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Ré sumé

Les systè mes modernes de communication de donné es s'appuient fortement sur des techniques de transmission synchrone pour optimiser la largeur de bande et minimiser la consommation d'é nergie.

Dans ces systèmes, seul le signal de données est transmis, ce qui nécessite la mise en oeuvre de circuits de ré cupé ration d'horloge et de donné es (CDR) au niveau du ré cepteur. Cette thè se explore la nouvelle application de la technologie Fully-Depleted Silicon-On-Insulator (FDSOI) 28 nm pour amé liorer les performances des circuits CDR en atté nuant les effets de canaux courts grâ ce à des structures de transistors innovantes.

L'une des contributions de cette thè se est le dé veloppement d'un circuit à ré sistance né gative utilisant la grille arriè re du transistor FDSOI. Ce circuit utilise un miroir de courant contrôlé par la grille arriè re pour cré er un oscillateur LC à ré sistance né gative. En parallè le, ce travail pré sente l'implé mentation de deux types d'oscillateurs : un oscillateur en anneau complé mentaire et un oscillateur en anneau rapide.

L'oscillateur en anneau complé mentaire capitalise sur les inverseurs complé mentaires, offrant une polarisation automatique par le contrôle de la grille arriè re, amé liorant ainsi ses performances.

L'oscillateur en anneau rapide utilise quant à lui des inverseurs rapides en combinaison avec des inverseurs complé mentaires conç us pour minimiser les dé lais de propagation. La thè se pré sente une analyse comparative dé taillé e de ces oscillateurs, mettant en é vidence leurs points forts et leurs limites.

En outre, nous introduisons un signal d'injection dans l'oscillateur en anneau, ce qui permet de cré er un oscillateur verrouillé par injection (ILO) à faible jitter. Cet oscillateur pré sente des caracté ristiques de performance remarquables, notamment en ce qui concerne la ré duction du bruit de phase et l'amé lioration de la stabilité de la fré quence. Tirant parti des bonnes performances de l'ILO, nous proposons une nouvelle ré cupé ration d'horloge et de donné es verrouillé e par injection (ILCDR) à faible coût et à faible consommation d'é nergie, avec un temps de verrouillage rapide et un bon jitter pour les applications en mode burst.

Pour valider les conceptions proposé es et leurs performances à diffé rentes fré quences opé rationnelles, des simulations approfondies ont é té ré alisé es à l'aide de Cadence Virtuoso à 868 MHz et 2.4 GHz. En outre, la conception de layout et la simulation post layout de l'ILCDR basé sur l'oscillateur en anneau complé mentaire sont é galement é tudié es.
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Glossary

General Introduction

Modern data communication systems heavily rely on synchronous transmission techniques to optimize bandwidth and minimize power consumption. In such systems, only the data signal is transmitted, necessitating the implementation of Clock and Data Recovery (CDR) circuits at the receiver end. This thesis explores the novel application of Fully-Depleted Silicon-On-Insulator (FDSOI) 28nm

technology to enhance the performance of CDR circuits by mitigating short-channel effects through innovative transistor structures.

One contribution of this thesis is the development of a negative resistance circuit using the back gate of the FDSOI transistor. This circuit employs a current mirror controlled by the back gate to create a negative resistance LC oscillator. In parallel, this work presents the implementation of two types of oscillators: a complementary ring oscillator and a fast ring oscillator. The complementary ring oscillator capitalizes on complementary inverters, offering automatic bias feedback by the back gate control, thereby enhancing its performance. Meanwhile, the fast ring oscillator uses fast inverters in combination with complementary inverters designed to minimize propagation delays. The thesis presents a detailed comparative analysis of these oscillators, highlighting their individual strengths and limitations.

Furthermore, we introduce an injection signal into the ring oscillator, resulting in the creation of a lowjitter Injection-Locked Oscillator (ILO). This ILO exhibits remarkable performance characteristics, particularly in reducing phase noise and enhancing frequency stability. Taking advantage of the good performance of the ILO, we propose a novel low-cost and low-power Injection-Locked Clock and Data Recovery (ILCDR) with a fast-locking time and good jitter for burst-mode applications.

To validate the proposed designs and their performance at different operational frequencies, extensive simulations have been carried out using Cadence Virtuoso at 868 MHz and 2.4 GHz. In addition, the layout design and post layout simulation of the ILCDR based on the complementary ring oscillator are also studied.

In Chapter 1, we first present the main principles of FDSOI technology, focusing on the main improvements over CMOS Bulk technology. Based on subsequent work carried out in the laboratory on the improved performance of ring oscillators using this technology, we propose to extend it to the socalled CDR (Clock and Data Recovery) circuit. To conclude this chapter, the different CDR topologies are presented, in order to select the architecture best suited to our study. Injection-locked CDR (ILCDR) oscillators offer outstanding performance characteristics, particularly in terms of phase noise reduction and frequency stability.

One of the advantages of FDSOI technology is that short-channel effects can be drastically reduced.

So, before resuming our work on complementary logic and ring oscillators, we present in the Chapter 2

an LC oscillator based on a new negative resistor topology. After recalling the principle of a current mirror and the limitation of decreasing transistor size, we present the new topology that overcomes this limitation by self-calibrating the back gates of UTBB-FDSOI transistors. Moreover, by overcompensating this effect, we obtain a negative output resistance. This aspect is highlighted to compensate the losses of an LC oscillator. Optimized circuit sizing enabled Cadence simulations to be carried out, providing state-of-the-art results, with a power consumption of 9.3mW, a phase noise of -114dBc/Hz@1MHz and an oscillation frequency of 2.4GHz.

Chapter 3 is dedicated to the design and optimization of ring oscillators using both complementary logic and the back-gate self-calibration technique of each inverter. The topology of this type of complementary logic inverter is reviewed, as is the transistor sizing strategy. We also present the main results obtained on this type of circuit in M. Wei's previous thesis. We then propose a faster version of this ring oscillator. Several sizing are presented and their respective performances compared. To conclude this chapter, a comparative table including the LC oscillator with negative resistance is presented to select the topologies that will be used to build the CDR circuit.

Our previous studies have enabled us to select several ring oscillator topologies for an ILCDR. In Chapter 4, we present how to implement injection on such a circuit. The main applications are also reviewed. The principle of injection on a complementary or fast ring oscillator is given, and the main characteristics are determined by simulation in terms of power consumption, phase noise and frequency locking range. Two versions of the fast oscillator with different transistor sizes are studied and compared with the performance of the complementary oscillator.

Chapter 5 is therefore dedicated to the implementation of the clock and data recovery circuit, ILCDR, based on the three circuits studied in the previous chapter. These include complementary ILCDRs and two fast ILCDRs (one using a smaller size and the other operating at a smaller VDD). The complementary ILCDR has lower phase noise and is more stable; the fast ILCDRs consume less power and have smaller size. We have the choice of improving stability or power consumption, frequency, as well as size to achieve a compromise between complementary and fast ILCDRs, depending on requirements.

Finally, general conclusions and some perspectives end this manuscript. Publications related to this thesis are also presented.

Chapter 1 -Standards, technologies and architectures in wireless communication system

In this chapter, we first introduce the main principles of FDSOI technology, focusing on the main improvements over CMOS Bulk technology. Then, we present the Clock Data Recovery (CDR), an important circuit in wireless communications system, and the main principles of the technology used to design the CDR, i.e., the FDSOI technology, with an emphasis on the main improvements over the CMOS Bulk technique. Finally, the metrics for evaluating the performance of CDRs are introduced.

Fully Depleted Silicon on Insulator Technology 1.Introduction

The MOSFET, or Metal-Oxide-Semiconductor Field-Effect Transistor, has been a key driving force behind the semiconductor industry's incredible progress over the past few decades. Through continuous scaling of technology nodes, performance improvements, and cost reductions, MOSFETs have enabled the industry to follow Moore's law [Moore, 1965] and produce increasingly powerful and efficient devices. However, as technology nodes shrink beyond the 90 nm node, traditional MOSFETs face fundamental physics limitations that present significant challenges to further scaling and performance improvements. These limitations include short-channel effects, gate leakage, and carrier mobility degradation, all of which impact device reliability, power consumption, and performance [Sakurai et al., 2006]. As a result, there is a growing need for alternative transistor technologies that can overcome the limitations of traditional MOSFETs and enable continued scaling and performance improvements.

As transistor channels continued to shrink, controlling them became increasingly challenging. To maintain good carrier mobility and electrostatic control, process integration techniques such as a pocket implant, silicon strain, and lightly doped drain were introduced. However, such methods were not sustainable beyond the 22 nm node [Jones, 2014]. With the emergence of the 28 nm node, a consensus solution was adopted in the form of fully depleted active devices. This involved using either Fully Depleted Silicon on Insulator (FDSOI) or Fin Field Effect Transistor (FinFET) technology. In the upcoming section of this chapter, a contrast between traditional CMOS technology and the two advanced technologies will be presented. Among these two options, FDSOI gained popularity due to its simpler and more cost-effective manufacturing process. In this thesis, FDSOI technology is used as the basis for designing and implementing circuits. In FDSOI technology, the active layer of the transistor is fully depleted, which means that it is completely depleted of charge carriers. This results in better electrostatic control and improved variability and sub-threshold characteristics, leading to reduced power consumption and improved performance [Clerc et al., 2020]. Additionally, FDSOI technology enables dynamic threshold voltage adjustment, which provides further control over the device's performance.

Overall, FDSOI technology has emerged as a viable solution for manufacturing transistors at the 28 nm node and beyond, providing superior performance and power efficiency compared to traditional CMOS bulk technology.

Limitations of Conventional MOS Transistors

The history of microelectronics dates to the early 1960s when the first Integrated Circuit (IC) was developed by Jack Kilby at Texas Instruments and Robert Noyce at Fairchild Semiconductor. The development of microelectronics is shown in Figure 1.1. This breakthrough allowed to produce complex electronic circuits on a single chip, paving the way for the development of modern electronics. Over the years, microelectronics has evolved rapidly, with engineers constantly improving the design and manufacturing processes. One of the most significant developments in microelectronics has been the continuous scaling of transistors, which has allowed for the creation of ever smaller and more powerful electronic devices. This phenomenon is commonly known as Moore's Law, named after Intel co-founder Gordon Moore, states that the number of transistors on a microchip doubles approximately every two years as shown in Figure 1.2, while the cost of the chip is halved. This law has held true for over 60 years and has been a driving force behind the rapid advancement of computing technology. [Ammen et al., 2019] However, in recent years, it has become increasingly difficult to continue scaling transistors in the same way. The fundamental physical limitations of conventional Metal Oxide Semiconductor (MOS)

transistors have become apparent, and researchers have been exploring alternative approaches to maintain progress in microelectronics.

One of the primary limitations of conventional MOS transistors is linked to the Short Channel Effects (SCE). The short channel effects refer to a set of phenomena that arise when the channel length of a MOSFET is reduced to a critical dimension [Khanna, 2016]. These phenomena include threshold voltage variation, mobility degradation with vertical field, velocity saturation, hot carrier effects, and output impedance variation with drain-source voltage. In this discussion, our focus lies primarily on the threshold voltage variation [Razavi, 2017]. This variation is due to the influence of the source and drain regions on the channel's electric field, which affects the channel's conductivity. As the channel length is reduced, the influence of the source and drain regions becomes more significant, leading to a shift in the transistor's threshold voltage. This shift in threshold voltage can result in significant variability in transistor performance, leading to issues with device reliability and manufacturability. The Drain Induced Barrier Lowering effect is a particular type of SCE that occurs when the transistor is biased in the off state (c.f. Figure 1. [START_REF] Mao | New design of an ultra low power CDR architecture using FDSOI 28 nm technology[END_REF]. In this case, the voltage applied to the drain region creates an electric field that extends into the channel region, lowering the energy barrier that separates the source and drain regions. This lowers the threshold voltage of the transistor and increases its leakage current, reducing device performance and reliability.

Figure 1.3 Reduction of transistor gate length lowers the voltage barrier [Leite, 2019] Figure 1.4 Leakage currents in a MOSFET [START_REF] Bikki | [END_REF] Figure 1.5 Variability sources in nano bulk MOSFET [START_REF] Asenov | [END_REF] Leakage current is another significant limitation of conventional MOS transistors, particularly at small feature sizes. Leakage current refers to the flow of current through the transistor's insulating layer, even when the transistor is turned off. This current flow can lead to excess power consumption, reduced battery life, and increased heat generation, all of which can limit the device's performance and reliability.

An overview of MOS transistor leakage currents is shown in Figure 1.4 [START_REF] Bikki | [END_REF].

To address these limitations, researchers have developed new transistor designs, such as FinFETs and FDSOI devices. FinFETs are a type of transistor that features a thin, vertical channel surrounded by a gate on three sides. This design provides better control over the channel's electric field, reducing the impact of the source and drain regions on the channel's conductivity. This results in better performance and reduced variability, making FinFETs an attractive alternative to conventional MOS transistors.

FDSOI devices are another alternative to conventional MOS transistors that feature an undoped silicon channel, allowing for better control over the transistor's electrical characteristics. FDSOI devices also have a thin buried oxide layer that provides insulation between the channel and the substrate, reducing leakage current and improving device performance.

In addition, there is another phenomenon that negatively affects the electrical characteristics of shortchannel MOS transistors, which is variability and reliability in nano CMOS transistors. This is depicted in Figure 1.5, which displays the impact of various factors such as random discrete dopants, polysilicon granularity, and line edge roughness [START_REF] Asenov | [END_REF]. In fact, these factors have emerged as a major cause of Vth variation in modern transistors.

Conventional Bulk Technology Alternatives

Silicon on Insulator

The main objective of CMOS scaling, commonly referred to as Moore's Law, is to provide smaller and faster transistors at each node. Typically, mainstream CMOS devices have been produced using bulk silicon substrates, which are widely available and cost-effective. However, scaling bulk CMOS transistors beyond the 22 nm node faces significant challenges, particularly for low-power applications.

According to Dennard's scaling theory [Dennard et al., 1974], which outlines the recipe for transistor miniaturization, the channel doping concentration must increase to suppress SCE caused by gate length scaling. Regrettably, increasing halo doping leads to two major issues: firstly, high doping concentration raises the electrical field across the PN junction, causing an increase in the Gate Induced Drain Leakage (GIDL) current due to enhanced band-to-band tunneling [START_REF] Wann | [END_REF], Chan et al., 1987]. As a result, the total transistor leakage current can rise if the increase in GIDL current outweighs the reduction of subthreshold leakage. Secondly, increasing channel/halo doping can increase device variability due to an increase in Random Dopant Fluctuation (RDF) [START_REF] Bhab | [END_REF].

The primary characteristic of the SOI structure is the inclusion of an insulating layer on the silicon substrate. This layer results in lower coupling capacitance from the conducting channel to the substrate when compared to bulk CMOS. The advantages of using an SOI MOSFET include higher current drive, which results in smaller delays due to the slightly higher mobility of the doping-free channels. The buried oxide insulation layer also helps minimize current leakage from the drain/source junction to the substrate. As a result, the SOI MOSFET is an excellent silicon device for applications that require both high speed and low power consumption.

There are two main types of SOI MOSFETs that are typically utilized, namely, Partially Depleted SOI (PDSOI) MOSFETs and Fully Depleted SOI (FDSOI) MOSFETs. In a PDSOI MOSFET (as shown in Figure 1.6 (b)), the thickness of the SOI layer is typically greater than 50nm, which is thicker than the maximum depletion width of the gate. This mitigates the constraint on the device threshold voltage and its sensitivity. However, a significant issue with the partially depleted device is the floating body effect due to the undepleted portion of the body.

An FDSOI MOSFET (c.f. Figure 1.6 (c) and (d)) is a type of MOSFET in which the top silicon layer is thinner than that of a PDSOI device, allowing the channel to be completely depleted of the majority carriers. Consequently, the SOI layer is much smaller than the depletion width of the device, and the potential of the SOI layer is tightly controlled by the gate. This feature eliminates the presence of a neutral region of the body of the MOSFET that can be charged, unlike the PDSOI device. The FDSOI MOSFET offers several advantages [Godara et al., 2018]. First, it eliminates the floating-body effect, which is a common problem in PDSOI devices, resulting in more predictable and consistent device behavior. This effect causes variations in the threshold voltage of the device and can significantly affect its performance. Second, the FDSOI MOSFET exhibits better short-channel behavior, meaning it can be scaled down to smaller dimensions without encountering the short-channel effects that arise in bulk CMOS devices. This allows the FDSOI MOSFET to achieve higher performance with lower power consumption, making it a highly desirable device for low-power and high-speed applications.

The FDSOI technology employs a slim silicon layer, while its buried oxide layer is comparatively thicker. Differently, Ultra-Thin Body and Buried Oxide (UTBB) FDSOI (c.f. Figure 1.6 (d)) use a thinner silicon layer and a thinner buried oxide layer. A thinner buried oxide layer means that the gateto-substrate capacitance is lower, which results in better electrostatic control of the transistor and reduced leakage current. Furthermore, the utilization of Ultra-Thin Buried Oxide (UTBB) substrates with back-plane offers an additional means of enhancing electrostatics while also reducing coupling between the source and drain regions. This reduction in coupling between the source and drain subsequently increases the coupling between the substrate and the channel, thereby presenting an opportunity for efficient back biasing. By utilizing this back biasing capability, the performance of both nMOS and pMOS devices can be significantly improved while maintaining an undoped channel [Hu, 2012]. The designs and implementations employed in this thesis rely on the UTBB FDSOI technology, whose particular features will be detailed in the upcoming section. 

The UTBB FDSOI Transistor

A 28-nm FD-SOI transistor was constructed using the same fundamental bulk transistor geometry, but with the addition of a thin insulator layer of buried oxide beneath the channel, as depicted in Figure 1.7 [Clerc et al., 2020]. The thin silicon film in the channel eliminates the need for dopants, resulting in a fully depleted channel. As a result, the gate has precise control over the entire transistor body, leading to superior performance compared to Bulk CMOS transistors, particularly as supply voltage decreases and transistor dimensions become smaller.

The SCE and DIBL effects are described by Equations (1.1) and (1.2) [START_REF] Skot | [END_REF]: Figure 1.9 DIBL reduction versus Si-channel film thickness [START_REF] Gallon | [END_REF] Numerous studies have demonstrated the necessity of decreasing both the silicon film and BOX thickness. Figure 1.9 illustrates that decreasing the thickness of the silicon film from 12 nm to 5 nm on a thick BOX led to a 40% reduction in DIBL, but diminishing returns were observed with further reductions in silicon film thickness. To achieve further reduction in DIBL, it is imperative to decrease the BOX thickness from 145 nm to 20 nm, which results in an additional 30% reduction in DIBL.

𝑆𝐶𝐸 = 0.64
The FDSOI technology with a thin BOX offers a significant advantage through its back biasing techniques, where the ground plane of the devices can serve as a secondary gate to regulate the threshold voltage of the transistors. The principle is commonly known and extensively applied in bulk technology.

However, there are significant limitations to this technique in bulk CMOS, which can hinder its effectiveness. For example, for a NMOS, we have:

𝑉 𝑇𝑛 = 𝑉 𝑇0 + 𝛾 • (√|2Φ 𝑓 | + 𝑉 𝑆𝐵 -√|2Φ 𝑓 |) (1.3)
When a device is under Reverse Body Bias (RBB), VSB exceeds 0, resulting in an elevation of VTn. This elevation brings about a reduction in power leakage, albeit at the expense of the device's performance.

Conversely, under Forward Body Bias (FBB), the device experiences a lower threshold voltage, leading to higher performance speeds. However, this decrease in threshold voltage is accompanied by an increase in leakage power consumption. By manipulating the bias voltage, chip designers can alter the threshold voltage of standard cells dynamically. If the performance requirements of the chip are not high at certain intervals, the threshold voltage can be raised to minimize leakage. Conversely, to achieve a smaller delay and faster speed, the bias voltage can be reduced, which reduces the value of Vth for the standard cell. This allows for optimal performance while meeting the demands of the chip. However, bulk technology has a limitation on the body bias range. Specifically, the body bias range of RBB is restricted to -300mV due to the presence of GIDL. Once VBB falls below 0.3V, the electrons diffuse in enhance both performance and leakage [Flastresse, 2014]. The RVT configuration follows the conventional bulk technique in terms of the placement of the p-well and n-well. Specifically, the NMOS is situated on the p-well, while the PMOS is located on the n-well. This configuration is often referred to as a conventional well because of its similarity to conventional bulk technology. The backplane dopant type is opposite to that of the source and drain dopants, leading to an increase in the transistor's

Vth. On the other hand, the LVT configuration adopts a flipped placement of the p-well and n-well compared to the conventional bulk technique. Here, the NMOS is located on the n-well, while the PMOS is situated on the p-well. This placement is only achievable when the BOX provides electrical isolation between the source/drain and the backplane, and it is commonly referred to as a flip-flop hole. In this configuration, the backplane dopant type matches that of the source and drain dopant, resulting in a drop in the transistor's Vth [Magar et al., 2013].

In UTBB FD-SOI technology, the drawbacks of junction leakage and latch-up are eliminated due to the isolation provided by the BOX. Moreover, the insertion of BOX enhances the body factor, leading to improved control of Vth by applying a biasing voltage (VBB) to the substrate. Recent studies have demonstrated that the body factor in UTBB FD-SOI technology is approximately 85 mV/V (NMOS) and 80 mV/V (PMOS), whereas it is only 25 mV/V in conventional bulk for the 28 nm node as shown in Figure 1.12 [Arnaud et al., 2012].

The range of forward and reverse biasing is dependent on the doping level of the well in which the transistor is placed. It is important to note that exceeding the biasing range can create a parasitic diode between the "n" and "p" wells. When the diode is reverse biased, the p-n junction's breakdown voltage determines the maximum voltage that can be applied. In UTBB FD-SOI technology, this scenario can be accomplished by incorporating the FBB scheme in LVT transistors or RBB in RVT transistors. At the 28 nm node, the diode's breakdown voltage is around 7 V. Hence, the maximum Vpn permitted is 7

V, resulting in a body bias of VBB = ±3 V. However, it is possible to bias the diode directly, albeit with a limited voltage range. When doing so, the maximum allowable reverse bias voltage (Vpn) is equal to the diode's threshold voltage, which is approximately 0.6 V in the 28 nm node. Higher values of Vpn would drive the diode into the forward region, causing the leakage current to increase exponentially. In UTBB FD-SOI technology, the RBB scheme can be implemented in LVT transistors or FBB can be used in RVT transistors to achieve this. The voltage range for VBB is typically within 300mV [Leite, 2019]. 

Comparison with other advanced MOS technologies

Figure 1.13 (b) illustrates a 3D structure known as the FinFET or tri-Gate transistor. These transistors can be fabricated using either bulk silicon or SOI wafer technology. In contrast to the traditional planner MOS structure shown in Figure 1.13 (a), where the channel is horizontal, FinFETs feature a vertical fin of silicon body on a substrate. This structure gets its name from the fin-shaped body of the transistor that resembles the back fin of a fish. There is a critical difference between a FinFET transistor and a planar transistor. Instead of a planar inversion layer where electrical current flows, the FinFET transistor creates a three-sided silicon fin. The gate wraps around this fin, providing much more surface area for an inversion layer [Karel, 2017]. This design offers excellent control from three sides of the channel, enhancing the transistor's performance. The effective width of the FinFET transistor is the sum of all three sides of the fin. This width is approximately twice the fin height plus the fin width, which is roughly twice the planar width. Multiple gate transistors have the potential to increase the on-current, reduce DIBL, and enhance the on-off operations due to the improved electrostatic control achieved by increasing the number of gates. However, manufacturing such transistors poses several challenges. The process of fin formation, especially for vertical FinFET transistors, is complex and expensive. In a

FinFET on a Bulk substrate, all the fins share a common silicon substrate, whereas in a FinFET on SOI substrate, the fins are physically isolated. The comparison in Table 1.1 evaluates the three technologies based on different aspects. The conventional bulk technology is denoted by a negative score in all aspects except for production cost.

The UTBB FDSOI technology shows good performance compared to conventional bulk technology, with positive scores particularly in body bias range and power efficiency, while its production cost is denoted by a negative score. The FinFET technology behaves remarkably well in many ways, but its biggest drawback is the high production cost, which is denoted by a double negative score. This cost is attributed to the complex manufacturing process, specialized materials, and stringent process control required for FinFETs.

Applications of UTBB-FDSOI Technology

Figure 1.14: Advantages of FDSOI technology for analog design [Cathelin, 2016] By gaining a comprehensive understanding of FDSOI technology, we can appreciate its benefits as shown in Figure 1.14 in low-voltage, analog, and RF applications. Specifically, FDSOI offers a substantial reduction in the Pelgrom coefficient (AVt) [START_REF] Pelgrom | [END_REF]] mismatch factor when compared to other technologies such as 28nm LP bulk technology. This, in turn, allows for excellent analog performance while minimizing power consumption. Moreover, FDSOI can operate at a gate length larger than the minimum, providing an additional design margin, etc. This makes it a multipurpose technology that can be extended to new technological and market opportunities as shown in Figure 1.15 [Skot et al., 2015].

FDSOI technology is perferctly adapted for design of analog, mixed and RF applications. We developed some examples in the following sections.

Network Infrastructure: FDSOI technology offers significant advantages in network infrastructure applications. One of the key benefits is its superior performance and power efficiency. FDSOI allows for adaptive power consumption, enabling the system to adjust power usage based on the actual workload. This feature leads to enhanced energy efficiency and reduced overall power consumption.

Moreover, FDSOI technology maintains a design complexity similar to previous technology nodes, making it easier for engineers to adopt and implement in network infrastructure products. Its compatibility with existing designs streamlines the integration process and reduces development time.

Additionally, FDSOI is applicable across a wide range of network infrastructure products, providing versatility and scalability. Its suitability for various applications ensures that the technology can address the diverse needs of the network infrastructure sector effectively.

Consumer: One of the key challenges in consumer electronics is achieving energy efficiency in different thermal environments. FDSOI addresses this by providing an energy-efficient System-on-Chip (SoC) solution that can adapt power consumption to varying thermal conditions, ensuring optimal performance while minimizing energy usage. Another significant benefit is the ability of FDSOI to accommodate a wide range of operations and power consumption use-cases within a single SoC. This flexibility allows consumer devices to dynamically adjust their performance levels based on workload demands, ensuring an efficient balance between power and performance. FDSOI's features, such as wide Dynamic Voltage and Frequency Scaling (DVFS) and Forward Body Biasing linked to CPU workload and thermal conditions, further contribute to its suitability for consumer electronics. With a supply voltage range of 0.6V to 1.1V, FDSOI enables efficient power management and standby modes, optimizing power consumption during idle or standby periods. These advantages make FDSOI a compelling choice for energy-efficient and versatile SoCs in consumer electronics.

Internet of Things: The IoT market demands optimized performance and power efficiency for wireless sensors. Energy harvesting can eliminate the need for battery replacements. The UTBB FD-SOI technology enables integration of multiple functionalities on a single chip, with ultra-low voltage capability down to 0.33 V. This is essential for IoT applications that rely on energy harvesting, such as thermal energy, vibrations, solar, or RF. By operating at the lowest possible power consumption, the technology can enable the development of autonomous nodes for wireless sensors networks.

Automotive: One crucial aspect in the automotive industry is managing leakage current in hightemperature environments. FDSOI excels in this area, providing well-managed leakage, even in challenging thermal conditions. This ensures the reliability and stability of electronic components, critical for automotive systems that are subjected to varying temperature extremes. Furthermore, FDSOI's highly efficient memories contribute to its high reliability in automotive applications. Memory cells implemented in FDSOI technology exhibit improved performance, reduced power consumption, and enhanced resistance to various environmental factors, ensuring robust and dependable operation.

With its capability to withstand harsh conditions and deliver high reliability, FDSOI proves to be a promising choice for automotive electronic systems, contributing to safer and more efficient vehicles.

Figure 1.15 FDSOI Application Benefits per market segment [Flatresse, 2015] 

Conclusion

In summary, the previous sections provided a comprehensive overview of the FDSOI 28nm technology on which previous work in our lab have successfully designed and implemented high performance ring oscillators [Wei, 2019]. As we advanced our investigations, our subsequent objective was to design new topologies of Clock and Data Recovery (CDR) circuits, capitalizing on the intrinsic benefits offered by the FDSOI 28nm technology. The pursuit of CDR circuits represents the focal point of the forthcoming subsection, as we delve into its conceptual framework and potential applications. By integrating the advantages of FDSOI 28nm technology into our CDR circuit designs, we seek to address the contemporary challenges in data communication and signal recovery with enhanced performance and efficiency.

Clock Data Recovery (CDR) in data transmission system 1.2.1 Principle

A typical data transmission system includes three components: the transmitter, the transmission medium, and the receiver as shown in Figure 1.16. At the transmitter end, the source device generates the digital data, which is then passed through a modulator that embeds it onto a high-frequency carrier signal. This modulated signal can carry the digital data through the communication channel. The transmitter then sends this modulated signal through a physical (wire-linked) medium, such as a cable, or a wireless medium, such as a radio wave. During transmission, the channel may introduce noise, interference, and other distortions to the signal especially in wireless communication system. At the receiver end, the receiver device captures the modulated signal from the communication channel. The demodulator then extracts the original digital data from the modulated signal, which is then transmitted to the destination device for processing [START_REF] Hsieh | Architectures for multi-gigabit wire-linked clock and data recovery[END_REF].

With the rapid development of technology, wireless communication has profoundly changed our society, business and daily life. From the early days of 2G mobile telephony to today's 5G networks and the Internet of Things (IoT), wireless communications have become a driving force in global information exchange. However, wireless communication systems must cope with many challenges, one of which is to ensure reliable transmission and reception of data. To address these challenges, Clock and Data Recovery (CDR) circuit has become an integral part of the wireless communications landscape.

A wireless communication system consists of multiple components and modules that work together to achieve reliable data transmission. The main components include:

-Transmitter: The transmitter converts digital data into a signal suitable for wireless transmission, usually after modulation, coding and power amplification. This module prepares the data for transmission over the wireless channel.

-Channel: Wireless signals travel through the air or other transmission media, and during transmission the signal may be subject to a variety of interferences, such as multipath propagation, multiplexing, and signal attenuation. These factors can lead to data distortion and clock drift.

-Receiver: The receiver is located at the receiving end and is responsible for receiving signals from the transmitter and converting them into digital data. However, during signal transmission, the signal may be affected by clock distortion and noise. process involves sampling noisy data, regenerating it with less jitter and skew, and ultimately producing a more stable output [Razavi, 2002].

Figure 1.17 The principle of a CDR circuit: clock recovery and data retiming [Razavi, 2002] 

Common Architectures of CDR

There and provide high jitter performance, their complex structure leads to higher power consumption [START_REF] Hsieh | Architectures for multi-gigabit wire-linked clock and data recovery[END_REF], Wang et al., 2016, Liu et al., 2015].

On the other hand, open-loop CDRs do not use feedback phase tracking and rely on the inherent properties of the signal to extract the clock signal, which can realize a low power consumption. The open loop CDR can also realize a fast lock, they often used to the burst mode applications. While they are simpler and more cost-effective, their stability and accuracy are generally lower compared to closed loop CDRs, and they are more sensitive to noise and interference in the transmission path [Beraud et al., 2014, Yan et al., 2007, Maruko et al., 2010]. Secondly, it converts the current from the CP to a voltage that drives the VCO, resulting in the generation of a corrected clock signal. Through multiple iterations of feedback, the incoming data and the internal clock signal's phase eventually converge, ensuring precise synchronization. external reference clock is shown in Figure 1.19 [START_REF] Koca | [END_REF], Jin et al., 2018] The two loops operate separately, with each providing distinct coarse and fine tuning operations on the VCO. Unlike the single control type CDR structure, there is no need for switching between the two loops. However, one major drawback of this design is that it is no reuse of the modules, resulting in increased chip area and higher circuit costs. Specifically, the use of two independent LPFs for each loop occupies more space on the chip, leading to higher fabrication costs.

Figure 1.20 depicts the structure of an alternative type of PLL-type CDR that utilizes an external reference frequency [Hsieh, 2008]. This structure is somewhat similar to the dual control type CDR shown in Figure 1.19 (b), as it also employs two independent loops. However, it has two VCOs and in this case, the parameters of VCO2 are identical to those of VCO1, allowing the control signal of VCO2 to serve as coarse tuning for VCO1. Initially, the oscillation frequency of VCO1 is set to be equal or near to the data frequency. At this point, the phase tracking loop is engaged, and the signal generated by LPF1 fine-tunes VCO1. This process allows the phase of the clock generated by the phase tracking loop to become phase-locked to the input data, achieving precise synchronization. The use of two VCOs in this structure offers several advantages, including increased flexibility in designing the bandwidth and reduced phase capture time due to the availability of a coarse tuning signal. However, there are also some potential shortcomings associated with this approach. One significant issue is the possibility of VCO mismatch. Despite efforts to ensure identical control voltages for the two VCOs, circuit imperfections can result in resonance at different frequencies. This situation can cause the VCOs to operate out of the tracking range of the phase-locked loop, leading to reduced performance. Another challenge posed by the dual VCO structure is its size. Particularly when both VCOs use LC structures, the circuit can occupy a considerable amount of space. This issue is especially problematic in applications where chip area is at a premium. When compared to PLL-type CDR, the DLL-type CDR boasts several advantages. Firstly, the voltage applied to the VCDL directly alters the phase of the clock signal, while the control voltage of the VCO is used to dynamically adjust the output frequency and, consequently, the phase. Secondly, the VCDL lacks phase integration, meaning it does not have transfer function zeros or peak jitter, resulting in the absence of jitter accumulation issues often observed in PLL loops. However, the DLL-type CDR does have a drawback. Due to the use of an external reference clock signal, the capture range of the phase is rather restricted. In situations where there is a significant difference between the frequency of the reference clock and the input data rate, it can become difficult for the loop to achieve lock, thus impeding the operation of the circuit. [Krejen et al., 2005]. The PI-type CDR circuit tracks and calibrates the phase of the data by using quadrature clocks with different phases synthesized by a weighted mixing method. It exhibits a continuous variation, but the phase difference of the quadrature signal is relatively large, which can restrict the swing of the recovered clock. Therefore, to overcome their respective limitations, it has become a prevailing practice to combine PS and PI circuits, as depicted in Figure 1.22. the absence of peak jitter, increased loop stability, and shorter capture times. Moreover, since numerous functions within the PS/PI type CDR circuit are implemented using a multitude of digital circuits, the circuit is amenable to modification and transposition, also enhancing its tolerance to Process-Voltage-Temperature (PVT) variations. However, the circuit also suffers from drawbacks, such as high-power consumption, speed limitations, and digital-to-analog conversion distortion.

CDR based on open loop system

The open-loop structure of the CDR is a feed-forward phase-tracking CDR. The clock does not depend on the feedback loop for data phase tracking, but the reference clock is continuously calibrated to the data through the feedforward path. Open-loop CDR systems offer benefits such as reduced data tracking time and faster locking speed. However, they possess inferior jitter suppression capabilities and are susceptible to be influenced by the PVT variations, so it is more suitable for burst mode transmission system. Several types of feed-forward phase tracking CDRs are discussed below:

- This multi-phases clock is used for sampling the input data, and then extracting the data and clock information from the NRZ data stream. Following edge detection and data selection, recovery of the clock and data from the NRZ data stream is achieved. Here, the oversampling CDR technique employs multiple clocks to sample the incoming data signal. Differently, the PS/PI CDR method utilizes only a single clock for data sampling [START_REF] Kim | [END_REF].

The oversampling CDR, unlike other structures that incorporate a feedback loop in their data recovery modules, does not suffer from loop jitter accumulation problems, and its fast recovery time renders it highly compatible with burst mode data transmission. Nevertheless, this structure is not without its limitations. To sample input data, the sampler module typically requires over three samples per bit, resulting in the need for a significant number of samples. Furthermore, detection circuits necessitate complex digital algorithm circuits, which contribute to the large area and power consumption of the CDR. frequency components from the processed signal. This is achieved to recover the sampled clock signal at the desired frequency [Rado et al., 2003].

In contrast to the aforementioned structures, the high Q filter system is comparatively simpler and entails lower design complexity. However, the main challenge lies in the realization of a high-quality bandpass filter. The on-chip integrated inductor-capacitor has a low-quality factor, resulting in the adoption of off-chip inductive-capacitor structures, while it increases overall system costs. With the progression of technology processes, the circuit's area cost is escalating, and consequently, high Q filter structures are becoming increasingly uncommon.

Figure 1.24 The structure of a high Q bandpass filter CDR

1.2.2.2.c Gated Ring Oscillator (GRO) based CDR

The above-mentioned high-Q point-pass filter CDR recovers data from a frequency-domain perspective, extracting the spectral components of the desired frequency from the data, while the gated oscillator-based CDR performs clock recovery from a time-domain perspective, as shown in Figure 1.25.

The CDR mainly consists of an edge detection circuit, a gated oscillator and a data recovery circuit. The edge detection circuit needs to be able to achieve an accurate T/2 delay and generate a pulse with UI (Unit Interval)/2 pulse width to drive the GRO at each data transition edge, which in turn generates the clock signal, and finally samples the input data through a D flip-flop to obtain the recovered data [Liang et al., 2009].

The gated oscillator type CDR has a smaller area and a relatively simple circuit and structure, while also having the advantage of short recovery time. However, this design also has some drawbacks. Since there is no loop filter present, it cannot effectively suppress jitter interference. Additionally, the delay time of the logic circuit may vary under different processes, resulting in difficulties when switching processes.

Figure 1.25 The structure of a gated ring oscillator based CDR

1.2.2.2.d Injection Locked (IL) based CDR

Injection locking means that if an oscillation source is affected by an interference signal whose frequency is very close to its own, its output frequency will be locked at the frequency of the interference signal instead of its own free oscillation frequency. When the frequency of the injection signal is close enough to the oscillator, the oscillator will follow the frequency of the injected signal until both frequencies become the same. The injection-locked CDR circuit structure is illustrated in Figure 1.26.

Whenever an edge is detected in the NRZ data stream (incoming data), a pulse is generated and transmitted into the oscillator via variable delay and XOR gate processing. This establishes a direct current path between the differential nodes of the oscillator. The clock signal is then recovered through the oscillator, while the data signal is obtained by sampling the circuit output. The frequency injected into the lock can be the same as the reference clock frequency, or it can be an integer multiple or a division of an integer multiple of the reference clock [23]. 

Comparison of CDR Structures

The performance requirements of CDRs vary from application to application. In general, the application modes can be divided into continuous mode and burst mode.

In the continuous mode, the system usually uses point-to-point communication to transmit a stable data stream with low requirements for data acquisition time. For the system which uses continuous mode to transmit data, it mostly uses phase feedback CDR which is closed loop CDR. In which the PLL type CDR has a good ability of jitter suppression, however, it exists the problems of jitter accumulation and peak jitter. The DLL-type CDR avoids the issues presented above; however, it requires an external reference clock and has a limited phase-locking range. Combining the PLL and DLL type CDRs can be an effective solution to compensate for their individual shortcomings, but the resulting design can be more complex. The PS/PI type CDR provides a fast capture speed, but its jitter performance may be suboptimal.

In burst mode applications, point-to-multipoint communication is often employed. During periods of no signal transmission, the system remains in a closed state; however, when data is received, the system must rapidly activate and begin operation. Therefore, burst mode communication demands a short settling time for the CDR system to ensure fast data recovery. The CDR based on the phase feedback tracking typically requires more locking time due to the need of feedback calibration, making it unsuitable for burst mode applications. The high-Q bandpass filter CDR has a simple structure, but it has limited jitter suppression capability, necessitating a high-performance filter that presents challenges for integration. The oversampling type of CDR offers fast capture speed, but it involves complex algorithms and introduces large data delay. The GRO based CDR offers a simple structure and a short settling time. However, it consumes more power and exhibits weaker jitter suppression capabilities. The ILCDR has a fast acquisition time, a simple design making a low power consumption, but it has a limited jitter performance and sensitive to noise compared to the closed-loop CDRs.

The Table 1.2 shows the performances of different CDRs structure and the applicable situation. For the burst-mode data transmission, this thesis focuses on exploring the ILCDR as the research subject considering the integrated area and power consumption. 

Key performance criteria of CDR circuits

The main objective of a CDR circuit is to accurately recover the input data and mitigate the accumulated jitter that occurs during the data transmission process. In the design of a CDR circuit, the circuit's performance is primarily assessed based on several key parameters, including the locking time of the CDR loop, the locking range, the jitter and phase noise of the recovered clock and data, and the Consecutive Identical Digits (CID) tolerance. These indicators serve as important benchmarks for evaluating the effectiveness and efficiency of the CDR circuit.

Locking time

During the initialization of a CDR system, the phase of the sampled clock is adjusted in response to the input data. This adjustment continues until the sampled point of the clock aligns with the midpoint of the data, at which point the CDR loop ceases major adjustments and stabilizes in its current state. The duration taken for this process is referred to as the locking time of the CDR system loop as shown in the In an open-loop CDR system, there is no feedback mechanism to adjust the internal parameters based on the received data. As a result, the locking time is typically shorter compared to a closed-loop system.

The absence of feedback calibration allows for a faster response to changes in the input signal, resulting in a quicker convergence to synchronization. On the other hand, in a closed-loop CDR system, a feedback loop is utilized to continuously adjust the internal parameters based on the received data. This feedback mechanism enables precise control and fine-tuning of the CDR circuit, resulting in better longterm stability and improved performance in the presence of noise and variations. However, the feedback loop introduces additional latency and complexity, leading to a longer locking time compared to an open-loop system [Stephens, 2001].

In general, a shorter locking time in a CDR system results in reduced impact on the subsequent stages of the circuit. A faster locking time is advantageous as it minimizes the delay in achieving synchronization, allowing the subsequent circuit to operate with accurate timing information in a shorter period. This reduces the potential for data errors or timing mismatches between the CDR output and the downstream circuit. 

Jitter and phase noise

Jitter is commonly defined as the temporal deviation between the timing event of a signal and its desired ideal position [IEEE, 2021]. In an ideal scenario, a pulse signal with a constant frequency, such as 1 MHz, would exhibit precise 1 µs durations and a consistent transition edge occurring every 500 ns.

However, practical signals deviate from this ideal behavior. As illustrated in Figure 1.29, variations in the signal period introduce uncertainty in the arrival time of subsequent edges, giving rise to jitter in the time domain and phase noise in the frequency domain.

Figure 1.29 Waveform timing variations

Jitter is an important parameter to evaluate the quality of the clock signal from the time domain. The first thing to be clear is that it is a statistical quantity and therefore has a standard deviation, commonly referred to Root Mean Square (RMS), and a range, known as Peak-to-Peak (p2p). Jitter can be categorized into different types based on the sampling method, including Absolute Jitter (Jabs), Period Jitter (PJ), and Cycle-to-Cycle Jitter (Jc2c), among others [Bidaj, 2016].

• Absolute Jitter (Jabs)

Absolute jitter, also called Phase jitter, refers to the difference between the moment when the actual clock edge appears and the moment when the ideal clock edge appears, as shown in Figure 1.30. Typically, in the context of Analog-to-Digital Converter (ADC) and Digital-to-Analog Converter (DAC) applications, the RMS value of Jabs is of primary concern. Jc2c is the difference between two adjacent real clock cycles, as shown in Figure 1.32. This type of jitter does not require reference to the ideal clock and is generally concerned with its peakto-peak value in parallel interface applications.

Figure 1.32 Schematic diagram of cycle-to-cycle jitter

For each statistic it is possible to split different components from it, Deterministic Jitter (DJ) and

Random Jitter (RJ) as shown in Figure 1.33 [Bale et al., 2020]. Random jitter refers to temporal noise that lacks a discernible pattern. While the theoretical framework of stochastic processes allows for various probability distributions, a Gaussian normal distribution is commonly employed to model random jitter. This preference stems from two considerations. Firstly, in numerous circuits, thermal noise serves as the primary source of random noise, which inherently follows a Gaussian distribution.

Secondly, the central limit theorem establishes that the superposition of multiple independent and uncorrelated noise sources tends towards a Gaussian distribution. Notably, random jitter exhibits an unbounded peak due to its conformity to a Gaussian distribution. This characteristic represents a crucial distinction between random jitter and deterministic jitter. Deterministic jitter, unlike random jitter, exhibits a repeatable and predictable temporal variation. As a result, the peak-to-peak value of DJ is limited, and its boundary value can converge to the true value with an increasing number of measurements. -Bounded Uncorrelated Jitter (BUJ): BUJ is a common name of time jitter that exhibits a fixed peak-to-peak value and is independent of the measurement moment in the time domain.

BUJ arises from various sources, including power supply noise, crosstalk and external noise, and periodic noise. Power supply noise refers to disturbances originating from the power supply that can impact the Bit Error Rate (BER). Crosstalk and external noise result from adjacent transmission lines or external electromagnetic interference during signal transmission. Additionally, periodic noise introduces periodic jitter (PJ) to the signal.

Phase Noise (PN) is a key parameter to evaluate the quality of the clock signal in the frequency domain. Phase noise is usually defined as the value of the power of a signal in the 1 Hz bandwidth versus the total power of the signal expressed in dBc/Hz at a distance from the carrier frequency Δf as shown in Figure 1.34. For an ideal clock signal, it is usually represented as a single-frequency pulse in the frequency spectrum. In practice, due to device noise, external interference and other non-ideal factors, the signal will be distorted, no longer a single-frequency pulse, and will also appear a certain component near the carrier frequency.

Figure 1.34 Power spectrum due to phase noise [Walt, 2009] The expression of one-sided phase noise can be mathematically described by Equation (1.4):

𝐿{∆𝑓}(𝑑𝐵𝑐/𝐻𝑧) = 10𝑙𝑜𝑔 [ 𝑃 𝑠𝑖𝑑𝑒𝑏𝑎𝑛𝑑 (𝑓 𝑐 +∆𝑓,1𝐻𝑧) 𝑃 𝑐𝑎𝑟𝑟𝑖𝑒𝑟 (𝑓 𝑐 ) ] (1.4)
In this equation, 𝑓 𝑐 represents the carrier frequency, 𝑃 𝑐𝑎𝑟𝑟𝑖𝑒𝑟 (𝑓 𝑐 ) represents the power of the carrier signal, and 𝑃 𝑠𝑖𝑑𝑒𝑏𝑎𝑛𝑑 (𝑓 𝑐 + ∆𝑓, 1𝐻𝑧) represents the power within a single sideband bandwidth at a frequency offset ∆𝑓 from the carrier frequency. By evaluating this expression, the level of one-sided phase noise can be determined and expressed in dBc/Hz.

In 1966, D.B. Leeson proposed an empirical noise model to characterize phase noise. The PN can be calculated using Equation (1.5) [Lesson, 1966]:

𝐿{∆𝑓} = 10𝑙𝑜𝑔 { 2𝑘𝑇𝐹 𝑃 𝑆 • [1 + ( 𝜔 0 2𝑄 𝐿 ∆𝜔 ) 2 ] • (1 + ∆𝜔 1 𝑓 3 ⁄ |∆𝜔| )} (1.5)
In this equation, 𝐹 represents the additional noise factor, which is an empirical parameter. 𝑃 𝑆 denotes the average power loss, and 𝑄 𝐿 refers to the on-load quality factor of the system. ∆𝜔 represents the frequency offset, while ∆𝜔 1 𝑓 3 ⁄ represents the corner frequency within the 1 𝑓 3 ⁄ and 1 𝑓 2 ⁄ regions. In addition to Lesson explanation, Hajimiri proposed a method "Transfer Function Method" in 1998

for analyzing phase noise in circuits [START_REF] Haji | [END_REF]]. While conventional methods for phase noise analysis are usually complex, the transfer function method proposed by Hajimiri simplifies phase noise analysis. The method is based on the assumption of small-signal linearization and transforms the phase noise problem in nonlinear circuits into a linear transfer function problem in the frequency domain. By using the transfer function analysis in the frequency domain, the phase noise power spectral density on each frequency component in the system can be obtained and the overall phase noise performance can be further calculated. Figure 1.36 shows the waveform and Impulse Sensitivity Function (ISF) of typical oscillators. The first step in computing the equivalent RMS jitter involves determining the integrated power of the phase noise within the desired frequency range (referred to as region A). The curve representing phase noise is segmented into distinct regions (A1, A2, A3, A4), with each region defined by two specific data points as shown in Figure 1.37. Typically, the upper bound of the integration frequency range should be twice the sampling frequency, while the lower bound should ideally be as close to zero as theoretically possible to achieve an accurate measurement of RMS jitter. However, practical considerations arise as oscillator characteristics are often unavailable at offset frequencies below 10 Hz.

In such cases, selecting 100 Hz as the lower integration frequency limit is generally reasonable if corresponding characteristics at that frequency are available. Alternatively, data points at 1 kHz or 10 kHz can be employed in the absence of 100 Hz data. The calculation of equivalent RMS jitter involves integrating the power ratios for each individual region and summing them. These power ratios are then converted back to dBc. Once the integrated phase noise power is determined, the RMS phase jitter in radians can be obtained using the Equation (1.6):

𝑅𝑀𝑆 𝐽𝑖𝑡𝑡𝑒𝑟 (𝑟𝑎𝑑𝑖𝑎𝑛𝑠) = √ 2 • 10 𝐴 10 ⁄ (1.6)
By dividing the calculated RMS jitter in radians by 2πf0, where f0 represents the carrier frequency, the jitter in radians is converted to jitter in seconds using the Equation (1.7):

𝑅𝑀𝑆 𝐽𝑖𝑡𝑡𝑒𝑟 (𝑠𝑒𝑐𝑜𝑛𝑑𝑠) = √ 2•10 𝐴 10 ⁄ 2𝜋𝑓 0 (1.7)
In the measurement process, the evaluation of the jitter in the recovered data of a CDR system is accomplished through the utilization of an eye diagram [START_REF] Dorrer | [END_REF]. The eye diagram provides valuable insights into the quality of the recovered data in a CDR system.

The height of the eye in the diagram is indicative of the signal-to-noise ratio, while the width of the eye represents the magnitude of jitter. Generally, a higher and wider eye signifies better data recovery quality.

If the rise time or fall time of the eye diagram is too long, it reflects that the bandwidth of the circuit is insufficient, and the insufficient bandwidth of the circuit also leads to low eye height and increased jitter.

UI (Unit Interval) is the length of time between two adjacent bits in a digital signal. In digital communication systems, UI is often used to characterize the timing of signals, especially in high-speed data transmission. The definition formula of UI can be expressed as Equation (1.8):

𝑈𝐼 = 1 𝐷𝑎𝑡𝑎 𝑅𝑎𝑡𝑒 (1.8)
where the data rate is the number of bits (or bits per second) transmitted in a digital signal, usually measured in bps (bits per second). The value of UI indicates the length of time between two adjacent bits, measured in seconds. In a CDR system, Bit Error Rate is an important metric used to measure the quality of digital signal transmission. It indicates the proportion of data bits received at the receiving end that are misinterpreted or incorrectly received. BER is usually expressed as a percentage (%) or as a negative power of 10 (e.g., 1E-6), indicating how many bits are incorrect in each million bits transmitted. In communication systems, the transmission process is subject to factors such as noise, distortion, and interference, which may cause the receiving end to incorrectly interpret the received data bits. Therefore, BER is an important performance metric to measure the reliability and transmission quality of a digital communication system. A lower BER value indicates a system with better transmission quality, lower BER and more reliable data transmission.

In the CDR system, the CDR loop plays a crucial role in regenerating the clock signal and achieving retiming. Therefore, it imposes certain requirements on the jitter characteristics. Typically, the CDR loop is evaluated based on two key performance indicators:

• Jitter Transfer Jitter transmission reflects the CDR's ability to suppress input data jitter. It represents the ratio between the output jitter and the input data jitter as a function of the input jitter frequency, assuming no additional jitter is introduced by the CDR system. Jitter transmission typically exhibits a low-pass characteristic, as depicted in Figure 1.39. When the input jitter is low frequency, the recovered clock can accurately track the jitter variations. However, for highfrequency input jitter, the CDR circuit cannot completely track the jitter changes, necessitating the filtering of high-frequency input jitter to minimize the jitter in the recovered clock. The jitter tolerance of a CDR system refers to the maximum level of input jitter that the system can tolerate while maintaining normal operation without exceeding the specified BER. It represents the system's ability to correctly recover distorted input data. When the input data exhibits low-frequency jitter, the CDR circuit can dynamically adjust the phase of the recovered clock signal to effectively track the phase variations of the input data. This enables sampling at the optimal data points and ensures accurate data recovery. However, if the phase difference between the recovered clock and the input data reaches half of the data period, the clock samples at the transition edges of the input data, leading to data errors. As a result, the jitter tolerance exhibits a low-pass characteristic, where high-frequency input jitter reduces the system's ability to tolerate jitter. Communication protocols often define a mask curve for the jitter tolerance, as depicted in Figure 1.40 [Gabr, 2011]. The CDR circuit is considered compliant as long as its actual jitter tolerance remains above the specified mask curve. 

Consecutive Identical Digits tolerance (CID)

The Consecutive Identical Digits tolerance (CID) represents the maximum number of consecutive identical bits in the input data that the CDR system can tolerate before generating sample data errors.

When the input data remains unchanged for an extended period, the CDR loses accuracy in its process, leading to drift in the sampling moment. This drift may result in the CDR picking up more 1s or 0s than the actual data, and incorrect sampling when the data resumes its normal pattern. As illustrated in Figure 1.41, the input signal Din exhibits a sequence of six consecutive zeros. This sequence results in a clock drift that leads to the reconstruction of only five zero bits during the resampling process. Consequently, the output signal Dout contains only five consecutive zeros. 

Conclusion

In conclusion, this chapter has provided a comprehensive analysis and evaluation of FDSOI 28nm technology, along with a discussion on CDR and various performance metrics. architectures, facilitating a thorough analysis of their performance characteristics and enabling performance comparisons. Additionally, this chapter addresses several performance metrics utilized for the evaluation of CDR circuits. These metrics encompass parameters such as locking time, locking range, and jitter, among others. By evaluating these performance aspects, we are able to make informed decisions regarding the implementation and optimization of an CDR circuits for burst mode applications.

In the forthcoming chapter, the circuit design and simulation of the blocks that make up the CDR circuit will be performed using the auto-calibration technique provided by the FDSOI back gate structure.

Before deciding on these different blocks, we present the design and the realization of a novel LC oscillator in Chapter 2. Indeed, in order to reduce the SCE and DIBL effects, we have developed a selfcalibrating current mirror based on the back gate, which is to be able to reduce the size of the transistor.

Based on this technology, we propose a negative resistance circuit and apply it in an LC oscillator.

Chapter 2 -Back-gate biased LC tank oscillator

In this chapter, we investigate the limitations of the base current mirror with short channel transistors and propose to solve the mismatch problem by leveraging the back-gate auto-biasing technique. On this basis, we propose a new negative resistance LC tank oscillator structure using the technique of backgate control in the perspective to use it to design a CDR.

Current mirror with back-gate 2.1.1 Introduction

A current mirror is a circuit that duplicates the current flowing through an active device by regulating the current in another active device, thus maintaining a stable output current, regardless of the load [Touma et al., 1993]. Current mirrors play an important role in the field of analog and mixed-signal circuitry, finding applications as crucial components for generating DC current sources, amplifying currents, serving as active loads, and providing biasing functions. Recognizing their widespread deployment and influence, the design of current mirrors assumes significance [START_REF] Lee | [END_REF]. Being a foundational unit, the effective configuration and optimization of current mirrors substantially impact the holistic performance and behavior of the associated integrated circuits [START_REF] Gupta | [END_REF]. 

𝐼 𝑜𝑢𝑡 = 1 2 𝜇 𝑛 𝐶 𝑂𝑋 ( 𝑊 𝐿 ) 2 (𝑉 𝑔𝑠 -𝑉 𝑡ℎ𝑛 ) 2 (2.2) 𝐼 𝑜𝑢𝑡 𝐼 𝑟𝑒𝑓 = (W/L) 2 (W/L) 1 (2.
3)

The existence of the ideal situation is limited by channel length modulation [Taur, 2000], which is characterized by the channel length modulation coefficient λ that varies with the size of the length. As a result, the current is copied incorrectly, especially when the transistors are shortened. Then, the two currents, Iref and Iout, are given by Equations (2.4) and (2.5).

𝐼 𝑟𝑒𝑓 = 1 2 𝜇 𝑛 𝐶 𝑂𝑋 ( 𝑊 𝐿 ) 1 (𝑉 𝑔𝑠 -𝑉 𝑡ℎ𝑛 ) 2 (1 + λ𝑉 𝑑𝑠1 ) (2.4) 𝐼 𝑜𝑢𝑡 = 1 2 𝜇 𝑛 𝐶 𝑂𝑋 ( 𝑊 𝐿 ) 2 (𝑉 𝑔𝑠 -𝑉 𝑡ℎ𝑛 ) 2 (1 + λ𝑉 𝑑𝑠2 ) (2.5)
With the same Vgs, the ratio becomes:

𝐼 𝑜𝑢𝑡 𝐼 𝑟𝑒𝑓 = (W/L) 2 (1+λ𝑉 𝑑𝑠2 ) (W/L) 1 (1+λ𝑉 𝑑𝑠1 ) (2.6)
Accordingly, the current copy depends on both the ratio of transistor sizes and Vds1 and Vds2, which may not be equal. This mismatch is worsened under short channel conditions with large λ. Here, Figure 2 Several current mirror structures have been developed to produce an output current that is highly stabilized with the input current, such as the Wilson current mirror [Minch, 2007] and Cascode current mirror [START_REF] Singh | [END_REF] 

New design using FDSOI technology

In response to the challenges posed by the short-channel effect in UTBB-FDSOI transistors, we present an innovative and viable alternative strategy. Our proposed solution centers on the dynamic manipulation of the back gate voltage of the UTBB-FDSOI transistor, aiming to mitigate the impact of the short-channel effect. By adjusting the back gate voltage, we seek to modulate the transistor's behavior, thereby counteracting the undesirable effects stemming from the short-channel effect. The underlying principle behind our approach lies in the modulation of the back gate voltage to induce a controlled reduction in the rate of IDS escalation as the transistor operates within the saturation region.

This adjustment of the back gate voltage can enhance the overall performance and reliability of UTBB-FDSOI transistor-based circuits, irrespective of potential variations in VDS across the main transistors.

Our proposed novel solution involves dynamically biasing the back-gate of FDSOI transistors to counteract the short channel effect, even when VDS is not the same [START_REF] Wei | Reducing the Short Channel Effect of Transistors and Reducing the Size of Analog Circuits[END_REF]. This approach can be applied to the basic current mirror depicted in The body-biased current mirror is a type of current mirror that effectively mitigates the short-channel effect. The accuracy and robustness of the current mirror is improved by manipulating the back gate voltage. In a comparative context, the body-biased current mirror offers significant advantages over its traditional counterparts such as Wilson current mirrors and Cascade current mirrors. One aspect that stands out is that it simplifies the use of transistors, capitalizing on the inherent capabilities of the technology. This structural advantage not only simplifies implementation but also contributes to operational efficiency. In addition, the body-biased current mirror has the distinctive feature of operating at low supply voltages, indicating its potential applicability in low power situations.

Simulation and measurement results

In this chapter, the Process Design Kit (PDK) used is CMOS28 FDSOI 1.5.a provided by STMicroelectronics. Additionally, the PMOS and NMOS used are lvtpfettw and nfettw from the cmos32lp library respectively, which take advantage of having a triple-well structure. By setting the correct voltage in each well and substrate, one back gate can be utilized to control the subtract voltage without any short circuit or leakage issues, thanks to the equivalent two-diode structure [START_REF] Jacquemod | Réduction des effets SCE et DIBL des transistors UTBB-FDSOI[END_REF]. Figure 2.5

shows simulation results of a basic current mirror with or without different back-gate configurations, using small transistors (WN/LN=80nm/33nm) to focus on the short channel effect. The output current (Iout) exhibits an exponential relationship within the moderate region (red curve) when the back-gate of each transistor is biased to the ground, similar to a classical bulk transistor. This reveals that the basic current mirror without back-gate control experiences a significant mismatch between the reference current and the output current.

By calculating an optimized size, the back-gate of M1 can be controlled with the drain voltage of M2 and compensate for the short channel effect by decreasing Vbias (blue curve, cf. configuration In simulations, the NMOS transistor width and length were fixed at 80nm and 33nm, respectively, to reduce gaps between the reference and output currents. Varying the transistor lengths enables manipulation of gds and gmb values. A transistor length of 35nm, along with a fixed width of 100µm, was found to be optimal for compensating gds by gmb.

The construction of both types of current mirrors was carried out using UTBB-FDSOI PMOS transistors as shown in Figure 2.6. The back-gate of each transistor was connected to VDD in the absence of back-gate control. First, the length of the output transistor (PB) has to be optimized. In order to achieve this more efficient length value, a series of DC simulations was conducted. In that the output current of the current mirror is highly dependent on the transistor length and is very sensitive. The optimal transistor length was found by the simulation to be 35nm, as deviations from this length resulted in either under-compensation (for L=34nm) or overcompensation (for L=36nm). Moreover, the overcompensation (negative slope of the current) phenomenon starts to appear as L increases. In the next sections, we will accelerate this effect using the back-gate calibration and propose a negative-resistance circuit as well as a negative-resistance LC oscillator.

Negative resistance circuit 2.2.1 Introduction

A negative resistance is characterized by its counterintuitive behavior: when a positive potential is applied across its terminals, rather than absorbing current, it generates and delivers current in the reverse direction as shown in Figure 2.11. This particularity is reflected in Ohm's law, which can be represented as I = E/-R, where I denotes the current and E signifies the potential difference. In this context, a negative value for the resistance (-R) corresponds to a counteractive current response to a positive potential difference, defying the conventional current-flow convention [Hickman, 1999]. resistance attribute. To illustrate this concept, consider the scenario of implementing positive feedback around a source follower. In this case, as illustrated in Figure 2.12, a common-gate stage is introduced to facilitate the feedback mechanism, while a current source, denoted as Ib, is integrated to supply the bias current for the transistor M2 [Razavi, 2017].

As the input voltage Vin rises, the current passing through transistor M1 experiences a corresponding increase. Given that the current through the tail current source remains constant, a consequent reduction in current occurs across transistor M2. With the constancy of Ib and the decline in current across transistor M2, an observable effect emerges: current must exit through the input port. This phenomenon leads to the noteworthy observation that an elevation in input voltage brings about a reduction in the current entering the node, thus exhibiting a distinctive negative resistance trait.

Negative resistance circuits find application in impedance cancellation and oscillator designs. The fundamental characteristic of a negative resistor lies in its ability to counterbalance an equivalent positive resistance. When a negative resistance circuit is connected in parallel with an ohmic resistor of equivalent magnitude, the resulting overall resistance tends towards infinity. This compensatory trait empowers negative resistance circuits to nullify the impacts of positive impedance. For instance, they can offset the internal resistance of a voltage source or render the internal resistance of a current source virtually infinite [Wang et al., 2007]. Such properties find utilization in diverse circuits like current sources, integrators, and load eliminators. Moreover, negative resistance circuits assume an important role in oscillator configurations by providing the requisite positive feedback essential for sustaining a continuous oscillatory output. For instance, in an RC oscillator, the negative resistance circuit commonly includes an amplifier coupled with an RC feedback network. This introduced negative resistance offsets the inherent positive feedback of the feedback network, enabling the oscillator to generate an uninterrupted oscillatory output. Similarly, in LC oscillators, an electronic circuit embodies the role of a negative impedance element to counteract losses within the LC resonant circuit.

Current mirror as negative resistance

Illustrated in Figure 2.13 is the current mirror circuit employing a PMOS-based transistor.

Analogous to the NMOS current mirror configuration, the back-gate voltage of transistor PA is connected to the output voltage of transistor PB, spanning the range of 0 to 1. In accordance with the inherent characteristics of FDSOI transistors, the value of |Vthp| decreases, while Iref remains constant, consequently leading to a reduction in Vsg as per Equation (2.7). Furthermore, the back-gate voltage of transistor PB is also linked to the output voltage of transistor PA. This interconnection, guided by Equation (2.8), induces a decrement in the slope of Iout.

𝐼 𝑟𝑒𝑓 = 1 2 𝜇 𝑝 𝐶 𝑂𝑋 ( 𝑊 𝐿 ) A (𝑉 𝑠𝑔 -|𝑉 𝑡ℎ𝑝 |) 2 (1 + λ|𝑉 𝑑𝑠𝐴 |) (2.7 
)

𝐼 𝑜𝑢𝑡 = 1 2 𝜇 𝑝 𝐶 𝑂𝑋 ( 𝑊 𝐿 ) B (𝑉 𝑠𝑔 -|𝑉 𝑡ℎ𝑝 |) 2 (1 + λ|𝑉 𝑑𝑠𝐵 |) (2.8)
The modulation of the back gate bias is an efficient way to control the slope of the output current (denoted as Iout). As elucidated in Section 2.1, this structural configuration is used to ameliorate the challenges posed by the incoherence of reference and output currents in current mirrors operating under the short channel lengths. A logical extension to this fundamental insight emerges, namely that a negative value may result from further attenuation of the slope of Iout. This allows this body-biased current mirror structure to create a novel negative resistance circuit.

Figure 2.13 Back-gate negative resistance circuit

To attain an overcompensation of the feedback loop, i.e., the gmb surpasses the gds, we can achieve it by adjusting the transistor size. Equations (2.9) and (2.10) summarize the mathematical basis, describing the formal expressions governing gmb and gds, respectively:

𝑔 𝑚𝑏 = √2𝑞𝜇𝐶 𝑜𝑥 𝐼 𝐷 • 𝑊 𝐿
(2.9) . This means that by keeping the proportionality between the W and L dimensions constant, and subsequently augmenting the L while maintaining this ratio, the gmb overcompensates the gds, thereby inducing an overcompensated feedback loop. That is, with a large length, the channel modulation effect is weakened, thus creating conducive conditions for overcompensation within the feedback mechanism.

𝑔 𝑑𝑠 = 1 𝑟 0 = 𝜆𝐼 𝐷 (2.

Simulation results

Upon extending the transistor's length by a scale factor of 10 (thus reaching 330 nm) while maintaining an unaltered width-to-length (W/L) ratio, i.e., a width of 800 nm, we observe notable variations in the outcomes, as depicted in We did DC simulations to explore the behavior of the negative resistance circuit across varying reference current magnitudes. Figure 2.15 showcases the simulation outcomes corresponding to a reference current of 1µA, while Figure 2.16 provides insights into the behavior at 1mA reference current.

These simulations were conducted considering an incremental elongation of transistor length (L) from 30nm to 100nm, displayed sequentially from top to bottom.

From these results, in the scenario where L is confined to a shorter channel length of 30nm, the circuit demonstrates an absence of overcompensation. This outcome underscores that the overcompensation phenomenon is not realized when L represents a short-channel configuration.

However, as L is progressively extended, a noticeable change occurs. The circuit gradually evolves into a negative resistance configuration with the elongation of channel length. ...

At a reference current of 1µA, the maximal absolute value of the negative resistance slope is attained when L is extended to 100nm. Differently, at a reference current of 1mA, the maximum absolute value of the negative resistance slope reaches when L achieves 80nm. This dynamic behavior suggests that the operating point of the negative resistance element necessitates careful adjustment as the reference current varies, aiming to optimize and achieve the peak negative resistance slope.

Negative resistance LC tank oscillator 2.3.1 Introduction

The demand for highly efficient and reliable radio frequency (RF) oscillators has grown rapidly with the proliferation of wireless communication systems. Among various oscillator topologies, LC tank oscillators have been widely used due to their simplicity, low cost, and high Q resonance [START_REF] Samori | [END_REF].

In Figure 2.17 

𝐿 𝑃 = 𝐿 1 (1 + 𝑅 𝑆 2 𝐿 1 2 𝜔 2 ) (2.15)
Knowing that the quality factor 𝑄 = 𝐿 1 𝜔/𝑅 𝑆 and that its typical value is greater than 3, there is:

𝐿 𝑃 ≈ 𝐿 1 (2.16) 𝑅 𝑃 ≈ 𝐿 1 2 𝜔 2 𝑅 𝑆 ≈ 𝑄 2 𝑅 𝑆 (2.17)
That is, a parallel circuit has the same reactance as a series circuit, but has Q 2 times the resistance. The oscillating circuit can be converted into three parallel elements as shown in Figure 2.19, and at the frequency 𝜔 𝑝 = 1 √ 𝐿 𝑝 𝐶 𝑝 ⁄ , the oscillating circuit simplifies to a simple resistor [Razavi, 2017]. in RP; (c) use of an active circuit to provide negative resistance. [Razavi, 2017] The oscillatory behavior of the LC tank circuit depicted in Figure 2.20 (a) is attenuated due to the dissipation of energy resulting from the cyclical motion between the capacitor and inductor, leading to thermal loss in the resistor. Now, suppose a resistor equal to -RP is connected in parallel with RP as illustrated in Figure 2.20 (b). According to the relationship RP || (-RP) = ∞, the resonant circuit sustains the oscillations. Consequently, if a one-port circuit with negative resistance is connected in parallel with the resonant tank, as depicted in Figure 2.20 (c), the combined circuit can sustain continuous oscillations.

Such a topology is called a negative resistance oscillator. We will use the negative-resistance circuit introduced in Section 2.2 in parallel with the resonant tank to build a negative-resistance LC oscillator, thus using this setup to achieve oscillation.

Topology

Thanks to the previous results, a negative resistance LC tank oscillator was proposed. The circuit is designed by transforming the current mirror circuit into a negative resistance circuit. The negative resistance is created by adjusting the length of the output transistor of the current mirror. To optimize the size of this output UTBB-PMOS transistor (PB) and to achieve the desired negative resistance, several simulations were conducted. Finally, a value of L=80nm is chosen for both transistors of the current mirror to realize a negative resistor.

To generate the input current, a UTBB-NMOS transistor was used, and the current was controlled by VBIAS, as shown in Figure 2.21. The negative resistance circuit is connected in parallel with the oscillation circuit, enabling continuous oscillation. The oscillation frequency is determined by the values of the inductor and capacitor in the LC tank circuit.

The circuit's resonance frequency of 2.45GHz was achieved by selecting the appropriate values for the inductor and capacitor. Specifically, an inductor value of 1nH and a capacitor value of 4.2pF were selected, considering the relationship between the inductance, capacitance, and resonance frequency given by:

𝑓 0 = 1 2𝜋√𝐿𝐶 = 2.45𝐺𝐻𝑧 (2.18)
To realize more accurate simulations, the series resistance of the inductor was taken into account, which is depicted in Figure 2.22. Thanks to the geometry of the inductor, it is considered that its length equals 8*(125+102)/2=908µm. The resistivity of the chosen metal layer is 6.6mΩ, so the series resistance is equal to r=908/30*6.6=200mΩ. The equivalent parallel resistor is given by Equation (2.19).

𝑅 // = 𝐿 𝑟𝐶 = 1.2𝑘Ω (2.19) Thanks to this value, the quality factor of the LC tank equals Q=2πRCf0=77. The goal is now to realize a negative resistor that has to compensate for R//. The size W/L of PA and PB and the minimum value of IREF (generated by N1 through VBIAS) need to be determined. First, W=100µm was chosen to achieve some values of IREF higher than a few mA. By adjusting in simulation the size of L from 30 nm to 120 nm to perform a negative resistor, the slope of the circuit, |IOUT/VDS|, exhibits a non-linear trend, initially increasing and then decreasing until reaching its peak at approximately L=80 nm. Notably, the output signal demonstrates its maximal amplitude and shortest response time when L is set to 80 nm. Finally, to determine the minimum value of IREF for the oscillations start, an ideal current generator was used to replace N1. The simulation results exhibit a value of IREFmin=2.3mA. To achieve this current with a low value of VBIAS (0.5V for example), the size of N1 is W/L=30µm/30nm. Figure 2.23 gives the different sizes of the components. 

Simulation results

First, we verified the quality factor of this oscillator through simulation. To verify those values in Section 2.3.2, the impedance of the LC tank was simulated, including the series resistor r=200mΩ. The frequency response result is depicted in Figure 2.24. The impedance initially increases and then decreases as the frequency increases, reaching its maximum value at the resonant frequency. At the resonance frequency (f0=2.45GHz, cf. Figure 2.24), the simulated impedance equals R//=1.2k as expected and the bandwidth (for Z=850Ω) is 2472-2440=32MHz. So, the quality factor is given by Q=2455/32=76, which is verified by the theorical calculation in Section 2.3.2. The results of the different transient and phase noise simulations are summarized in Table 2.1. In fact, for these simulations, an ideal current generator was kept instead of transistor N1. These results

show that the oscillation frequency is quite stable and the best compromise between setting time, power consumption (cf. IREF), and phase noise is achieved for IREF=5.0mA (i.e., VBIAS=0.6V). Depending on the application, it is possible to adjust the phase noise to power consumption ratio while maintaining the same frequency resonance. of the circuit when IREF was set to 5.0mA (VBIAS=0.6V). In Figure 2.25 (a), the periodic output signal is displayed, with a setting time equal to 45ns. In Figure 2.25 (b), the oscillation signal is scaled up to measure the oscillation frequency, which is found to be 2.37GHz. The Power Delay Product (PDP) of this oscillator is calculated using Equation (2.20) [START_REF] Huq | [END_REF], which is 3.86fJ. The phase noise is -114dBc/Hz @1MHz as shown in Figure 2.26.

𝑃𝐷𝑃 (𝑓𝐽) =

𝑝𝑜𝑤𝑒𝑟 (𝑚𝑊) 𝑚𝑎𝑥𝑖𝑚𝑢𝑚 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦 (𝐺𝐻𝑧) (2.20) Then, the total output capacitance of the current mirror was extracted, which is very close to CDS(PB). This value equals Cout=0.3pF. Then the total capacitance of the LC tank is CT=4.2+0.3=4.5pF, giving a resonance frequency f0=2.37GHz, as found in the simulation. The simulated frequency oscillation is 2.37GHz due to the output capacitance of the transistor PB. In first approximation, we can consider that this capacitance is very close to CDS, which is equal to 0.3pF. So, the total capacitance of the LC tank is CT = 4.2+0.3=4.5pF and finally the frequency oscillation is f0=1/2π√𝐿𝐶 𝑇 =2.37GHz. 

𝐹𝑂𝑀 = -𝐿(𝑓

𝑚 ) + 20𝑙𝑜𝑔 ( 𝑓 0 𝑓 𝑚 ) -10𝑙𝑜𝑔 ( 𝑃 𝐷𝐶 1𝑚𝑊 ) (2.21)
where fm is the frequency offset, f0 is the central frequency, L(fm) is the phase noise and PDC is the power consumption. 

Conclusion

In this chapter, a novel back-gate control technique using UTBB-FDSOI transistors was presented that effectively reduces the SCE and DIBL effects in analog cells. By reducing these effects, it is able to decrease the size of the analog cells, while maintaining their performance and reliability. The implementation of a current mirror structure featuring back-gate control serves to mitigate the discrepancy between reference and output currents, a phenomenon particularly pronounced in short channel configurations. This configuration addresses the challenge of effectively replicating the reference current as the channel dimensions decrease, ultimately contributing to enhanced current mirroring accuracy within shorter channel lengths.

Furthermore, it has been demonstrated that overcompensating the SCE and DIBL effects can create a negative resistor circuit, which was utilized to design and implement a negative resistance for the LC tank oscillator. The configuration involving a back gate controlled current mirror structure is used to create a negative resistance circuit. This circuit is subsequently connected in parallel with an LC tank possessing equivalent impedance, leading to the establishment of a negative resistance LC oscillator.

According to our simulations, the LC tank oscillator exhibits stable oscillations at a frequency of 2.4GHz, with an optimal length of 80nm (for W=100µm), while maintaining a low phase noise of -114dBc/Hz @1MHz at a VBIAS of 0.6V.

In the next chapter, we will introduce complementary inverters and fast inverters that take advantage of the back-gate auto-biasing properties of FDSOI transistors. These inverters will serve as building blocks for implementing complementary ring oscillators and fast ring oscillators, which we then compare with the negative resistance LC oscillator to choose an oscillator for our CDR.

Complementary inverter in FDSOI technology

Introduction

A complementary signal refers to a pair of signals that are opposite in level. When one signal is at a high level, the other signal is at a low level, and vice versa. This complementary behavior is utilized in complementary logic, which is a logic design method that leverages complementary signals to represent logic functions. Complementary logic design offers several advantages in terms of improved performance and logic error reduction compared to non-complementary logic designs. One key advantage is the elimination of glitches that can occur when the signal state changes. Glitches are undesired, momentary voltage fluctuations that can lead to erroneous outputs. By using complementary logic, glitches can be minimized or eliminated, resulting in more reliable and accurate logic operations.

Furthermore, complementary logic can enhance circuit robustness by reducing the susceptibility to noise and interference. Complementary signal pairs can be designed to have a feedback mechanism by using the back gate bias offered by FDSOI transistors, meaning that the outputs are symmetrical. This property improves the noise immunity of the circuit, making it more resilient to external disturbances.

Topology

In conventional CMOS technology, the back-gate of PMOS transistor is typically connected to the supply voltage, while the back-gate of NMOS transistor is connected to the ground. However, with the triple well structure available in UTBB-FDSOI technology, alternative implementations of transistor back-gate connections become possible [Dghais et al., 2015]. The Triple-Well CMOS structure introduces additional well regions to isolate the substrate for both PMOS and NMOS transistors, extending beyond the conventional P-substrate and N-well regions [START_REF] Niran | [END_REF]. The complementary inverter structure offers several advantages, which can be summarized as follows:

- -Reduction of transmission delay: The complementary transistors enhances their conduction speed and reduces the transmission delay. As a result, the complementary inverter enables faster signal transmission compared to conventional inverters. This advantage is particularly beneficial in high-speed applications where minimizing signal delay is crucial for achieving efficient circuit operation.

Improved
-Lower power consumption: One of the key advantages is the reduction in power consumption. By lowering the threshold voltage of the transistors, the dynamic power consumption of the inverter can be reduced. Because the transistors are easier to switch, less voltage difference is required. However, lowering the threshold voltage allows the transistors to start conduction at lower voltage levels, which leads to an increase in quiescent current, which increases power consumption. Overall, using this back-gate technique allows the circuit to be implemented in a small size and the circuit overall exhibits low power performance.

Sizing strategy

Size optimization plays a crucial role in the design of complementary inverters, allowing for the adjustment of transistor dimensions to achieve symmetrical output characteristics. In a complementary inverter, where the inputs are complementary signals, conduction is primarily attributed to one PMOS transistor in one set of inverters and one NMOS transistor in the other set of inverters. To ensure equal currents flowing through the PMOS and NMOS transistors, the following Equation (3.1) is employed [Razavi, 2017]:

𝜇 𝑝 𝐶 𝑂𝑋𝑝 𝑊 𝑝 𝐿 𝑝 = 𝜇 𝑛 𝐶 𝑂𝑋𝑛 𝑊 𝑛 𝐿 𝑛 (3.1) 
In addition to maintaining current balance, it is crucial for the oxide capacitance (Cox) of the PMOS and NMOS transistors to be equal to ensure that the same current drives the same capacitance. In the context of a cascade of complementary inverters, the capacitance primarily stems from the input capacitance of the subsequent stage, represented by the load capacitance (CL). In this case, the load capacitance is predominantly determined by the Cox of the MOS transistors and is proportional to their width multiplied by their length. Hence, we have the following equations:

𝐶 𝑂𝑋𝑝 = 𝐶 𝑂𝑋𝑛 (3.2) 𝐶 𝑜𝑥 ∝ 𝑊𝐿 (3.3)
Considering that 𝜇 𝑛 is typically around 3-4 times larger than 𝜇 𝑃 , a preliminary estimation often assumes a value of 3. Consequently, we can deduce:

𝑊 𝑝 𝐿 𝑝 = 3 𝑊 𝑛 𝐿 𝑛 (3.4) 𝑊 𝑝 • 𝐿 𝑝 = 𝑊 𝑛 • 𝐿 𝑛 (3.5)
Equations (3.4) and (3.5) demonstrate the relationship between the width-to-length ratios of the PMOS and NMOS transistors, ensuring equal currents and balanced operation in the complementary inverter. Here, τ represents the time constant, which is determined by the product of the resistance (R) and the load capacitance (CL), as shown in Equation (3.7). The resistance can be calculated using Equation (3.8), where β represents the transconductance factor given by 𝛽 = 𝜇𝐶 𝑂𝑋 𝑊 𝐿 . It is worth noting that, even with all other parameters being equal, the threshold voltages of the PMOS and NMOS transistors still influence the rise and fall times of the output signal. Consequently, adjustments were made in the SPICE model to achieve the desired performance. As a result, the final transistor sizes were determined as follows in Table 3.1: These specific dimensions were chosen with the aim of achieving optimal performance in terms of rise and fall times. The objective is to ensure efficient signal transmission and minimize signal distortions within the complementary inverter structure.

Simulation results

To evaluate the behavior of the complementary inverter and gain insights into its performance, a feedback. This feedback mechanism strengthens the amplification process by continuously reinforcing the signal. By providing a path for the output signal to influence the input, the feedback loop helps to increase the overall gain of the complementary inverter. The output signal from one set of inverters is amplified by the other set, and this amplified signal is fed back to further amplify the original input signal. This iterative process allows for a higher gain to be achieved compared to a single-stage inverter.

Additionally, the bandwidth of the complementary inverter is determined by its ability to effectively amplify signals within a frequency range. The feedback mechanism in the complementary inverter helps to maintain a wide bandwidth, enabling the circuit to operate efficiently across a range of frequencies up to 4.4 GHz. The phase variation in the phase curve remains at 180 degrees up to 10 MHz, indicating superior phase stability and delay performance of the complementary inverter within the low-frequency range. 

Complementary ring oscillator 3.2.1 Introduction of ring oscillator

Ring oscillators are widely used in various systems due to their wide tuning range, compact layout, and ability to generate multiple phases. These advantages make them a popular choice over inductancecapacitance (LC) oscillators. However, one drawback of ring oscillators is the presence of phase noise.

In its simplest form, a ring oscillator consists of N gain stages arranged in a loop, as depicted in Figure 3.8. For the oscillation to occur, each stage must invert the signal, requiring N to be an odd number. The oscillation frequency of the RO is determined by the propagation delay (τd) of each stage and the number of stages utilized in the ring structure. For the RO to achieve self-sustained oscillation, it is essential that the oscillating signal provides a total phase shift of 2π and possesses unity voltage gain at the oscillation frequency. In an N-stage RO, each stage contributes a phase shift of π/N, and the DC inversion provides the remaining π phase shift. Thus, the oscillating signal must pass through all N delay stages once to generate the initial π phase shift in Nτd time, and then pass through each stage again to accumulate the remaining π phase shift in an additional Nτd time, leading to a total time of 2Nτd for the complete phase shift [Mandal et al., 2010]. As a result, the oscillation frequency (fosc) of the RO can be expressed as Equation (3.9) and Figure 3.9 illustrates the waveform of a 3-stage ring oscillator:

𝑓 𝑜𝑠𝑐 = 1 2𝑁𝜏 𝑑 (3.9)
The performance of a ring oscillator can be characterized by various metrics, including its frequency of oscillation, power consumption, and phase noise. The frequency of oscillation is determined by the number of stages in the loop and the delay introduced by each stage. Increasing the number of stages in the ring oscillator results in higher frequency output. Power consumption in a ring oscillator is primarily influenced by the size and operating characteristics of the transistors used in the gain stages. Proper transistor sizing and biasing are crucial to strike a balance between power consumption and performance.

Phase noise, on the other hand, is an inherent characteristic of ring oscillators. It arises due to various noise sources, such as thermal noise, flicker noise, and device mismatches. Minimizing phase noise is a significant challenge in oscillator design, as it directly impacts the overall system performance, particularly in sensitive applications such as wireless communication and data transmission.

Differential ring oscillators employ a differential input and output structure, consisting of either an odd number of inverters (Figure 3.10(a)) or an even number of inverters (Figure 3.10(b)). The differential output configuration enables the cancellation of common-mode noise in the two output signals, enhancing the oscillator's immunity to interference and thereby improving its phase noise performance [START_REF] Jalil | [END_REF]. Furthermore, a differential ring oscillator can generate multiple output signals simultaneously, each with different phases. Typically, this includes both positive and inverted outputs, making it well-suited for applications requiring multiphase clock signals or frequency synthesis.

By utilizing the even outputs structure depicted in Figure 3.10(b), it is also possible to achieve quadrature outputs from the oscillator. In a quadrature output oscillator, two output signals with a phase difference of 90 degrees are generated, known as the quadrature output and the quadrature phase output, respectively [Kusaga et al., 2008]. This property is very useful in many communication systems and modulation techniques, especially in IQ modulation and coherent demodulation. Quadrature output signals can be used to implement complex modulation techniques such as Quadrature Phase-Shift Keying (QPSK), Hexadecimal Amplitude Modulation (16QAM) and 64-Quadratic Amplitude Modulation (64QAM). These modulation techniques are important in high-speed data transmission and wireless communication to improve data transmission rate and spectral efficiency [Umstattd, 1993]. A novel approach is put forth for the realization of quadrature signal output through the implementation of a ring oscillator featuring a complementary structure. The oscillator includes a cascaded arrangement of complementary inverters, which is previously discussed in the Section 3.1.

Notably, this proposed design offers several advantageous characteristics, including high frequency stability, low power consumption, high integration capacity, and orthogonal signal output. In the subsequent sections, a comprehensive elaboration of these merits will be provided.

Complementary ring oscillator design

A novel ring oscillator is presented that incorporates a complementary structure, leveraging the groundwork laid by Wei [Wei, 2019]. The oscillator design includes a sequence of four cascaded stages, each including complementary inverters. Figure 3.11 visually illustrates the arrangement, showcasing the complementary relationship between the input and output signals.

The novel topological structure of the complementary oscillator presents two significant advantages.

Firstly, it achieves a duty cycle that closely approximates 50% due to the output signals of the inverters intersecting near VDD/2. The balanced duty cycle is of great importance in many applications, ensuring symmetrical signal transmission and accurate data timing. Secondly, the proposed topology allows for the inclusion of an even number of inverters in the oscillator configuration. This property facilitates the generation of quadrature RO with four identical outputs. These outputs exhibit the same amplitude and frequency but differ in phase, offering four distinct phases: 0, 90, 180, and 270 degrees. The ability to achieve quadrature output signals is highly desirable in communication systems and modulation techniques, as it enables advanced modulation schemes and coherent demodulation processes. Ensuring the symmetry of the complementary inverter output signals is vital, requiring each output to possess an equal load. To achieve this, an NMOS transistor is incorporated after each output of the complementary inverter, as depicted in Figure 3.12. During the start-up process, when both resetA and resetB are set to 0, the two transistors are in the "off" state, and the outputs of the complementary inverter remain unchanged. When either resetA or resetB is set to 1, the associated output signals are reset to VSS as intended. Moreover, when both reset signals are set to 1, the outputs of this complementary inverter are both reset to VSS, resulting in the ring oscillator being locked out of oscillation.

During the oscillator startup process, it is crucial to obtain the complementary output signal.

Therefore, to ensure an efficient and reliable start-up process, it becomes vital to consider the inclusion of a two-stage complementary inverter. By properly initializing one output voltage of the first stage and the other output voltage of the second stage, the required complementary signals can be obtained and eventually the oscillation can be successfully started. Figure 3.13 illustrates this startup process. 

Simulation and measurement results

Through the utilization of Wei's existing research, the transient simulations and measurements on a four-stage complementary ring oscillator was presented. The outcomes of these simulations are visually represented in Figure 3.14. The oscillator generates eight distinct signals, each exhibiting a phase difference of 45 degrees. These signals manifest at a frequency of 7.3GHz while consuming a power of 5mW under a VDD of 1V. Figure 3.17 Measured oscillation frequency in function of VDD [START_REF] Wei | Reducing the Short Channel Effect of Transistors and Reducing the Size of Analog Circuits[END_REF] Based on the fundamental design of the oscillator, we performed a series of adjustments and simulations to meet the specific demands of diverse applications. The primary objective was to achieve an oscillation frequency of 868MHz, a crucial requirement for various communication systems. As a result of careful tuning, we finally re-sized the transistor sizes as follows and the Table 3.2 shows the transistors sizes in Wei's thesis and in our design: Operating within a VDD of 0.5V, the oscillator demonstrated exceptional power efficiency, with a power consumption of merely 47.95𝜇W. 

Fast inverter in FDSOI technology

Introduction

In the domain of analog circuit design, the pursuit of speed and efficiency has given rise to the incorporation of fast logic gates. Traditionally, analog circuits have been distinguished by their continuous signals and linear operations. However, the ever-increasing demand for rapid signal processing and high-speed data transmission in modern applications necessitates the integration of fast (1.0MHz, -83dBc/Hz) logic gates within the analog domain. The integration of fast logic gates serves as a fundamental step in enabling high-frequency signal processing, facilitating essential functions such as analog-to-digital conversion and high-speed data modulation. These gates play a crucial role in enhancing the overall performance of analog circuits by facilitating rapid data manipulation and computation. To achieve highspeed operation, fast logic gates embrace a diverse array of techniques and optimization strategies, with a significant emphasis on selecting suitable transistors with fast switching characteristics. Notably, highspeed CMOS [START_REF] Celinski | [END_REF][START_REF] Corso | [END_REF] and Emitter-Coupled Logic (ECL) transistors [Gustat et al., 2008] are among the preferred choices, owing to their inherent ability to swiftly switch between logic states. The integration of fast transistors not only expedites signal propagation but also enhances the efficiency of analog circuitry, making it well-suited for high-frequency applications. The adoption of these fast transistors introduces a myriad of benefits, including reduced propagation delays, minimized power dissipation, and improved signal integrity.

ECL stands as a prominent high-speed digital logic family distinguished by its unique operating principles and current transfer mechanisms. Unlike conventional logic families such as CMOS and

Transistor-Transistor Logic (TTL), ECL utilizes a distinctive differential amplifier and common emitter (Emitter-Coupled) transistor configuration. ECL has gained prominence in high-speed digital circuitry due to its fast switching speed, rendering it well-suited for high-speed computing, high-frequency communications, and high-performance digital signal processing applications. However, ECL designs are relatively intricate and demand careful consideration of specific supply voltages and bias currents.

The unique configuration of ECL, involving a differential amplifier and common emitter transistor arrangement, adds to its complexity. Moreover, the operation of ECL at negative supply voltages necessitates the incorporation of additional supply voltages and cascade circuits, further complicating the design and layout process which is especially not compatible with CMOS technology.

High-speed CMOS technology stands as a specialized and vital class of transistor technology specifically tailored to achieve enhanced high-speed performance in integrated circuits. As an advancement of conventional CMOS, high-speed CMOS incorporates distinctive design strategies and process optimization to achieve faster switching speed and higher operational frequencies, making it highly desirable for various cutting-edge applications in modern electronics and communication systems.

One prominent technique employed in high-speed CMOS is body biasing, where the threshold voltage of the transistors is manipulated to optimize their performance characteristics. The process of body biasing involves adjusting the voltage applied to the body region of the transistor, leading to a modification in its threshold voltage. By lowering the threshold voltage, the transistor can achieve faster switching speeds, reduced power consumption, and improved frequency response, all crucial aspects for high-speed operation [Berg et al., 2008].

Within the field of high-speed FDSOI transistors, a novel approach is introduced in this study, building upon the foundation of complementary logic. Leveraging the distinctive attributes inherent in FDSOI technology, we propose an innovative strategy to enhance the performance of these transistors further. The key lies in harnessing the inherent capabilities of FDSOI to control and manipulate a broad spectrum of body voltages, thus affording a heightened degree of adaptability for precise threshold voltage adjustment. Detailed elucidation of this specific transistor structure is provided in the ensuing section, where its potential advantages and implications are comprehensively explored.

Topology of fast inverter

The schematic representation of the conventional inverter is depicted in Figure 3.20 (a), while Figure 3.20 (b) illustrates the fast inverter design. In this configuration, a distinctive departure from the conventional inverter is observed. Specifically, the back gate of the PMOS is grounded, and in contrast, the back gate of the NMOS is connected to VDD, establishing a different back-gate control arrangement.

In the context of FDSOI transistors, a notable attribute is the capability to adjust the threshold voltage through back-gate control. In fast inverters, this feature proves advantageous, as it accomplishes of a reduction in the threshold voltage of the transistors, thereby enhancing its speed when compared to complementary inverters.

To maintain the output balance of the Quadrature Ring Oscillator (QRO), a systematic approach is adopted by considering the two individual fast inverters as a group. This approach ensures that the group possesses an equivalent load capacitance as that of the complementary inverter, as depicted in Figure 3.21. The objective behind this design strategy is to achieve a harmonized output across the QRO, thereby contributing to the optimization of its performance and minimizing any potential signal distortion. We combine complementary inverters and fast inverters to form a faster oscillator, which will be described in Section 3.4. robust consistency in the sizing methodology ensures that the fast inverters maintain performance optimization similar to complementary inverters, making them suitable for high-speed applications such as high-frequency communication systems and data processing tasks.

To explore the distinctions between fast inverters and complementary inverters, we deliberately selected identical dimensions for the two types of inverters. Specifically, we set the PMOS dimensions as Wp=346 nm and Lp=30 nm, while the NMOS dimensions were Wn=200 nm and Ln=52 nm (cf. Table 3.1), mirroring the complementary inverter configuration. By using these equivalent dimensions, we can conduct a direct comparison between the two types of inverters and analyze their respective characteristics in terms of performance and behavior. In this investigation, we aim to examine how the fast inverters, with their unique back-gate control and enhanced biasing capabilities, differ from the "traditional" complementary inverters in terms of key performance metrics, such as speed (delay), power consumption, and jitter characteristics. The obtained values for tpHL and tpLH in the fast inverter are 2.7ps and 2.54ps for a signal with a period of 1ns, respectively. In comparison, under the same conditions, the complementary inverter exhibits tpHL of 8.05ps and tpLH of 8.12ps. This clear contrast indicates that the fast inverter, leveraging its back-gate control to adjust the threshold voltage over a wider range, achieves significantly faster operation than the complementary inverter. This outcome highlights the advantage of the fast inverter in terms of its enhanced speed, which can be attributed to its ability to optimize the transistor characteristics using back-gate voltage control. The broader range of threshold voltage adjustment provides greater flexibility in tailoring the transistor's switching behavior, enabling the fast inverter to outperform the conventional complementary inverter in terms of propagation delays. Comparatively, the fast inverter exhibits a slightly higher bandwidth than the complementary inverter. This outcome can be attributed to the fast inverter's higher gain, which is a consequence of the larger bias voltage applied to the back gate. The increased back-gate bias enables the NMOS transistor to respond more swiftly to changes in the input signal when operating in the forward region, resulting in a more substantial change in its output current. As a result, the overall gain of the fast inverter is improved. The fast inverter's faster switching speed and greater gain contribute to its extended operating frequency range, leading to a larger bandwidth compared to the complementary inverter. In the frequency response curve of the fast inverter, the phase variation remains at 180 degrees up to 100MHz, indicating that the fast inverter has a better high-frequency phase characteristic in this frequency range. Above 100MHz, the phase starts to decrease. Compared to the case of the complementary inverter, the phase variation of the fast inverter is relatively small in the high frequency range, which makes it more suitable for high-speed applications. Simultaneously, the complement of the second-stage inverter output is actively driven to a low state, while the original output remains high. This strategic introduction of imbalance sets up a positive feedback loop in the subsequent stages of the ring oscillator.

Fast ring oscillator

Design of fast ring oscillator

Positive feedback in the ring oscillator amplifies and sustains the initial imbalance, driving selfsustained oscillations. Precisely pulling down specific outputs in the first and second stages primes the oscillator. The inherent positive feedback via the inverter chain ensures ongoing amplification, ensuring oscillation persistence beyond startup.

Simulation and comparison results

In our research, we conducted transient and phase noise simulations of the fast oscillator, and we compared its performance with that of the complementary oscillator under various scenarios. To explore the fast oscillator's advantages, we focused on two major sets of comparisons, and we set them up as Case 2 and Case 3. In the Case 2, we ensured that the fast inverter and the complementary inverter had identical dimensions, allowing us to directly analyze and compare their key properties under these controlled conditions. Furthermore, fast oscillators offer the advantage of utilizing smaller size transistors to achieve comparable performance, i.e., Case 3. Table 3.3 organizes several groups of transistors of different sizes in two different oscillators for subsequent performance comparisons. .29 presents a comparative analysis of the power consumption characteristics of both circuits in response to variations in VDD. Notably, the power consumption of the two oscillators exhibits a comparable trend, with the fast oscillator exhibiting slightly higher power consumption levels. This discrepancy in power consumption can be attributed to the fast oscillator's marginally higher oscillation frequency when operating under the same VDD conditions. The nearly equivalent power consumption levels between the two oscillators underscore the efficiency of their respective designs and optimization techniques. Despite the slight difference in power consumption, both oscillators showcase effective power utilization, emphasizing their potential for power-efficient performance within their respective frequency ranges. In addition to transient simulations, phase noise simulations were performed to evaluate the performance of the two oscillators in function of VDD. Figure 3.30 shows the phase noise profiles of the two oscillators as a function of VDD. It can be obtained that the phase noise of the fast oscillator is slightly higher than that of the complementary oscillator. The fast oscillator lacks half of the symmetry, i.e., it lacks the full symmetry and self-calibration of the complementary oscillator, and therefore the phase noise is slightly higher.

On this basis, a comprehensive comparison of the two oscillators was conducted by varying the oscillation frequency. 3.34 and 3.35 depict the power consumption characteristics of the two oscillators concerning variations in VDD and oscillation frequency. Notably, the fast oscillator exhibits lower power consumption owing to the utilization of smaller-sized fast inverters. However, it is essential to observe that the oscillation range of the fast oscillator reaches its limit at fosc = 3.66GHz (VDD = 0.7V). This limitation arises due to the reduced transistor size in the fast inverter, which restricts its capability to support higher frequencies beyond this point. Thus, while the fast oscillator offers power efficiency advantages, it encounters constraints in achieving higher operating frequencies beyond a certain threshold.

Phase noise simulations were performed for both the fast oscillator and the complementary oscillator. At 868MHz and 2.4 GHz, VDD drops by 6% and 6.4% while power consumption has reduced by 23% and 20%. Furthermore, fast RO enables a size reduction of the transistors by a factor of 3 to achieve the same frequency while keeping VDD unchanged, which decreases power consumption by 28% and 29% at a frequency of 868MHz and 2.4 GHz. In contrast, fast RO has half less symmetry, so it leads to relatively large phase noise. According to the simulation results, the fast RO has a 1 dB to 3 dB rise relative to the complementary RO at both two oscillation frequencies. At both frequencies, the results of the experimental study validate our theoretical framework with complementary and fast logics.

Comparison with LC tank oscillator

This section involves a comprehensive comparison between the ring oscillator and the negativeresistance LC tank oscillator, which is introduced in Chapter 2, both regulated by the back gate control mechanism.

Complementary and fast ring oscillators deploy a positive feedback loop architecture for initiating oscillations. Through modulation of the back gate bias, these oscillators can adjust threshold voltage and operational points of transistors, thus influencing oscillation frequency and performance. Contrarily, negative-resistance LC oscillator exploit the interplay between inductance and capacitance to induce oscillations, capitalizing on the negative resistance characteristic afforded by back-gate control.

In our experimentation, focusing on communication systems, oscillation frequencies were set at 868MHz/2.4GHz. For the 2.4GHz frequency, the complementary and fast oscillators exhibited VDD values of 0.62V and 0.58V, while the LC tank oscillator operated at 1V.

In terms of power consumption, the ring oscillator consumed merely 0.17mW and 0.13mW, markedly lower than the LC tank's consumption of 9.26mW. This discrepancy can be attributed to the inclusion of inductive and capacitive components in LC oscillator, which often demand larger area and greater power. Comparatively, ring oscillators employ simpler structures, consisting of multiple inverters.

Examining phase noise, the LC tank oscillator recorded a phase noise of -114dBc/Hz@1MHz, whereas the ring oscillator registered -79dBc/Hz@1MHz and -78dBc/Hz@1MHz. Enhanced frequency stability was noted in the LC tank oscillator, as its frequency hinges upon stable parameters of inductive and capacitive components. In contrast, ring oscillators, realized with multiple inverters, are susceptible to noise introduction through inter-inverter coupling and feedback. Amplification of transistor noise in ring oscillators, particularly under high gain conditions, can adversely impact performance. LC oscillators, characterized by comparatively minimal noise amplification, which reduces the sensitivity to the phase noise.

Overall, specifically at an oscillation frequency of 2.4GHz, the ring oscillator presents advantages in terms of reduced power consumption and a smaller area. However, the LC tank oscillator exhibits a noteworthy advantage in the form of lower phase noise. Table 3.6 summarizes a comprehensive overview of the performance metrics associated with these two oscillator types, illustrating their respective advantages and limitations. 

Conclusion

In this chapter, we have explored and compared two types of logic circuits: complementary logic includes complementary inverters and complementary oscillators; fast logic includes fast inverters and fast oscillators. The aim was to understand their characteristics, performances, and trade-offs in different scenarios. Fast logic circuits, including fast inverters and oscillators, are designed for high-speed operation and reduced power consumption. By lowering the VDD or scaling down transistor sizes, fast logic can achieve lower power consumption. In contrast to complementary logic, fast logic circuits lack the self-calibration property, leading to higher phase noise. This limitation becomes evident in communication systems and sensitive analog applications, where noise reduction is essential.

When choosing between complementary and fast logic for specific applications, we need to consider the trade-offs between speed, power consumption, and phase noise. Fast logic can be advantageous in high-frequency communications, and high-performance signal processing, where fast switching and power efficiency are critical. In contrast, complementary logic remains favorable for applications demanding lower phase noise and higher precision. The presence of self-calibration in complementary circuits enhances their noise performance, making them suitable for noise-sensitive applications.

Furthermore, a comparative evaluation of a ring oscillator based on back-gate control and an LC oscillator was performed. For the oscillator of our CDR application, we have selected the ring oscillator due to its advantages in terms of low power consumption and compact size, notwithstanding its higher phase noise. To reduce the phase noise, we will employ the injection locked technique, as detailed in Chapter 4.

Injection-Locked technology

Introduction

The injection of a periodic signal into an oscillator leads to locking or pulling phenomena [Adler, 1973]. These two effects are becoming increasingly important in RF transmission chains. Injection locking is a phenomenon where external periodic RF signals are applied to a free-running oscillator, causing interference. When the interference is strong and the frequency of the external periodic RF signal closely matches the inherent frequency of the oscillator or one of its harmonics, the oscillator frequency synchronizes with the frequency of the external periodic RF signal. Assuming an external periodic radio frequency signal with a frequency of 𝑓 𝑖 is injected into an oscillator with a free-running frequency of 𝑓 0 , when the difference between 𝑓 𝑖 and 𝑓 0 is significant, the oscillator's output includes a beat frequency signal composed of the difference between the two frequencies. As 𝑓 𝑖 approaches 𝑓 0 , the beat frequency decreases. When 𝑓 𝑖 enters the locking range, the beat phenomenon disappears, and the oscillator oscillates at the frequency of 𝑓 𝑖 . Furthermore, when 𝑓 𝑖 approaches harmonics or subharmonics of 𝑓 0 (i.e., 𝑛𝑓 0 or 1/𝑛𝑓 0 ), the phenomenon of injection locking also occurs. Injection-locked dividers are designed based on this harmonic injection locking principle. Frequency shift by injection. [Razavi, 2004] From a phase perspective, the oscillator is at the free oscillation frequency, the phase shift of the oscillation loop is 360° or its multiples. When the signal deviates from the free oscillation frequency, the phase shift of the loop should also deviate from a certain angle, which should not cause oscillation.

But when an external signal is injected, just to compensate for this angle, the oscillator can be stabilized at this frequency. Since the external signal and the oscillating signal are vector addition, if the phase difference between the two signals is appropriate, the sum of the two signals can always reach a phase shift of 360° or its multiple.

A conceptual process of injection locking is illustrated in Figure 4.1. In this model, the tank operates at the resonance pulsatance 𝜔 0 = 1 √𝐿 1 𝐶 1 ⁄ , causing no phase shift. Additionally, an ideal inverting buffer follows the tank, contributing a total phase shift of 360° around the feedback loop. Now, let's explore the implications when introducing an additional phase shift within the loop, as illustrated in prevents the circuit from oscillating at 𝑓 0 . Consequently, a new oscillation pulsatance 𝜔 1 emerges, wherein the tank's phase shift compensates for the introduced phase shift 𝜑0. It's important to note that if both the buffer and M1 contribute negligible phase shifts, a critical condition arises. Specifically, the drain current of M1 (Iosc) must remain in phase with Vout across all operational circumstances. Now, introduce a phase shift 𝜑0 by introducing a sinusoidal current to the drain current of M1, as illustrated in 

𝜔 𝐿 ≈ 𝜔 𝑜𝑢𝑡 2𝑄 • 𝐼 𝑖𝑛𝑗 𝐼 𝑜𝑠𝑐 • 1 𝑁 (4.2)
where 𝜔 𝐿 is the injection-signal frequency-locking range of the circuit, N is the subharmonic number, Q is the quality factor of the oscillation circuit, 𝐼 𝑖𝑛𝑗 is the current injected into the delay cell, and 𝐼 𝑜𝑠𝑐 is the required tail current of the VCO for oscillation [Lee et al., 2009].

To conduct an analysis of injection effects in a ring oscillator, a simplified model can be established, as illustrated in Figure 4.2. A phasor representation of currents is shown in Figure 4.3. This model primarily focuses on the fundamental frequency while disregarding higher harmonics. Within this framework, the 𝜔 𝑖𝑛𝑗 is situated at an offset ∆ω from the carrier pulsatance of the ring oscillator (𝜔 0 ). 

𝜔 𝑖𝑛𝑗 = 𝜔 0 + ∆𝜔 (4.3)

Injection techniques

In the context of injection-locked oscillators, two primary injection techniques are commonly employed: tail injection and direct injection. Schematic diagrams illustrating these techniques are presented in Figures 4.4 and 4.5, respectively [DalToso et al., 2010]. In the case of tail injection, depicted in Figure 4.4, the injection locking process involves introducing an external periodic RF signal, Vinj, into the gate of the injection transistor, which is the tail-current transistor Mtail, within a specific inverter unit of the ring oscillator. At extremely high operating frequencies, an issue arises wherein the injection current, denoted as Itail, is transformed from the externally supplied periodic RF signal by means of the transconductance of the injection transistor Mtail. However, a notable portion of this converted current, Itail, gets absorbed by the parasitic capacitance intrinsic to the injection transistor Mtail. As a consequence of this phenomenon, the effectiveness of the tail current transistor Mtail's injection capability becomes considerably compromised. Furthermore, it's important to underscore that the tail current transistor Mtail serves a dual purpose: not only does it function as an injector transistor, but it's also entrusted with the task of providing the necessary bias for the differential inverter unit. This multi-faceted role leads to the requirement for a larger layout size for the tail current transistor Mtail.

An alternative approach, as shown in Figure 4.5, is the direct injection method. In this method, there's no necessity to utilize the tail current transistor of the inverter unit as the injection transistor. Instead, an additional transistor, Minj, serves as the injection transistor. The external periodic RF signal, Vinj, is directly injected into the gate of the Minj transistor. The resulting injection current, converted by the injection transistor, is then fed directly into the oscillator. Since the injection transistor Minj does not need to provide a bias function, it can be designed in a smaller size. At the same time, the effect of parasitic capacitance on the injection efficiency is avoided due to a more direct and efficient injection method, and the locking range is therefore relatively large. Unlike the single-ended injection approach, the utilization of a differential-mode injection method offers an alternative possibility. This method involves injecting a differential-mode signal into the tail injection transistors of the neighboring inverters within the ring oscillator. This alteration results in increased injection efficiency and a broader locking range [Lu et al., 2005].

Building upon this, the injection node can be expanded from a single node in the single-ended injection approach or a dual node in the differential mode injection method to a multi-node configuration.

In this setup, each node is subjected to the same frequency and amplitude of the external injection signal.

Furthermore, the external injection signals of adjacent nodes maintain an equal phase difference. This innovative configuration is referred to as the progressive-phase multi-node injection method as shown in Figure 4.6 [START_REF] Chien | [END_REF].

The progressive-phase multi-node injection method showcases exceptional attributes, offering notably high injection efficiency and a large injection locking range. However, it's important to note that any deviation from the optimal phase difference of the multi-phase injection input could potentially lead to a reduced injection locking range. At times, this range could even become smaller than that of the single-ended injection method during such deviations. Nevertheless, it's worth highlighting that the implementation of the multi-node injection technique necessitates multiple signal inputs for injection.

While advantageous in terms of enhancing injection efficiency, this multiplicity of inputs poses challenges for the integration and miniaturization of the ring oscillator.

Applications of injection locking oscillators

Frequency Division: The application of injection locking in oscillators finds one of its most notable instances in the domain of frequency synthesizers. This significance is particularly pronounced in the context of both RF communication systems and digital systems. The integral role that injection locking plays in this scenario is exemplified in the pre-scalar component of frequency synthesizers. In the operation of an integer-N frequency synthesizer, the necessity for a substantial frequency division arises.

This division is integral to the feedback path of the synthesizer and serves the purpose of generating a low-frequency signal from the high-frequency oscillator's output. This low-frequency signal is then juxtaposed with a reference signal of lower frequency, often sourced from a crystal oscillator. This comparison process aids in the stabilization of the oscillator's frequency, ensuring the precision and accuracy of the synthesizer's output. This comprehensive approach to frequency division through injection locking is essential in achieving frequency stability and synchronization within frequency synthesizers. By integrating the principles of injection locking with oscillator frequency division, these synthesizers play a crucial role in enhancing the accuracy and reliability of RF communication systems and digital systems alike.

An aspect of this application is the utilization of injection-locked harmonic oscillator frequency dividers [START_REF] Buo | [END_REF], Chen et al., 2008] as well as injection-locked nonharmonic oscillator frequency dividers [Chuang et al., 2006, Liu et al., 2015]. These techniques have gained widespread popularity within the field. They contribute significantly to the effective functioning of frequency synthesizers by enabling precise frequency division and synchronization.

Frequency Calibration: The system clock of a Pulse Width Modulation (PWM), such as those found in embedded temperature sensors or RadioFrequency Identification (RFID) tags, can be directly transmitted by the base station through the carrier or its envelope when employing the Amplitude Shift Key (ASK) modulation scheme [START_REF] Kar | [END_REF]. However, this approach presents several limitations:

(a) The clock recovery block's comparator must operate at the carrier frequency, resulting in elevated power consumption compared to the PWM's system clock frequency. Additionally, employing a chain of frequency dividers to generate the system clock, typically much lower in frequency than the carrier, significantly amplifies power consumption. (b) Favoring a larger modulation index is preferable from a data and clock recovery perspective. Yet, the small amplitude of received RF signals, especially in logic-0 states with a large modulation index of ASK-modulated RF signals, results in substantial timing errors in the recovered clock. (c) The system clock's availability solely in down-link operations restricts system flexibility considerably.

To mitigate the challenges associated with deriving the system clock directly from the carrier, a more favorable approach involves generating the PWM's system clock locally. This can be achieved through a ring oscillator or a relaxation oscillator. However, the frequency of the local oscillator remains susceptible to PVT uncertainties. Calibration against a known frequency reference clock is essential before employing the PWM. The reference clock, critical for frequency calibration, is sourced from the base station rather than a locally generated timing oscillator. This is driven by the complexity of generating a precise band-gap reference voltage or current under fluctuating supply voltage and variable temperature conditions, all within a limited power consumption framework.

Frequency calibration is attainable using a FLL. However, FLL-based calibration typically presents drawbacks, including heightened power consumption, limited frequency accuracy, and lengthy calibration times, rendering it less suitable for PWM applications. As an alternative, frequency calibration through injection-locking proves effective. In this method, the frequency reference used to calibrate the local oscillator is injected as a signal from the base station. This strategy achieves reduced power consumption, improved frequency accuracy, shortened calibration times, and robust frequency calibration accuracy [START_REF] Bae | [END_REF], Soltani et al., 2010].

Phase-Locked Loops: Low phase noise PLL play a vital role in diverse applications like data links and frequency synthesizers. The dominant source of PLL phase noise varies depending on the application. For instance, in transmitter PLLs for serial data links, where a low-phase-noise crystal oscillator often serves as the input, the PLL's overall phase noise is primarily driven by the oscillator.

Conversely, receiver PLLs for serial data links are more influenced by the jitter in the incoming data at the channel's far end. Adjusting the loop bandwidth is a strategy to manipulate PLL phase noise [Lee et al., 2009]. For transmitter PLLs, maximizing the loop bandwidth minimizes oscillator-related phase noise contributions. In contrast, receiver PLLs benefit from minimizing the loop bandwidth to mitigate the impact of received data jitter. Balancing these design techniques is complicated by constraints like PLL stability and lock time. Receiver PLLs must maximize loop bandwidth to ensure timely data locking within half of the unit interval, despite phase noise considerations favoring minimized loop bandwidth.

The phase noise spectrum of a PLL features three distinct segments: a low-frequency section dominated by flicker noise, a high-frequency range near the loop bandwidth matching oscillator noise, and an intermediate frequency range where PLL phase noise remains nearly constant [Cho et al., 2015[START_REF] Groll | [END_REF]. Lowering phase noise within the loop bandwidth is crucial. Injection-locking, a technique capable of decreasing oscillator phase noise by locking to a cleaner reference signal, has garnered attention for its potential to enhance PLL performance without compromising loop bandwidth.

Injection-locking's success is ensured when accompanied by the PLL due to limited oscillator lock ranges. Injection-locking pulses are narrow and generated from the PLL's reference signal using a pulse generator. Its efficacy hinges on precise timing, with optimal injection occurring during the oscillator's threshold crossing. Mismatch between injection timing and threshold crossing introduces reference spurs [Shin et al., 2017].

Clock Data Recovery:

In case of a digital data communication protocol transmitting data without a clock signal over a single channel. The receiving circuit needs a CDR circuit, which employs a local reference clock closely matching the data's clock to generate a recovered clock. This recovered clock is subsequently utilized to establish optimal sampling times for data reception from the channel. The detection of phase disparities between the recovered clock and the data can then be exploited as feedback to refine the generation of the recovered clock as we introduced in Section 1.2. In various scenarios, burst mode operation becomes essential, necessitating rapid lock-in times, typically within the span of several tens of bits. In traditional burst mode CDR systems, a gated voltage-controlled oscillator GVCO is employed to facilitate instantaneous locking. However, the precise alignment of phases with the input data in these cases could potentially magnify high-frequency jitter within the input data. Consequently, this can impair the timing margin of the CDR system, negatively influencing its performance. In contrast, an alternative burst mode operation solution, showcasing an injection-lock CDR that suits such scenarios.

This injection-lock technique employs a more intricate injection scheme. Both the traditional burst mode CDR and the injection-lock CDR necessitate the inclusion of additional replicas of the VCO grounded in a phase-locked loop configuration. This supplementary VCO is responsible for controlling the local oscillator frequency, ensuring accurate synchronization and reliable burst mode functionality.

As burst mode requirements continue to gain importance, refining burst mode CDR strategies becomes critical. The choice between conventional GVCO-based methods and the more intricate yet potentially more accurate injection-lock CDR solutions hinges on a balance between immediate locking and the mitigation of potential phase misalignments and timing issues. The ongoing evolution of such techniques underscores the endeavor to optimize data communication protocols for a range of applications.

Injection-Locked complementary RO

Introduction

Injection-locked oscillators can be broadly classified into two distinct types: Injection-Locked LC oscillator (ILLC) and Injection-Locked Ring Oscillator (ILRO). ILLC excel in delivering high operating frequencies, albeit with a relatively narrow locking range. This design choice requires on-chip inductors within the LC storage circuit, thereby consuming a substantial chip area.

On the other hand, ILRO, in comparison to ILLC, feature a lower Q. As a consequence, ILRO offers a broader locking range than their LC counterparts. Furthermore, these ring oscillators boast advantages in terms of reduced power consumption and a smaller physical footprint. However, it's worth noting that their oscillation frequency tends to be slightly lower.

In the context of Section 3.5, while the phase noise of the ring oscillator was notably higher than that of the LC oscillator, the ring oscillator exhibited superior performance in most aspects. It's important to highlight that one effective approach to mitigating phase noise is the application of the injection locking technology. As such, we have opted to employ the injection locking technology in our ring oscillator.

The structural configuration of a single direct injection ring oscillator is depicted in 

Topology

The schematic of the proposed design is presented in Figure 4.9, outlining the architecture and components comprising the design under consideration. However, the inherent automatic oscillation of the QRO may not occur spontaneously, thus necessitating a startup mechanism. A key prerequisite for initiating the oscillator lies in the generation of a complementary signal output, a condition fundamentally required for the operation to start. However, it's noteworthy that NMOS transistors are inherently limited in their capability to pull the voltage down to zero. Consequently, the acquisition of a complementary signal mandates an alternative approach, often achieved by tapping into the output of the subsequent stage inverter. This prompts the consideration of a two-stage complementary inverter design, crucial for comprehensively studying the initiation phase of the oscillator, as emphasized by prior Section 3.2.2. 

Simulation results

Here we follow the sizes of the ring oscillator presented in Chapter 3. For the complementary oscillator, i.e., we use the dimensions of Case 1 in Table 3.3. We performed transient simulations of the injection complementary ring oscillator to see how the injection locking technique functions in the ring oscillator. For example, a periodic signal with a frequency of 800MHz is injected into a complementary ring oscillator with a free oscillation frequency of 868MHz. The simulation results are shown in Figure 4.11, where the output of the oscillator is calibrated to 800MHz. The circuit oscillation initiation depends on the supply voltage, with oscillation start observed at a VDD of 0.4V. With ascending VDD values, the range of locking is proportionally magnified. This property holds significance, as it directly affects the circuit's capacity to establish sustained oscillation.

Moreover, injection locking can expand the injection locking range significantly. When focused on an oscillation frequency of 868MHz, it effectively expands the operational scope from 690MHz to 1GHz, which is 36% of 868MHz. The graphical representation in Figure 4.12 underscores this frequency expansion, reinforcing the theoretical framework.

In Figure 4.13, a comprehensive comparison is presented, illustrating the relationship between oscillation frequency and the consequential phase noise. It's acknowledged that the realistic behavior of oscillators is influenced by inherent thermal noise and flicker noise. Consequently, the phase error encountered in a free-running QRO demonstrates a propensity to escalate randomly compared to those of ideal QROs. The efficacy of the injection pulse in rectifying this phase discrepancy is noteworthy.

The injection pulse coerces the output signal's edge to return to its intended alignment during each injection cycle. By doing so, the accumulation of phase errors is effectively reduced, consequently leading to a perceptible reduction in phase noise. This mechanism enhances the overall performance of the oscillator, particularly in contexts where phase noise mitigation is essential.

In direct comparison, the phase noise measurements highlight the effectiveness of the injection signal in suppressing noise propagation. The phase noise is remarkably reduced to -117dBc/Hz@1MHz, 

Introduction

In a parallel pursuit of enhancing oscillator performance, we extend the scope of our inquiry by implementing the injection locking technique in the context of fast ring oscillator. Employing the same injection methodology as on complementary ring oscillator, we explore the impact of injection locking on the behavior and metrics of fast ring oscillator. The fast ring oscillator has the characteristics, prominently marked by low power consumption but counterbalanced by relatively higher phase noise when compared with their complementary counterparts as mentioned in Section 3.4.2. Injection-locking provides an improved path for fast ring oscillators to be able to capitalize on its strengths and address its shortcomings in phase noise, thus improving the performance of the oscillator.

The utilization of the injection-locking technique presents an approach for high-speed ring oscillator, allowing us to achieve the two goals of expanding the oscillation range and enhancing phase noise performance. However, to ensure the integrity of our findings, it becomes imperative to subject our injection-locked fast ring oscillator to a comprehensive comparison with an injection-locked complementary ring oscillator. The rationale behind this comparison is to ascertain that the benefits derived from the injection-locking technique are consistently and reliably measurable across different oscillator configurations. In essence, the efficacy of injection locking remains a consistent factor, irrespective of the oscillator type. The performance metrics under scrutiny encompass a range of critical parameters, including oscillation range, phase noise, and power consumption, etc.

Tolopogy

Within the context of the injection-locked fast ring oscillator, a topology closely resembling that of the injection-locked complementary oscillator is adopted. This shared structural framework underscores the comparable underlying principles governing their operation. Central to its operation are two key 

Simulation results

In the comparative analysis of the fast ILRO and the complementary ILRO, two major sets of comparisons were made as in Chapter 3. The first set of comparisons uses transistor size consistency to maintain uniform dimensions for both the fast RO and the complementary RO, i.e., Case 2 in Table 3.3. It is worth noting that, in this case, the oscillation frequency of the fast RO is higher than that of the complementary RO due to its faster speed when operating at the same VDD.

To enhance this comparative study, Figure 4.15 provides an aid illustrating the frequency locking range ratio, i.e., frequency locking range/oscillation frequency, of the two oscillators in percentage of the free running frequency. A clear observation is that the locking range of the complementary ILRO exceeds that of the fast ILRO for the same VDD, a result that essentially stems from the fact that the oscillation frequency of the fast RO is higher than the oscillation frequency of the complementary RO. The higher the oscillation frequency, the frequency locking range ratio shrinks as the stability of the oscillator is progressively limited, making it more difficult to accommodate large frequency differences. This pronounced reduction is primarily attributed to the injection effect exhibited by the injection-locked oscillator, a phenomenon that manifests with greater potency at higher frequencies. Consequently, this heightened injection effect engenders more robust suppression of the phase noise inherent to the oscillator. Notably, it is worth emphasizing that the complementary oscillator consistently exhibits superior phase noise characteristics in comparison to its fast oscillator counterpart, irrespective of the presence or absence of an injected signal.

When examining the phase noise in the absence of an injected signal, a marginal disparity of 1dB emerges between the two oscillators. However, when an external signal is introduced, a notable divergence becomes apparent. Specifically, at the free oscillation frequency of 868MHz, the phase noise difference between the two oscillators extends to 6dB, as evidenced by their respective values of -111dBc/Hz at 1MHz and -117dBc/Hz at 1MHz. At the elevated oscillation frequency of 2.4GHz, this divergence diminishes to 3dB. This behavior can be explained by the shorter oscillation period inherent to higher-frequency oscillations, resulting in a swifter step response exhibited by the oscillator. The oscillator, operating at a higher oscillation frequency, exhibits enhanced responsiveness to external perturbations, facilitating the rapid tracking and synchronization of its internal oscillation with the modulating external signal. Consequently, this dynamic response mechanism serves to diminish the phase deviation between the external signal and the internal oscillation of the oscillator, thereby contributing significantly to the reduction in the observed level of phase noise differences.

The disparity in power consumption between the fast ILRO and its complementary ILRO counterpart is an aspect of our investigation. At the oscillation frequency of 868MHz, the complementary ILRO exhibits a power consumption of 55μW, whereas the fast ILRO demonstrates superior energy efficiency, registering a reduced power consumption of 42μW. This discrepancy reflects the advantageous attributes of the fast ILRO in terms of power optimization. Extending our scrutiny to the oscillation frequency of 2.4GHz, we discern a similar pattern. The complementary ILRO consumes a power input of 242μW, while the fast ILRO once again emerges as the more frugal choice, consuming a lower power outlay of 176μW. This substantiates the consistency of the fast ILRO's superior power efficiency across different oscillation frequencies. The reduction in power consumption achieved by the fast ILRO can be attributed to the fact that the fast RO itself requires a lower VDD to achieve the same frequency compared to the complementary RO. The scope of our comparative analysis extended when we undertook a series of experiments maintaining constant free oscillation frequencies between the complementary RO and the fast RO, both operated at identical VDD levels. To achieve this, we employed the second set of comparison involving the reduction of the fast RO's inverter size, thereby ensuring that the two oscillators oscillated at the same frequencies while sharing the same supply voltage conditions. The dimensions of the complementary and fast inverters are those of Case 3 in Table 3.3.

It is noteworthy that the fast RO, characterized by its relatively diminutive physical dimensions, exhibited a narrower free oscillation range, confining its oscillatory behavior within the VDD range of 0.5V to 0.7V. Figure 4.18 shows the frequency locking range ratio of these two ILROs. It becomes evident that the locking range of the fast ILRO surpasses that of its complementary counterpart, a phenomenon stemming from the inherent attributes of fast oscillator which is the wider bandwidth. This increased bandwidth enables fast oscillators with the ability to accommodate a wider spectrum of injected signal frequencies while maintaining their locked state. In comparing the phase noise reduction effectiveness between the smaller-sized fast RO and the fast RO of equivalent size as the complementary RO (with a lower VDD). It becomes evident that the phase noise is more pronounced in smaller-sized fast ILRO. This heightened sensitivity to the injected signal in the smaller-sized fast RO is instrumental in its ability to achieve a more effective phase noise reduction during the locking process. The underlying rationale behind this phenomenon lies in the compact dimensions of the smaller RO, which naturally translates into a shorter signal propagation path, increased sensitivity to external influences, and a heightened capacity to respond to injected signals.

Consequently, this smaller RO configuration is better to address and mitigate phase noise when subjected to the injection-locking mechanism. In terms of power consumption, the fast ILRO is to remain lower than the complementary ILRO. On balance, the best choice of oscillator depends on the requirements of the application. If low phase noise is the key factor, then the Complementary ILRO stands as the preferred choice. If power consumption is the primary concern, then the Fast ILRO is more appropriate. At an oscillation frequency of 2.4 GHz, a Fast ILRO with the same size consumes less power and performs better.

Conclusion

In this chapter, we take an in-depth look at two key types of oscillators based on injection-locking techniques: the Complementary ILRO and the Fast ILRO. Both injection oscillators perform the important function of frequency calibration, providing a reliable source of clock signals for wireless communications, RF circuits, and other high-frequency applications. First, we explore the complementary ILRO. Through injection techniques, the complementary ILRO allows for frequency calibration, which improves its reliability and performance in high-frequency applications. However, it is important to note that CROs may have some challenges in terms of power consumption, and thus a trade-off between power consumption and performance is required in the design. On the other hand, we have investigated fast ILRO. Fast ILRO perform well in terms of power consumption, mainly due to the use of smaller size transistors or lower VDD. Despite the relatively high phase noise level, the performance of the fast ILRO is still very attractive in some power-sensitive applications. When applied to 2.4 GHz, fast ILRO results in an 27% reduction in power consumption compared to complementary CDR and a 3dB increase in phase noise at the same time.

Overall, complementary ILRO and fast ILRO represent two important orientations in high frequency oscillator design. In selecting the right oscillator, power consumption, phase noise, frequency calibration, and other performance metrics need to be weighed against the specific application requirements.

Injection-locking technology provides a powerful way for both oscillator types to provide stable and tunable clock signals with reduced phase noise in the higher frequency range.

Through more in-depth research and continuous innovation, we are aiming for a wide range of applications of injection-locked oscillators within the domain of communication and RF systems. In the next chapter, we shall explore the application of ILRO to CDR systems. This exploration involves employing both complementary ILRO and fast ILRO configurations in both complementary ILCDR and fast ILCDR, subjecting them to comprehensive simulation and comparative analysis. Following the initial pulse generation stage, the system yields a pseudo-random pulse signal with a rate that has been doubled, resulting in a 1.736 Gbps. Subsequently, this pulse signal is fed into the ring oscillator, which in turn generates a periodic signal characterized by a frequency of 868MHz. This frequency constitutes the regenerated clock signal, serving a crucial role in the recovery process. The final component of this system involves the recovery of the data signal. Post-sampling, the output signal operates at the same rate as the initial input signal, maintaining a steady 868 Mbps data rate. This comprehensive overview underscores the essential functions and relationships within the injection CDR system.

Equation (5.1) indicates the behavior of the injection current pulse:

𝑥(𝑡) = { 𝐼 𝑖𝑛𝑗𝑒𝑐𝑡𝑖𝑜𝑛 0 < 𝑡 < 𝛾 0 𝛾 < 𝑡 < 𝑇 (5.1)
where 𝛾 denotes the pulse width and T denotes the period of the injected pulse [Borjk et al., 2014]. Our experimental findings, as gleaned from an examination of the eight quadrature-phase output signals emanating from the Ring Oscillator, underscore a key requirement: to attain an acceptable level of jitter, it is imperative that the maximum value of γ remains below 0.5T. It is noteworthy that injection intensity is intrinsically linked to the duty cycle of the injection signal, exerting a substantial influence on the overall efficacy of the injection process. Remarkably, our investigation has revealed that the most optimal pulse signal width for minimizing jitter within the ILCDR system is precisely one-quarter of the bit period (TB/4). We propose the ILCDR to enable a fast acquisition time and good jitter tolerance. Indeed, this kind of CDR has an input-jitter-filtering nature as opposed to CDRs based on high-Q filter or gated oscillator [Beraud et al., 2014, Han et al., 2009]. Moreover, when the edge detector output is injected into the ILO, it will force it to lock onto this frequency, allowing some process variation in the oscillator design and thus a better PVT variations tolerance.

Design of the pulse generator

In the context of data transmission and reception, a fundamental challenge arises when dealing with NRZ encoded data. The spectrum of NRZ data, as visually represented in Figure 5.4, notably lacks any inherent clock frequency information. This absence of clocking information necessitates the implementation of specialized mechanisms to enable precise synchronization and data recovery. To address this, one mandatory component in the data recovery process is the deployment of a pulse generator. Its primary role revolves around the conversion of NRZ data into Return-to-Zero (RZ) format, which contains clock frequency information. The difference between the NRZ and RZ data signalling is depicted in Figure 5.5. These pulses are critical in establishing timing information, which is paramount for accurate data recovery.

Figure 5.6 provides insight into the structural composition of a widely adopted pulse generator used for this purpose [Beraud et al., 2014]. This pulse generator incorporates a variable delay module comprising multiple inverters and an Exclusive-OR (XOR) gate. The purpose of this module is to leverage the detected signal transitions and generate RZ pulses accordingly. However, it is important to note that the introduction of variable delays through such a mechanism introduces an additional order to the loop which increases the instability of the CDR. A particularly advantageous outcome of this approach is the resolution of the instability problem that can arise when multiple inverters are employed for delay generation. Instead of relying on a cascade of inverters, which can introduce unwanted noise and variations, our design improves the stability.

Furthermore, the design simplifies the circuit structure, resulting from this innovation translates into a more compact circuit layout, ultimately occupying a smaller area on the integrated circuit. The DFF, also referred to as a "Data Flip-Flop," serves the purpose of storing a 1-bit binary data.

Beyond its fundamental role as a memory element in digital systems, the DFF is additionally recognized for its utility as a delay line component. The DFF possesses two inputs: a clock input denoted as CLK and a data input denoted as D. It yields two outputs: the main output represented as Q and its complement, symbolized as Q'. A visual representation of its schematic can be found in Figure 5.9.

When no clock input is applied to the DFF or during the falling edge of the clock signal, the output remains unchanged, preserving its previous value at the Q output. However, when the clock signal is in a high state, specifically during its rising edge, and the D input is high, the output assumes a high state as well. Conversely, if the D input is low, the output transitions to a low state. Consequently, in the presence of the clock signal, the output Q tracks the input D. The truth table illustrating this behaviour is detailed in Table 5.1.

The XNOR gate is a type of derived logic gate. The XNOR gate produces a HIGH (Logic 1) output when both of its inputs are equal, i.e. either HIGH (Logic 1) or LOW (Logic 0). When the inputs of the XNOR gate are different, i.e., one is HIGH (Logic 1) and another is LOW (Logic 0), then the output of the XNOR gate is a LOW (Logic 0) state. Hence, the XNOR gate produces an output HIGH (Logic 1)

only when both of its inputs are equal. Thus, the XNOR gate is also known as "equality detector".

The diagram representing the XNOR gate can be observed in Figure 5.10, and it comprises five NAND gates. According to the logic gate arithmetic formula, we can derive the following Equations (5.2) - (5.6):

𝑌 1 = 𝐴𝐵 ̅̅̅̅ (5.2) 𝑌 2 = 𝐴 • 𝐴𝐵 ̅̅̅̅ ̅̅̅̅̅̅̅̅̅ (5.3) 𝑌 3 = 𝐵 • 𝐴𝐵 ̅̅̅̅ ̅̅̅̅̅̅̅̅̅ (5.4) 𝑌 4 = 𝑌 2 • 𝑌 3 ̅̅̅̅̅̅̅̅ = 𝐴𝐵 ̅ + 𝐴 ̅ 𝐵 (5.5)
Finally, the output of the fourth NAND gate serves as the input to the fifth NAND gate, which operates as an inverter. It produces an output equivalent to the XNOR gate, expressed as: 5.6) This output represents the functionality of the XNOR gate. Therefore, it is evident that an XNOR gate can be effectively implemented using NAND gates exclusively. The implementation of an 8-to-1 multiplexer can be achieved by utilizing two 4-to-1 multiplexers and one 2-to-1 multiplexer. Figure 5.12 illustrates the block diagram of this configuration. Given thsreeke requirements of our CDR system, which necessitates complementary output pairs, we exclusively consider only the two 4-to-1 multiplexer components. 

𝑌 5 = 𝑌 4 ̅ = 𝐴𝐵 + 𝐴 ̅ 𝐵 ̅ ( 
D Q Q' ↓ X QPREV Q'PREV ↑ 1 1 0 ↑ 0 0 1

Design of the level shifter

In our CDR system, it is common to divide the entire circuit into two parts, each of which operates at an appropriate supply voltage value based on its delay requirements. In other words, provide a high voltage for the digital part of the circuit and a low voltage for the oscillator part. It is important to note that in this way, the high voltage part of the system will not be able to recognize signal changes from the low voltage part. To overcome this problem, the system requires level shifting circuits to convert the lower levels to higher levels. To minimize the degradation of overall system performance, the required level shifters must be designed to minimize propagation delay and power consumption [START_REF] Housse | [END_REF].

In our design, we employ a complementary inverter (c.f. Figure 5.15) as a level-up shifter, elevating the voltage from the range of 0.5-0.6V to 1V within the context of the CDR system. The architecture of this inverter is characterized by its simplicity and low power consumption. Moreover, the inverter has good voltage compatibility for a wide range of input levels and supply voltages, making them suitable for different supply voltages and signal levels. showcases the jitter analysis of both the recovered clock and the retrieved data when subjected to PRBS7 input data. Specifically, the jitter observed amounts to 7.4ps, equivalent to 0.6% of the UI for the clock signal, and 2.3ps, or 0.2% of UI, for the PRBS7 data.

With random signal inputs, the total circuit power consumption is 235μW. For a more comprehensive assessment, a Monte Carlo simulation under random statistical variation was conducted on this ILCDR to analyse the resulting clock frequency, encompassing 100 data points. The approximate probability distribution is examined using the histogram plot displayed in Figure 5.23. In this context, the histogram reveals an asymmetry in its divisions. Although the mean of the output clock frequency stands at 865MHz (i.e 864.8MHz), a significant concentration of data points is observed in close proximity to 868MHz. The standard deviation is calculated at 6.2MHz, with 99.2% of the data points within the ±3σ range.

Due to the non-Gaussian shape of the probability function, we have first increased the number of simulations with N=500. The result is presented in Figure 5.24 and is not significantly different with a higher asymmetry between the right and the left part of the distribution. So finally, we have tried to fit the simulated approximate distribution function by a Gaussian function as depicted in Figure 5.25. This

Gaussian distribution exhibits a mean value of 867MHz, which is close to 868MHz (the expected value obtained by simulation with TT spice parameters values of the transistors) with a standard deviation of 4MHz (6σ#879-855=24MHz). These results certainly remain insufficient but we have not found an explanation for this non-Gaussian distribution to date. They should be reported to ST Microelectronics to review their PDK (Physical Design Kit). However, these MC simulations show that the variability due to the manufacturing process on the oscillation frequency remains low around a value of 3σ/Mean=12/868=1.4% maximum relative deviation). indicates superior jitter and phase noise characteristics at lower frequencies, while at higher frequencies, it exhibits an extended injection locking range.

Performance evaluation of the fast injection-locked CDR

Similarly, we performed a parallel set of simulations for the fast ILCDR. These simulations entailed variations in key parameters, leading to the categorization of the fast ILCDR into distinct cases:

-Case 3: A data rate of 868Mbps, with both the fast inverter transistor and the complementary inverter transistor having the same size.

-Case 4: A data rate of 868Mbps, but the fast inverter transistor is configured to be smaller in size than the complementary inverter transistor.

-Case 5: A data rate of 2.4Gbps, with both the fast inverter transistor and the complementary inverter transistor having the same size.

-Case 6: A data rate of 2.4Gbps, but the fast inverter transistor is configured to be smaller in size than the complementary inverter transistor.

Our discussion will begin with a detailed examination of Case 3 and Case 4. The recovered clock and data eye diagrams for Case 3 and Case 4 are depicted in Figure 5.32 (a) (b) and (c) (d), respectively.

In Case 3, the p-p jitter for the recovered clock is 9.9ps (0.9% UI), and the data jitter is 2.8ps (0.2% UI).

Case 4 exhibits a p-p jitter of 8.5ps (0.7% UI) for the recovered clock and 6.2ps (0.5% UI) for the data.

To evaluate the distribution of the recovered clock frequencies, separate Monte Carlo simulations of 500 points were conducted. The outcomes, presented in Figure 5.33, reveal that in Case3, the mean frequency value is 869MHz with a standard deviation of 8.4MHz. A remarkable 99.8% of the data points are encompassed within the 3σ range, except for one point with a notable deviation. While in Case4, the mean frequency value is 866 MHz with a standard deviation of 8.5 MHz, and 99.8% of the data points reside within the 3σ range. These distributions therefore follow more or less an approximate Gaussian distribution. In Case 3, the locking range of ILCDR is all between 860M and 1.06 Gbps (23% of 868Mbps); In Case 4, the locking range of ILCDR is all between 860M and 1.08 Gbps (25% of In Case 5, we observe that the p-p jitter of the recovery clock is only 4.4ps, which corresponds to 1.1% of the UI. Meanwhile, the data jitter is 1.8ps, which is only 0.4% of the UI. In case 6, the p-p jitter of the recovery clock increases to 9.5ps, which corresponds to 2.3% of the UI. Data jitter also increases to 4.1ps, occupying 1.0% of the UI. Monte Carlo simulations with 500 data points were performed and the results are presented in Figure 5.34. In case 5, the mean frequency value is stable at 2.4GHz with a standard deviation of 4.5MHz. The overall distribution is more concentrated, with 99.6% of the points falling within the ±3σ range. In Case 6, while the mean frequency value remains consistent, the standard deviation increases to 8.2MHz, resulting in a more dispersed distribution. Of course, all these results are open to discussion, but as we said previously, we have no other explanation than to question the STMicroelectronics PDK or the "random" sampling under Cadence. Nevertheless, it's worth noting that all data points fall within the 3σ range. In Case 5, the ILCDR maintains a locking range spanning from 2.34Gbps to 3Gbps (27% of 2.4Gbps). In Case 6, the ILCDR's locking range extends from 2.26Gbps to 3.1Gbps (35%of 2.4Gbps). Finally, Figure 5.35 shows the PSS+PNOISE simulation results of the dx=9.9ps dx=2.8ps dx=8.5ps dx=6.2ps

ILCDR under periodic injection signals. In case 5, the phase noise reaches -117dBc/Hz @1 MHz, while it is -115dBc/Hz@1MHz in case 6. In Case 5, we observe that the p-p jitter of the recovery clock is only 4.4ps, which corresponds to 1.1% of the UI. Meanwhile, the data jitter is 1.8ps, which is only 0.4% of the UI. In case 6, the p-p jitter of the recovery clock increases to 9.5ps, which corresponds to 2.3% of the UI. Data jitter also increases to 4.1ps, occupying 1.0% of the UI. Monte Carlo simulations with 500 data points were performed and the results are presented in Figure 5.36. In case 5, the mean frequency value is stable at 2.4GHz with a standard deviation of 4.5MHz. The overall distribution is more concentrated, with 99.6% of the points falling within the ±3σ range. In Case 6, while the mean frequency value remains consistent, the standard deviation increases to 8.2MHz, resulting in a more dispersed distribution. Of course, all these results are open to discussion, but as we said previously, we have no other explanation than to question the STMicroelectronics PDK or the "random" sampling under Cadence. Nevertheless, it's worth noting that all data points fall within the 3σ range. In Case 5, the ILCDR maintains a locking range spanning from 2.34Gbps to 3Gbps (27% of 2.4Gbps). In Case 6, the ILCDR's locking range extends from 2.26Gbps to 3.1Gbps (35%of 2.4Gbps). Finally, Figure 5.37 shows the PSS+PNOISE simulation results of the ILCDR under periodic injection signals. In case 5, the phase noise reaches -117dBc/Hz @1 MHz, while it is -115dBc/Hz@1MHz in case 6. The demarcation point between high and low voltage is called the crossover voltage. The supply voltage for 90nm technology node and beyond is higher than the crossover voltage, the temperature rises and the delay increases, with the worst delay occurring at the highest temperature, i.e., the 125°C; 65nm and below process nodes, the supply voltage has reduced below the crossover voltage, the temperature rises, the delay decreases, and the worst delay occurs at the lowest temperature, i.e., the -40°C. According to the results in the Table 5.6, it is found that with an input data rate of 868Mbps, the process and temperature have a large effect on the output frequency, which produces harmonic injections.

In the fastest case, the output frequency is close to 2*868M=1.736GHz; In the slowest case, the output frequency is close to 868M/2=434MHz. In the case of an input data rate of 2.4Gbps, the CDR is relatively more stable for process and temperature. With the same input data rate, the circuit is more To compensate for the parasitic capacitance and resistance in the layout, we opted to raise the VDD from 0.5V to 0.63V to realize the functionality of the 868MHz ILCDR. Additionally, the increment in VDD to achieve the target frequency of 868 MHz results in higher power consumption in post-layout simulation.

Table 5.9 lists the schematic and post-layout simulation results of complementary ILCDR at different processes and temperatures. Among them, the results of the PT variation simulation of the postlayout are relatively more stable than those of the schematic because the VDD of 0.5V in the schematic is low, whereas the VDD is increased to 0.63V in the post-layout, and the stability is subsequently improved. 

Conclusion

This chapter first presents the general structure of the ILCDR and then analyses each module in the full-rate CDR circuit in detail. Thanks to FDSOI technology, we have implemented a ring oscillator based on complementary logic and fast inverters. The fast oscillator permits an increase in speed over the complementary oscillator, but with some loss of stability. We have the possibility to apply two types of oscillators to the injection-locked oscillator and ILCDR. The designer has a choice of improving stability or power consumption, frequency, as well as dimension to achieve a compromise depending on the requirements. When applied at 868MHz, the fast CDR consumes 5% less power than the complementary CDR, while increasing phase noise by 2dB; When applied to 2.4 GHz, fast CDR results in an 11% reduction in power consumption compared to complementary CDR and a 2dB increase in phase noise at the same time.

We then explore the layout design of the complementary RO, the core module in the CDR system, and perform a post-simulation analysis of the entire CDR system. Although the oscillation frequency of the RO is limited by parasitic capacitance and reduced to one-third of the schematic level, in the postsimulation we effectively achieve the expected function of the CDR by increasing the VDD. The postlayout simulation results in a 35% increase in power consumption at 868MHz, along with a 4 dB rise in phase noise.

General conclusion and perspectives 1.Conclusion

In this thesis, a full-rate injection-locked based Clock and Data Recovery operating at 868Mbps and 2.4Gbps is designed using a 28nm FDSOI process, which mainly consists of a pulse generation block, an injection block, an oscillator block, a data selector, and a level shifter block. Next, we investigated two major classes of oscillators, the LC tank oscillator and the ring oscillator.

Overcompensation of the SCE and DIBL effects by a back gate controlled current-mirror circuit produces a negative-resistance circuit which is subsequently connected in parallel with an LC tank with an equivalent impedance, thus creating a negative-resistance LC oscillator. Based on previous laboratory results, i.e., the complementary RO, we present another fast RO based on back-gate control and compare the two ROs. The fast RO has the advantage of being faster and more energy efficient, while the complementary RO has better phase noise characteristics. In addition, a comparative evaluation of a ring oscillator and an LC oscillator based on back-gate control is performed. For CDR applications, we chose the ring oscillator because of its advantages of low power consumption and small size, although the phase noise is higher. However, the phase noise is reduced by the injected signal in a CDR circuit.

We explore two types of ring oscillators based on injection-locked techniques: complementary ILRO and fast ILRO. Injection locked oscillators both have important features for frequency calibration and phase noise reduction. Complementary ILRO can present some challenges in terms of power consumption. The fast ILRO performs well in terms of power consumption, mainly due to the use of smaller transistor sizes or lower VDD but has a relatively high phase noise level.

Through more in-depth research and continuous innovation, we aim to realize injection-locked oscillators widely used in communication and RF systems. We explored the application of ILRO in CDR systems. This exploration includes the overall structure of the complementary ILCDR and the fast ILCDR as well as the individual modules in the circuit. For application at 868MHz, the power consumption of the fast CDR (218μW) is 5% lower than that of the complementary CDR (235μW), while the phase noise increases by 2dB, i.e., -120dBc/Hz@1MHz and -122dBc/Hz@1MHz at 2.4GHz, the power consumption of the fast CDR (587uW) is 11% lower than that of the complementary CDR (663uW), while the phase noise increases also by 2dB i.e., -117dBc/Hz@1MHz and -119dBc/Hz@1MHz.

In addition, the layout of the complementary RO, the core module of the CDR system, is designed and the whole complementary ILCDR system is analyzed by post-layout simulation. Although the oscillation frequency of the RO is limited by parasitic capacitance and reduced to one-third of the schematic level, in the post-layout simulation we effectively realize the expected function of the CDR by increasing VDD. The results of the post-layout simulation are a 35% increase in power consumption at 868 MHz, i.e., 318 μW, and a 4 dB increase in phase noise, i.e., -118 dBc/Hz@1 MHz.

To conclude, taking advantage of the FDSOI transistor's back-gate control allowing adjustment of the threshold voltage allows us to optimize device characteristics and improve overall circuit performance. Using this feature, we have proposed three oscillators including a complementary RO, a fast RO, and a negative resistance LC tank oscillator. These oscillator designs optimize the performance in different aspects as discussed previously. Accordingly, we apply the injection-locked technique to the ring oscillator, focusing on its ability to calibrate frequency and reduce phase noise. Finally, we present the injection-locked clock and data recovery system, which has a simple structure, low power consumption and small surface area.

2.Perspectives

In this thesis, the design and simulation verification of the ILCDR circuit is completed, but there are still points that need to be improved:

• Under the FDSOI advanced technology process, there is a big discrepancy between the results of the schematic and post-layout simulation. A more rational layout and wiring can be implemented in the layout design by considering the effect of devices and interconnections on the signals at the physical level. Other modules in ILCDR should also be layout-designed, the overall post-layout simulation should be performed and the post-simulation results analyzed.

• Due to budget constraints, the CDR circuit of this design could not be realization on silicon. It is hoped that subsequent optimization of it will lead to on-silicon realization and measurement to verify the circuit performance of the CDR, especially the actual measurement of the jitter transfer and jitter tolerance characteristics of the CDR.

• In future research, we expect to further apply the injection-locked technique to the negativeresistance LC oscillator presented in Chapter 2 to thoroughly compare the performance characteristics of the injection-lock LC tank oscillator and the injection-locked ring oscillator.

At the same time, we intend to explore how to implement a CDR system based on injection-locked LC tank oscillator and to analyze it in a comprehensive comparison with injection-locked RO based CDR to further improve the performance and applicability of the CDR system.

• In addition, we would like to add a PLL reference loop to this CDR circuit as shown in Figure 1. The PLL introduces a closed loop that can stably track and adjust the clock frequency and phase, which will improve the clock stability of the whole system. Since the PLL can adaptively track and adjust the clock frequency and phase, it enhances the circuit's resistance to PVT variations to compensate for the large deviations in our CDR that occur with voltage and temperature variations.

Figure 1 The structure of injection-locked CDR with a PLL reference
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 11 Figure 1.1 The history of the microelectronics
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 16 Figure 1.6 Summary of bulk CMOS to UTBB-FDSOI technology
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 118 Figure 1.7 (a) General structure of CMOS transistor from bulk (b) toward FD-SOI transistor[Clerc et al., 2020] 
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 11 Figure 1.10 Body biasing structure of (a) bulk CMOS and (b) UTBB FDSOI transistor[START_REF] Monfray | [END_REF] 
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 1 Figure 1.11 Architecture of UTBB-FDSOI (a) in RVT (Conventional well) transistor

Figure 1 .

 1 Figure 1.13 (a) Planar FET and (b) FinFET transistor[Karel, 2017] 
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 1 Figure 1.16 Block diagram of a data transmission system

  are two main types of CDRs, which are classified based on the use of feedback phase tracking: closed-loop CDRs and open-loop CDRs. Closed loop CDRs utilize feedback phase tracking to adjust the phase of the local oscillator and synchronize it with the input signal's phase. The closed-loop category includes Phase-Locked Loop (PLL) structures, Delay-Locked Loop (DLL) structures, and phase interpolation CDRs. Typically, closed loop CDRs consist of three fundamental blocks: a Phase Detector (PD), Loop Filter (LPF), and oscillator. Closed loop CDRs can effectively track phase changes

Figure 1 .Figure 1 .

 11 Figure 1.18 The structure of a basic PLL type CDR circuit

Figure 1 . 1 Figure 1 .

 111 Figure 1.20 PLL-type CDR with dual VCO synchronous locking structure with external reference frequency

Figure 1 .

 1 Figure 1.21 The structure of a DLL type CDR circuit

Figure 1 .

 1 Figure 1.22 The structure of a PS/PI type CDR circuit

Figure 1 .

 1 Figure 1.23 illustrates the configuration of an oversampling CDR system, which consists of three key components, namely the PLL block, the multi-phase sampler block, and the data recovery block. The data recovery block is composed of a data register, a bit boundary detector and a data selector. The oversampling CDR comprises two input signals, of which the reference clock that passes through the PLL circuit and generates a set of multi-phase clocks, which the frequency and the phase keep constant.
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 1 Figure 1.23 The structure of an oversampling type CDR circuit
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 1 Figure 1.26 The structure of an injection locked based CDR
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 1 Figure 1.27. It represents the time required for the CDR system to achieve synchronization and maintain a stable operation.
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 1 Figure 1.27 Locking time of a CDR system
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 1 Figure 1.28 Capture range and lock range in closed-loop CDR system
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 1 Figure 1.30 Schematic diagram of absolute jitter
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 1 Figure 1.31 Schematic diagram of period jitter
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 1 Figure 1.33 Jitter components segmentation

Figure 1 .

 1 Figure 1.35 illustrates Leeson's model of phase noise in dBc/Hz plotted versus the frequency offset,fm, employing a logarithmic scale for the frequency axis. The actual curve can be approximated by multiple regions, each characterized by a slope of 1/f x . Here, x represents the exponent and determines the behavior of the phase noise curve. The "white" phase noise region corresponds to x = 0, exhibiting a slope of 0 dB/decade. The "flicker" phase noise region corresponds to x = 1, displaying a slope of -20 dB/decade. Additionally, there are regions where x = 2, 3, 4, progressively closer to the carrier frequency.
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 1 Figure 1.35 Phase noise in dBc/Hz vs. Frequency offset
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 1 Figure 1.36 Waveforms and ISF's for (a) a typical LC oscillator and (b) a typical ring oscillator.
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 1 Figure 1.37 Calculating jitter from phase noise

  The eye diagram is constructed by overlaying data from numerous cycles, typically a minimum of 100 cycles, based on the associated reference points. Ideally, a normal eye diagram should show an open eye shape, indicating that the inter-bit spacing is clearly distinguishable and the signal has less noise and distortion. Whereas, when the signal has problems such as noise, distortion or clock jitter, the opening of the eye diagram will narrow or close, indicating a degradation in signal quality., as depicted in Figure 1.38. It provides information about various characteristics such as data rise time, data fall time, duty cycle, and jitter.Consequently, the eye diagram serves as a valuable tool to assess the quality of the recovered data in the CDR system.
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 1 Figure 1.38 Eye diagram principle
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 1 Figure 1.39 Jitter transfer curve

Figure 1 .

 1 Figure 1.40 The mask curve of jitter tolerance
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 1 Figure 1.41 Signal diagram of a CDR module with consecutive data[Tall, 2013] 
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 2 1 depicts a simple current mirror employing Bulk NMOS transistors.

Figure 2 . 1

 21 Figure 2.1 Typical current mirror

  .2 shows the simulation results for different sizes of lengths. With a 300 nm large length, the channel modulation effect is weakened. The red curve shows the slope of the current in the saturation region is almost flat. For the small size of 30nm in length, the output current and the output voltage present an exponential relationship in the moderate region caused by the SCE and DIBL effect. In another word, by changing the lengths of the transistor, we change gds and gmb of the transistor. The mismatch between reference and output current is quite serious in basic current mirrors without back-gate control with the small sizes.

Figure 2 . 2

 22 Figure 2.2 Output current comparison with different L sizes

  Figure 2.3 (a) Wilson current mirror (b) Cascode current mirror

Figure 2 . 4

 24 Figure 2.4 Basic current mirrors with two different back-gate configurations

  Figure 2.4 (a) depicts the connection of Vout to the back gate of M1. With this setup, the backgate voltage of M1 tracks the drain voltage of M2, which varies from 0 to 1 V. As the backgate voltage rises, the threshold voltage drops, leading to a reduction in the biasing voltage (VGS) required to maintain the same source current (cf. Equation(2.4)). Consequently, the slope of the output current can be controlled, and it can become horizontal or negative based on the lengths of the transistors.Additionally, the drain voltage of M1 can be leveraged to control the back-gate voltage of M2, as illustrated inFigure 2.4 (b). Here, instead of connecting the back gate of transistor M2 to the ground, it is linked to the drain voltage of M1 to lower the threshold voltage for M2, resulting in an increase in the output current (cf. Equation(2.5)). The simulations presented below operate in the moderate region by setting a small reference current (such as 1µA).

Figure 2 .

 2 4 (a)). Moreover, connecting both back-gates of the two transistors to the drain voltages can result in an output current that increases up to the reference current of 1 µA, as illustrated by the green curve (cf. configurationFigure 2.4 (b)).
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 25 Figure 2.5 Comparison with different back-gate configurations

Figure 2 . 7 ,

 27 Figure 2.7, only three simulation results were presented with three different values of L (34nm, 35nm, and 36nm) while maintaining a constant width of W=100µm, where IREF=45µA. The results indicate
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 27 Figure 2.7 Simulations of a current mirror with BG control for different lengths of the output transistor
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 29 Figure 2.9 Comparison between measurements and simulations with back-gate control

Figure 2 .

 2 Figure 2.11 A negative resistance I-V curve

Figure 2 .

 2 6 in contrast to Figure2.5. This adjustment in length (L) to such an extent, at 330 nm, that the influence of the channel modulation effect is substantially mitigated, consequently leading to the characteristic saturation region's current slope exhibiting a tendency to settle down without any involvement of back-gate control. When the bias voltage (Vbias) is varied, the output current is overcompensated. Consequently, this leads to a decrease in the current slope, resulting in a negative output impedance as shown in Figure2.14.
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 22 Figure 2.14 Back-gate negative resistance circuit
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 2 Figure 2.17(a) Ideal and (b) realistic LC tanks
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 2 Figure 2.19 Conversion of a tank to three parallel components.
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 2 Figure 2.20 (a) Decaying impulse response of a tank; (b) addition of negative resistance to cancel loss
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 2 Figure 2.21 LC tank oscillator based on new negative resistor
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 2 Figure 2.23 Sizing of the LC tank oscillator
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 2 Figure 2.24 Impedance of the LC tank versus frequency
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 2 Figure 2.25 Transient simulations of negative resistance LC tank: (a) setting time -(b) steady state

Figure 2 .

 2 Figure 2.26 Phase noise simulation of negative resistance LC tank
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 33132 Figure 3.1 Different inverter implementation in UTBB-FDSOI technology

  output symmetry: The back-gate feedback mechanism describes above in the complementary inverter structure leads to improved output symmetry. When the input signal switches, both the PMOS and NMOS transistors respond with relatively uniform speed. This balanced response reduces output asymmetry and improves the quality of the inverter's output waveform. Enhanced output symmetry allows complementary output signals to intersect at VDD/2, i.e., the rise and fall times of the signals are equal, which reduces interference caused by asymmetric response and thus improves noise immunity.

Figure 3 . 3

 33 Figure 3.3 Complementary output waveforms of (a) symmetrical and (b) asymmetrical signal transitions Considering the effects of short channel and other secondary effects, the transistor dimensions Wn and Lp were fixed at to achieve the desired performance. The objective was to ensure that the output intersection of the complementary inverters aligns with VDD/2, as illustrated in Figure 3.3. To achieve this, it is crucial to have equal rise time (tr) and fall time (tf) for the inverter output signal. The relationship between these parameters can be expressed by Equations (3.6), (3.7) and (3.8) [Prasad et al., 2015]:

  transient simulation was conducted. The objective was to observe the input and output signals and validate the design's effectiveness. The simulated results are presented in Figure 3.4, showcasing the waveforms of the complementary output signals. Notably, the intersection point of the two complementary outputs precisely aligns with VDD/2, indicating the successful realization of the design objectives. The incorporation of back gate control in the complementary inverter structure plays a vital role in addressing output signal asymmetry. By leveraging the back gate control mechanism, the inverter achieves improved symmetry in the output signals.
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 34 Figure 3.4 Transient simulation result of complementary output waveform

Figure 3 .

 3 Figure 3.6 illustrates a comparison between the DC transfer functions of a complementary inverter and a conventional inverter. The transfer function curve of the conventional inverter is shown as the green line in the figure, while the slope of the complementary inverter is steeper around VDD/2 = 0.5 V, as shown by the red line in the figure. This significant difference in slope demonstrates that complementary inverters possess a higher rate of response to changes in the input signal. The enhanced slope of the complementary inverter's DC transfer function indicates its ability to quick transition between logic states. As a result, the complementary inverter is well-suited for applications that necessitate fast signal processing and high-speed switching.
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 36 Figure 3.6 DC transfer function of complementary inverter and bulk inverter
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 3839 Figure 3.8 Single-ended Ring oscillator consisting of N inverters
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 3 Figure 3.10 Differential ring oscillator with (a) odd number (b) even number inverters

Figure 3 .

 3 Figure 3.11 Topology of complementary ring oscillator In a quadrature ring oscillator, the presence of a transition-locked state poses a challenge to the automatic oscillation process, necessitating careful consideration of the start-up design. To address this, a start-up circuit becomes essential to initiate the oscillation. Transistors are commonly employed as switches to control the gate and turn the VDS state, with PMOS transistors facilitating the pull up of the target voltage to VDD, while NMOS transistors pulling the target voltage down to VSS. Due to the superior
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 3 Figure 3.12 Start up design of complementary ring oscillator
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 33 Figure 3.14 Transient simulation result of complementary RO at VDD = 1V
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 33 Figure 3.18 Transient simulation of the proposed complementary ring oscillator
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 3 Figure 3.20 (a) Conventional and (b) fast inverter implementation in UTBB-FDSOI technology
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 3 Figure 3.22 The transition of an inverter charging the next level of inverter
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 33 Figure 3.23 Transient simulation result of fast inverter outputs

Figure 3 .

 3 Figure 3.25 AC frequency response of fast inverter Figure 3.25 presents the AC frequency simulation results for the fast inverter, indicating a gain of 24dB and a bandwidth of 12GHz. Comparatively, the fast inverter exhibits a slightly higher bandwidth

Fast

  inverters, characterized by their reduced transmission delays, offer significant advantages when applied in ring oscillators. The use of fast inverters results in higher oscillation frequencies for the ring oscillator. The reduced transmission delays provided by fast inverters lead to shorter periods for completing one full oscillation cycle, thereby elevating the oscillator's operating frequency and improving its overall efficiency. Furthermore, the smaller transmission delays of fast inverters facilitate quicker output transitions. Moreover, fast ring oscillators demonstrate a larger bandwidth compared to conventional counterparts. In conclusion, by integrating fast inverters into the ring oscillator architecture, the circuit can achieve faster switching capabilities and exploit high-speed properties, resulting in enhanced overall performance. The incorporation of fast inverters effectively reduces the propagation delay in each stage, leading to shorter signal propagation times and faster switching behavior.In this study, we present a novel design for a fast ring oscillator, building upon the insights gained from various inverter structures and the conventional complementary ring oscillator. The proposed fast ring oscillator, depicted in Figure3.26, combines both complementary inverters with back-gate auto biasing (indicated by blue arrows) and sets of fast inverters (represented without blue arrows). By eliminating the symmetry in one stage out of every two stages, we achieve a more asymmetric load distribution compared to the complementary ring oscillator. A key advantage of the proposed design is the reduced load on the ring, resulting in increased performance efficiency. The second unit in each twostage inverter can be smaller in size, which further contributes to enhanced performance. The asymmetric configuration enables the ring oscillator to accelerate the ring's oscillation by prioritizing the speed of one of the two stages. Additionally, the proposed design ensures the generation of quadrature output, which is crucial for various applications requiring multiple phases of the clock signal.Furthermore, the fast ring oscillator benefits from the inherent advantages of fast inverters, such as smaller transmission delays and high-speed properties. These properties enable rapid switching and efficient signal processing, making the fast ring oscillator well-suited for high-frequency communications and data-intensive applications. By integrating both complementary inverters and fast inverters in a balanced arrangement, the proposed fast ring oscillator achieves a unique blend of characteristics, combining the benefits of both types of inverters while mitigating their respective limitations. The asymmetric load distribution and optimized stage sizing enable improved performance without compromising on critical oscillator features.

Figure 3 .

 3 Figure 3.26 Topology of complementary ring oscillator

First

  , we start by discussing the simulation results in Case 2. One essential parameter we analyzed was the oscillation frequency of both oscillators in response to changes in the VDD. Figure3.28 illustrates the variations in the oscillation frequency of both the fast and complementary oscillators in function of the VDD. By analyzing Figure3.28, it becomes evident that the oscillation frequency of the fast oscillator surpasses that of the complementary oscillator under identical VDD conditions. This notable difference in oscillation frequency can be attributed to the inherent characteristics of the fast inverter, which exhibits reduced transmission delay and faster switching speed compared to its complementary counterpart. The faster switching behavior of the fast inverter allows for quicker signal propagation through the oscillator, leading to more rapid transitions between logic states and enabling higher oscillation frequencies to be achieved.
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 3 Figure 3.28 Comparison of oscillation frequency in function of VDD

Figure 3 .

 3 Figure 3.29 Comparison of power consumption in function of VDD

Figure 3 .

 3 31 displays the VDD curves for both oscillators in relation to the oscillation frequency. It indicates that the fast oscillator demonstrates the ability to reach the same oscillation frequency at a smaller VDD value, resulting in reduced power consumption at equivalent frequencies, as evident from Figure3.32. The observed differences in VDD and power consumption between the two oscillators can be attributed to their distinct design attributes. The fast oscillator's inherent capacity for faster switching speeds, as demonstrated earlier, facilitates achieving the desired oscillation frequency at lower VDD values. As a result, the fast oscillator exhibits higher energy efficiency, consuming less power while maintaining comparable oscillation frequencies to the complementary oscillator.
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 33 Figure 3.31 Comparison of VDD in function of oscillation frequency

Figure 3 .

 3 Figure 3.33 Comparison of phase noise in function of oscillation frequency

Figures

  Figures 3.34 and 3.35 depict the power consumption characteristics of the two oscillators concerning

Figures 3 .

 3 Figures 3.36 and 3.37 illustrate the phase noise variations with respect to VDD and the oscillation frequency, respectively. As observed earlier, the phase noise of the fast oscillator is higher compared to that of the complementary oscillator which can be attributed to the lack of symmetry.
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 3 Figure 3.34 Comparison of power consumption in function of VDD
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 4 Figure 4.1 (a) Conceptual oscillator. (b) Frequency shift due to additional phase shift. (c) Open-loop characteristics.(d) Frequency shift by injection.[Razavi, 2004] 
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 4 Figure 4.1 (b). At this point, the circuit's oscillation behavior undergoes a significant change. The deviation from the ideal 360° phase shift at the resonance pulsatance 𝜔 0 (as shown in Figure 4.1 (c))

Figure 4 .

 4 Figure 4.1(d). By carefully selecting the appropriate amplitude and frequency for this injection current (Iinj), we observe a notable outcome. The circuit, instead of oscillating at its initial resonance frequency 𝑓 0 , exhibits oscillation at a new frequency 𝑓 𝑖𝑛𝑗 . This occurrence corresponds to what we call injection locking, a phenomenon wherein external influence synchronizes the circuit's oscillation behavior, and the pulsatance locking condition is given by Equations (4.1) and (4.2).𝜔 0 𝑁 -𝜔 𝐿 < 𝜔 𝑖𝑛𝑗 < 𝜔 0 𝑁 + 𝜔 𝐿(4.1) 
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 4243 Figure 4.2 A first-order model of injection into a ring oscillator
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 44 Figure 4.4 Schematic of the delay cell with tail injection device
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 4546 Figure 4.5 Schematic of the delay cell with direct injection device
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 47 The injection locked technology holds the potential to significantly elevate the frequency accuracy and stability of complementary oscillators. Through the modulation of both the phase and frequency attributes of the externally injection signal, a remarkable outcome ensues. Specifically, the output frequency of the oscillator undergoes a precise and intricate locking process. This precision-driven locking mechanism brings about a notable reduction in undesirable phenomena such as jitter and phase error as illustrated in Figure4.8.
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 47 Figure 4.7 Current pulse injection in a ring oscillator
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 48 Figure 4.8 Changes in phase error when phase corrections are made using injection signals[Ama et al., 2011] 
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 49 Figure 4.9 Structure of injection complementary QRO
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 4 Figure 4.10 Diagram of the signals for both injection and start up functions

Figure 4 .

 4 Figure 4.11 Transient simulation results of complementary ILO of an 800MHz injection signal

  reduction of 34dB compared to the phase noise encountered without the influence of the injection signal. This compelling result underscores the practical viability and utility of the injection locking technique, especially in applications where tight control of phase noise is critical.

Figure 4 .

 4 Figure 4.12 Tuning range versus free running frequency

  inputs: an external signal source and a start-up signal (Reset). These two signals are the two input signals to the NAND logic gate. After the NAND gate eventually generates the injection pulse signal, which in turn affects the subsequent dynamics of the ring oscillator.The fast ring oscillator configuration involves the combination of a complementary inverter and a fast inverter within a coherent arrangement. A complementary inverter and a fast inverter are considered as a group, and we inject the injection pulse signal into one output signal of the first stage and another output signal of the second stage of the group as shown in Figure4.14. This injection strategy serves the dual purpose of initiating the oscillator's oscillatory behavior and engendering the production of complementary output signals.
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 4 Figure 4.14 Structure of injection fast QRO
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 4 Figure 4.15 The frequency locking range ratio between two ILROs with same size

  and 4.17, respectively. The selection of these frequencies is motivated by their wide range application in modern communication systems, thereby rendering this investigation highly relevant in the context of practical applications. The findings depicted in the figures reveal substantial phase noise reductions of 29dB and 40dB at 868MHz and 2.4GHz, respectively, in the case of ILRO.
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 44 Figure 4.16 Comparison of phase noise in the function of relative frequency at 868MHz with same size
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 4 Figure 4.18 The frequency locking range ratio between two ILROs with different size
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 44 Figure 4.19 Comparison of phase noise in the function of relative frequency at 868MHz with different size
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 51 Figure 5.1 Injection locking based CDR with an input frequency tracking system

Figure 5 .

 5 Figure 5.2 provides a simplified representation of the open-loop injection CDR system. The 2 7 -bit Pseudo-Random Binary Sequence (PRBS) input signal is generated at a data rate of 868 Mbps.
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 5 3 illustrates the timing diagram for the ILCDR.
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 52 Figure 5.2 Simplified block diagram of the proposed ILCDR
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 545556 Figure 5.4 Spectrum of the NRZ data[Walker, 2002] 
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 57 Figure 5.7 Schematic of the proposed pulse generator Indeed, the NAND Gate holds a significant position in digital logic design as a universal logic gate.Its versatility allows for the implementation of various other logic gates and logical expressions. In Figure5.8, we can observe the structural representation of a NAND gate. Within the pulse generation module, we employ NAND gates to realize both DFF and XNOR gate.
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 58 Figure 5.8 Structure of the NAND gate
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 5511 Figure 5.10 Schematic of the XNOR gate
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 55 Figure 5.11 Graph of 8-to-1 multiplexer

Figure 5 .

 5 Figure 5.14 illustrates the structure of a 4-to-1 MUX implemented using PTL. Since we have four input signals, a two-bit select signal is necessary. These two bits yield four distinct binary combinations,
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 55 Figure 5.13 Structure of pass transistor gate
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 5 Figure 5.15 Complementary inverter used as level shifter
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 55 Figure 5.17 Transient simulation result of pulse generator of 1GHz
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 5555 Figure 5.19 Transient simulation result of level up shifter
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 555555 Figure 5.23 Monte Carlo result of clock frequency at 868MHz with N=100
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 5 Figure 5.32 Eye diagram of (a) Recovered clock (b) Recovered data in Case 3 and (c) Recovered clock (d) Recovered data in Case 4

Figure 5 .Figure 5 .

 55 Figure 5.33 Monte Carlo result of clock frequency at 868MHz (a) in Case 3 and (b) in Case 4

Figure 5 .Figure 5 .

 55 Figure 5.35 Eye diagram of (a) Recovered clock (b) Recovered data in Case 5 and (c) Recovered clock (d) Recovered data in Case 6

  unstable with a lowerVDD (Case3 and Case5). With the same VDD, the CDRs have almost the same output frequency under process and temperature simulations, with the smaller fast CDRs being slightly better. In the final circuit, the Voltage Controlled Ring Oscillator (VCRO) is not controlled by the supply voltage, but is connected by adding a current mirror as shown in Figure5.38.
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 5 Figure 5.38 Structure of the VCRO controlled by current mirror
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 5 Figure 5.39 Triple-well structure in UTBB-FDSOI technology

Figure 5 .

 5 Figure 5.41 illustrates the layout topology of the complementary inverter. In this configuration, we have symmetrically placed the four transistors and their respective ports and used symmetrical alignments between the circuit elements. This symmetry helps simplify the complexity of the circuit layout and improves its overall stability. The detailed layout of the complementary inverter is shown in Figure 5.42 and occupies an area of approximately 8*8μm² .
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 555 Figure 5.41 Layout topology of one complementary inverter
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 5532 Figure 5.43 Layout topology of one complementary RO
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 5 Figure 5.45 Schematic and post-layout transient simulation results for complementary inverter
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 555 Figure 5.47 Transient simulation (a) diagram (b) frequency result of 868Mbps NRZ data

FDSOI

  28nm technology is first fully analyzed and evaluated. The back gate control and adjustable threshold voltage features of FDSOI technology greatly contribute to the improvement of the device characteristics and the overall circuit performance. FDSOI 28nm technology provides a good solution to overcome the challenges of conventional planar CMOS technology with its unique features such as improved electrostatic control and reduced short channel effects. Then different types of CDR circuits are introduced, and their operating principles, advantages and disadvantages, and applicable scenarios are studied. Meanwhile, the main circuits and various performance indexes of CDR are explained in detail.

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  

  𝑇 𝑑𝑒𝑝 : depletion depth, 𝑇 𝑜𝑥_𝑒𝑙 : gate oxide thickness in inversion mode, 𝑋 𝑗 : junctions thickness, 𝜀 𝑆𝑖 : silicon permittivity, 𝜀 𝑜𝑥 : oxide permittivity, Φ 𝑑 : channel-extension potential barrier, 𝑉 𝑑𝑠 : drain source voltage. The Electrostatic Integrity (EI) of a MOSFET can be impacted by DIBL, and Figure 1.8 demonstrates how the EI evolves based on the device structure. The parameters considered include gate length (𝐿), Si thickness (𝑇 𝑆𝑖 ), Gate Oxide thickness (𝑇 𝑜𝑥 ), BOX thickness (𝑇 𝑏𝑜𝑥 ), and a fitting parameter

	where 𝐿							
	𝜀 𝑆𝑖 𝜀 𝑜𝑥	(1 +	𝑋 𝑗 2 𝐿 𝑒𝑙 2 )	𝑇 𝑜𝑥_𝑒𝑙 𝐿 𝑒𝑙	𝑇 𝑑𝑒𝑝 𝐿 𝑒𝑙	Φ 𝑑	(1.1)
	𝐷𝐼𝐵𝐿 = 0.80	𝜀 𝑆𝑖 𝜀 𝑜𝑥	(1 +	𝑋 𝑗 2 𝐿 𝑒𝑙 2 )	𝑇 𝑜𝑥_𝑒𝑙 𝐿 𝑒𝑙	𝑇 𝑑𝑒𝑝 𝐿 𝑒𝑙	𝑉 𝑑𝑠	(1.2)

𝑒𝑙 : electrical gate length,

Table 1 .

 1 1 Comparison of conventional bulk, UTBB FDSOI and FinFET technologies

		Conventional bulk	UTBB FDSOI	FinFET
	Short Channel Effects Containment	-	+	++
	Switching Speed	-	+	++
	Power Consumption	-	++	+
	Noise Immunity	-	+	+
	Body bias range	-	++	+
	Reliability	-	+	+
	Manufacturing Cost	+	-	--

1.2.2.1 CDR based on closed loop system

  

	Closed-loop system CDR usually refers to feedback phase tracking type CDR, which continuously
	extracts the phase difference generated by NRZ data and VCO output clock through PD. Closed-loop
	system CDR, continuously phase calibrates VCO and clock through the feedback loop, and finally
	recovers the input data and clock in the same phase. The following are several classical closed-loop
	system CDR circuit structures:
	-Phase-Locked Loop type CDR
	-Delay-Locked Loop type CDR
	-Phase Selection (PS)/ Phase Interpolation (PI) type CDR

1.2.2.1.a Phase-Locked Loop type CDR circuit

  

	The PLL-CDR circuit shares similarities with the classic PLL circuit in that it consists of a phase
	detector, charge pump, low-pass loop filter, and voltage-controlled oscillator. However, it differs from
	the PLL circuit in that it typically omits the frequency divider circuit. As a result, the PLL-CDR can
	operate at higher speeds than the PLL circuit. Another key distinction is that the PLL circuit receives
	periodic signals, whereas the CDR circuit is capable of handling high-speed random data. Figure 1.18
	presents the fundamental principle of the closed loop CDR mechanism [Kim et al., 2016]: The Voltage
	Controlled Oscillator (VCO) can generate an internal clock signal. The PD carries out a phase
	comparison between the VCO's clock signal and the received external data, resulting in a pulse signal
	corresponding to the phase difference. The pulse signal is then utilized to drive the Charge Pump (CP),
	which converts it into current. The Low Pass Filter (LPF) performs two crucial functions: firstly, it filters
	out low-frequency signals, glitches, and other interference signals that may arise during transmission.

1.2.2.1.c Phase Selection (PS)/Phase Interpolation (PI) type CDR

  

	With the rapid development of digital circuit design, many loop designs are adopting digital-analog
	hybrid design schemes, the most representative of which is the PS/PI CDR loop design. The structure
	of PS/PI type CDR is similar to that of DLL-type CDR. However, in Figure 1.21, the CP and LPF are
	replaced with a Digital LPF (DLPF) and a Digital Analog Converter (DAC), while the VCDL is
	substituted with PS/PI. The PS-type CDR operates based on the principle that the PLL circuit generates
	a clock signal with multiple phases, and the decision circuit selects the appropriate phase based on the
	phase difference between the input data and the clock signal. This ensures that the most appropriate
	clock signal is chosen. But the disadvantage is that the periodic jitter of the discrete phases is
	comparatively large

Table 1

 1 

		.2 Comparison of performances of different types CDRs
	Type	Structure	Application	Advantages	Disadvantages
	Closed loop	PLL	Continuous mode	Good jitter suppression, Large capture range	Jitter accumulation present, Long locking time, Large area
	Closed loop	DLL	Continuous mode	No jitter accumulation, Stable	Limited phase locking range, Need external clock
	Closed loop	PS/PI	Continuous mode	Fast capture speed	Limited jitter performance
				Fast capture speed,	Increased data delay,
	Open loop Oversampling	Burst mode	Adaptable to channel	Complex algorithms,
				variations	Higher power consumption
				Simple structure,	Weak jitter suppression
	Open loop	High Q filter	Burst mode	Low power consumption,	capability,
				Fast capture speed	Difficult to integrate
	Open loop	GRO	Burst mode	Simple structure, Fast capture speed	Weak jitter suppression capability
				Simple structure,	More tolerance to noise and
	Open loop	Injection	Burst mode	Low power consumption,	process variations,
				Fast acquisition time	Limited jitter performance

  Vth of the transistor. Previous work in our lab has designed complementary oscillators in low Vth FDSOI transistors, and we would like to use this oscillator to design a CDR. Consequently, this chapter explored the importance of clock and data recovery in digital communication systems. CDR plays a critical role in recovering the timing and data information from incoming signals, ensuring reliable and accurate data transmission. This chapter provides a comprehensive examination of various CDR techniques and

Firstly, the necessity for FDSOI technology and its structure are introduced. FDSOI 28nm technology offers unique features such as improved electrostatic control, reduced leakage current and enhanced short channel effects, providing a good solution to overcome the challenges faced by conventional planar CMOS technology. Notably, the back-gate control and adjustable threshold voltage capabilities of FDSOI technology significantly contribute to improved device characteristics and overall circuit performance, especially to reduce the

  (𝐿 1 𝑅 𝑃 + 𝐿 𝑃 𝑅 𝑆 )𝑗𝜔 + 𝑅 𝑆 𝑅 𝑃 -𝐿 1 𝐿 𝑃 𝜔 2 = 𝑅 𝑃 𝐿 𝑃 𝑗𝜔 (2.12)

	𝐿 1 𝑠 + 𝑅 𝑆 =	𝑅 𝑃 𝐿 𝑃 𝑠 𝑅 𝑃 +𝐿 𝑃 𝑠	(2.11)
	𝐿 1 𝑅 𝑃 + 𝐿 𝑃 𝑅 𝑆 = 𝑅 𝑃 𝐿 𝑃	(2.13)
	𝑅 𝑆 𝑅 𝑃 -𝐿 1 𝐿 𝑃 𝜔 2 = 0	(2.14)

two circuits are equal in impedance, with the following Equations (2.11) -(2.15):

Table 2 .

 2 

			1 Performances for different values of VBIAS
	VBIAS (V)	IREF (mA) Setting time (ns)	fosc (GHz)	PN (dBc/Hz @1MHz)
	0.1-0.4			No oscillation	
	0.5	2.3	80	2.38	-113
	0.6	5.0	45	2.37	-114
	0.7	7.4	30	2.36	-112
	0.8	8.8	26	2.36	-111
	0.9	9.6	25	2.36	-111
	1.0	10.1	25	2.36	-111
	Figures 2.25 and 2.26 illustrate respectively the transient simulation and phase noise characteristics

Table 2 .
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		2 LC tank performances summary and comparison	
		[Dolt et al., 2022] [Chen et al., 2017] [Hao et al., 2022]	This work
	Technology (nm)	22 FinFET	28 BULK	22 FDSOI	28 FDSOI
	Supply Voltage (V)	0.85	0.35	0.8	1
	fosc (GHz)	16	2.4	24	2.4
	PN@1MHz (dBc/Hz)	-98	-110	-93	-114
	Power Dissipation (mW)	5.94	1.3	20	9.26
	FOM (dB)	174	176	168	172
	Simulation or measurement results	Measurement	Measurement	Simulation	Simulation

Table 3 .
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	1 Transistor dimensions for complementary inverter
	PMOS		NMOS	
	WP	LP	WN	LN
	346nm	30nm	200nm	52nm

Table 3
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		.2 Complementary inverter dimensions for complementary RO
		PMOS		NMOS	
		WP	LP	WN	LN
	Case 0	9.1𝜇m	30nm	7𝜇m	39nm
	Case 1	4.1𝜇m	30nm	2𝜇m	60nm

Table 3 .

 3 3 Configuration of different sizes transistors in two different oscillators

		Oscillator type	Complementary inverter size	Fast inverter size	Note
	Case 0	Complementary RO	PMOS: 9.1 µm/30 nm, NMOS: 7 µm/39 nm	/	Dimensions in Wei's thesis
	Case 1	Complementary RO	PMOS: 4.1 µm/30 nm, NMOS: 2 µm/60 nm	/	Dimensions with our PDK
	Case 2	Fast RO (same size)	PMOS: 4.1 µm/30 nm, NMOS: 2 µm/60 nm	PMOS: 4.1 µm/30 nm, NMOS: 2 µm/60 nm	Same size, smaller VDD
	Case 3 Fast RO (smaller size)	PMOS: 4.1 µm/30 nm, NMOS: 2 µm/60 nm	PMOS: 1.35 µm/30 nm, NMOS: 675 nm/60 nm	Same VDD, smaller size

Table 3 .
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		4 Comparison of two types of RO at 868MHz	
		Size	VDD (V) Consumption (μW) PN (dBc/Hz @1MHz)
	Complementary RO (Case 1)	PMOS: 4.1 µm/30 nm, NMOS: 2 µm/60 nm	0.5	43	-83
	Fast RO, same size (Case 2)	PMOS: 4.1 µm/30 nm, NMOS: 2 µm/60 nm	0.47	33	-82
	Fast RO, smaller size (Case 3)	PMOS: 1.35 µm/30 nm, NMOS: 675 nm/60 nm	0.5	31	-81
		Table 3.5 Comparison of two types of RO at 2.4GHz	
		Size	VDD (V) Consumption (μW) PN (dBc/Hz @1MHz)
	Complementary RO (Case 1)	PMOS: 4.1 µm/30 nm, NMOS: 2 µm/60 nm	0.62	168	-79
	Fast RO, same size (Case 2)	PMOS: 4.1 µm/30 nm, NMOS: 2 µm/60 nm	0.58	135	-78
	Fast RO, smaller size (Case 3)	PMOS: 1.35 µm/30 nm, NMOS: 675 nm/60 nm	0.62	119	-76

Table 3
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	.6 Performances comparison between ring oscillator and LC tank oscillator
	Topology	Complementary ring oscillator (Case1)	Fast ring oscillator (Case2)	LC tank oscillator
	Technology (nm)	28 FDSOI	28 FDSOI	28 FDSOI
	Supply Voltage (V)	0.62	0.58	1
	fosc (GHz)	2.4	2.4	2.4
	PN@1MHz (dBc/Hz)	-79	-78	-114
	Power Dissipation (mW)	0.17	0.14	9.26

Table 4

 4 .1. It remains the advantage of the fast structure in injection locked oscillators is that it consumes less power. As the frequency increases, this merit becomes increasingly apparent. Similarly, at 2.4 GHz, the injection fast oscillator consumes about 20% less power compared to the injection complementary oscillator, at the expense of 3 dB of phase noise. At a free frequency of 2.4GHz, both types of ROs are capable of meeting a locking range of ±200MHz.

	Table 4.1 Performances comparison of two types of ILROs at 2.4GHz	
	Topology	Size	VDD (V) Consumption (μW) PN (dBc/Hz @1MHz)
	Complementary ILRO	PMOS: 4.1 µm/30 nm NMOS: 2 µm/60 nm	0.62	242	-121
	Fast ILRO, same size	PMOS: 4.1 µm/30 nm NMOS: 2 µm/60 nm	0.58	176	-118
	Fast ILRO, smaller size	PMOS: 1.35 µm/30 nm NMOS: 675 nm/60 nm	0.62	195	-118

Table 5 .

 5 1 The truth table of DFF CLK

Table 5 .

 5 3 Performances comparison of complementary ILCDR at different frequencies

	Case	Data rate (Gbps)	VDD (V)	p-p jitter	PN@1MHz (dBc/Hz)	Power (μW)	Locking range
	Case1	0.868	0.52	Clock :7.4ps (0.6%UI); Data : 2.3ps (0.2%UI)	-122	235	28%
	Case2	2.4	0.64	Clock :6.9ps (1.7%UI); Data : 1.8ps (0.4%UI)	-119	663	37%

Table 5 .

 5 3 summarizes the performance metrics of the ILCDR across two frequencies. The table data

Table 5 .

 5 [START_REF] Jacquemod | A new negative resistor for LC tank oscillator in FDSOI technology[END_REF] Output frequency (Hz) of CDR at different process corners and temperatures

		Case1	Case2	Case3	Case4	Case5	Case6
	TT; 27°	868M	2.4G	868M	868M	2.4G	2.4G
	FF; 27°	1.09G	2.85G	1.1G	1.08G	2.81G	2.87G
	FF; 125°	1.73G	3.28G	1.89G	1.69G	3.53G	3.23G
	SS; 27°	712M	2.17G	692M	695G	2.11G	2.17G
	SS; -40°	425M	1.86G	350M	429M	1.61G	1.87G

Table 5 .

 5 [START_REF] Mao | Ultra low power injectionlocked ring oscillator architecture using FDSOI technology[END_REF] Output frequency (Hz) of complementary ILCDR at different process corners and

			temperatures with 868Mbps input data	
		TT, 27°	FF, 27°	FF, 125°	SS, -40°	SS, 27°
		(Typical)		(Fastest)	(Slowest)	
	Schematic	868M	1.09G	1.73G	425M	712M
	Post-layout	868M	1.03G	1.245G	595M	757M

Next, we present the simulation results under Case 3. In the Case 3, the size of the fast inverter in the fast oscillator is reduced by a factor of 3 compared to the complementary inverter to achieve the same oscillation frequency with the same VDD.

Remerciements

Chapter 3 -Back-gate biased ring oscillator

In this chapter, we begin by reproducing the complementary inverter and complementary ring oscillator using the FDSOI technique, building upon previous research conducted in our laboratory. Additionally, taking advantage of the wide range of back-gate control available in FDSOI transistors, we introduce fast inverters and fast ring oscillators. Subsequently, we conduct a comparative analysis of the two logic types and their respective structures and where we compare the ring oscillators with the LC oscillator in Chapter 2.

Chapter 4 -Injection-locked ring oscillator

In this chapter, we will discuss in depth the fundamentals of the injection-locked technique, followed by its realization in conjunction with the two oscillators initially introduced in Chapter 3, i.e., the complementary ring oscillator and the fast ring oscillator. A comprehensive simulation and detailed comparative analysis of these two injection-locked ring oscillators (ILRO) are also presented.

Chapter 5 -Injection-locked CDR circuit

In this chapter, we introduce the design of complementary Injection-Locked Clock and Data Recovery (ILCDR) as well as fast ILCDR by using the complementary and fast Injection-Locked Ring Oscillators, as discussed in Chapter 4. We developed and simulated the individual block circuits, integrated them together to form a CDR and compared the performance of the two CDRs. Next, guided by the schematic simulation results, we chose the complementary ILCDR for layout design and post-layout simulation.

Subsequently, we explore the Case 2 involving a 2.4 Gbps input data rate. Similarly, Figures 5.27 and 5.28 depict the results of transient simulations and the corresponding oscillator output frequency. In contrast to Case 1, in this case the oscillator output signal is chosen differently. This selection is guided by simulation results and is intended to minimize output jitter. Figure 5.29 provides the analysis of the jitter in the PRBS7 input data. Specifically, the jitter of the clock signal is 6.9ps (1.7%UI), while the jitter of the PRBS7 data is 1.8ps (0.4%UI). With random signal inputs, the total power consumption of the circuit is 663μW. Furthermore, the same Monte Carlo simulations with 500 data points were performed. The approximate "Gaussian" distribution of resulting clock frequency histogram is shown in Figure 5.30. Out of these data points, a set of 500 exhibits dispersion. Although this time again, the approximate function is not Gaussian (in fact not Gaussian at all), it exhibits an average value of 2.4GHz, along with a standard deviation of 6.5MHz. So, we obtain a maximum relative deviation of 3σ/Mean=19.5/2400=0.8%. 2.4Gbps. The comparative analysis highlights distinctions between the complementary CDR and the fast CDR. The findings underscore that, across both operating frequencies, the complementary CDR exhibits superior performance in terms of phase noise and jitter. This superiority can be attributed to its inherently more symmetrical and stable structure, resulting in a larger locking range. Conversely, the fast CDR offers advantages in power efficiency and chip area utilization. Of the two fast CDRs, the CDR using low VDD (same size) has relatively less power reduction but a higher level of better phase noise, so in subsequent comparisons we use that type of CDR.

Comparison of the injection-locked CDRs

Circuit performance is generally influenced by three factors: Process, Voltage and Temperature. In our CDR circuit, the frequency of RO is directly controlled by VDD, so we will focus here on process and temperature variations. Table 5.5 shows the frequency of the output clock signal of the CDR in different scenarios for different cases, including TT process corner with 27° (Typical), FF process with 27°, FF process corner with 125° (fastest case:), SS process with 27° and SS process corner with -40°

(slowest case).

The leakage current of a CMOS device depends on the mobility and the threshold voltage. The two have opposite effects on the leakage current: as the mobility decreases, the leakage current decreases;

as the threshold voltage decreases, the leakage current increases. However, both decrease as temperature rises, so there are two opposite effects of temperature on leakage current, and which one has a greater effect is dependent on the supply voltage. At high voltages, the mobility determines the leakage current, but at low voltages, the threshold voltage determines the leakage current. The higher the leakage current, the lower the delay. So, at high voltage, the higher the temperature, the higher the delay; but at low voltage, the higher the temperature, the lower the delay, this field is called Inverted Temperature Dependence (ITD) [Dasdan et al.,2006].

At this point, the power control advantages of FDSOI Body Bias become clear: the chip designer can dynamically adjust the threshold voltage of the standard cell by substantially controlling the bias voltage. On this basis, if the circuit does not have high requirements for performance in some applications, it follows that complementary logic can be used to improve stability. Conversely, when high performance is required in the system, fast logic can be adopted to achieve faster speed or lower power consumption and smaller area. Table 5.7 summarizes the performance of this work and some other CDRs recently published in the literature. Our results are simulation-based, which offer valuable insights into the performance of CDR systems. However, there may be differences between simulation and measurement results. 

Layout design and post-layout simulation

Layout design

Figure 5.39 shows the structure of the "nfettw" and "lvtpfettw" transistors as NMOS and PMOS transistors. These two specific transistor configurations were selected from STMicroelectronics's UTBB-FDSOI 28nm library to support our design strategy [START_REF] Wei | Reducing the Short Channel Effect of Transistors and Reducing the Size of Analog Circuits[END_REF]. They offer unique advantages because they have a triple-well structure. By regulating the voltage in each well and substrate, we can effectively use the back gate to regulate the substrate voltage. This structure has the equivalent of a double diode structure, which effectively minimizes potential short-circuit or leakage problems.

In addition, these transistors use an ultra-thin oxide layer underneath the transition channel. This layer effectively isolates the well from the channel, allowing PMOS and NMOS transistors to be
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Résumé

Les systèmes modernes de communication de données s'appuient fortement sur des techniques de transmission asynchrone pour optimiser la largeur de bande et minimiser la consommation d'énergie. Dans ces systèmes, seul le signal de données est transmis, ce qui nécessite la mise en oeuvre de circuits de récupération d'horloge et de données (CDR) au niveau du récepteur. Cette thèse explore certains avantages de la technologie Fully-Depleted Silicon-On-Insulator (FDSOI) pour améliorer les performances des circuits CDR en atténuant les effets de canaux courts grâce à des structures de transistors innovantes ou en diminuant le jitter des oscillateurs en anneau.

L'une des contributions de cette thèse est le développement d'un circuit à résistance négative utilisant la grille arrière du transistor FDSOI. Ce circuit utilise un miroir de courant contrôlé par la grille arrière pour créer un oscillateur LC à résistance négative. En outre, ce travail présente l'implémentation de deux types d'oscillateurs : un oscillateur en anneau en logique complémentaire et un oscillateur en anneau rapide. L'oscillateur en anneau capitalise sur les inverseurs complémentaires, offrant une symétrisation des sorties par le contrôle automatique de la grille arrière, améliorant ainsi ses performances. L'oscillateur en anneau rapide utilise quant à lui des inverseurs rapides en combinaison avec des inverseurs complémentaires conçus pour minimiser les délais de propagation. La thèse présente une analyse comparative détaillée de ces oscillateurs, mettant en évidence leurs points forts et leurs limites. Enfin, nous introduisons un signal d'injection dans l'oscillateur en anneau, ce qui permet de créer un oscillateur verrouillé par injection (ILO) à faible jitter. Cet oscillateur présente des caractéristiques de performances remarquables, notamment en ce qui concerne la réduction du bruit de phase et l'amélioration de la stabilité de la fréquence. Tirant parti des bonnes performances de l'ILO, nous proposons un nouveau circuit de récupération d'horloge et de données verrouillée par injection (ILCDR) à faible coût et à faible consommation d'énergie, avec un temps de verrouillage rapide et un bon jitter pour les applications en mode burst.

Pour valider les conceptions proposées et leurs performances à différentes fréquences opérationnelles, des simulations approfondies ont été réalisées sous Cadence Virtuoso à 868 MHz et 2.4 GHz. En outre, la conception de layout et la simulation post layout de l'ILCDR basé sur l'oscillateur en anneau complémentaire sont également présentées. 

Mots

Abstract

Modern data communication systems heavily rely on asynchronous transmission techniques to optimize bandwidth and minimize power consumption. In such systems, only the data signal is transmitted, necessitating the implementation of Clock and Data Recovery (CDR) circuits at the receiver end. This thesis explores some advantages of the Fully-Depleted Silicon-On-Insulator (FDSOI) 28nm technology to enhance the performance of CDR circuits by mitigating short-channel effects through innovative transistor structures.

One contribution of this thesis is the development of a negative resistance circuit using the back gate of the FDSOI transistor. This circuit employs a current mirror controlled by the back gate to create a negative resistance LC oscillator. In parallel, this work presents the implementation of two types of oscillators: a complementary ring oscillator and a fast ring oscillator. The complementary ring oscillator capitalizes on complementary inverters, offering automatic bias feedback by the back gate control, thereby enhancing its performance. Meanwhile, the fast ring oscillator uses fast inverters in combination with complementary inverters designed to minimize propagation delays. The thesis presents a detailed comparative analysis of these oscillators, highlighting their individual strengths and limitations. Furthermore, we introduce an injection signal into the ring oscillator, resulting in the creation of a low-jitter Injection-Locked Oscillator (ILO). This ILO exhibits remarkable performance characteristics, particularly in reducing phase noise and enhancing frequency stability. Taking advantage of the good performance of the ILO, we propose a novel low-cost and low-power Injection-Locked Clock and Data Recovery (ILCDR) with a fast-locking time and good jitter for burst-mode applications.

To validate the proposed designs and their performance at different operational frequencies, extensive simulations have been carried out using Cadence Virtuoso at 868 MHz and 2.4 GHz. In addition, the layout design and post-layout simulation of the ILCDR based on the complementary ring oscillator are also studied.