from S to R and the accumulation direction as shown in Figure 3.24. The output pulse generation comes also according to the accumulation direction defined by Select, which is interpreted by the Pulse Logic circuit in such a way that:

• When S is active at the input of the Counter Register and an accumulation is performed, a pulse is eliminated from EBRM output BRM out in the Pulse Logic.

• When R is active at the input of the Counter Register and a subtraction is performed, a pulse is passed to EBRM output BRM out in the Pulse Logic.

As mentioned, the accumulator of the Counter Register has a full period of S + |R| cycles of CLK, from these, |R| corresponds to the number of phases to be eliminated during S + |R|, and S is the number of pulses to pass during S + |R|.

The frequency division transfer function of the EBRM is therefore equal to the number of pulses passing to BRM out (z) during a period of the EBRM, determined by the Binary Word S divided by the number of input pulses as in Equation 3.31.

f BRM f in = z y = y-x y
x : pulses to be eliminated at the output y : total input pulses (3.31)

The value of z pulses at the output is obtained by subtracting x from the value of input pulses y. The value of y corresponds to S + |R| as they represent a period of the EBRM, at each it repeats its control logic. Lately, the pulses to be eliminated x corresponds to the negative Binary Word R. Assuming a positive digital logic, the transfer function is derived in such way as shown in Equation 3.32.

f BRM f in = y -x y = (S + |R|) -|R| S + |R| = S S + |R| (3.32)
In positive logic, the accumulator ACC assumes values from 0 ≤ ACC ≤ 2 m -1, when the control signal Select = ′ 1 ′ , a subtraction is performed, but, the value of |R| will not be higher than 2 m-1 under any circumstance. Additionally, the total of pulses are always defining the denominator of the transfer function, delimiting the frequency division ratio between 0 and 1 according to the chosen Binary Words.

0 ≤ S S + |R| ≤ 1 (3.33)
Similarly as for the prior BRM architectures, a Simulink model in MATLAB® shown in Figure 3.25 was worked out for the EBRM; for comparison, the same division ratio f BRM /f in = 11/16 is kept, however, a bit length of m = 5 is required as we must consider the sign-bit.

In the digital representation used in the BRM for a given m, the frequency of the signal is represented by the number of pulses; therefore 16 pulses corresponding to CLK with frequency f in can be counted in one full period of the EBRM (S + |R|), of which only 11 need to be generated at the output BRM out To achieve this frequency division ratio, the value of S representing the numerator of The simulation results in Figure 3.26 show the detail of the operations of the internal signals of the EBRM; the Select signal as stated, is the one controlling which Binary Word S or R is selected Data Register to be passed to the Counter Register and in the Pulse Logic it controls the output generation. This signal is active each time when a value ACC ≥ 2 m-1 is reached, which in our example with m = 5-bit, it corresponds to
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ACC ≥ 2 4 = 16.
As expected, the generation of the 11 pulses per each 16 input pulses is accomplished, highlighting additionally that the start-up period of the EBRM is longer than the rest, as its value starts at zero. The EBRM cyclical behavior occurs after each S + |R| pulses of the main clock CLK, therefore, after 16 input pulses of CLK in our example.

A significant improvement on pulse uniformity in the output signal BRM out is achieved, where it can be noticed from Figure 3.26, that the generation of these pulses is done by the AND operation between Q1 (The Select signal held one extra CLK period) and Sel_CLK, which select either CLK or CLK in order to reach a more uniform time domain distribution. The BRM out signal has the first nine pulses equally spaced, and just the 10th pulse has one less phase difference with the 11th, making it much more accurate compared to the ideal fractional frequency division Ideal_Div as seen in Figure 3.26. The optimization of the spectral purity given by the EBRM solution, make the BRM concept viable for high-frequency applications.

Using two Binary Words (S and R), in the denominator of the transfer function, an important added flexibility is obtained because, the frequency division is not limited anymore by the value of 2 m as in the prior BRM cases, however, the selection of S and R are linked with the required number of bits m as explained in the next section.

For instance, in our example, using m = 5-bit, a division ratio of f BRM /f in = 7/10 could be easily accomplished with S = 7 (00111) and R = -3 (11101), which in the prior BRM cases would be accomplished by finding m such that the denominator that corresponds to a multiple of 10 matching with the Binary Word in the numerator to reach 7/10. Therefore, in a generalized way, the EBRM architecture enables achieving the same fractional frequency division ratios with less number of stages m, increasing its versatility and reliability.

It is important to consider that if more stages m are added, the resolution of the division will be higher, but, the pulse uniformity will not improve as the time domain granularity is always defined by the two main complementary clocks CLK and CLK.

EBRM Number of Bits for BLE Compliance

Despite the fact that the number of bits m is not present in the frequency division transfer function of the EBRM, the direct relationship between m and the precision of the division is similar to the prior BRMs as m limits the maximum value that can be represented by each Binary Word S or |R| to 2 m-1 . Consequently, the selection of the number of bits m in the EBRM is an important consideration of its design.

The major selection criterion of the value of m is linked to the application requirements. As this work is focused on covering the BLE Standard, these constraints are used for this specific design. As the frequency division ratio on the EBRM is set by two Binary Words, the required number of stages m is linked to both. The perspective of integrating the EBRM into the PLL is considered similar to the prior BRMs, as shown in Figure 3.27, a number of factors must be considered in determining the value of m. Assuming that the VCO covers the regulatory range of the BLE frequencies listed in Table 3.1, the EBRM must cover the division ratios along the frequency-tuning-range (FTR) of f V CO that converge into a constant value equal to f ref . By considering the EBRM transfer function, Equation 3.34, the constant value of f ref can be related to the Binary Word S in the numerator. However, this does not necessarily fix S as in principle, the EBRM can adapt its frequency division ratio by changing both Binary Words arbitrarily.

f BRM f V CO = S S + |R| ←- S ∼ f BRM : Fixed PLL Reference S + |R| ∼ f V CO : Variable Frequency (3.34)
Second, contrary to the prior BRM architectures, to determine the required number of bits m of the EBRM, we depart from the numerical value of the required Binary Words S and R, required to cover the BLE FTR, and not the ∆B that produces a channel change.

In a certain way, this is linked to the channel change as previously analyzed, but the main difference stands in the fact that for the EBRM, the most demanding division required in terms of magnitude and decimal point defines the number of bits m.

For this purpose, firstly, in the Table 3.3 is shown in a summarized way the required values of S and R that fulfills the BLE frequency range considering a f BRM = f ref = 20 MHz in the PLL. As expected, the frequency division get more stringent as long as the PLL output frequency f V CO increases, because this increases proportionally the value of the frequency division ratio. The most demanding division ratio corresponds to the largest division with the smallest decimal point.

From Table 3.3, Channel 36 with a f BRM = f V CO /123.9 is smaller than the largest division ratio f BRM = f V CO /124 of Channel 39. However, when considering the Binary Words S and R for these cases, the largest values corresponds to channel 36 with S = 10 and |R| = 1229. This occurs simply for to the fact that Channel 39 can be covered with an integer division (124), while Channel 36 requires a fractional representation (123.9), obtained by dividing two integer numbers. Hence, Channel 36 is the largest and finer division among the BLE channels for a

f ref = f BRM = 20 MHz.
Once the most demanding division ratio is defined, the number of bits m is derived from the necessary number of bits to represent its Binary Words S and R in binary base. A general case of this conversion is shown in Equation 3.35.

Binary Bits ≥ ⌈log 2 (Decimal Value)⌉ (3.35)
The number of bits m is established by the largest Binary Word S or |R| of the most demanding division ratio, as shown in Equation 3.36. As the EBRM uses a signed logic, an extra bit is considered to fulfill the complement-to-two representation.

m ≥          ⌈log 2 (S dec )⌉ + 1 sign-bit if S dec > |R dec | ⌈log 2 (|R dec |)⌉ + 1 sign-bit if S dec ≤ |R dec | (3.36)
For the case of Channel 36, the largest Binary Word is |R| = 1229, so, this value is used in the computation of the number of bits m using Equation 3.36, which results in a total of m = 12 bits.

Nevertheless, as seen in Table 3.3, other division ratios have smaller Binary Words, which can be represented with less bits than m = 12. For instance, Channel 39 has S = 1 and |R| = 123 whose binary representation could be achieved with m = 8. These conditions may appear along different required frequency division ratios, therefore, a scaling up to m = 12 must be done.

To ensure that the EBRM control logic works properly, the coherence of all 12-bit Binary Words must be met for each frequency division case. For example, if S = 1 and R = -123 are used for Channel 39, the EBRM Counter Register will not activate the signal Select at the expected CLK time, as the condition ACC ≥ 2 m-1 will be longer to be reached due to the design for m = 12 bits. Thus, all values of S and R must be scaled to 12 bits using the largest value of S in Table 3.3. The Binary Word S is taken as reference, as it is linked to f BRM , which is fixed by the PLL, therefore, the maximum value of S is chosen among all the values of S, for the BLE channels as shown in Table 3.3. Once S max is settled, a scaling factor is established by computing S max /S chn . This factor is then used to multiply all Binary Words R, to obtain their 12-bit equivalent values, and all the Binary Words S assume the value of S max .

Binary Word |R| Values for a 12-bit EBRM compliant with BLE

1 1 9 0 1 1 9 5 1 2 0 0 1 2 0 5 1 2 1 0 1 2 1 5 1 2 2 0 1 2 2
The new values of |R| based on the scaling up factor are shown in Figure 3.28, with the Binary Word S being fixed to S ch all = 10. This ensures its uniform relation to f BRM in the frequency division transfer function, while the Binary Word R changes dynamically along all BLE channels, increasing its value and that of the denominator proportionally with f V CO .

The values of |R| for the EBRM include a range from 1191 ≤ |R| ≤ 1230 with a constant Binary Step of ∆B = 1, which in counterpart with the previous BRM architectures, avoid the truncation error of the Binary Word, and thus, eliminate the issue of its associated spurious tones. In the EBRM simulation for 12-bits, the values shown in Figure 3.28 are required for the correct operation of the frequency division and cover all BLE channels with f ref = 20 MHz.

EBRM Timing Constraints Considerations

Main characteristics of the EBRM, such as the input frequency range and power consumption, represent design constraints that are linked to its implementation, specific silicon process, FPGA or other embedded system, defined by the timing constraints in a digital system. The timing constraints are directly linked to the number of bits m, which define the precision of the division and impact the circuit density. The timing constraints of the EBRM ensure the proper operation of the whole system. They can be analyzed by taking into consideration the three main blocks that perform its operation shown in Figure 3.29. Each block contain the components that define the critical-path. A critical-path is defined in each block.

It is important to remark that the most important critical-paths to identify are the ones comprising the combinational logic in order to avoid glitches, as these depend on "instantaneous" switching. The sequential logic blocks by comparison, always refresh their values after a period of the synchronous CLK, when is assumed that all the combinational logic operations have been completed.

1. In the Data Register the m-bit Multiplexer propagation delay dominates this critical-path. No matter what logic value the Select signal takes, the most important in this sub circuit is to ensure that the selected Binary Word S or R is available as fast as possible at its output. As the m-bit Multiplexer is a structure that processes each bit of the Binary Words in parallel, there is just one propagation delay to consider assuming all the Multiplexers are identical.

td DR = 1 • td M U X (3.37)
The m-bit D-Flip-Flop register is not considered in the critical-path, as it is clocked by CLK, therefore, there is 1-T CLK delay time before its output signal needs to be available.

2. In the Counter Register is found the largest critical-path of the EBRM, where the ripple carry-adder structure sets an important constraint for its implementation. Assuming that the selected m-bit Binary Word B is already present at the input of the Counter Register, the adders' chain establishes a collective propagation path delay as shown in Figure 3.30. Commonly, each Full-Adder has its critical-path from the input carry C i to its output carry C o , therefore, the critical-path of the Counter Register consists of the propagation delay from the first Full-Adder until the last one.

td CR = m • td F A (3.38)
For simplification purposes, this critical-path is estimated by considering only one Full-Adder, the propagation delay of which from C i to C o must be less than one CLK time period (T CLK ), divided by the number of adders the signal is required to cross, defined by m. At the arrival of a new rising-edge of CLK, a new accumulation operation begins, so it represents the limit for the operation to complete.

td CR < T CLK -→ td F A < T CLK m (3.39)
The Full-Adder is also the component, which contains the worst propagation delay condition of the entire EBRM structure, as it is the most complex standard-cell block used.

Additionally, the Counter Register defines the input frequency range as it sets the minimum clock period T CLK min , when the maximum input frequency f inmax is considered.

The propagation delay constraint of the Counter Register could be reduced by performing an architectural change in the type of accumulator used, that undoubtedly would increase its complexity and power demands, but improve its input frequency range.

3. In the Pulse Logic similarly to the Data Register, the Multiplexer, which selects the clock signal passing to the EBRM output, represents its first propagation delay, to which the delay of the AND gate must be added for the critical-path of this block. The D-Flip-Flop clocked by CLK is not considered in the critical-path.

td P L < td M U X + td AN D (3.40)
When all the three blocks are considered together, the sum of all propagation delays results as the global critical-path that defines the timing constraint for proper EBRM operation as shown in Equation 3.41, where the three main principal standard-cells are considered.

td EBRM = td DR + td CR + td P L td EBRM = 2 • td M U X + m • td F A + td AN D (3.41)
Nevertheless, for implementation purposes, a simplification of the timing constraints in Equation 3.41 can be made, in a way that the standard-cell with he longest propagation delay is used for each of the three blocks, to estimate the worst-case EBRM propagation delay.

The Full-Adder by design is slower than the AND gate and Multiplexer, hence, the latter two can each be replaced by one Full-Adder delay. Thus, the timing constraints of Equation 3.41 are simplified by substituting td AN D and td M U X by td F A , and resulting in one single variable setting the period of the main clock CLK as in Equation 3.42.

td EBRM = (m + 3) • td F A ↔ td F A ≤ T CLK m+3 (3.42)
By fulfilling the condition of Equation 3.42, where it is assumed that td M U X < td F A and td AN D < td F A , the timing constraints concerning the combinational circuits are ensured. However, when analyzing the clock signal distribution throughout the circuit, another important timing constraint arises. Due to the propagation delay existing along the three blocks, a clock inconsistency is produced if the same CLK signal is used for all of them. In consequence, the system might produce glitches as these blocks work as a feedback control system.

To prevent this issue, a Clock Network must be incorporated in the EBRM as shown in Figure 3.31. This block provides a re-timed clock signal to each of the three blocks, corresponding to the correct timing whenever they need ti perform a clocked action. However, each stage of the Counter Register requires a delayed clock for each of its D-Flip-Flops, timed respectively to the consecutive propagation delays in the full-adders' chain. The clock for the Counter Register is shown in Figure 3.31, optimized by the technique called Delayed Clocking, which prevents any skewing problem in the sequence of the accumulator. In this way, the Clock Network provides a distributed clock to each stage of the Counter Register, in a way that at any stage n, a correct operation is assured by a corresponding CLK CRn that considers the accumulation of all previous stages, and prevents the following stages performing their accumulation before stage n has finished. 

EBRM Sequential Error and Spurious Tones

A fundamental consideration for the incorporation of the EBRM into a PLL is its noise contribution, as this is a critical factor that defines the performance characteristics of the PLL. Hence, its inclusion in the PLL feedback loop should not impact significantly the overall performance.

The EBRM has the important advantage over the prior BRM architectures in avoiding the truncation error due to the flexibility provided by the two input Binary Words S and R, and at the same time achieving the required division precision with fewer number of bits m.

However, due to the intrinsic binary logic of the EBRM, a problem related to the residual value of ACC occurs in the Counter Register when subtracting. The accumulator of the EBRM does not produce the same rolling error as the Oberman BRM, because the activation of the negative Binary Word R to perform a subtraction, ensures that the value of ACC does not exceed 2 m . Therefore, following a subtraction, the residual value r of ACC at the start of a k-th iteration, ACC k = ACC k-1 -R, will not be zero, thus producing way an error similar to a modulo error at the Counter Register. Consequently, this error will produce the main spurious tone contributions of the EBRM.

The accumulator of the Counter Register can take positive and negative steps, with values of S for accumulations and R for subtractions as shown in Figure 3.33. It is important to notice that at each cycle iteration k, when the value of 2 m-1 is surpassed and the ACC decrements by |R|, a residual value r is left over, which can be different for each iteration k of the EBRM. This sequential error will assume the same r value after a certain number of repetition cycles q, producing a periodical error that in the frequency domain represents the apparition of spurious tones. The accumulation of this sequential error leads to a constant time shift of the EBRM output pulse edge after a certain repetition period q.

To establish a correlation, regarding the case of a classical accumulator as the one of the Oberman BRM, this repetition period is given by 2 m cycles of CLK, where the rolling error is zero in the ACC as expressed in Equation 3.43.

For only one Binary Word B: ACC = 0 when (2 m B) mod 2 m (3.43)

Nevertheless, in the EBRM there is the particularity that just the fist k iteration assumes a starting value of ACC = 0, because it is the initial state of the system. Afterwards, the accumulator ACC does not return to zero anymore because its output value is decreased by R each time when ACC ≥ 2 m-1 , triggered by the Select signal of the control logic.

In this way, these iterations k are linked to the principle of the EBRM, where a EBRM full period comprises S + |R| cycles of CLK. Therefore, the iteration k = q corresponds to the EBRM full period as represented in Equation 3.44.

At iteration k = q → S + |R| cycles of CLK have elapsed (3.44) The value of ACC returns to S instead than zero after q = S + |R| iterations of the main clock CLK, due to the subtraction logic. In the EBRM, the modulo forces the accumulator to repeat its cycles instead of overflowing ACC. The accumulator condition of the EBRM is defined in Equation 3.45.

S ≤ ACC ≤ S + R

After the first iteration

ACC = S When: (2 m-1 • (S + |R|)) mod (2 m-1 ) (3.45)
To exemplify this condition, in Figure 3.34, the waveforms of the accumulator of the Counter Register are shown. The ACC initial value is zero, and then the first value of S is reached by the accumulator, then the EBRM operation controls the accumulation and subtraction on ACC. It is noticeable that at each S + |R| cycles of CLK, the value of ACC = S = 5 is repeated, stating the EBRM full period from where the spurious tones comes from. Therefore, the spurious tones at the EBRM output are related to the time an EBRM full period of S + |R| CLK cycles have elapsed. These spurious tones are linked to the main clock CLK, and thereby, its frequency f in as shown in Equation 3.46, where all n spurious tones are considered in the bilateral spectrum around the output frequency of the EBRM f out.

f Spurs EBRM = f in +∞ n=-∞ n S + |R| (3.46)
The performance of the EBRM when integrated in the PLL as a frequency divider, is characterized by the phase noise, or jitter, and spurious-tone magnitudes that it produces. For this purpose, an m = 12 bits Simulink model was developed as shown in Figure 3.35. As explained in Section 3.6, this complies the BLE channeling frequency division for a PLL with f ref = f BRM = 20 MHz. In this example, the most complex division condition is taken, i.e. f V CO = 2.478 GHz, achieved with S = 10 and R = -1229. For the time-domain analysis, the instantaneous frequency of EBRM output is taken as reference compared to the target frequency f BRM = 20 MHz and its variability is plotted on a normal distribution as shown in Figure 3.36.

It is noticeable that the convergence to 20-MHz is not completely accurate due to the Sequential Error that exists in the Counter Register. For this case, the frequency is shifted slightly by ≈ 276 kHz when the EBRM full period S + |R| occurs. This also affects the variability of the target frequency with a standard deviation of 48.82 kHz; however, this is a much better convergence value than the prior BRMs. From the spectral point of view, the Power Spectrum and its associated phase noise is obtained as shown in Figure 3.37. As expected, the spurious tones in the power spectrum are found in multiples of 1/(S + |R|) from the carrier f BRM , which corresponds to ±n • 2 MHz considering the input frequency f in = 2.478 GHz, and Binary Words S = 10 and |R| = 1229, according to Equation 3.46. The magnitude of the closest spurious tones from the carrier are -83dB@f BRM + 2 MHz and -84.9dB@f BRM -2 MHz, with an average difference to the carrier f BRM of ≈ 41 dBc, which represents an important spur rejection metric noting that this circuit does not implement any dithering technique.

The phase noise shows a uniform decrease until approximately 1 MHz from the carrier, where the noise floor of the system performance is found. The RM S jitter is affected mostly by the low-frequency noise around the carrier, resulting in 3.09-ps in this ideal case of this frequency division. This stays aligned of what is expected of a frequency divider that performs a division ratio of 123.9, which is considered as a demanding condition in terms of noise, as in a PLL, the output noise is multiplied by the division ratio. Nevertheless, the performance obtained here would not suppose a high impact in the PLL performance and keeps the ideal condition to increase its input reference phase noise by 20 log((S + |R|)/S) as a classical integer divider.

BRM Architectures Comparison

In order to asses the accuracy of the different BRM architectures, the comparison needs to be made from two perspectives: first is in the time domain where the output pulse uniformity can be measured and each pulse shift can be detected, the second, in frequency domain where the output spectrum and phase noise can be analyzed, to verify the impact of the non-uniform pulse distribution in time domain affects the spectrum, in terms of spur rejection and phase noise at different carrier offsets.

First, an example with a small number of bits m = 4, is worked out using similarly to Section 3.3, Simulink in MATLAB for comparison purposes. This is useful due to the visual difficulty that the detection of the input and output pulses in the time domain represents if a large number of bits is used. Therefore, for comparing the architectures in Time Domain, the previously used ratio of f BRM /f in = 11/16 is kept, see Section 3.3. Thus, by using the same input frequency of f in = 1 Hz and the respective Binary Words for the Classic, Oberman and Enhanced BRMs, the three architectures are simulated in order to verify the output pulse differences. The time domain simulation results are shown in Figure 3.38, where the waveforms for each BRM architecture are compared with each other and with an ideal one resulting from an exact division. The ratio f out /f in = 11/16 sets a very stringent condition, ideal for comparison as the generated pulse train comprises an odd number of pulses over a period T BRM = f in /f BRM • T CLK = 1.45-s in the ideal case.

The classic BRM as expected, has the poorest uniformity, as the generated output pulse train has only the combinations derived from the chain of divisions of f in /2 m , i.e. f in /2, f in /4, f in /8 and f in /16, see Section 3.3, resulting in only two pulses equally separated in time at 16-s and 18-s, see Figure 3.38, followed by three groups of three pulses synchronized with CLK, that generates empty or incomplete periods resulting in numerous spurious tones.

The Oberman BRM achieves an improved pulse train generation over the Classic BRM, with 4 consecutive pulse pairs separated by T CLK , followed by three consecutive pulses, the empty periods are mitigated slightly, although the spectral degradation remains important.

The proposed EBRM has the noticeable advantage over the other architectures of achieving a continuous and uniform distribution for ten pulses whose period is 1.5-s, until the first discontinuity at the 11 th pulse with a period of T CLK , where the difference with the ideal period of 1.45-s is accumulated, and need to be compensated. Nevertheless, the spurious contributions as analyzed, are significantly reduced with its counterparts.

The architecture comparison in Frequency Domain is performed by considering the BLE compliance of these systems, requiring m = 18 bits for the Classic and Oberman BRMs and m = 12 bits for the EBRM. With this values it is possible to perform the power spectrum comparison where the spurious tones and noise presence give a clearer insight of these architectures. For this purpose the simulations were performed using f in = 2.478 GHz corresponding to the last BLE channel that the larger non-integer division factors for obtaining f BRM = 20 MHz. The comparison in terms of the power spectrum of the frequency domain for the three architectures is shown in Figure 3.39, where the high spectral degradation is visible for the Classic and Oberman architectures with a significant number of non-desired spurious tones. It is noticeable also that the Classic BRM does not reach the target carrier f BRM = 20 GHz, due to the summation of several spectral contributions, and the noise floor surrounding the carriers is high for both the Classic and Oberman BRMs. Considering that this is an "ideal" simulation of these systems, the noise will be highly impacted in a "real" implementation due to the presence of non-linearities.

Additionally, in a PLL system, the spurious tones and noise are amplified by the loop, and therefore, the suitability of these two BRMs are diminished for frequency synthesis applications, with the Classic BRM not an option. The comparison in terms of phase noise in the frequency domain is shown in Figure 3.40, where all the noise presence with its spurious tones can be seen starting from the carrier f BRM = 20 MHz to an offset of 10 MHz. Here again the Classic BRM contains the noisier contribution with the highest RM S jitter of ≈ 357-ps along this integration range.

The Oberman BRM has a very noticeable slope of -20dB/decade that decreases its noise at larger offsets from the carrier, nevertheless, its initial noise contribution is almost the same as that of the Classic BRM, thus, when incorporated into a PLL, the BLE compliance will not be accomplished. Its RM S jitter is ≈ 176 ps which represents an important degradation of the spectral purity. The RM S jitter degradation in the Classic and Oberman BRMs is given by the considerable presence of spurious tones, which impacts significantly the phase noise shape and in consequence, its spectral purity.

Finally, as expected, the proposed EBRM is by far the superior solution, reducing the total phase noise and RM S jitter to ≈ 3.1-ps compared with the prior BRM architectures. The spurious tones in this case do not affect the shape of the phase noise, resulting in a significantly reduced initial noise value from the carrier of ≈ -110 dBc/Hz, and keeping a constant slope of -20dB/decade until 1 MHz approximately. These characteristics make the EBRM a highly attractive option not only for frequency synthesis but for any high-frequency application where frequency division is involved.

Conclusions on Bit-Rate-Multiplier

An overview, detailed analysis, simulations, and comparison of the Bit-Rate-Multiplier were presented in this chapter. After a detailed comprehension of this system was reached, an Enhanced Bit-Rate-Multiplier architecture is proposed, which represents an attractive solution for frequency division in systems operating at high-frequency, where lowcomplexity and low-power conditions are required.

The Bit-Rate-Multiplier concept was revisited, all of its features and limitations were extensively covered; the output pulse generation non-uniformity is the most critical limitation and thus, presents challenges for using this system in high-frequency applications and more precisely, its incorporation in a Phase-Locked-Loop system where Bluetooth Low Energy (BLE) compliance is required. In this way, 50 years after the first BRM proposal was applied slow control systems, a new perspective and applications of this digital system are embodied by this proposal of the Enhanced Bit-Rate-Multiplier (EBRM). This novel Enhanced BRM architecture uses a complementary input clock and a feedback control logic that as seen in this chapter, improves significantly the output pulse uniformity and spectral purity compared to the prior BRM architectures, and therefore, makes this solution suitable for today's radio-frequency (RF) applications, with a promising integration in phase-locked loops (PLLs) as viable alternative for Fractional-N PLLs.

Finally, the EBRM approach can be also considered for other low-power applications such as sub-clock generation, analog to digital converters, communication systems, etc. due to its simplicity as direct fractional divider. 

Integrated Circuits

Chapter Introduction

Frequency Synthesizers are indispensable in any Radio Frequency (RF) communication system. Its implementation is commonly done using a Phase-Locked Loop (PLL), a wellknown architecture in frequency synthesis. This performs the function of Local Oscillator (LO) that provides precise and stable frequencies to the communication chain [Che21]. However, their design represents an important challenge, since their power consumption could reach several milliwatts [Kun+22], [Xu22]. Therefore, the development of energy efficient frequency synthesis solutions is highly desirable for IoT applications.

A widely used Standard requiring fractional frequency synthesis for IoT, is the Bluetooth Low Energy (BLE) [START_REF] Chang | Bluetooth: a viable solution for IoT? [Industry Perspectives[END_REF], which covers 40 channels in the 2.4 GHz ISM (Industrial, Scientific, and Medical) frequency band, i.e., from 2.402 GHz to 2.482 GHz with a channel spacing of 2 MHz, setting a very stringent condition for the design of the PLL, as it must be able to handle such a small channel spacing.

To address these requirements, a Σ∆-Fractional-N PLL architecture is generally used to mitigate the impact of the fractional spurs like in the work of Kundu et al. [Kun+22] and Xu [Xu22] using a Σ∆-Modulator with assisted circuits. However, these solutions entail their difficulty and complexity.

Additionally, some digital solutions with calibration circuits as done by Un et al.

[Un+19] could be used to face the spurious tones problem, although this hinders the feasibility of low-power applications requirements.

And finally, some alternatives with double loops to achieve the fractional division with low-power as in [GCD22] could be used, but unfortunately reducing the performance of that could not fulfill some standards requirements.

In this Chapter, the BRM-based PLL architecture is proposed to overcome these shortcomings. By revisiting the interesting concept of the late 60s named Bit-Rate-Multiplier (BRM) deeply covered in Chapter 3, a new reduced complexity Fractional-N PLL solution is developed, while maintaining compliance with the BLE requirements and staying aligned with the state-of-the-art of Fractional-N frequency synthesizers for IoT.

The BRM integrated into the proposed PLL, is the Enhanced Bit-Rate-Multiplier (EBRM) proposed in Chapter 3.5 which is an improvement on the original BRM version. The EBRM can perform a direct fractional frequency division while avoiding the spectral purity degradation characteristic of the prior BRMs.

Through this chapter, the analysis of this new PLL architecture is detailed and all the considerations of incorporating the EBRM on the PLL loop. The proof-of-concept was performed using Simulink in MATLAB®, which allowed us to analyze its behavioral operation, performance and settle some trade-offs to consider on its implementation.

PLL Architecture overview

The proposed PLL architecture can be applied either for an Analog or Digital implementation as shown in Figure 4.1. The main difference with a classical PLL architecture is the use of the EBRM to replace the classic frequency divider in the feedback loop.

As this approach can be Analog or Digital, its adaptability can be exploited by different types of frequency synthesizers with different requirements. Therefore, its implementation can be easily made depending on the available tools and technologies. Additionally, as the EBRM is a digital system, its scalability to any technology node is assured, making it an interesting addition for PLLs with digital trends.

One of the most important conditions to consider with this PLL architecture, is the complementary clock required by the EBRM, therefore, this signal must be provided by the Controlled Oscillator, which can be implemented as a Voltage-Controlled-Oscillator (VCO) or a Digitally-Controlled-Oscillator (DCO).

The Controlled Oscillator selection will always depend on the specifications to be covered by the target application. In this way, whether a VCO or DCO is used, the structure of the Forward Comparison and Control Circuit can be established to ensure the proper PLL operation.

As the EBRM can perform a direct fractional frequency division, the use of a Σ∆-Modulator and a Multi-Modulus Divider (MMD) is discarded. With the EBRM addition, this architecture seeks to simplify the complexity of a classical Fractional-N PLL and therefore, its power consumption. Nevertheless, the EBRM presence in the loop supposes its comprehension and consideration on the PLL model during the design stage.

In this thesis work, a Type-II (Charge Pump) PLL has been chosen for the study and implementation of this architecture. The PLL functional blocks comprises a Phase/Frequency Detector (PDF), Charge Pump (CP) and Loop Filter (LF) as well-known structure, meanwhile, the Voltage-Controlled Oscillator (VCO) produces a differential output, connected to the EBRM complementary input clock as shown in Figure 4.2.

The latter chooses the output frequency f V CO based on a Frequency Control Word (FCW), which establishes the division ratio f BRM /f V CO , and at its output provides the frequency f BRM to the feedback path with the PFD, where it is compared to the reference frequency f ref to perform the PLL control operation to set f V CO .

The Frequency Control Word (FCW) comprises two Binary Words S and R and sets the frequency division ration of the EBRM as shown in Figure 4.2. The differential output of the VCO (f V CO and f V CO ) corresponds to the EBRM complementary input clock (CLK and CLK).

BRM-based Fractional-N PLL Linear Model

In this architecture the PFD, Charge Pump and VCO keep a well-known PLL structure, which has standard transfer functions for each block as shown in Figure 4.3. These transfer functions used the Laplace representation.

Nevertheless, the EBRM presence in the feedback loop changes the classical transfer function of the frequency divider, by the transfer function of the EBRM as shown in Equation 3.34, derived in Chapter 3.5. The EBRM as fractional frequency divider does not impact the linear behavior in phase domain, therefore, its transfer function does not produce a change of order on the PLL closed loop transfer function. The loop filter can adopt a different order on its implementation, which would make change its transfer function according to the selected analog filter, therefore, for the analysis of the BRM-based PLL architecture, a generalized form of this block is considered with a generic transfer function.

As the EBRM does not modify the linear behavior in phase domain, the BRM-based PLL has the advantage to have a similarity with the classical model of an Integer-N PLL.

Thus, the PLL linear model when the loop is locked maintains the well-known transfer functions and analysis of an Integer-N PLL while the EBRM is considered as a gain in function of its input Binary Words, as these defines the frequency division ratio.

As this architecture allows to perform direct fractional frequency synthesis with the EBRM incorporation, the channel spacing is not limited anymore by the reference frequency but for the Binary Words (S and R) as detailed in Equation 4.1.

f V CO = S + |R| S • f ref (4.1)
Moreover, due to the absence of the Σ∆-Modulator, this architecture has a highbandwidth capability, as the quantization noise and the high-pass characteristic is not present with the absence of this element. Thus, keeping the criterion of an Integer-N PLL of BW ≤ f ref /10 to avoid instability in the loop [START_REF] Martin | Phaselock techniques[END_REF].

By taking into consideration the linear model representation in the Laplace domain, the feedback loop analysis leads to the PLL transfer function when the PLL dynamics are in locked state, as shown in Equation 4.2, where the forward transfer function is settled and in Equation 4.3 the closed loop and open loop functions are derived.

G(s) = K P F D H LF (s)K V CO s S S + |R| (4.
2)

H CL (s) = S+|R| S 1 1+G(s) 2 H OL (s) = 1 1+G(s) 2 (4.3)
Using the closed-loop equation, is found the transfer function that represents the model of the system where the phase noise contributions of each functional block are considered.

ϕ V CO (s) ϕ ref (s) = I CP •K V CO H LF (s) 2π•s 1 + I CP •K V CO H LF (s)•S (S+|R|)•2π•s (4.4)
Through the simplification of the closed loop PLL transfer function, it is possible to get the phase-transfer function that shows more explicitly the phase tracking of the system as shown in Equation 4.5.

ϕ V CO (s) ϕ ref (s) = K P F D K V CO H LF (s)(S + |R|) s(S + |R|) + K P F D K V CO H LF (s) • S (4.5)
Certainly, the system closed loop transfer function can turn into a 3rd or 4th order depending on the implemented loop filter (H LF (s)), thus, requiring post analysis of stability of the loop. However, the EBRM addition does not add any pole/zero, and it only contributes as a gain according to the chosen Binary Words (S and R). In conclusion, the EBRM presence into the PLL system does not affect the stability of the loop and therefore, the PLL design challenges keep the same alignment as an Integer-N PLL.

Architecture Noise Model and Analysis

The noise contributions in the BRM-based Fractional-N PLL architecture are the same as a classical Integer-N PLL without the divider and with the addition of the phase error produced by the EBRM. Hence, the VCO output noise is affected by the noise sources coming from the EBRM jitter (ϕ BRM ), external reference feed-through (ϕ ref + ϕ P F D ) and charge pump (i CP ) as is shown in Figure 4.4. The noise model considers that the EBRM is asserting a different factor in the noise scale, this is particularly important as one of the fundamental principles of the frequency division in the PLL is the multiplication factor that causes to loss 20 log((S + |R|/S) in phase noise performance. So, despite the EBRM proper performance to achieve the frequency division, this noise contribution persists in this architecture, in other words, as bigger the division get, greater the noise power contribution at the output.

ϕ V CO ϕ ref = IcpH LF (jω)K V CO jω 1 + 1 2πIcpH LF (jω)K V CO •S jω(S+|R|) (4.6)
The EBRM will introduce more than the noise generated by the VCO as a common frequency divider. This additive noise could be significant considering the VCO performance, and it will appear in the form of white noise and 1/f noise. However, the EBRM will not introduce integrated noise (1/f 2 and 1/f 3 ) because its noise sources are not in the control path of the VCO.

Therefore, the EBRM noise can be modeled as an additive noise source at its output as shown in Figure 4.4. In the BRM-based PLL architecture, this noise will appear directly at the input of the PFD and experiences the same transfer function as the noise of the input reference.

The PLL output noise can be estimated using superposition considering that each noise contribution can be evaluated independently, hence, the total phase noise will be given by their sum.

The input reference phase noise affects the performance close to the carrier, in practical cases below 10-100 Hz. The PFD affects from 10-50 Hz to the loop bandwidth and thus, the VCO noise becomes the dominant noise factor. the ϕ ref and ϕ n,P F D transfer functions are similar and are given by the loop transfer function, both multiplied by (S + |R|)/S within the loop bandwidth and then attenuated beyond.

The phase noise contributions consists in independent and dependent sources, the dependencies are as follows: the charge pump current I cp depends on the charge pump current noise I n,CP and the loop filter resistor depends on the thermal noise ϕ n,LF , and both are determined by I cp . The current noise is applied just when the charge pump is active and therefore, it also depends on the PFD period T P F D during one cycle of T ref .

The independent sources are the phase noise magnitude is defined by the closed-loop transfer function as well as the independent blocks of the PLL which are the PFD (ϕ n,P F D ), the BRM (ϕ n,BRM ) and the VCO (ϕ n,V CO ) [START_REF] Rapinoja | Spectral purity analysis of integer-N PLL[END_REF].

Using these relationships, the phase noise power spectral densities can be defined, first with the closed loop contributions with Equations 4.7 and 4.8.

L CL,CP (s) = T P F D T ref • H CL (s) 2 • I n,CP (s) 2 (4.7) L CL (s) = L P F D (s) + L BRM (s) = H CL (s) 2 • 2 2 • ϕ n,P F D (s) 2 + ϕ n,BRM (s) 2 (4.8)
In the same way, for the open-loop phase noise contributions there are one dependent contribution and one independent as shown in Equations 4.9 and 4.10 respectively.

L OL,CP (s) = L LF (s) = K V CO s • H OL (s) 2 ϕ 2 n,LF (4.9) L OL (s) = L V CO (s) = H OL (s) 2 • ϕ n,V CO (s) 2 (4.10)
The magnitude of the phase noise of the independent parts will be affected by the circuit design, where several noise additions appear due to technological factors. And for the dependent parts the phase noise can be influenced additionally by the choice of I cp .

The approximation of the total phase noise on this model could be obtained through simulations [START_REF] Banerjee | PLL Performance, Simulation, and Design 5th Edition[END_REF], for instance in Simulink in MATLAB® by considering the impact of each transfer function over the PLL output, and by setting all the functional blocks in the phase-domain as shown in For analysis, the selection of a Loop Filter must be done, therefore for exemplification purposes, the 2nd-order lead-lag filter with transfer function shown in Equation 4.11 is considered for this case.

H LF (s) = s•RsCs+1 s 2 (RsCsCp)+s(Cs+Cp) 2 nd Order Lead-Lag (4.11)
Additionally, to represent numerically the noise contributions, as example the values of I cp = 1 mA, K V CO = 500 MHz/V, with a filter cut-off frequency of 1 MHz are taken, as well as the reference phase noise which is the one found for the signal generator Rohde & Schwarz SMA 100A.

Each noise contribution can be injected and tracked in Simulink with the Control Systems Toolbox and thus, the phase noise impact respect to the VCO for each one can be derived and summed to find the total Phase Noise of the PLL as shown in Figure 4.6. Therefore, it is demonstrated that the BRM incorporation in the PLL is not impacting significantly to the phase noise performance, and that its noise takes more relevance when the division ratio scales considerably.

Thus, the PLL keeps as most important trade-offs: the charge pump current I cp selection, loop filter cut-off frequency that defines the PLL bandwidth, and VCO design as its performance will be directly impacted by the rest of the functional blocks. 

Proof-of-Concept and Performance

Prior to the physical implementation of this PLL architecture, the proof-of-concept of the system was performed considering the target specifications settled in the conclusion of Chapter 2. For this purpose, a behavioral model in Simulink using MATLAB® has been worked out.

All the building blocks have been designed to fulfill each required function. The EBRM model uses 12-bit EBRM to comply with the BLE requirements as studied in Chapter 3.6. This model allows to analyze the transient and spectral response of the PLL and estimate its performance before the impact on the silicon implementation. The behavioral model is shown in Figure 4.7, where several constrained values were selected as is the case of the charge pump current I cp = 10µA and the BLE Frequency Tuning Range from 2.402 GHz to 2.480 GHz. This is used to define the VCO characteristics as detailed in Table 4.1. By following the procedure of I. Galton [Gal17], for a f out = 2.480 GHz, the 2nd-order lead-lag filter components are C s = 1.25pF , R s = 314kΩ and C p = 0.97pF corresponding to a phase margin of 60 • and a cut-off frequency of 1.5 MHz.

The proof-of-concept was performed along all the BLE channels, nevertheless, for simplification purposes, only the transient response results for the first (2.402 GHz), last (2.480 GHz), and middle (2.442 GHz) channels are shown in Figure 4.8. Thus, validating the stability of the system and convergence to steady state. For the case of the last BLE channel (2.480 GHz), the EBRM performs a pure integer frequency division with a ratio of f V CO /124. Therefore, the transient response in Figure 4.8, for this condition tends to have the minimal ripple voltage (≈ 0.1 mV) and error.

In the other hand, for the first (2.402 GHz) and middle (2.442 GHz) BLE channels, the ripple voltage keeps similar in steady state (≈ 20 mV), which is expected due to the periodicity error of the EBRM. This error can be minimized by reducing the PLL bandwidth as shown in Figure 4.9, where the proof-of-concept is performed with a loop filter cut-off frequency of 250 kHz for a f V CO = 2.442 GHz. This results in a noticeable smoother transient response at V ctrl, but the steady-state time becomes slower (≈ 5µS). The instantaneous frequency of the EBRM will keep its periodical error despite the reduced bandwidth as shown in Figure 4.9. Thus, the error introduced by the EBRM is minimized but not completely suppressed. Nevertheless, one of the most important highlights of this PLL architecture, is its capability to have a high PLL bandwidth. Consequently, the BW =1.5 MHz is kept for phase noise optimization while keeping good trade-off to ensure the loop stability.

To verify the spectral performance, a simulation of 500 µS of the Simulink model is done, where only the steady state section time ≥ 2µS is considered for the power spectrum and phase noise computation. The PLL target frequency is the BLE channel corresponding to f V CO = 2.442 GHz as shown in Figure 4.10.

The simulation results validate the correct fractional frequency synthesis, achieving the target frequency f V CO = 2.442 GHz. Additionally, the fractional spurs given by the EBRM incorporation are detected at each ±2 MHz harmonic from the carrier frequency. The fractional spur rejection is of ≈ 30 dBc respect from the carrier.

Additionally, the phase noise corroborates non-impact of the EBRM over the PLL noise performance by Keeping a constant slope of -20 dBc/decade. The degradation comes from -112.14dBc/Hz @100kHz -134.41dBc/Hz @1MHz -147.97dBc/Hz @2.5MHz -143.65dBc/Hz @3MHz -91.08dBc/Hz @10MHz -112.85dBc/Hz @100MHz the spurious tones at higher frequencies. It is important to remark that this simulation considers the ideal behavior of the functional blocks, without noise perturbations.

Therefore, for a more accurate perspective, a Noisy VCO is implemented and used in the PLL Simulink model. A frequency drift of 600 KHz is added, thus, affecting in this way the VCO phase noise, presenting a RM S jitter ≈19 pS. Also increasing the overall noise floor to ≈ -90 dBm as shown in Figure 4.11. -52.18dBc/Hz @10kHz -67.14dBc/Hz @100kHz -89.42dBc/Hz @1MHz -93.22dBc/Hz @3MHz -106.48dBc/Hz @10MHz -132.14dBc/Hz @100MHz RMS Jitter : 18.590007 ps The simulation results allows to observe the total variation of the VCO period, as depicted in the Histogram in Figure 4.11, there is a variation of ≈ ∆period = 1 pS around the carrier period T V CO = 409.5 pS. Thus, the frequency drift of 600 kHz added to this model, represents a high impact of noise over the VCO, which results in an interesting condition for the validation of the BRM-based PLL.

Then, a simulation of the PLL has been performed for 5 mS, which allows to obtain enough precision on the results, resulting in a Resolution Bandwidth (RBW) of 200 Hz. The obtained Power Spectrum and Phase Noise using the noisy VCO into the PLL model are shown in Figure 4.12. -85.16dBc/Hz @10kHz -82.22dBc/Hz @100kHz -94.89dBc/Hz @1MHz -110.37dBc/Hz @3MHz -116.77dBc/Hz @10MHz -129.43dBc/Hz @100MHz RMS Jitter : 4.881884 ps It is noticeable the presence of noise in the PLL, adding a considerable increase of the noise floor in the output spectrum, which in consequence affects the phase noise performance, increasing the total RM S jitter to 4.8 pS.

Although the BRM-based PLL architecture achieves to reduce significantly the VCO intrinsic noise due to the low-pass PLL dynamics, and keep the stability and control, demonstrating a high robustness against noise sources while respecting the bandwidth constraint of

f BW ≤ f ref /10.
Finally the EBRM characteristics when the PLL is in locked state are obtained from the simulation and shown in Figure 4.13. The EBRM power spectrum remains unaffected in terms of operation, as it achieves the output carrier at f ref = 20 MHz, with its spurious frequencies at the harmonics at ±2 MHz from the carrier. Also, the EBRM has an increase of its noise floor as consequence of the noise injected by the VCO in the frequency division.

The instantaneous frequency of the EBRM during the transient-state stays aligned with the behavior of the PLL dynamics at the output of the loop filter voltage as expected, while at steady-state converges to the target average frequency f BRM = 20 MHz. However, there is a variability caused due to the sequential error which is seen also in Figure 4.13 where in steady-state the frequency variation is ≈ 49 kHz, which is confirmed also by the normal distribution approximation of the output frequency obtained by it.

Nevertheless, this remains a low variability in frequency considering the expected channeling of the PLL of 2 MHz as the BLE standard settles, being a factor of minor impact to the PLL architecture.

Conclusions on Architecture

The Bit-Rate-Multiplier-based Fractional-N PLL has been proposed and demonstrated in this chapter. A global perspective on the implementations that could be selected for this architecture was stated to then define a Linear model of this architecture using a Type-II PLL.

This demonstrates its advantage against the commonly used Σ∆-Fractional-N PLL by having a high-bandwidth, low-complexity, and low-power compliance, which are high interesting points in the implementation of IoT devices.

Through the incorporation of the EBRM proposed in Chapter 3.5, a new approach for the fractional frequency synthesis is given. This architecture has the advantage to consider the design alignments of the Integer-N PLL, which allows a high-bandwidth capability and that is attractive in ultra-low-power solutions thanks to its simple design methodology.

The Noise Analysis of this architecture was performed, ensuring the low impact over the global PLL performance with the BRM presence in the loop, keeping as important noise factor the frequency division value and the trade-offs given by the PLL functional blocks.

The concept of the proposed BRM-based Fractional-N PLL has been proven and validated through a model implemented using Simulink in MATLAB®, that allows the observation of the proper behavior in transient and spectral responses.

Additionally, the robustness of the PLL model against noise, its accuracy concerning the fractional frequency synthesis and good performance without any spur's calibration circuit has been checked.

Finally, this new approach has been validated for the BLE compliance, however, it can be used in other standard due to its adaptability to cover different fractional frequency synthesis ratios with the change of the number of bits on the BRM implementation. 

Chapter Introduction

This chapter is focused in the integrated circuit implementation of the proposed BRMbased Fractional-N PLL post proof-of-concept validation and architectural definition. This procedure was performed considering the most suitable circuit topologies, power optimization and layout techniques along each building block of the PLL. Additionally, the robustness of the circuit is guaranteed by considering the operation, performance, and power efficiency along the process corners and temperature variations.

The circuit prototype was designed and implemented in the 28-nm FD-SOI CMOS technology of STMicroelectronics which includes 8 metal layers without counting the Alucap layer. The circuit has a global constraint of V DD = V DD /2 = 0.5V. This implies important care through the design of each functional block at such low V DD .

To face this challenge, the FD-SOI technology offers new unique opportunities, such is the case of a different way of controlling the frequency tuning on a Ring-VCO, or the power optimization of digital circuits thanks to the Body Bias feature which allows a new degree of control over the transistors.

The FD-SOI technology aims to reduce the parasitic effects between the drain and source terminals of the transistor with the channel, thus, reducing the impact of the short-channel-effect (SCE) in comparison with the bulk devices counterpart. Through the addition of the Buried Oxide (BOX) over the substrate, the controllability of the channel is improved and enables the Body Bias feature which allows to vary the threshold voltage (V th ) of the transistor which devise an interesting approach for the integrated circuit design. [START_REF]The Fourth Terminal: Benefits of Body-Biasing Techniques for FDSOI Circuits and Systems[END_REF] The 28-nm FD-SOI CMOS technology offers two families of devices, whose threshold voltage V th changes according to their physical construction. These are classified as Regular-V t (RVT) and Low-V t (LVT) families, of which their construction detail is shown in Figure 5.1.

The effect of the Body Voltage changes depending on the device family, for the case of the LVT family, the NMOS transistor is built over an N-well, thus, requiring a positive voltage at its body terminal, this configuration decreases the V th and its known as Forward Body Biasing (FBB). Meanwhile, for the RVT family, the PMOS transistor is built over an N-well, thus, requiring a negative voltage at the body terminal, in this case the V th increases with a configuration known as Reverse Body Biasing (RBB). The selection of the Device Family is linked to the Body Bias feature, and the advantages that it can bring to the design procedure. This selection is defined by the specifications and purpose of the required circuit to be implemented. Therefore, for this thesis work, as the main goal is the development of an ultra-low-power (ULP) PLL with good performance, the advantages provided by the LVT family are best suited for this implementation. Through the FBB, the proper operation of ultra-low-voltage (ULV) circuits is enabled, and thus, reduced power consumption.

Through this chapter, the implementation of each PLL building block is detailed, the design challenges were considered to lead to proper solutions. A major emphasis is stated over the Enhanced-BRM and the Ring VCO implementations, as these are the blocks that brings innovation solutions of the new BRM-Based Fractional-N PLL approach, while the rest of the PLL building blocks keeps well-known topologies, nevertheless, with no less importance.

Furthermore, all the functional blocks design considers the industrial robustness importance, consequently, their functionality is consistent along the process corners (slow-slow, slow-fast, typical, fast-slow, fast-fast) and temperature (-40

• ≤ T ≤ 70 • ) Variations.
The ERBM-based Fractional PLL top-level implementation is established using a Type-II PLL architecture as shown in Figure 5.2. Which as analyzed and studied along all the Chapter 4, allows to obtain good trade-off between low-power consumption and good performance. The physical implementation of each PLL functional block has been validated separately, which guarantees the correct integration into the complete PLL. Then, the characterization and performance evaluation was performed through post-layout transistor level simulations (PLS), to be able to culminate with the last stage of the implementation,where the sign-off chip is performed. Finally, the prototype measurements were performed along different samples and compared to the expected goals and the state-of-the-art.

Enhanced Bit-Rate-Multiplier (EBRM)

As analyzed in Chapter 3.6, to comply the BLE channeling requirements with a PLL reference frequency of f ref = 20 MHz, the EBRM circuit requires a m = 12 bits implementation as shown in Figure 5.3. The optimization in terms of power, area and performance were considered along its implementation, nevertheless, the EBRM timing constraints must be primarily fulfilled to ensure its correct operation as specified in Chapter 3.7.

The implementation of the EBRM was done using the Digital Standard Cells Library of the 28-nm FD-SOI CMOS technology developed by STMicroelectronics. This repertoire counts with solutions for High-Performance, Low-Power and High-Quality for the SoC Design [START_REF] Venkatesh | Best-in-Class Standard-Cell Libraries for High-Performance, Low-Power and High-Density SoC Design in 28nm FD-SOI Technology[END_REF]. The standard cells library provides versatility in the cells selection according to the most challenging characteristics of each EBRM sub-block, while keeping low power consumption. Furthermore, the EBRM implementation employs a full-custom approach, which is crucial in the power-optimization procedure and involves meticulous selection and combination of each standard cell from the entire repertoire.

To address the circuit implementation challenges, first, the study of the standard-cells characteristics was performed to analyze their adaptability to meet the EBRM timing constraints. Then secondly, the most suitable combinations among the repertoire of standard cells were explored, to obtain the best trade-off between power consumption and guaranteed operation.

Analysis of Standard Cells Compatibility

The most important condition to ensure the proper operation of the EBRM is the fulfillment of its timing constraints as stated in Chapter 3.6. The most challenging is the critical path in the Counter Register, defined by the full-adders' chain, where the correct selection of standard cells is critical.

Additionally, the global V DD = V DD /2 = 0.5 V produces a general decrease in the performance of the standard cells in terms of propagation delay, increasing the difficulty to fulfill the timing constraints, as they are developed to work safely down to only V DD -10%.

To address these shortcomings, two main features of the Standard Cells of the FD-SOI CMOS technology are used.

The First Feature used is the Forward-Body-Biasing (FBB) of the FD-SOI CMOS available in the LVT device family, which is employed to reduce the devices V th . In the case of Digital Circuits, this gives the opportunity to dynamically expand its timing characteristics and assist in the compensation of the propagation delay, acting in this way as a speed-booster in any digital standard cell. Thus, FBB enables relaxed timing constraints and allows wider input frequency ranges. 

V BN = |V BP | from 0V to ±3V
. This shows that the propagation delay of the standard cell is reduced considerably as long as the body bias voltage increases. Although, when a higher body voltage is applied, the total power consumption increases due to the charging capacitance of the body terminal.

Therefore, by taking into consideration the FBB speed boosting effect, the standard cells comprising the EBRM uses a global V DD = 0.5V , to further analyze the most suitable symmetric body voltage V B = V BN = -V BP that ensures the fulfillment of the timing constraints and proper operation.

The Second Feature used is the Poly-Bias options available in the Digital Standard Cells Library. This consist in the increase of the gate channel length (L) along the transistors comprising a complete standard cell. The poly-bias considers standard cells implemented with the minimal gate length L min =28nm (PB0), and with extensions of +4nm (PB4), +10nm (PB10) and +16nm (PB16) on their gate lengths, resulting in a varied repertory of standard sells for each logic function as shown in Figure 5.5.

Leakage Reduc�on

Poly-Bias Op�ons

Gate Length (Lgate) The Poly-Bias objective is to reduce the leakage and the process variations impact. Therefore, when a digital system encounter less stringent conditions in terms of propagation delay, this feature can be applied to optimize the power consumption.

1 PB0 Lmin (+0 nm) X4 PB4 +4nm X10 PB10 +10nm x30 PB16 +16nm
Each standard cell of the repertoire counts with all the poly-bias options. Hence, the final digital circuit can have each standard cell with a different poly-bias option, while keeping layout consistency, since each cell has been designed to maintain physical uniformity regardless of its poly-bias option.

Poly-bias allows a flexible design approach, nevertheless, as higher the poly-bias option, the longer the propagation delay of the standard cell. Hence, the EBRM full analysis by using the FBB and poly-bias features combined is required.

A maximum input frequency of f inmax = 2.6 GHz was established for the design and implementation of the EBRM. This covers all the timing constrains and ensures all the BLE frequency range inclusion with an excess of 120 MHz from the last BLE channel (2.480 GHz), which corresponds to an extra tolerance of ≈ 50% respect to the BLE frequency range from 2.402 GHz to 2.480 GHz.

Using f inmax = 2.6 GHz, the minimum input period of T in min = 384.6 ps is defined, which establish the timing constraints values for the EBRM implementation.

The timing constraints analysis in Chapter 3.7, establishes that for each EBRM subblock (Data Register, Counter Register and Pulse Logic), there is a standard cell type which settles each critical path and timing constraint as shown in Table 5.1. Therefore, these cells must be characterized in order to ensure their timing constraints fulfillment. 

Critical Path and

The Data Register must ensure that the 12-bit MUX array passes the selected Binary Word B to the Counter Register before a new rising-edge of the input clock CLK = f V CO arrives, preventing any glitch issues.

The Pulse Logic considers two consecutive logical operations (2x1 MUX + AND Gate) in its critical path, thus, the sum of both propagation delays define its critical path.

The Counter Register has the longest critical path of the EBRM, which is found in the ripple-carry adder structure. Here, the full-adder propagation delay t d from the its input carry C i to its output carry C o is the most critical. The Counter Register must satisfy a td F A ≤ T in min /(m + 3) as stated in Chapter 3.7.

The clocked operations in the EBRM are updated at each rising-edge of the input clock CLK = f V CO . Hence, if the combinational operations are performed within a period of the clock T in min , the clocked operations are assured. However, as the D-Flip-Flops must not add excessive propagation delay that may produce glitches, the three additional delays (td F A ≤ T in min /m + 3) are added in the denominator of the Counter Register timing constraints, this corresponds to the three sub-blocks comprising the EBRM.

Therefore, for a 12-bit EBRM implementation with a T in min = 384.6 ps, the maximum tolerated propagation delay in the full-adder is ≤ 25.64 ps, which defines the most stringent propagation delay constraint.

The simulations to characterize each one of the critical cells have been performed along the process corners, temperature and poly-bias options, while varying the body bias voltage symmetrically (V BN = -V BP ). From these simulations, it is observed that the Slow-Slow corner at a temperature of T = -40 • is the worst in terms of propagation delay for each standard cell.

Furthermore, this characterization allowed to find out that the body bias voltage of V B = ±1.8V corresponds to the best trade-off, that compensates the propagation delay t d of the Standard Cells and makes feasible the EBRM operation at V DD = 0.5V , without increasing significantly the standard cells power consumption.

The full-adder characterization of its low-to-high and high-to-low propagation delays (t d ) along corners and poly-bias options for a temperature of -40 • is shown in Figure 5.6. The EBRM operation is mainly imposed by this standard cell due to its timing constraint. Full adder high to low td from Ci to Co From this characterization, it is determined that the feasible poly-bias options for the full-adder are PB0 or PB4. This settles the possible poly-bias options along the entire Counter Register standard cells, thus, assuring the timing constraint of t d F A ≤ 25.64-ps.

Using this approach, the EBRM design was done by considering the worst case scenario, which is the Slow-Slow corner at T = -40 • C. This allows to guarantee the EBRM operation along the rest of the process and temperature variations, which are less demanding.

Certainly, the required body bias voltage will be different depending the corner and temperature condition, as the propagation delay compensation will differ. Nevertheless, the worst case scenario demands the highest body bias voltage, and is used as departure point in order to select the best poly-bias option along the rest of the blocks.

EBRM Optimization for Power Efficiency

The EBRM power optimization is based on the appropriate selection of the poly-bias options for each sub-block independently, considering their required timing constraints. Hence, if each EBRM sub-block meets its timing constraints, the full operation is guaranteed.

For homogeneity purposes, the same poly-bias option is applied to all the standard cells comprising a sub-block of the EBRM. This avoids an extensive variation of the poly-bias options along the standard cells comprising the entire circuit.

From Figure 5.6, it is observed that the full-adder low-to-high t d with PB4 in Slow-Slow corner is 24.8-ps. Consequently, choosing this option may pose a risk for the Counter Register implementation, as the timing constraint t d F A ≤ 25.64-ps is too close by having less than 4% of extra tolerance.

Therefore, the PB0 option is employed for the Counter Register implementation, ensuring its timing constraint and operation. The Clock Network needs to guarantee the distribution of the delayed clocks to each sub-block, so, the PB0 option is maintained for this sub-block in complement with operation of the Counter Register. The Data Register is the less demanding sub-block in terms of timing constraints, as it only depends on the propagation delay of the m-bit multiplexer array. For this reason, the poly-bias option PB16 is used in this sub-block to avoid as much as possible the leakage and reduce the power consumption.

The Pulse logic timing constraint only depends on the 2x1 Multiplexer followed by the AND Gate, nevertheless, as it generates the EBRM output pulsed signal, its implementation uses the poly-bias option PB10, keeping good trade-off between speed and power consumption.

In this way, the final EBRM circuit uses a different poly-bias option for each sub-block as shown in Figure 5.7. From simulations, it was observed that this combination keeps the best trade-off between power consumption and guaranteed operation along all the process corners and temperature variations. Thanks to the body bias feature, the operation at a global V DD = 0.5V is achieved. Moreover, a significant power reduction of 74% is obtained in comparison with the same EBRM solution operating at V DD = 1V as shown in Figure 5.8. This represents an attractive opportunity in the design of ultra-low-power digital circuits in FD-SOI technology.

Optimal Body-Bias along Process and Temperature Variations

The symmetric body bias voltage |V B | = 1.8V is the one required for the worst case scenario, i.e. Slow-Slow Process Corner at a temperature of -40 • . Consequently, the required V B may not be the same for each operating condition.

In order to obtain the most suitable symmetric body bias voltage V B , the EBRM simulations along the process corners and temperature variations considering the variation of V B were performed. This also gives a perspective of the critical points of the technology, and highlighting the advantage of the body bias feature to adapt the operation of digital circuits to different conditions.

The most suitable body bias voltages for each process and temperature variations are shown in Figure 5.9. The minimum required V B is given at the maximum temperature, since in this condition the transistors V th are be intrinsically lesser, leading to a faster operation speed of the standard cells.

Finally, to study of the asymmetry on the body bias voltage was performed. This provides better understanding in the requirements along the PMOS and NMOS devices comprising the Standard Cells. The symmetric body bias voltage commonly used provides simplification on the hardware implementation, nevertheless, it may not be totally necessary, as the symmetry of the V th it is not mandatory for each type of circuit. By performing the EBRM simulations with independent V BN and V BP , the results of the required asymmetric body bias voltages at the Typical Corner and T = 27 • C were obtained as shown in Figure 5.10. It can be observed that the body bias voltage symmetry for this digital implementation is quite appropriate, as the variation of V BP is approximately of 0.1V compared to V BN along the process corners. Notwithstanding, some other implementations, mostly analog, might take advantage of an asymmetrical body bias voltage approach.

Asymmetric Body Biasing [V]

A Reset Network circuit was discarded in the implementation of the EBRM. This is not necessary along the EBRM sub-blocks because the Counter Register maintains cyclic behavior, which assures that an overflow will occur in the accumulator, causing an automatic reset of the EBRM. Furthermore, as the Binary Words (S and R) stored in the Data Register are sent from an SPI, a Reset Network is not required over its D-Flip-Flops. And lately, as the Pulse Logic circuit only depends on the information coming from the Data and Counter Registers, it does not require Reset Network either.

The absence of the Reset Network also contributes to the power optimization, since the implementation of a Reset Network requires a Reset Synchronizer, adding extra circuitry.

EBRM Layout Implementation

Since a full-custom approach was employed for the EBRM implementation, the layout distribution is crucial. Therefore, the critical propagation path of the Counter Register, control signals and proximity for propagation between blocks are taken into consideration.

First, the interconnections plan is done by keeping the digital convention to use each metal layer for strictly one single interconnection direction (Horizontal/Vertical). Secondly, the highest metal layers are reserved for external interconnections.

The Standard-Cells are constructed using the metal layers M1 and M2, where M1 is mostly used for its functionality and M2 minimally, depending on the standard cell. In all of them M2 is used for the V DD and GN D rails in an horizontal structure, the metal distribution sense is decided departing from the metal layer M3 with a vertical sense followed by the M2 that uses the horizontal sense.

The EBRM layout implementation is shown in Figure 5.11, where the layout floor-plan is following the propagation of the signals from the LSB to the MSB from up to down, keeping uniformity of the bit distribution and reducing the signal propagation along the circuit.

The layout implementation requires some fillers cells at the upper and lower part to comply with the fabrication process. Additionally, two columns comprising Body bias Splitter Cells are placed at the left and right of the layout. These cells are in charge to enable the access to the deep N-well of the transistors along all the standard cells. The EBRM layout has a compact size of 19.04µm x 18µm and its connections use six metal layers as detailed in Table 5.2.

To ensure the uniform distribution of the power supply, ground and body bias, a power grid which avoids the decrease of the effective voltage reaching the cells (IR Drop) is proposed. This facilitates the direct external connections to V DD , V BP , V BN and GN D, as the grid is connected to a set of guard rings placed around the EBRM as detailed in Figure 5.12.

Since in FD-SOI LVT device family the NMOS transistor is built over a N-Well, the first guard ring is settled to handle the NMOS body bias boltage V BN through a deep-N well that covers all the EBRM layout. The PMOS transistors are built over a P-Well, therefore their body bias voltages cannot be handled through a well based guard ring, for this reason V BP is distributed using a Metal Ring surrounding the first Guard Ring. The 3rd and 4th Guard Rings obey the requirements for polarization, hence, the P-Substrate must be connected to GN D through the 3rd P-well-based guard ring, while the 4th Nwell-based guard ring is connected to V DD .

The guard ring technique simplifies considerably the layout interconnections at top level between the PLL blocks, as the terminal connection points of V DD , V BP , V BN and GN D corresponds to these guard rings. Additionally, they assist in the isolation of the EBRM against perturbations coming from the adjacent PLL circuits.

Power Grid

Final BRM Layout The Final EBRM layout is shown in Figure 5.13, where it can be observed its power grid alone and with the EBRM inside. The total size is 26.58µm x 26.36µm, which is well compact for a fractional frequency divider.

The Post-Layout Simulation (PLS) were performed to validate the guaranteed operation and robustness of the proposed full-custom EBRM. In PLS, a total increase of the power consumption to 212.07µW was observed, corresponding to an ≈ 11% of increase. This is expected considering the addition of the filler cells and the power consumption of the metal interconnections, nevertheless, the operation of the EBRM is kept along all the process and temperature variations, thus, validating the EBRM layout implementation.

Pseudo-Differential Ring Voltage Controlled Oscillator (PD-RVCO)

The VCO design and implementation is based on the Pseudo-Differential Ring-VCO topology (PD-RVCO) proposed by D. Gaidioz et al. [START_REF] Gaidioz | Ring VCO Phase Noise Optimization by Pseudo-Differential Architecture in 28nm FD-SOI CMOS[END_REF] as shown in Figure 5.14. This topology improves the phase noise performance through two latches at the output of each stage, which acts as a positive reaction, forcing the two main lines to oscillate at the same frequency and in opposite phase. Therefore, the correction of the differential phase alignment is improved.

Regarding the choice of the PD-RVCO topology, three main factors are taken into consideration.

• First, the low-footprint on its implementation and the scalability across different technological nodes, which are attractive characteristics of Ring-VCOs. Additionally, its construction based only in CMOS inverters allows simpler derivation of the best trade-off between power consumption and performance.

• Secondly, it achieves good mitigation against the low-VDD impact. Thus, the BLE specifications can be met, which normally is highly difficult at low-voltage conditions using a regular Single-Ended Ring-VCO topology.

• Finally, the differential output provided by the PD-RVCO can be used directly as complementary clock (CLK and CLK) required by the EBRM. Thanks to the improved differential phase alignment, the correct EBRM operation is assured.

The versatility of the FD-SOI technology allows to perform the PD-RVCO frequency tuning through the body bias (back-gate) voltage. This Ring-VCO tuning technique competes with the conventional current-starving control technique and represents an interesting approach for Ultra-Low-Power/Ultra-Low-Voltage targets as demonstrated by M Schramme et al. [START_REF] Schramme | Comprehensive Analytical Comparison of Ring Oscillators in FDSOI Technology: Current Starving Versus Back-Bias Control[END_REF].

PD-RVCO Optimization for Power Efficiency

The PD-RVCO frequency tuning is set only through the body bias voltage of the NMOS transistors, which allows to obtain lower K V CO . This results very useful for this implementation since the BLE frequency band has a range variation of only 80 MHz, therefore, a low sensitivity to the PLL control voltage V ctrl is highly desired. Furthermore, no additional circuitry is required between the Loop Filter and the PD-RVCO to tune its frequency, since the required body bias voltage of the NMOS transistors is positive. Therefore, the voltage coming from the Loop Filter V ctrl can be directly applied to the PD-RVCO as shown in Figure 5.15. The PD-RVCO power optimization consist in the proper sizing of the PD-RVCO cell, where the selection of W P 1 , W N 1 , W P 2 , W N 2 , and L has been done prioritizing the best trade-off between phase noise performance, proper balance between the rising and falling edges (t r and t f ) and power consumption.

PD-RVCO Cell

According on the study carried out by M. Schramme et al. [START_REF] Schramme | Comprehensive Analytical Comparison of Ring Oscillators in FDSOI Technology: Current Starving Versus Back-Bias Control[END_REF], for this topology, power optimization while keeping good performance under low voltage conditions can be achieved by varying the Multiplicity factor (M ) of the transistors without reducing the gate length (L) significantly. M controls the number of parallel transistors in the P-cell, which can be used to increase the inverters current and decrease the susceptibility to variations.

Additionally, the BLE requirements must be ensured considering the process corner variations and the selection of the Number of Stages (N ) and Multiplicity factor (M ) together as shown in Figure 5.16. In this way, the best trade-off in the sizing for the PD-RVCO Cell comprehends the strict covering of the BLE frequency tuning range (FTR), low power consumption and good phase noise. In this manner, the selection of L = 38 nm for all the PD-RVCO cell transistors is firstly made. Then, from simulations is obtained that the best trade-off in terms of phase noise at V DD = 0.5V , while keeping good symmetry between t r and t f at the PD-RVCO output, corresponds to the the ratios W P 1 /W N 1 = 4.8µm/1.2µm = 4 and

P 2 /W N 2 = 1µm/0.4µm = 2.
The final PD-RVCO comprehends five stages (N = 5) and two different Multiplicity factors M . The latter does not require to be the same for the main and latches lines, thus, for phase noise optimization, the transistors of the main lines use a M 1 = 3, while the latches lines use M 2 = 2. In Table 5.3 is detailed the summary of sizing and characterization of the designed PD-RVCO for which was obtained the best-trade off.

With a K V CO of 650 MHz/V, the PD-RVCO can cover the BLE frequency channeling with a low sensitivity of 3.07 mV per BLE channel (±2 MHz). For a total control voltage of 0 ≤ V ctrl ≤ 0.5V provided by the Loop Filter, the BLE channel control can be performed satisfactorily. 

PD-RVCO Layout Implementation

The PD-RVCO layout implementation uses a modular approach, where the PD-RVCO cell is used as core element to be replicated along the global layout floor-plan as shown in Figure 5.17.

Positive Main Line

Negative Main Line Latch Line The inactive cells surrounding the five core cells act as fillers/dummies, reducing the impact of the process variations and contribute to the isolation against external sources that might affect the oscillator core.

The PD-RVCO Cell layout distributes the two main lines vertically separated by the latch line between both. This physical division reduces the mutual impact of each RF paths and keeps the cell uniformity Schematic/Layout. Each Inputs (In + |In -) and Outputs (Out + |Out -) are placed at the left and right respectively, facilitating the sequential connection of these cells to form the 5-stages RVCO core. Thus, the layout place and routing is simplified while avoiding parasitic influence produced by long metal connections.

All the PD-RVCO cells (core and fillers) keep the same polarization connections, maintaining uniform power and ground domains along the complete layout. The core the PD-RVCO designed 5-stages PD-RVCO is depicted in Figure 5.18. With a total size of 38.47µm x 25.01µm, this PD-RVCO remains compact while covering the BLE frequency range. The V DD , GN D and V ctrl distribution uses the guard rings technique which enforces its isolation, preventing the RVCO to be affected by another PLL blocks that can vary its oscillation frequency and phase noise.

For this purpose, three guard rings around the PD-RVCO are used. The first is a deep N-well-based guard ring, which is used for the body bias of the NMOS transistors (V BN = V ctrl ). The second is a P-well-based guard ring, used for the GN D connection. Lately, the third one is a simple N-well-based guard ring used for V DD . It is important to remark that the body terminal of the PMOS transistors is connected to GN D directly inside the layout in this case.

The M6 layer is used to distribute all the vertical power grid from the guard rings and the core respectively, while the IA(M7) layer is used for external PD-RVCO connections with the PLL functional blocks.

The PD-RVCO post-layout simulations along the process corners and temperature were performed. The frequency tuning range results are shown in Figure 5.19, which validates the robustness and specifications fulfillment of the designed PD-RVCO. Additionally, the PLS simulations for the phase noise are shown in Figure 5.20, where the robustness can be emphasized along the process corners where its impact remains minimal, being only affected in the temperature variation, nevertheless, keeping acceptable phase noise performance.

The PLS simulations shown a power consumption increase of around 5%, which reach until 360µW at the highest V ctrl . Therefore, the optimization was accomplished through a proper sizing, resulting in a design which prioritizes the best trade-off between power consumption and performance.

Remaining PLL Functional Blocks

Three blocks which comprises the PLL control path remains in the implementation requirement. These are the Phase/Frequency Detector (PFD), the Charge Pump (CP), and the Loop Filter. The topologies empoyed along these circuits are well-known by the state-of-the-art.

Phase and Frequency Detector (PFD)

The PFD implementation uses the conventional well-known tri-state circuit, which employs two D-Flip-Flops with a feedback reset path as shown in Figure 5.21 [START_REF] Best | Phase-locked loops: design, simulation, and applications[END_REF]. This topology keeps low in-band phase noise and low-reference breakthrough when the PLL is locked, which is practical for the Charge Pump controllability. This PFD topology operates independently of the duty cycle and amplitude of its input signals. Therefore, as its operation is based on the edge triggering, the frequency and phase comparison with the pulsed output of the EBRM can be performed effectively.

However, it has some important speed limitations due to its feedback reset path, which causes that the output signals Up/Down stay inactive for a time. Consequently, it is produced a limitation in the acquisition time provided by f ref , which is linked to the speed of the PFD components. This acquisition time delay is also known as dead zone and it is an intrinsic particularity of this PFD topology.

The PFD implementation was done using the standard cells library as the EBRM case. In this implementation a poly bias option of +4nm (PB4) was used along all the standardcells, which results in a good trade-off between performance and power consumption. The reference and feedback (EBRM) paths are optimized to converge in the central part, from where their control signals Up/Down go out from right and left respectively in the layout distribution as shown in Figure 5.22.

The partial mitigation of the the dead zone problem is achieved using a symmetric FBB along all the standard cells comprising the PFD, similarly as in the EBRM case. In this way, the speed improvement over the PFD standard cells, provided by the FBB, reduces the dead zone effect as detailed in the body bias comparison in Figure 5.21. Similarly, to the EBRM, four guard rings are used around the core layout to provide uniform distribution of V DD , V BP , V BN and GN D along the block. Including the guard rings addition, the total size of the PFD is 15.3µm x 14.1µm, keeping high compactness and power consumption efficiency.

Bootstrapped Charge Pump

To face the low-VDD challenge while providing low mismatch at the current output, a Bootstrapped Charge Pump architecture as proposed by D. Gaidioz et al [GCD22] is used in the PLL implementation. Thanks to this architecture the short channel effect which leads to a higher a current drift is mitigated, therefore, the charge pump current matching is improved. The Bootstrapped charge pump solution helps to compensate the current variations produced by the output control voltage. This is achieved by providing a current control circuit through two differential amplifiers as shown in Figure 5.23.

Classical Current Source Bootstrapped Current Source

A comparison between two reference voltages (V REF P and V REF N ) and the V DS of the each transistor providing the current source behavior (P 1 and N 1 ) is done in order to set the biasing of the transistors P 2 and N 2 . This acts as a compensation that forces the currents I P and I N to be equal to the target I CP .

Nevertheless, the compensation current control produces a reduction in the effective voltage swing that the charge pump output can handle. This is linked to the reference voltages used for comparison in such way that

V REF N < V ctrl < V REF P .
However, the channel length modulation effect is reduced because this topology presents a high output resistance and the current independence from V ctrl is ensured, providing a constant current along all the voltage excursion due to the feedback control circuit.

The current source used to provide I cp = 10µA uses a constant g m current reference topology. This is very convenient for low-power solutions as it has been demonstrated that it keeps good performance under low-VDD conditions. This current source injects the voltages BiasP and BiasN , generating the respective required current in the bootstrapped charge pump. The layout implementation was done using a uniform gate length of L = 60nm to minimize the process variations effects. All the components use from metal 1 (M1) to metal 6 (M6) for their interconnections and their distribution was done considering the Source/Sink paths at left and right respectively as shown in Figure 5.24. The output current of the charge pump is at the middle of the layout and uses the metal 8 layer (IB) while the inputs use metal 7 (IA), facilitating in this way the input/output connections with the PFD and Loop Filter.

The charge pump does not use the body bias feature of the FD-SOI technology, therefore, only two guard rings corresponding to V DD and GN D were used, resulting in a circuit with a total size of 23.12µm x 18.03µm. The post-layout simulations were performed in comparison with the schematic results, validating the smaller variation of the output current along a swing voltage from V REF N = 75mV to V REF P = 420mV as shown in Figure 5.25. The Source/Sink and output currents are shown in function of V ctrl , demonstrating the reduction mismatch and the constant current that is supplied to the loop filter.

Loop Filter

The loop filter implementation uses a 2nd-Order passive lead-lag Filter as shown in Figure 5.26 [START_REF] Best | Phase-locked loops: design, simulation, and applications[END_REF]. To ensure the stability of the PLL, a phase margin of P M = 60 • is set, avoiding in this way abrupt responses and potential oscillations in transient stage. Due to the absence of a Σ∆-Modulator in the PLL architecture, a high bandwidth is achievable following the criteria of the Integer-N PLL of P LL BW ≤ f ref /10 [Raz20]. As higher the bandwidth, the less the RMS jitter and faster settling time, but higher the spurs, and as lower the bandwidth, less spur impact but slower response time and higher RMS jitter.

From the behavioral PLL simulations, it was found that the bandwidth selection of 1.5 MHz corresponds to the most suitable to obtain a good trade-off between spur rejection and RMS jitter, considering f ref = 20 MHz and f V CO = 2.482 GHz.

The Loop Filter components calculation was done by incorporating the EBRM transfer function to the methodology proposed by I Galton [Gal17]. Therefore, the equations detailed in 5.1 are derived, which allows to obtain the component values of R 1 =190.5KΩ, To reduce the process variations impact, for the layout implementation each component is split in several sub-components, resulting in eight capacitors for C 1 , two for C 2 and a resistor R 1 with eleven strip lines without lateral dummies as shown in Figure 5.28.

C 1 =2.078pF and C 2 =160.78fF. P M = arctan b-1 2 √ b ←-Where b = C 2 C 1 + 1 f BW = Icp•K V CO •R 1 •S 2π(S+|R|) b-1 b R 1 C 2 = √ b 2πf BW
Each capacitor has a shielded structure, and its construction is made from M1 to M5, using in this way M6 for interconnection of the loop filter components and IA(M7) for the input/output connections. With a total size of 38.51µm x 29.14µm, the loop filter corresponds to the largest element of the PLL implementation, which is expected as its implementation uses purely passive components, while still remaining compact.

Circuit Top-Level Implementation

For the Top-Level floor-plan, we make sure to provide the propagation best route of the control loop signals along the sub-circuits. Certainly, each power, ground and body-bias supplies are part of the general routing, but they are less impacting in the PLL dynamics due to their DC characteristics.

The top-level PLL is shown in Figure 5.29. where the I/O pins distribution for each block is detailed. The testability and calibration of the PLL is assured by providing separated power domains for each building block. These power supplies voltages can be regulated externally from the test-chip. Furthermore, several additional circuits are required to ensure the the full testability and operation of the prototype. These are, a 24-Bit SPI block in charge of providing the bit-stream that sets the Binary Words of the EBRM, two buffers added at the output of the RVCO and EBRM in order to divide their signals to the PLL loop and the I/O external pads for measurements purposes, and finally an input Reference Reshaper in charge to convert the input sinusoidal wave to a square signal for the PFD.

CORE Implementation

The critical path of the control signals is the main priority in the floor-planning of the PLL functional blocks. The PLL architecture has two different frequency environments, one RF path comprised by the circuits around the VCO operating at a frequency ≈ 2.4 GHz; and a PLL control path comprised by the EBRM, PFD, Charge Pump and Loop Filter, which operates at a frequency of 20 MHz, imposed by f ref . These two different frequency environments are shown in Figure 5.30 and take main importance in the placement of the building blocks in the CORE distribution, the propagation paths are considered as follows:

RF Path

• The RF Path is the shortest one, and it comprises the propagation of the signals from the PD-RVCO to its split buffer. The latter distributes the PD-RVCO signal to the chip Output Pad and the EBRM complementary input.

Therefore, the PD-RVCO buffer is the main component affected by the high-frequency of the RF path. The differential signal f V CO and f V CO requires that the PD-RVCO, VCO Buffer and EBRM keeps as closest as possible in the floor-plan.

The EBRM works as an interface between both frequency environments, consequently, its placement must prioritize the signal propagation for both paths.

• The block interconnections were done using the metal layers 7 (IA) and 8 (IB), while all the ground interconnections were done using the M6 layer (M6). All the building blocks keep a uniform separation of 1 µm, using the M6 layer to interconnect their GN D along the guard rings. The empty areas were filled with a pre-designed structure which covers all the layers to comply the DRC density.

Finally, the SPI placement is found at the left the EBRM, maintaining interconnections uniformity and proximity along for the 24-bits transferred to the Data Register. The final CORE size is of 87.5 µm x 67.5 µm as shown in Figure 5.32, corresponding to a very compact area of 0.00596 mm 2 . 

Chip I/O Pad Ring and Sign-Off

The chip sign-off was done considering a packaging-based finishing, hence, a rectangular I/O PAD ring encloses the CORE circuit. The size of the packaged circuit is of 1µm x 1µm, significantly bigger than the CORE circuit. Therefore, the proper power supplies decoupling and transmission lines for RF signals are required to ensure the chip operation.

For the power decoupling, a capacitors line with an effective capacitance of 12pF was designed from the I/O PADs to each CORE power supply, ensuring stable polarization voltages. The ground plane is distributed along all the empty filled areas of the chip, minimizing the routing to GN D.

The PADs signal definitions consider the most suitable propagation paths from the CORE signals to the I/O PADs. Therefore, the RF signals were distributed horizontally using coplanar waveguides (CPW), helping to propagate the signals f ref , f EBRM , f V CO and f V CO without disturbances. And the power supplies Were distributed vertically using the decoupling lines.

Additionally, the CPWs separate the PLL Control path and RF Path. Hence, the left chip side operates at 20 MHz. And the right chip side operates at the PD-RVCO frequency (≈ 2.4 GHz).

The final chip I/O PAD distribution is shown in Figure 5.33. The necessary considerations to avoid crossed connections were taken into account, thus avoiding any inter-layer connections at top-level. Furthermore, each output buffer was designed considering the effect of the PAD impedance and wire bonding (≈ 3nH), to match to an external port of 50Ω. The density requirements were accomplished through a full-custom mesh structure along the empty spaces of the chip, which is also used as ground plane. Finally, the tiling tool assisted in the fulfillment of the DRC requirements for the chip sign-off, providing the clean DRC and LVS design for fabrication.

GND

Simulation Results and Validation

The post-layout simulations of the final chip layout were performed using an external f ref = 20 MHz with a sinusoidal shape, centered at 0V with an amplitude of 1V. It will be reshaped to an square wave inside the chip.

The 1st BLE channel corresponding to f out = 2.404 GHz is selected, which allows faster post-layout simulation time. To achieve this ratio, the Binary Words B = 000000001010 (10 decimal) and R = 101101011000 (-1192 decimal) are required by the EBRM.

The transient response is shown in Figure 5.34, where the influence of the parasitic elements that produce additional initial perturbations but not affecting the convergence to the steady state at around 4µS.

Through the Fourier analysis over f out , the output power spectrum and phase noise are obtained as shown in Figure 5.35. The output frequency of the PLL is centered at 2.404 GHz as expected, and the spurious tones could be observed around it. With a fractional and reference spurs of -30.2 dB and -70.8 dB respectively, the proposed PLL architecture demonstrates good performance considering that it is a ditheringless solution.

From the phase noise curve, a RMS Jitter of 4.75-ps is obtained. This is a high value, which is impacted majorly by the PD-RVCO performance at such low-VDD conditions. Nevertheless, this is a coherent value for an ultra-low-power fractional PLL solution which complies with the BLE specifications. Furthermore, it must be emphasized the fact that the power spectrum and phase noise curves are obtained with a total simulation time of 110-µs, which results in a resolution bandwidth (RBW) of 10000 KHz. This reduces the accuracy of the simulations results, specially the phase noise curve which depends majorly on the frequency resolution. However, a better RBW implies longer simulation times, which is not viable in practical cases, since it increases tremendously the waiting time for the simulations to finish. Therefore, the EBRM-based Fractional-N PLL solution is validated, and proven under such stringent ULP conditions. The post-layout simulations gives an interesting preamble on the performance of this PLL solution which is corroborated and validated in the measurements sections. 

Prototype Measurements

Several measurement instruments were required to obtain the prototype metrics information, the list of all the used equipment is detailed in Table 5.4. Furthermore, a PCB was developed in order to establish the interface between the external instruments and the fabricated test-chip prototype. 

Measurements Set-Up

The designed and fabricated PCB is shown in Figure 5.36. It is powered by 4 AA batteries, avoiding any noise coming the the electrical network. Nevertheless, it can be optionally powered by external sources providing +3V and -3V. The PCB comprises a voltage regulator for each power supply and body bias required by the test chip, assuring full testability of the PLL blocks.

The supply voltages are generated using low-dropout voltage regulator (LDO) in order to provide high precision and clean power supplies. Additionally, the test-chip is placed in a LGA socket, which facilitates the measurements along different samples. The EBRM binary words are provided using a SPI Master interface through a Digilent Analog Discovery 2 card, which generates the required bit-stream for the SPI. The bits order starts with the LSB of the binary word S and ends with the MSB of the binary word R. The SPI bit-stream is injected at a frequency of 50 MHz, based on the SPI design. However, it can be used less frequency in the case of hardware limitations. The set-up arrangement used to obtain the measurement results is shown in Figure 5.37.

Since the PCB counts with independent LDOs, the body bias voltages for the PFD and EBRM can be regulated externally. This allows to find the most efficient body bias voltages that guarantees the EBRM logical operation and PFD dead zone reduction.

Measurements Results

The most efficient configuration for which was obtained the best measurement results uses The 28-nm FD-SOI CMOS prototype has a total power consumption of 0.6mW under V DD =0.5V, from which the most power consuming blocks are the RVCO and EBRM as shown the power breakdown in Figure 5.38. The effective output frequency can be tuned from 2.1 GHz to 2.58 GHz, covering all the BLE frequency range with an external reference of f ref = 20 MHz.

Besides, the difference obtained in counterpart with the simulations results is due to the longer acquisition time of the signals in the measurements, which allows more accurate results without long waiting time as it is the case of the simulations.

The EBRM output allows to observe the fractional division operation, therefore, with the configuration to achieve f out = 2.404GHz, it has been measured with the oscilloscope the EBRM and VCO waveforms simultaneously along 10-ns as shown in Figure 5.41. This time-domain response allows to observe the synchronization between the EBRM and the RVCO, thus corroborating the correct PLL locked state. Additionally, it can be checked that the measured EBRM pulse width corresponds to the approximate value of the half of the VCO period 146.3-ps, validating the EBRM operation too.

In order to evaluate the performance of the EBRM fractional division, the instantaneous frequency of the EBRM f EBRM is measured along 1-ms, from which is plotted an histogram containing 1000 period samples as shown in With a standard deviation of 3.6 kHz (180 ppm), the high accuracy around the target is validated with an instantaneous frequency error of just 0.018%. In a conventional fractional division using a MMD, the histogram is composed of two gaussians centered at N and N+1, whereas the EBRM produces two superposed histograms, one generated by f V CO , and the other by f V CO , enforcing the convergence of f ref .

Finally, to validate the robustness of this PLL solution against process variations, 8 samples has been measured and compared for two different cases. The first is by fixing f out = 2.404 GHz for all the samples, thus, obtaining their reference and fractional spur rejections as shown in Figure 5.43. Along the 8 measured samples, the reference spur rejection varies around 4 dB with an average spur rejection of 47.1 dB. And for the fractional spur rejection it varies 4.82 dB with an average of -37.25 dB. Thus, validating the robustness against several process variations, which in the particular case of this prototype were high.

- and silicon area are reduced considerably.

The proposed EBRM-based Fractional PLL has a compact area of 0.00596 mm 2 and consumes only 0.6 mW. Additionally, with a FoM is -228.6 dB in terms of jitter, it represents an interesting solution that keeps good trade-off between power consumption and noise performance. Moreover, the implemented EBRM can be easily adapted to any PLL architecture and technological node thanks to its digital implementation. When comparing with recent state of the art as shown in Table 5.5, this very compact circuit operated at V DD /2 = 0.5V, performs the best energy efficiency (0.23 mW/GHz) with electrical performance at par with published art, while having a low external reference frequency compliant with industrial IoT SoC integration.

In terms of spectral contributions, the very efficient fractional division enabled by the EBRM solution with complementary clock signals permits to comply with BLE specifications without the need of any additional compensation nor calibration loop. To our knowledge, it is the very first PLL silicon implementation using this simple and efficient fractional division solution.

Chapter Conclusions

The EBRM-based Fractional PLL physical implementation and measurements have been detailed along this chapter, developing in deep the different type of topologies used along each building block of the PLL. All the layout optimization techniques for the placement and routing of each PLL block, CORE circuit and Top-level, are meticulously taken into consideration, thus, resulting in a circuit with high uniformity and guaranteed operation.

The considerations for the correct propagation of the internal signals in the CORE circuit has been analyzed, leading to compact CORE size of only 87.5µm x 67.5µm. This represents one of the smallest circuit implementations that allows the full operation of a PLL which achieves fractional frequency synthesis.

The TOP level implementation takes into consideration effective techniques to ensure a proper supply decoupling, ground plane distribution and I/O buffering for the chip sign-off stage. This results in the fabrication of a full operational packaging-based chip, which allows straightforward measurements over several samples. Finally, by using the advantages of the FD-SOI technology, the fabricated prototype reaches an ultra-low-voltage operation at V DD /2 = 0.5V, with a total power consumption of only 0.6 mW while maintaining compliance with the BLE IoT standard, resulting in best-in-class solution for power efficiency (F oM energy ) with ultra compact area along the state-of-the-art.

Chapter 6

Conclusions and Perspectives

General Conclusions

In this thesis work, an overview of nowadays trends on IoT networks and devices has been introduced, which led to a survey along the most attractive solutions for fractional frequency synthesis.

The identification of different techniques used in the fractional frequency synthesis was done, which conducted to explore the limitations of the Σ∆ Fractional-N PLL. Additionally, three common techniques to overcome these limitation were reviewed and their advantages and drawbacks were highlighted. These are the Σ∆ Noise canceling, Sampling/Sub-Sampling PLLs and All-Digital PLLs.

A new approach called the Enhanced Bit-Rate-Multiplier (EBRM)-based Fractional-N PLL has been proposed in this work. This architecture is able to perform fractional frequency synthesis while keeping good performance, and avoids the use of the Σ∆ modulator. Thus, resulting in an attractive reduced complexity solution that can be easily adapted to ultra-low-power IoT applications.

The proposed architecture has been achieved through a straightforward study and analysis of the initial Bit-Rate-Multiplier (BRM) concept defined in the late 60s. This concept settled the base for the development of the Enhanced-Bit-Rate-Multiplier (EBRM), a circuit that overcomes the shortcomings of the prior BRMs and achieves improved output pulse distribution and spectral purity. The EBRM represents an interesting circuit for high-resolution fractional frequency division while having reduced complexity implementation.

Through the EBRM development, its integration into the PLL system is presented and analyzed with all its trade-offs along several levels of abstraction. This allowed the modeling and design of the BRM-based Fractional-N PLL architecture, which takes advantage of the EBRM frequency divider to avoid the Σ∆ modulator. Thanks to this, the PLL maintains high-bandwidth, which assists in the phase noise and settling time improvement. The proposed architecture achieves ULP standard compliant performance with respect to a classical fractional-N PLL for BLE standard.

A physical implementation in the 28-nm FD-SOI CMOS technology of STMicroelectronics has been proposed. A focused power consumption optimization effort has been done for each PLL building block. Several design and layout techniques to ensure circuit robustness against Process, Voltage and Temperature (PVT) variations were used. By using a Pseudo-Differential Ring-VCO, the complementary clock signal required by the EBRM is obtained, resulting in an efficient combination VCO+EBRM that fulfills ultra-low-power requirements.

The Standard Cells optimization have been done using the Poly Bias feature (L min + Poly Bias gate length extension), allowing to reduce the leakage and the overall power consumption. As a result, the designed EBRM is able to operate at VDD=0.5V with a power consumption of only ≈ 200µW at 2.6 GHz. This represents a power consumption reduction of 74% when compared to the EBRM operating at nominal VDD=1V, settling an important opportunity for FD-SOI digital circuits at ULV/ULP.

For the other building blocks of the PLL, through the usage of the Body Bias feature, the system is enabled to operate at low-voltage operation. The measured full PLL SoC can hence operate at VDD=0.5V for a total power consumption of 0.6 mW.

The proposed circuit has one of the smallest silicon core area reported with only 0.0059mm 2 . The EBRM incorporation allows the prototype to have a high-resolution of 1.27 kHz. This enables its adaptability to different communication standards.

Several journal and conference publications are under preparation, related to the full circuit implementation.

Perspectives

• BRM-based Fractional-N PLL with higher Power Budget and LC-VCO The increase of the power budget allows the relaxation of different constraints along the PLL building blocks. Thus, the VCO performance can be improved in order to have better spectral purity at the output of the PLL. This perspective for this system can be taken into consideration when the requirements of power consumption do not suppose a constraint, therefore, enabling higher performance.
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 2 Sampling and Sub-Sampling Σ∆ Fractional-N PLLFor this technique, the PLL introduces the Digital-to-time converter (DTC) to improve the phase noise performance. The task of the DTC is to mitigate the quantization noise coming from the Σ∆ Modulator. A Gain Sampling or Sub-Sampling phase detector can be used in this technique to suppress the noise of other stages.

  (a) Generalized DTC-based Sampling PLL (b) DTC Sampling PLL by W. Wu et al
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 3 Figure 3.12 shows the block diagram of this approach, where the Data Register keeps the input Binary Word B, but its output is sent to the Counter Register instead of the Pulse Logic. The Counter Register sends a signal to the Pulse Logic together with the input clock f in , canceling any direct interaction between the Data Register and the Pulse Logic as was the prior case in the classic BRM.
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Figure 5

 5 Figure 5.1: FD-SOI family devices, a) LVT that uses Forward Body Bias (FBB) to decrease V th , and b) RVT that uses Reverse Body Bias (RBB) to increase its V th . [CDC20].

Figure 5 . 2 :

 52 Figure 5.2: Type-II PLL architecture used for the EBRM-based Fractional-N PLL implementation.

Figure 5 . 3 :

 53 Figure 5.3: EBRM Schematic circuit with m = 12 bits for BLE compliance with PLL f ref = 20 MHz.

•Figure 5 . 4 :

 54 Figure 5.4: Speed-boosting effect using the Forward-Body-Biasing (FBB) feature, with a symmetric Body Voltage V BN = |V BP | from 0 to 3V, over a chain of 5 digital inverters.

Figure 5 .

 5 Figure 5.4 depicts the speed-boosting effect of the FBB over a chain of five inverters. An input clock signal of 2 GHz is injected in the chain, and the input/output (A/Z) signals of the 3rd inverter are observed for different values of a symmetric body voltage

Figure 5 . 5 :

 55 Figure 5.5: Standard-Cells Poly-Bias Feature on 28-nm FD-SOI technology.

Figure 5 . 6 :

 56 Figure 5.6: Full-Adder Characterization along Process Corners for V B = ±1.8V and T = -40 • C.

Figure 5 .

 5 Figure 5.7: Final EBRM Poly-Bias mixed solution for power optimization.

Figure 5 . 8 :

 58 Figure 5.8: Total Power Reduction of the proposed low-VDD solution compared to one operating at V DD = 1V .

Figure 5

 5 Figure 5.9: Symmetric Body Bias Voltage Requirements Along the Process and Temperature Variations (PVT).

Figure 5 .

 5 Figure 5.10: Asymmetric Body Bias Study at the Typical Corner at T = 27 • C for the proposed EBRM.

Figure 5 .

 5 Figure 5.11: EBRM Floorplan and Implemented Layout.

  N-Well (T3) Guard Ring 2. Metal Ring (No Substrate) 3. P-Well Guard Ring 4. N-Well Guard Ring

Figure 5 .

 5 Figure 5.12: Guard Rings Distribution for EBRM Layout to prevent IR Drops.

Figure 5 .

 5 Figure 5.13: EBRM Final Layout With Power Grid.

Figure 5 .

 5 Figure 5.14: Pseudo-Differential Ring-Voltage-Controlled-Oscillator (PD-RVCO) circuit topology [Gai+20].

Figure 5 .

 5 Figure 5.15: PD-RVCO Tuning control on the PLL and PD-RVCO Cell schematic.

�Figure 5 .

 5 Figure 5.16: PD-RVCO Design Constraints and Trade-offs.

  𝑁 = 𝑉 𝑐𝑡𝑟𝑙 𝑉 𝐵𝑃 = 𝐺𝑁𝐷 𝑉 𝐵𝑃 = 𝐺𝑁𝐷 𝑉𝐵 𝑁 = V ctrl Pseudo-Differential RVCO General Floorplanning

Figure 5 .

 5 Figure 5.17: PD-RVCO Layout Floor-Plan and PD-RVCO Cell Layout.

Figure 5 .

 5 Figure 5.18: PD-RVCO Core 5-stages and Complete Layout.

Figure 5 .

 5 Figure 5.19: PD-RVCO Post-Layout Simulations Performance.

Figure 5 .

 5 Figure 5.20: PD-RVCO Post-Layout Simulations Performance.

Figure 5 .

 5 Figure 5.21: Phase and Frequency Detector Topology and Body-Biasing comparison.

  PFD Core Layout PFD Full Layout (Guard Rings and Power Grid) Reference Path Feedback Path Power/GND and Body Bias Guard Rings

Figure 5 .

 5 Figure 5.22: Phase and Frequency Detector Layout Implementation.

Figure 5 .

 5 Figure 5.23: Boostrapped Charge Pump Topology and Current Compensation.

Figure 5 .

 5 Figure 5.24: Boostrapped Charge Pump layout.

Mismatch

  𝐼 𝐶𝑃 Mismatch when UP and Down are Active

Figure 5 .

 5 Figure 5.25: Boostrapped Charge Pump Schematic vs Post-Layout Simulations.

2 nd

 2 Figure 5.26: 2nd Order Lead-Lag Loop Filter with its Transfer Function.

Figure 5 .

 5 Figure 5.27: 2nd Order Lead-Lag Loop Filter Parameters.

Figure 5 .

 5 Figure 5.28: 2nd Order Lead-Lag Loop Filter Layout.

Figure 5 .

 5 Figure 5.29: EBRM-based Fractional-N PLL Components and Pin Out for Testability.

Figure 5 .

 5 Figure 5.30: Frequency Paths in the BRM-based Fractional-N PLL.

Figure 5 .

 5 Figure 5.31: CORE Distribution for signal paths optimization.

Figure 5 .

 5 Figure 5.32: Final CORE Distribution with mesh structure for ground plane.

Figure 5 .

 5 Figure 5.33: I/O PAD Ring Distribution and Final Chip Prototype Sign-off.

Figure 5 .

 5 Figure 5.34: Chip sign-off Post-Layout Simulation results for transient response over 10µS.

Figure 5 .

 5 Figure 5.35: Chip sign-off Post-Layout Simulation results for Output Spectrum and Phase Noise.

  Multifunction Multimeter capable to measure voltage, current and continuity Spectrum and Phase Noise Analyzer R&S FSUP26, capable of covering at least up to 3 GHz and Phase Noise integration range up to 100 MHz from the carrier Signal Generator R&S SMA 100A, at least up to 25 MHz and low noise output signal at 50 Ω High-Frequency Oscilloscope Lecroy SDA-820Zi-A, capable to cover at least up to 3 GHz Digilent Analog Discovery 2 FPGA board to provide the SPI signals (Optional) Power Supply capable to provide +3V and -3V output voltage at 100uA current

Figure 5 .

 5 Figure 5.36: Designed and Fabricated PCB Test Board with LGA socket for test-chip placement.

VFigure 5 .Figure 5 .

 55 Figure 5.37: Measurements Set-Up.

Figure 5 .

 5 Figure 5.41: BRM output pulse and VCO output verification at locked state.

Figure 5 .

 5 42. The histogram shows the mean convergence of µ f EBRM towards 20 MHz, which corresponds to f ref .

Figure 5 .

 5 Figure 5.42: BRM instantaneous frequency histogram verification at locked state.

Figure 5 .

 5 Figure 5.43: Reference and Fractional spurs along 8 measured samples at f out =2.404 GHz.

FracFigure 5 .

 5 Figure 5.44: Reference and Spur rejections along all BLE Channels for best sample.

  

  

Table 2 .

 2 1: Survey on Prior State-of-the-Art.

	Parameter	CICC 2020 Xiang et al	JSSC 2020 Y. Zhang et al	ISSCC 2019 Fan et al	ISSCC 2019 Liu et al	RFIC 2018 W. Wu et al	JSSCC 2018 Li et al.	JSSC 2017 L. Kong & B. Razavi
	Technology Node	22nm FinFET	40nm CMOS	10nm FinFET	65nm CMOS	28nm CMOS	16nm FinFET	45nm CMOS
			ΣΔ Noise					
	Architecture	Analog PLL	Reduction with Space-Time	Analog PLL	ADPLL (LC Oscillator)	Sampling Analog PLL	ADPLL TDC	Noise Filter and Trap ΣΔ
			Averaging					
	Output Frequency [GHz]	0.2 -5	1.67 -3.12	0.5 -5	2.05 -3.1	5.5 -7.3	2.1 -2.5	2.3 -2.6
	Frequency Resolution [KHz]	-	1480	-	-	100	32.76	1
	Supply Voltage [V]	0.5 -0.9	1.1	0.9	0.45	1.8	0.45	1
	Reference Frequency [MHz]	20 -200	50	100	10	52	0.032	22.6
	Frac. Spur [dBc]	-	-47.2	-	-	-64	-	-52
	Ref. Spur [dBc]	-	-67.2	-56.82	-66	-70.1	-	-70
	Jitter [ps]	2.3	2.26	1.87	2.8	0.075	1.39	1.68
	Power [mW]	0.682	4.85	1.38	0.265	18.9	0.923	6.4
	FoM [dB]	-234.4	-226.1	-233.2	-236.8	-249.7	-237.5	-227.4
	𝑭𝒐𝑴 𝒆𝒏𝒆𝒓𝒈𝒚 [mW/GHz]	0.213	1.55	0.43	0.11	2.98	0.369	2.46
	Area [𝐦𝐦 𝟐 ]	0.015	0.086	0.026	0.25	0.5	0.24	0.03
	Some solutions as stated by Xiang et al. [Xia+20], Fan et al. [Fan+19], Liu et al.
	[Liu+19] and Li et al.						

Table 2 .

 2 2: Target Specifications of this work.

	Parameter	Target
	Technology Node	28-nm FD-SOI
	Architecture	BRM-based PLL (DPLL)
	Output Frequency [GHz]	2.2 -2.8
	Frequency Resolution [KHz]	≤ 2000 (BLE Channeling)
	Supply Voltage [V]	0.5
	Reference Frequency [MHz]	20
	Frac. Spur [dBc]	< -26
	Ref. Spur [dBc]	< -50
	Jitter [ps]	< 10
	Power [mW]	< 1
	FoM [dB]	< -225
	𝐹𝑜𝑀 𝑒𝑛𝑒𝑟𝑔𝑦 [mW/GHz]	< 0.5
	Area [𝑚𝑚 2 ]	< 0.1

Table 3 .

 3 1: Bluetooth Low Energy Frequency Tuning Range and Channels.

	Regulatory Range	RF Channels
	2.400 -2.4835 GHz f = 2.402 + k MHz, k=0, 1, ... ,78
	Since f ref remains constant for any selected channel in the PLL, the variable is the
	VCO frequency f V CO . This frequency value is established according the target protocol,
	which in this case is the BLE that has a channel each ±2 MHz. So by considering the
	BRM transfer function detailed in Equation 3.3, in order to produce a channel change, a
	Binary step ∆B applied to the Binary Word B is necessary.

Table 3 .

 3 2: PLL channel change by applying a Binary Step ±∆B.

Binary Word for BLE using f r e f =20 MHz and 18-Bit BRM

  .8.

		2.48						
		2.47						
	Output Frequency [GHz]	2.42 2.43 2.44 2.45 2.46						
		2.41						
		2110 2.4	2120	2130	2140	2150	2160	2170	2180
					Binary Word [Decimal]	

Figure 3.8: BLE channel versus required Binary Words with f ref = 20M Hz.

Table 3 .

 3 3: Required Binary Words to fulfill the BLE FTR for a f BRM = 20 MHz

	f V CO	Division Ratio	Binary Word S	Binary Word R
	Channel 37 2402 MHz	120.1	10	1191
	Channel 0 2404 MHz	120.2	5	596
	Channel 1 2406 MHz	120.3 . . .	10	1193
	Channel 35 2476 MHz	123.8	5	614
	Channel 36 2478 MHz	123.9	10	1229
	Channel 39 2480 MHz	124	1	123

  Symposium. 2012 IEEE Radio Frequency Integrated Circuits Symposium (RFIC). Montreal, QC, Canada: IEEE, June 2012, pp. 305-308. isbn: 978-1-4673-0416-0 978-1-4673-0413-9 978-1-4673-0415-3. doi: 10.

	1109/RFIC.2012.6242287. url: http://ieeexplore.ieee.org/document/ Chapter 4
	6242287/.
	Bit-Rate-Multiplier-based
	Fractional-N PLL

Table 4 .

 4 1: PLL Proof-of-Concept Specifications.

Table 5 .

 5 1: Timing Constraints for each EBRM sub-block with f inmax = 2.6 GHz.

	Data Register	Counter Register	Pulse Logic
	Timing Constraint		
	Multiplexer 2x1	Full-Adder	Multiplexer 2x1 AND Gate
	Critical		
	Standard Cell		

Table 5 . 2 :

 52 Metal Layers used for EBRM Layout

	Layer Connection Direction	Purpose
	M1	Vertical/Horizontal	Standard Cells Digital Function by Construction
	M2	Horizontal	Standard Cells VDD and GND Rails by Construction
	M3	Vertical	Standard Cells Interconnections
	M4	Horizontal	Standard Cells Interconnections
	M5	Vertical	Power and Ground Distribution
	M6	Vertical/Horizontal	External EBRM Connections (PFD, SPI and VCO)

Table 5 .

 5 3: Designed PD-RVCO Sizing and Characterization.

	L	Main Main	Latch Latch			Stages N
			3	2	3	2	5
	Frequency Range	PN @ 1MHz		
			[dBc/Hz]		[MHz/V]
						39ps	34ps

Table 5 . 4

 54 

: List of equipment used for prototype measurements.

Table 5 .

 5 5: Comparison with State-of-the-Art.

	Parameter	This Work	JSSC 2022 Z. Xu	JSSC 2022 Y. He et al	SSC-L 2020 B. Liu et al	ISSCC 2019 Y. Fan et al	ISSCC 2022 S. Kundu et al
	Technology	28-nm FDSOI	65-nm CMOS	40-nm CMOS	5-nm FinFET	10-nm FinFET	22-nm FinFET
	Architecture	Analog Type-II PLL w. EBRM	ADPLL (DTC+MDLL)	IL-Fractional-N PLL	IL-Fractional-N PLL	TDC Analog PLL	Analog Type-I SPLL
	VCO Type	Ring	Ring	Ring	Ring	Ring	LC
	Compensation	No	DTC-based Multistage Injection	Static Timing Offset Calibration by TDC	Digital Offset Control for DTC	Digital Leakage compensation	Voltage-Interpolator w/tunable weight
	Calibration	No	Dithering-Assisted Local Skew	Random edge injection	Triple-path injection	Static phase error by TDC	Dithering Non-linearity calibration
	Output Freq. [GHz]	2.1-2.58	0.79 -1.16	1.8 -2.7	0.4-1.5	0.5 -5.0	2 -2.48
	Freq. Res [kHz]	1.27	1.83	N.A.	N.A.	N.A.	37.8
	Ref Freq. [MHz]	20	24	64	100	100	38.4
	Frac. Spur [dBc]	-39.5	-42	-44	-44.3	N/A	-48
	Ref. Spur [dBc]	-49.2	-61	-47	-30.9	-56.82	-51
	Jitter [ps]	4.77	2.55	2.1	1.9	1.87	0.9
	Int. Range	10k-25M	10k-100M	10k-10M	10k-10M	10k-100M	10k-25M
	Supply Volt. [V]	0.5	1	1	0.75	0.9	1
	Power [mW]	0.6	3.36	2.76	0.95	1.38	1.24
	Area [mm 2 ]	0.0059	0.3	0.09	0.0036	0.026	0.12
	* FoM Jitter [dB] + FoM Area [dB] # FoM energy [mW/GHz]	-228.6 -250.9 0.24	-226.6 -231.8 2.89	-229.1 -239.6 1.02	-234.7 -259.1 0.63	-233 -249 0.276	-240.3 -249.2 0.5
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The most efficient output power spectrum measurements were obtained for the Integer mode at f out = 2.4GHz, and for the Fractional mode at f out = 2.404 GHz as shown in Figure 5.39. The Integer mode was achieved using the Binary Words S = 10 and R = -1990 and the fractional mode with S = 10 and R = -1992.

Integer Mode

Fractional Mode This RMS jitter high value is expected in a Type-II PLL architecture with ultralow-power/ultra-low-voltage conditions, moreover, the results keep compliance with BLE requirements.

Secondly, by taking the best performing sample, all the BLE channels has been measured to obtain the respective spur rejections variations as shown in Figure 5.44. Along the BLE channels, average reference spur rejection is of -48.53 dB and -38.36 dB for the fractional spur rejection.

Comparison with the State-of-the-Art

Several solutions in the state-of-the-art were explored at the moment of the prototype measurements in March 2023. For instance, S. Kundu et al. [Kun+22] implements a Type-I sampling PLL with the objective of increasing the bandwidth while keeping a small area solution. Nevertheless, the compensation circuit based in a Voltage-Interpolator with tunable weight, and the dithering non-linearity calibration increases its complexity dramatically.

Its high performance also is achieved thanks to the LC-based Oscillator, which offers improved phase noise performance at the cost of higher area due to the inductance. On the other hand, the solutions which uses Ring-based oscillators incorporates always the Σ∆-Modulator in order to mitigate the spurious tones. In the case of Z. Xu [Xu22], a full digital approach is adopted through a M-DLL which compensation is achieved by the injection of multistage DTC structure and its calibration done with an assisted local skew, improving the dithering effect.

The solution proposed by Y. [START_REF] He | An Injection-Locked Ring-Oscillator-Based Fractional-N Digital PLL Supporting BLE Frequency Modulation[END_REF] also uses an injection locked PLL, which fractional spur calibration is done with a random edge injection (REI) circuit, which additionally assists in the fast converge of the compensation circuit based on a DTC at the PLL input.

The injection locked technique is widely used, as it is the case of B. Liu et al. [START_REF] Liu | A Fully-Synthesizable Fractional-N Injection-Locked PLL for Digital Clocking with Triangle/Sawtooth Spread-Spectrum Modulation Capability in 5-nm CMOS[END_REF], who proposes an ultra compact standard cell-based fully synthesizable digital solution.

Here, the DTC uses a triple-path as calibration, in order to improve the phase noise performance, and the digital leakage is reduced through a compensation circuit. Lately, Y. Fan et al. [Fan+19] proposes a reduction digital leakage compensation by adding voltage pulses to the integral charge pump inputs, thus, cancelling the leakage of the charge on the charge pump capacitor. Furthermore, its state static phase error in the charge pump is mitigated with a TDC circuit that assist in the calibration between the reference and feedback clock.

The proposed solution in this thesis work reduces the circuit complexity while non needing any calibration nor compensation circuit, contrary to what is found in most of the state-of-the-art solutions. Thanks to its simplicity, the overall power consumption Through the use of LC-VCOs, a better phase noise performance can be achieved. Therefore, the implementation of this architecture using a LC-VCO should allow to obtain a better performance, while keeping the differential output required by the EBRM. Nevertheless, the LC-VCO implies to consider its straightforward electromagnetic analysis.

• Dithering Technique added to the EBRM For more stringent communication standards, the addition of a dithering feature may be considered. Several LSB dithering techniques may be further investigated towards even better spectral purity.

It is important to remark that this perspective will require an increment in the number of bits of the EBRM and extra circuitry. As one of the features of the EBRM is the highfrequency resolution obtained with a reduced number of bits, this perspective requires analysis in terms of further hardware requirements.

Dither is going to be applied to the new LSB without generating channel change One proposal of this perspective is shown in Figure 6.1. By using a 1-bit LSB dithering technique, the bit-stream in charge to produce the dithering is applied to the larger Binary Word in order to avoid a non-intentional channel change. Nevertheless, there will still exist a small frequency drift produced with the fractional ratio constant change.