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Thesis for the degree &foctor of Philosophy
Clock Generation for Silicon Photonic based Optical Communicaton Systens
By Fanfan Meng

As communications dataaffic continues to increaseleetronic interconnects over
short reaches are struggling to keep up with the bandwidth and power consumption
requirementsOne of the technology trendsto migrate from coper to optical based
interconnectsvhere dicon Photonics (SiP) technolodyes emerged as aexcellent
technical solution to me#te performance and cost requirements of these-starh

applications.

The clock generatiosystem isa critical module hat none of the communication
systemscan overlook. However, the reportetbck generatiorsolutions utilizedin
SiPtransceivers inherit limitations from traditional electronic interconnects, where the
clock signals are limited by the frequency tuningggsystem settling time and the
number of clock phases. The motivation for this PhD project is to build a novel clock
generation system that cée fully integratedwith future SiP transceiver arttie

innovation hadeen realizeth variousaspects of thevork.

Firstly, a novel higkspeed ringbased voltageontrolled oscillator (VCO) is proposed
using inductor peaking. The proposed VCO topology was validated with four design
examples fabricated in different CMOS processes nodes (130nm and 65nm) and
measued results show close agreement with theoretical analysis. The figure of merit

(FOM) of 203is the best combination of frequency and tuning range currently.

Secondly, a dedicated phase locked loop (PLL) structure combined with the inductor
peaking VCO wa created, focussing on the requirementseafuencycontrollability

and system settling time for SiP communication system. A programmable frequency



range of more than 25GHz has been achieved using a 40nm process while the

measured phase locking time I&/ays less than half of a microsecond

Finally, with the mainstream CMOS process for analogue circuits design migrating
towards to 28nm Higt/Metal Gate (HKMG), design methodologies on the proposed
VCO have been realized in order to adapt this evolufismo specific design cases
have been implemented to fully utilize the advantages of new CMOS process and

mitigate the sideffects of 28nm HKMG process
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Introduction

Chapillert roducti on

1.1 Background of Silicon Photon

Broadband access demands have been rapidly growing to almost all the corners of the
world and form an indispensable part hmetdaily life of billions of people. The
development of high throughput devices is driven by the increase amount of end users
and the emerging data intensive applications, such as network data centres, high
performance computing and 4K/8K higlefinition television (HDTV), for which the

requirements posing significant challenges to the communications network bandwidth.
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According to the statigts and predictions of Cisco in 2011, fig. 1-1 illustrates the

explosive growth of the global internet, in which monthly data traffic is expected to
exceed 278 Exabytes in 2021, 53% growth to that in 2016.

To keep pace

w i droproc®ésoo architectured aaeviransitmoning from

multi-core to mamcore structures. According to the estimation[2n 3], the 1/O

interfaces among future intchip architectures will require bandwidth in the range of

200Gb/s to 1Tb/s and begin the tsale computing era. However, under current

interconnect scenarios, the traditional metallic approach fguasting data transfer

has gradually reached the physical limits in both bandwidth and transmission distance.

In addition, large power consumpti¢?] and increased system compleXity make

the electricabased communication network no longer able to provide a reliable

solution for the increased demands on high bandwidth applications. By contrast,

optical access is superior to metalhased techniques in terms of both capacity and

transmission distance. As a result, the opiieed communication networks have

become a preferable candidate to break through the barriers cfpgegd data

transmission.
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Distances:
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Chip to Chip
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Intra-Chip
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The first demonstration of usingtical fibres as a medium for light propagation dates

back to the midl950s [6]. With the improvement of optical fibres, optical

communication has been widely deployed and used in enterprise distances (over 1km)

and longhaul applications. Corresponding protocols are standardized, such as

synchronous optical networking (SONET) and synchrondgitatihierarchy (SDH).

Co mmt



Introduction

Although opticalbased data transfer has been successfully applied tehéarg
communication, the usage in short reach applications such asremtk or board

to-board communications is still limited due to the high cost ofcaptechnology.

Therefore, a new technology called silicon photonics has emerged to fill the gap. As
shown infig. 1-2 , I ntel ds vision for the depl oyme
typical, and mainly aims for areas with distance less than 10t skach
communications, especially for future inthip communication[5], although,
increasingly, longer reach applications are emerging.

Silicon photonics is an emerging field for optical communications and optical
interconnects in microelectronics and the key driving force is the usage of mature
complenentary metabxide-semiconductor (CMOS) technology to achieve high
volume production at low co$7, 8]. Incorporated with highly sophisticated CMOS
processing techniques, silicon photonics provides an elecipboitnic platform that
construcs optical waveguides onto silicon surfade confine and direct light abe
trarsmissioncarrier. Besides the advantages of highly integrated andvoigme
manufacturing features of silicon semiconducttivs technologglsoguaranteekigh
energy efficiencyand less packaging cost, which provides a possible inexpensive

solution for high performance applicatidr$s.

Read opertation

Processor mode Memory mode

Receiver Transmitter
Optical amplifier

L
H

50/50 splitter

Laser
(1180 nm)
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Memory Controller
Interface
Memory bank

i

;

Optical amplifier

Transmitter Receiver

Write opertation
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Forexample, an attractive system applications for using silicon photonic intercts
is for processememory interfaces, especially for dynamic randmcoess memory
(DRAM) [11]. There are two of concerns for next generation DRAM. One isig/her
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bandwidth of each pin throughput (6.4Gb/s data rate required based on DDR5 standard
[12] ) while the other is memory capacity. The implementation of silicon photonics
interconnets can significantly increase the data rate at each pin without degrading the
total memory capacity. An excellent feasibility of future processemory with

optical link is demonstrated ifil0], and the topologys shown infig.1-3. The
processor, memory, interface circuits and photonic devices are implemented together
onto a single CMOS chip in 40nm SOI technology process. The read and write
functionality is realized and verified by the processmmory optical ihk with the

data rate of 2.5Gb/s between processor and memory. As claimed by the author, the
total aggregate bandwidth can be increased by more than ten times with single

wavelength operatiofiL0].
1.2 Proj ectt iont i va

121 Tec hnoTllroegnyd o fOpHEIlieccst rlont er connect

To effectively merge silicon photonics technology with existing electronic application,
the primary research is focusing on the development of eleptics interfacing
circuits. A particularly importat area is the silicon photonics transceiver systems. In
the past few decades, different type of modulators, such as edbsioption
modulators (EAM), MaciZehnder modulators (MZM) and Ring resonator
modulators, and corresponding higipeed drivers havgeen integrated in monolithic

or by hybrid integratior{f13-16]. Similarly the photedetector and transimpedance
amplifier (TIA) can be integrated on the raeeside.
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bit 01 ll l l M-bit input

M x N mapper
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Fi g4(a) Conceptual View of Silicon Photonics
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Fig. 1-4(a) illustrates the hybrid integration of silicon photonics ICs with an electronic
ICs. As shown in recent works, modern silicon MZM modulakarge the capability

of handling data rates of more than 50G14/8 19]. Moreover, the data rate of an
entire single channel integratedicon photonics transceiver could range from 10Gb/s

to 56Gb/q413, 16, 20, 21]. In addition to this, higlorder modulation techniques, such

as Nlevel pulse amplitude modulation (PAM) and quadrature amplitude
modulation (QAM), have been widely applied to optical links for further exploitation

of channel capacity22]. The practical implementation of these higher order
modulation techniquesequire the adaption of higgpeed data converters, such as
analogueo-digital and digitatto-analogue converter (ADC/DAC). Furthermore, the
optical data converter has been shown as another promising candidate for silicon
photonics applicationsFig.1-4(b) depicts the principle of an optical DAC in a
segmented transmitt¢t7]. A segmented MZMmodulator (Nbits) associated with

the corresponding drivers are paired together to convert the binary electrical data
signal (Mbits) into multilevel optical signals and then transmitted through the
waveguideln recent research, a8t segmented MZM tical DAC is presented in

[23] which demonstrated a 10Gb/s data rate with PAM8 modulation.

Although many application areas, such as telecommunication networks, high
performance computing systems and storage interfaces, have all shown promising
development of using silicon photonics technoldbg, current electrical IC design in
these electr@ptics circuit a mostly focusing on the driver and TIA. However, to
guarantee the functionality and performance, a critical module that none of the
communication systems can overlook is the clock generation system. In the recently
reported optical transceivers and oaliDACs, the fact is that the solution of clock
generation is either provided by an external frequency source such as arbitrary
waveform generator (AWG|)17, 24, 25 and bit pattern generator (BP3], or
inherited from the traditional electronic interconne¢®5, 27], in which the
performance is limited by the frequency tuning range, system settling time and the
number of clock phases. These current situations and limiting factors motivate us to
investigate the possibilities of developing a novethbip clock gaeration system for
comprehensive silicon photonic based optical communication, which is then set as the

major target in this PhD project.



Introduction

122 Targeting Demands for Clock Generation Sy

The aim in this research project is focused on designing a versatileggneration
system for a silicon photonics based optical communication system. The demands for

this clock generation system include the following:

First of all, as the optical channel is able to carry much higher bandwidth compared
with traditional eletrical channels, in order to maximize the advantages in optical
communications, the clock served in silicon photonics transceiver systems is desired
to provide highest possible bandwidth. In additienth the market of consumer
electronicscontinuing to gow, it requiresincreasingflexibility and compatibility
between different electronic equipment. Hence, multim&gstemson-chip (SoC9
standard have drawn much attention to current multiple wireline transceiver sgstem
Table. 11 shows several widelgpplied communication protosoland their

corresponding data rates

TabllewWidel y Applied Communication Protocols and

Protocol Network Application Link Rate (Gbps)

Serial ATA (SATA) Storage 16.0, 60, 3.0, 1.5

PCI Express Peripheral 15.7,7.87,4.0, 2.0
HDMI/TMDS Peripheral 18.0 (in HDMI 2.0) 10.2
HDMI 2.1 Peripheral 48.0

UsSB Peripheral 10.0,5.0

XFP/XFI Ethernet, Storage 10.5188, 10.3125
HyperTransport Memory, Computing 51.2,41.6, 22.4,2.8 (32bits)
SuperMHL Peripheral 36 (*6 A/V lanes)

However, to integrate multiple protocols with various data rates onto thedsamig¢h
video/audio signal processing/decoding and microprocgsisbensive port density

and increased overall cost isiaevitable consequence. Fortunately, this deficiency in
the electrical approach can be made up through optical system deployment. As for
optical interfaces, constraints on port density can be effectively resolved via the large
bandwidth of optical fibreData in several channels can be carried by Wavelengths
Division Multiplexing (WDM) through a single optical fibre. Howevarsignificant
premisefor all specificationghat are listed in table-1is to have a versatile clock

generation system that caoverabroadband tuning range up to tens of gigahertz



Introduction

On the other hand, since the data rate in the communication network is increased by
the use of optical interconnects, the system latency issue gradually manifests itself as
another bottleneck in a ®ibn photonics computing system and limits the overall
performanceThe latency issupotentially comes fronmany different factors, such

as network architecture (e.g. distance or topology), protocols (e.g. data frame length)
anddevice latency, to namegtua few.Specifically speaking, regarding an optical
transceiver system, one source of device latency is the settling time of the clock

generation circuit.

In addition to this, in higispeed data conversion, the time interleaved architecture is
commonly used to increase the overall sampling speed of the system, and the
architecture can also benefit from the silicon photonics communication system. To
avoid time skew mismatches, the staggered phase clock should be triggered by the
same source. Therefore,etipremise of achieving this functionality is to generate

multiple phase clocks from a single clock generation system.

In summary, the clock generation system for usage in silicon photonics based optical

communication system should include following feaur

1 Over 28GHz higkspeed clock signal for maximizing the data rate in optical
transmission.

1 Wide tuning range for compatibility with multiple communication protocols.

1 Nanoseconds level settling time for low latency st

Quadrature phase clock signals

1.3 Design Chall enges

Although considerable advantages have beletainedby CMOS process scaling,
significant challenges still esti in designing higkspeed CMOS circust [4, 28].
Severaldesign challenges this project are highlighted below:

1 Insufficientgain of CMOS ttansistor in advancetkeep submicrontechnology
can be a major issue in effective circuit deqign26]. With process scaling,
the dominatfactor increased is the transition frequency, which can effectively
benefitthedigital circuits,lo we ver , t h e -Bamdaidttsprodutiso r 6 s

reduced generation to generatiprdue to parasitic wire capacitance and

7
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resistance[4], which pogs serious challengefor analogue designgron
expanding system bandwidth. Although passive/active inductor teclsnique
have been applied to alleviate this issue, thgpactis still limited by either

overwhelnming area cosf29] or alow Q factor[30, 31].
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1 Anotheradvantage of process scalifgitbecomes challenge for higtspeed
CMOS circuit design is the reduction of power supply volt#geit can see
from fig.1-5(a), for low power purposes, the supply voltage is decreased with
process scalingWith lowering the power suppl voltage the vdtage
headroom assigned to each transistaroissequentlyeduced. On the other
hand, the threshold voltage of the transistor is increased with process scaling
down which is illustrated in fig-b(b) (the results are based on simulation in
TSMC 65nm, 40nm28nm technology nodes). With the same drain current,
the threshold voltage of a single transistor is compared between different
processes. Consequently, for higeed purposes, larger gate voltage is
required in current mode circuits in order to effeely bias the transistors into
the saturation region. With the interaction of decreased power supply and
increased threshold voltage, the valid operation range of transistor is greatly
reduced. Furthermore, @asoded structure ixommonlyused in analogue
circuit design to provide large output resistandewever, with a nominal
power supply voltagehe more stacked transistors, the less voltage headroom

that isavailable

1 Device mismatch and variation is also an important issue that needs to be

consideed during circuit design. According to the investigatiorj2f], the
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standard deviation of drain current around different process corners is
approximatey 7.5%~9%, which ig considerabldigure for high performance
analoguedesign, and the current mismatch dhe same transistsrin a
proportional size expansioxX, x3, x12) varies significantly It shows that
large sizdransistos haveless current deviation. However, the consequence is
areduction of transistor speed amdreasecthip area. Therefore, duriribe
design stagealesigningenough toleranc® procesyariation is always trade

off with operationspeedgchip area and powdsudget

1 Inaddition to those issues mentioned above, with the scaling down of transistor
dimensions, the intrinsic noise floor of transistor gets progressively worse in
more advancetechnology process nodes. Furthermore, from the perspective
of circuit designthe jitteron thetransmitted data iprimarily determined by
the noise performance a@he phase locked loofPLL) which is the core
circuitry in the clock generation systefherefore designinga robust low
noise PLL is essential. However, witiGHzoutput frequency, theuppression
of jitter becomes moref achalleng. The noise mapping dhePLL isatrade
off with theloop bandwidth. For instance, with larger loop bardtivi the in
band phase noise can be decreased, but more low frequencgasssérom
input to outputWith awide band specification, the jitter becomes even worse
For those reasons, a novel architecture is required to achieve the requirements

of the dock generation system for silicon photonics applications

14 Thesis Outline

The structure of the thesis is described as follows. Initially, the current trend of
demands for data intensive applications is briefly introduced. The fundamental
background knowlegke about silicon photonics and its promising applications are
reviewed. This leads to the conclusion that a clock generation system is an essential
part of future integrated silicon photonics circuits, and therefore, this target is the core

purpose of thevork reported in this thesis.

In chapter 2, a comprehensive literature review about moderrsph&gd electrical
and optical transceiver architecture is presented, along with the state of art

performance published in recent years. Moreover, the fundahpeimeiples of the

9
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core modules of this work, including the voltage control oscillator (VCO) and the
phase locked loop (PLL) for generating clock signals for these transceivers are detailed

reviewed from the perspective of performance and topologies.

In chapter 3, a new type of rifgased VCO is presented to accomplish the -wicke

tuning range and high bandwidth demands of a clock generation system. The idea of
this structure innovatively combines the advantages of two different types of VCO
(inductorcapacitor VCO and rinpased VCO) by incorporating them with the
inductive peaking technique. Theoretical analyses for both conventional and proposed
VCOs are presented. Four design examples based on different process technology
nodes are fabricated whiclemonstrated the functionality of the idea.

In chapter 4, the utilization of the proposed VCO structure is embedded into a PLL
system to form a functional clock generation system. Considering the stability and
controllability of the whole system, the nd¥CO is incorporated with different types

of currently used PLL structure for performance investigation and comparison.
However, many issues, such as stability, jitter and settling time, are identified.
Therefore, a novel PLL topology is proposed whicim edfectively resolve the

problems according to simulation analysis. Ultimately, a comparison of different types

of PLL with the proposed structures is made.

In chapter 5 focusses on the further practical implementation oflahaltriple
controlled PLL(DLTC-PLL). Each building blocks within the PLL has been described

in detail. For a practical design, the structure of several blocks (phase/frequency
detector and charge pump) is modified to improve the reliability of the PLL. Moreover,
by implementing anntegerN frequency prescaler and clock scheme, the overall
frequency range is over 25GHz. The testing measurement anthymst simulation

are presented at the end of this chapter.

In chapter 6iwo specific design cases are presented, in order torexp design
methodology for higtspeed analogue applications in sulcron CMOS technology
processes. One of the design cases is to investigate and optimize the transistor finger
width to the performance of higgpeed analogue circuits which hopes tovfge an

elegant solution to simplify the decision of finger width during the practical design. In
second case the optimized finger width is applied to an inductor peaking VCO with

noise reduction for a more sophisticated investigation.

10
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Finally, the thesiss concluded in the chapter 7, and subsequently several ideas and
research works of clock generation system for silicon photonics based applications are

discussed in the Future Work section

1.5 Summary

In this chapter, a brief background knowledge aboutdéneelopment of silicon
photonics has been introduced in associated with the demands for data intensive
application and current situation of silicon photonics based application. More
importantly, a critical role that existed to achieve the well functionadind
performance of future silicon photonics components is the clock generation system.
According to the current trend and requirement of {sgbéed application, the clock
generation system should be equipped with various capability, including high
oscilation frequency, wide tuning bandwidth, fast locking and multiple phase

signalling, to maximize the advantages of silicon photonics based system

11
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Chap2leirt erature Revi

21 I ntroducti on

This chapter contains the literature review of modern broadbaa#t generation
blocks. The review starts by introducing the basic principle of a transceiver system
including both electrical and optical link elements. The state of the art performance of
current transceivers is summarized, accompanied with widely applostiilation
techniques. The clock generation blocks are reviewed starting with the voltage
controlled oscillator (VCO) and continuing to phase locked loops (PLL). In the case
of the VCO, two types of conventional VCOs are described and several novel
strucures are discussed in terms of the aspects of achievable frequency, bandwidth
and noise performance. In addition, the fundamental principles of two different types
PLL are studied with their corresponding features. Alternative PLL topologies that
have beenvidely implemented in higispeed applications are reviewed, focussing on
their advantages and drawbacks. Finally, this chapter ends with a comparison of the

speed performance among the range of current electrical and optical transceivers

22 Tradi ti amaln dBaS®axeesrri al | zer s

221 El ectTriamalddisker

Over the past few decades, numerous data intensive applications have been widely

developed that require high speed data links. sjgged electrical links are the most

12
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traditional approach and caononly used in short distance poiotpoint
communication such as internet routers, network storage and prooessory
interfaces. To achieve high data rates, these systems apply specialized I/O circuitry
with carefully designed impedance channels.

Fig. 2-1 shows the topology of a typical higpbeed electrical link system

Electrical
:: § Channel >
TX = ~ RX
data :: -§ ) : data
- >
rof clk = PLL TX clk CDR RX clk
Transmitter Receiver

Fi g-lTy2pi cadpedaddhEl ectri cal Link Syste

The electrical transceiver link contains three main parts, which are the transmitter,
receiver and thehannel itself. Deto the limited number of highpeed I/O interfaces

on many chip packages, the parallel input data channels are serialized by a high
bandwidth transmitter for transmission through an electrical channel. At the receiver,
the incoming da is sampled and ekerialized into binary value for processing by
other devices. In a conventional electrical transceiver link, the electrical channel is
commonly applied with a differential legwing format to have better common mode

noise rejection dunig data communication.

To ensure accuracy in transmitting the data and receiving at the far end of the channel,
a highfrequency clock signal is generated by a frequency synthesis phase locked loop
(PLL) at the transmitter for synchronization and the miew data stream is recovered

from a clock and data recovery (CDR) in the receiver. To ensure sufficient timing

margin at high data rates, higihecision low noise clocks are necessary.

From the perspective of cost, the electrical signaling over copptll the preferred

option for data intensive applications, such as backplane communication. According

to the Ethernet Standard Ta s-6bps(802.8bs), t he
[32] aims to expand the bandwidth of existing 100&bfandard33] to be up to 4

13
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times faster. To accommodate this growing demand, 16 electrical links of modern
commercially available 25Gbps interfaces working together on the backplane are
required which significantly increasdsetsystem complexityl] and causes increased
power consumption. To reduce the complexity and power consumption, many efforts
have been made &xpand the data rate of communication interfaces to reduce the
number of required lanes. [@, 34], a fully integrated 40Gb/s transceiver link is
presented. Moreover, with the help of the development of modern semiconductor
technology processes, a 60Gb/s (and potentially beyond) transmitter is proposed as
well [35-37]. However, there are still significant challenges in designing 50Gb/s+
transceivers, especially at the receiver, with not only the bandwidth of receiver needed
to accommodate a 50Gb/s data rate, but also the aligeknent requirements on both

the transmitter and receiver becoming stringent and requiring dynamic adjustment. In
addition, to address the issue of data rate scaling, more advanced modulation schemes
are used to improve the aggregate data rate in a gaedwidth of the transceiver.

The most common approach used i#eMel pulse amplitude modulation {RAM). A
duatmode 10PAM serial link transceiver was presented 38| to achieve 10Gb/s

data transmission. Similarly, a 56GB/s PAM4 SerDes transceiver is propdS&il in
Other ultrahigh speed transceivers with PAM modulation schemes can be found in
[36, 40]. However, an unavoidable issue for using pulse amplitude modulation is that
both ADC and DAC are required for PAM transceiver systeittswore than 4 levels

which means that a mu@Hz ADC and DAC pose another challenge to the system
complexity. Furthermore, the sigAainoise ratio (SNR) is degraded with N (the
number of levels in the modulation schem@§] which make the PAM technique
becomes less advantageous in more advanced technology process nodes as the supply
voltage is decreased with the process node size. Morgbeclosses inherent in the
electrical channel are significant in broadband transceiver systems which therefore
additional predriver and equalizer is required to compensate for the channel loss at
high frequencie§34].

222 Optical Transceiver Link

Theprimary goal of optical communication systems has traditionally targeted the large
vol ume of dat a transmission, over l ong di ¢
communications system. However, since the transmission in short reach is

approaching the limit of the electrical channel, the transmission based on optical
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channels has gradually moved toward short reach applications. Moreover, the losses
in an optical channalver short distances only varies in fractions of dBs, which gives
the optical link approach the potential for Terahertz transmission without the
requirement of channel equalization. However, to achieve this potential performance
advantage, an optical linkequires additional circuitry to interface the electrical

elements with the optical sourdgg. 2-2 depicts a typical optical transceiver system.

Serializer Electrooptical
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/‘ Retimer 3
—>
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> D Q
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Driver _

TN k Frequency Optlcal

i Synthesize(PLI) Fiber

=N | Clock and Data

l Recovery(CDR TIA& Limiting

Amplifier %
<_
«— X U
— 2 | Q D
—|Z FF
Photodetector

o Decision Circuit
Deserializer

Fi g-2Tgpi cal Optical Transceiver Sys

A modulator is used to convertetelectrical data into optical form and encode the
light with data informatiorand thertransmitted to the far end of the channel via an
optical fibre. At the receiver, the light is detected by a photodetector which converts
the optical data back to an efdcal signal. To provide enough modulation depth, a
driver is applied to deliver large current to modulator. A transimpedance amplifier
(TIA) is used to amplify the output of the photodetector with low noise and sufficient
bandwidth. As the output swirgf a TIA may not be large enough to provide logic
levels, several stages of limiting amplifier follow the TIA. With issues such as non
ideality and jitter in practical implementation, the hipeed serialized data is
required to be synchronized prior teemodulatordriver. Therefore, a kéme circuit

clocked by a PLL is used. However, since the jitter of the transmitted data is
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determined primarily by that of PLL, this makes the task of designing a robust, low
noise PLL necessary and this is a similfwmation to the CDR in the receiver. The
transmitter and receiver are usually designed within same substrate for full duplex
communication. However, the oscillators in the transmit PLL and receive CDR
operate at slight different frequencies due to mismanchphase shifting, which may
cause frequency pulling and generating substantial jitter. Therefore, designing a low

noise clock circuit with substrateiserejection becomes essential.

In terms of the performance of a modern optical transceiver sysiany, efforts have

been made to improve the bandwidth. However, there are two main aspects that limit
the speed of optical link, a key one of which is the bandwidth of the elsutical
modulator. Recently, optical transceivers have been developed fiétedt types of
modulator. Fully integrated 20Gbps and 10Gbps 4 lane optoelectronic transceivers
with Mach-Zehnder Modulator (MZM) were presented[#1] and[42] respectively.

In [21, 43], a 25Gbps silicon photonic transceiver using a photonic milcgo
resonator modulator is reported. Moreover, a transceiver with vectgdl surface
emitting laser (VSCEL) has also reached 25G23%. In addition, a single channel
40Gbps optical transiver is presented if20]. However, the stackedET circuit
topology used in this design is only feasible in an SOl CMOS process. Although an
equalizer is still applied in some optical transceiver designs to ertledmndwidth

of optical devi ces, it doesnb6t require

purely electrical ling27].

Another concern related to the performance of the optical transceiver is the level of
integration. In order to reduce the parasitic capacitance and minimize the impedance
discontinuity of bonding wire, flip chip bonding has becometiractive option for
integrating optical devices with electrical circuits, an which approach can be found in
recent paper5, 27, 43, 44]. However, in some cases, flip chip bonding still presents

a great challenge in the bonding procedure. For examplgi3jinthe electrical chip
needs tdoe flipped onto different materials which requires different sizes of micro
bump. The ultimate solution for integration is to fabricate all the photonic devices with
electronics on the same substrgB|. However, this process is highly depended on
the development of the fabrication foundry, and potentially very expensive, as the
substrate must support exesit CMOS performance, but the optical devices will take

significant space on the chip, significantly increasing cost. Currently, the monolithic
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optical transceiver system is compromised in either the electronic or photonic device
performancg43]. In addition to this, a segmented MZMrismitter monolithically
integrated with CMOS driver is presented[RB4], where the transceiver reached
12.5Gbps. By cutting the modulator into several small pieces insteasingle long
element, the lumped capacitance for driver segment is reduced. Moreover, power
dissipation is greatly decreased as the termination resistor is no longer required.

However, excellent phase control is necessary between the driver segments

23 Volg&ontroll ed Oscillator (VC

231 Conventional VCO Structure

The voltage controlled oscillator (VCO) has a primary role in clock generation circuits.
It is not only the core building block dlfie phase locked loofPLL), but is also the
source of the oscillain. VCO can be categorized into two fundamental types based
on their characteristics and functionality, the inductpacitor tank VCO (L&/CO)

and the ringbased VCO (R©/CO). Fig. 2-3 shows the topology of the LC and RO
VCO.

.................. $ { ]

_Do_ Control Voltage
) (b)

Fi g-3T@pol ogy of VCO (a) LC Tank (b) R

The LGVCO usually consists of a cross coupled latch with an embedded LC tank
which generates a resonant frequency. By varying the capacitance of the tank, the
resonant peak is moved to achieve freguyetuning. At the resonant frequency, the
combination of capacitor and inductor provides a large amplitude which enables the
LC-VCO to acquire better phase noise performance at the oscillation frequency.

However, because of this feature, the resonantémcy can only be generated within
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a small range due to the limitations of implementing the physical capacitor and
inductor. Therefore, one significant drawback of the\LCO is the relative small
tuning range. In previous reseafd@8], due to the narrow tuning range, in order to
make a PLL with the L&/CO working withn the required frequency band, additional
calibration loop has to be added to improve the immunity to the variation of PVT.
Moreover, since the oscillation frequency of the-XCO is determined by the value

of inductor and capacitor rather than circupdtogy, associated with the advantage
of low noise feature, the LL&CO is found be more attractive in higpeed
applications such as wireless transceiver syst¢a® 47] and high speed
electrical/optical lind4, 20, 21, 34, 37].

The RGVCO consists of a number of delay stages connectedoesind to form a
feedback loop. Di#ring from the LEVCO, the oscillation frequency of R@CO is
determined by the effective resistance and capacitance of each delay cell. The
capacitance is the combination of gate capacitance (input), load capacitance (output)
and parasitic capacitance aach delay stage, which is highly depended on the
technology process node. , The most approaches to varying the oscillation frequency
in the ROVCO is via tuning the effective resistan€égg. 2-4 shows two commonly

used structures of RUCO.

gj ‘j pj q4 q 4 4
L i | i | [l |
| j|_| —||_| g | - L Control

H[ : - E
ﬁ 5 dLL
4

‘-1 "-1 L
@) (b)
Fi go4C@mmon UVED® RO®) Current Starved (b)

Fig. 24 (a) shows a current starved VCO. By controlling the bias voltage for the
current source, the source and sink current at each delay stage is varied which at the
sane time varies the voltage applied on embedded inverter, thereby the equivalent
resistance of inverter is changed in order to achieve frequency tuning. Another classic

structure of an R&¥/CO is the common source VCO that shown in figk ). Each
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delaycell is a common source amplifier with a load transistor. The control voltage
directly biases the effective resistance of the load transistor to tune the oscillator

frequency.

In a modern CMOS process, the dynamic range of a MOSFET can be varied over a
wide range. Therefore, one significant advantage of the/RO is large frequency
tuning range. Moreover, because it does not require-@hiprinductor, the R&/CO
occupies small chip area which make it favorable to clock synthesizing in digital
circuit deggn [48]. However, from the other perspective, large tuning range makes the
RO-VCO vulnerable to even slight fluctuations in operation. Due tol¢hsphase

noise performance, in recent works, PLLs with anYRTD are typically limited to
several GHz frequency ran{#9-54] and are rarely used in higipeedapplications.
Therefore, a careful design is required to apply an-\RKD to high speed

communications.

In order to maintain oscillation, both the MeCO and the R&/CO need to satisfy
Barkhausenés Criteria which idsnappbndix pri nc
Al. It can see that Ldased and R®ased circuits have different strengths and
weaknesses. Generally, they are regarded as opposite solutions and applied in different

situations.
232 Broadband VCO

AlthoughLC based VCOs can only operate in araa& frequency range, many efforts
have attempted to extend the tuning ranggs®h, a switched capacitor array has been
applied to the L&/CO for tuning range expansion without degrading the noise
performance. The Q factor of the inductor is maintained while the low Q factor of the
switched capacitancedecreases the achievable VC@duency. Meanwhile, a
switched inductor techniqyé&6] was also explored to extend the frequency range
LC-based VCO However, the switched resistance
and leads to reduced noise performance. In additional, a¥C® structure
incorporated into a PLL is presented[5Y]. By overlapping the tuning range of an
individual LG-VCO, the overall tuning range is extended frafBGHz to 16.6GHz.
However, it involves a complex multiplexer system to switch between the different

tuning ranges, and comes at the cost of significantly increased power consumption
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In contrast, the Ringpased VCO has an intrinsic advantage on tuning bandwidth as
discussed above. However, the achievable frequency is limited in practice due to the
effective resistance, and input/output capacitance at eachogdllalo allow the ring

based VCO to be used in highbeed applications, additional techniques have been
applied to extend its bandwidth even further[36], a method of combining an LC

tank within a 3 stage ringased VCO is proposed. Fig:52Zllustrates the todogy.

The R and C represents the effective resistance and total capacitance respectively
while Gmis the transconductance of each delay cell. The LC tank is only inserted at
the first delay stage and controlled by a switch resistor. When the LC tankesitch
out of circuit, the structure acts like a standard-YROD, which the achievable
frequency is limited by the product BfandC. Therefore, the transfer function and
phase response can be given as (2.1) and (2.2) respectively.

~

0Q _— (2.1)

cOweEL YO ¢ (2.2)

Thereforethe oscillation frequency at the OFF state is given as (2.3)

n (2.3)

When the LC tank is switched, the transfer function ir2(2) can beaewritten as (2.4)

00 (2.4)

20



Literature Review

And the phase respsein the ON state is tyen as (2.5)

oOweEYL 6 0 0 —— COWEDL YO “(2.5)

It can be seen that the oscillation frequency at the ON state is no longer limited by the
combination ofR and C. The resonant frequency generated by the LC tank is

determined by the value @fp andLp, which can be illustrated by (2.6)

0 — (2.6)

By setting a suitable value Gfp andLp, thewtank can be set to a higher value than for
Worr. In addition, the second term that shown in (2.5) is always les$ tHdrerefore,

once thewank is set higher thamon andworr (Weank > Won > Worr), the oscillation
frequency can be raised by the LC tank. However, one potential issue is that it requires
a digital control signal which makes testing more challenging sincedhédeal
switching characteristics may induce more digital noise.

Anotherapproach to extend the achievable frequency in the/RO is through a

multiple-pass loop architecture which is illustrated in figh.2

Min-1) Mn Mn-2) Mn-2)

Fi g-6R@CO with Mul tf5Pl e Pass Loop

In [59, 60], a ParkKim delay cell & selected with a multiplpass loop architecture.
In additional to the primary loop, a secondary loop is added to decrease the delay time
in each cell to maximize the oscillation frequency. By feeding the input of preceding

stages to the secondary inptieach delay stage, the secondary path is switching faster
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than that of primary path. Therefore, this structure can considerably increase the speed
of the circuit. A modified delay cell based on this architecture is also repofted .in

An active inductor is inserted before the secondary input to further increase the
frequency. An oscillation frequency of up to 10GHz has been obtained based on the

simulation results.

In addition to thdrequency tuning range, the tuning linearity is another aspect of the
RO-VCO which should not be ignored. Benefitting from the wide dynamic range of
modern CMOS processes, the QO is capable of a large tuning range. However,
due to the notinear charateristics, the tuning linearity of the R@CO is typically

poor which results in potential system instability and complicates the design in the
PLL. Several works have been reported to improve the tuning linearifg@2)rfor
examplea raitto-rail voltage tuning delay cell is proposeétie structure ofvhichis

shown infig. 2-7 (a).

VDD VDD VDD VDD
A A
Vbias-l | Vb'\ﬁ Vbiis'
- IaS/ E _IE Vbiasn
N fr—

VDD VDD VDD
~ L0
@ (b)

Fi g-7( @) thaaiill Vol tage Tunil emgedDefltayCiGecluli t( b) Bi

_I
Vin— Vout
_I

A PMOS Mpn) transistor stagis inserted and paralleledtivthe voltage control load.
TheMpnis biasedby a level shiftethatis shown infig. 2-7 (b). The level shifter is
working as two source followem seres Vbiasnis two threshold/oltageslower than
Vbias Therefore, wheWbiasbecomes too high andakes thegatesource voltage of
theload less thannethreshold volage, the PMOS load is switched off while Mpn
is still ON because of biasinigy Vbiasnandcontinues tact likeaload tothe delay
cell. Thereby, the overall voltage tuning rangexsended.
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Anotherlinear tuning delay celhas beerreported in[54, 63-65], the structure of
which is shownnfig. 2-8. The delay celtonsistoof an NMOS transconductance pair,
loaded with a PMOS crossoupled pair anda diodeconnected load. The
transconductance die NMOS pairis regulatedy varyingthecontrol voltaggo tune
the output oscillation frequary. The DC operatig point can be expressed g&7)

(when two delay cells are connected to form a ring osci)lator
®w W W CQ—0 w CQ—0 w (27

Where kp =€ pCox and kn =€ nCox. As it indicates, the saturation currehtis
proportionally changed withlct1 Vinn T Vinp. Thereby(2.8) can be determined.

M —9 YO0 o ) (2.8)

V.t

|
6 Vit b

Vi- —II:1 V2 an[:ll—Vi+

Fi g-8L2near Tuning Del ay Cel |l

The oscillation frequency can be tuned linearly by control volt&geMoreover, an
improved fine control path was modified on the above delay cell for further accurately
controlling the frequency, which is presented®3]. In addition to this, a voltage
regulator is applied tthe linear tuning delay celb4, 63] to further stabilize th&cr

and reduce the fluctuations.
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233 Low Noi se VCO

The one significant drawback of the R@CO is the poor phase noise performance
which limits it for use in higkspeed applications. Threain reason for this is due to

the characteristic of wide tuning range which causes an excessive voltage to frequency
gain Kvco). For one thing, the largé.co not only makes VCO vulnerable to any slight
fluctuation or noise on the control signalso, it complicates the design of the PLL

as the largeKyco requires placing a large loop capacitor. Therefore, many efforts have
been made to improve the noise performance of the/RO whilst maintaining its

wide tuning characteristic.

The noise can be gereted from many sources. The most common noise source is
through the power supply voltagk a practical implementatigrthe differential
architecture has been widely usedbmth digital and analogue IC design,ibbas
better commommode rejection of igpply voltage and substrate noig6]. When it
comes to the differential R&CO, the structure of the delay cell can be categorized
asfully differential (D) and pseuddalifferential (PD), which are sk in fig. 2-9 (a)

and fig. 29 (b) respectively.

VDD VDD

Ve, Vie—> Vo
Vi-—
Vi- Il> Vo
(b)
Fi g-9(a2) Full Differenti adli f(fFreD)e nkiteilaaly DCellaly (Qoe)l

The tlly differential delay cellis based othe common sourceifferential pair. The
tail current source can provide good comnrmade noise rejection performance, and
reduce the influence of harmonic distorti@6]. The pseudedifferential delay cell
conssts of two independent inverters fmied with an inverter based latdheinput
voltage rangeanreacha rail-to-rail range andhaslarger commosmode gain 66,
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67]. Thereforethepseudo differential delay cell has been widelyligolin low power
design.However, the large voltage swing requires enough current to charge and

discharge the gate capacitance which limits the speed of implementation.

Anotherwidely used technique to suppress the phase noise in th&Os injection
locking[68, 69]. The principle of injection locking is to couple a secondary frequency
which is slightly different to the primary frequency. When the coupling is strong
enough, the secondary frequency is pulling thenary frequency to achieve identical
oscillation frequencyA ring oscillator with injection lockingan be modétd asfig.
2-10(a) and a pseudo differential delay cell with injection locking is shoviig ir2-

10 (b).

Winj + § AN " Wout+
— Vvinj_":
(@) (b)
Fi g-l1@2aa) Model of Injection in a Ring Oscil!/l
with Injection Locking

Because of the slightly different initial phase, the output frequéhgyoccurs with a

phase shift—due to thanjection frequency\Viy;.

S — (29)

Wheree is the phase of injection frequenapdr is theinducedphase shifof the
ring oscillator. According t¢70], the relationship between the phase shift at output
and the injection intensity (S) is given asl@®.

0&He& 1 Y REAY — (2.10)

Since the injection frequendyn; has a slight frequency difference to the desired

frequency, assum@,; is atanoffsetY0 with respect tdhe carrierfrequencyWs,

w

6o 0 Y 2.1)
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WhereY0 is defined a§2.12).

w

YO —Y QA0 — (2.12)

>4 |'Z

whenO L O , lock rangds given as (2.3)

0 —Y (2.13)

According to (2.1) and(2.13), the injection frequency range that alktie oscillator
to be locked can be estimated(244)
O U 0 v 0 (2.14)
The power of the noise shaping can be calculateasimgL e e s 0 n isthakig u a t

presented ifi69], in whichthe noise function within the offset frequensgxpressed
as(2.15)

(2.15)

'~<<|

WhereY indicates the output signal whikis the noise signal that is input to ttireg
oscillator.Therefore, wheheinjection frequencyf ring oscillationis set wthin the
lock range, the noise functiaan be rewritteras(2.16)

~
3

- Q — (2.16)

As (2.16) indicates, theower ofphase noisef osclilator is inversely proportional to
the power of the injection intensit$)( Therefore, the phase noise in RGO can be

improved with strong injectio[69, 70].

As addressed previously, the large voltage to frequencykgaimakes the R&/CO
vulnerable to the noise which results in inherent poor phase noise performd&8g. In
it is demonstrated that the-band noise gwer of the PLL is proportional to the
changes oKyco. Moreover, largeKveo in the PLL amplifies the influence of process
and PVT (pressure, volume and temperature) variatipd4]. Therefore, much
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research has focussed on reducing the sensitivity by scaling the gain of the VCO. In
[71] and[72], a dualtuning method is introduced. However, the frequency tuning
range is limited to only several hundred MHz. In addition to this, a digital switching
method accompanying dual frequency tuning is priesein [64]. The proposed

scalableKyco with linear tuning dela cell is shown irfig. 2-11.

A latch bank is embeddadithin an NMOS transconductance pair, loaded with a
PMOS diode pair. The output impedance is linearly varied thrtheyAMOS diode,
and isinversely proportional to the changes\afarse The function of scalableKycois
achieved by digitally selecting latches in the latch bank to connectheitielay cell.

The output frequency band is regulated Wyarse and in each frequency band,
differentKvcocan be selectedtja thenumber of digital contrdbits. However, the scale
resolution ofKycois different in different frequency bands even with the same digital
control signals. On the contrary, to increase the resolution of scKlaglmore digital

bits are required with the increased number chles which will certainly degrade the
achievable frequency of the VCO. Moreover, the-RCO involved with digital
control certainly needs a digital conversion circuit in the PLL which increases the

complexity in designing the PLL.
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24 Convemal Phase Locked Loop

Ifwe say that the VCO is the O6hearté

the 6bodyd. To increase the stability

operate in a PLL loop. A typical PLL topology is Bluated irfig. 2-12.

Phase DetedPhase _ Voltage Controlled
Frequency Detect Loop Filter Oscillator
1:ref fosc
—_— PD/PFD > LF —— —
Phase Tuning
x Differenc Voltage
1:div
1I/N |«

Frequency Divider
Fig-l122 near Model of PLL

A single loop PLL system basically consist four building blocks, a phase detector
(PD) or phase frequency detector (PFD), a loop filter (LF), a volktag&olled
oscillator (VCO) and a frequency divider (1/N). To explore the functionalitthef
PLL, within each clock cycle, the phase difference betvikemneference frequency
"Q andthedivided frequency™Q is compared byhe PD/PFD. Then the phase
error will be filtered bythe LF block to generate a control voltage signahteVCO.

After that,the VCO will depend on the control voltage to adjust the corresponding

output frequency™Q simultaneously and meanwhile]Q is forwarced to the
frequency divider with a pgrammable dividing ratio (N) and hence cred@® and
thefeedbacksignalto the PD/PFD to form a loop.

241 Type | PLL

The conventional PLL can be categorized into two typical structures, the type | and

type Il.
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Fi g-13®peration of XOR Phase Detecto

The type | PLLis also calledhe XOR PLL, as the phase detector used in the loop is
an exclusive OR gaté€&ig. 2-13 indicates the function of the XOR phase deteétsr.
can be obserd fromthis diagram, the width of output pulse is proportional to the
phase difference betweedhe two input signals. Thereforeahe maximum phase
difference ¥n occurswhen the two inpus shareone half cycle * phase shift.
Thereby (2.T) can be obtained.

& woad: o iy 0 — (2.17)

wherev is defined as the gain tfie phase detector. When the outputse is 50%
of the duty cycleof the pulsetrain, the PLL is said to be in lock, whebe
wOfx.

Fig. 2-14is the block diagram of eonventionatype | PLL.

Kk
Qdata) pessssssmsszonox
data = VCO Do
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Qdclock E TC E
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@dclock: Qout/N
Fig-l&onventional Type | PLL
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As it can beseen, the loop filter of type | PLL is jush &C low pass filter. So the

transfer function ofoop filter is given as (2.8).

v — (2.18)

In addition,the VCO operatess an ideal integratowhich provides theransfer
functionin theform Kycd/s. Therefore, the closed loop transfer functadfrthe type |

circuit is given as (29)

Oi s

(2.19)

Substituting(2.18) into (2.19), it yields

Oi s (2.20)

From equatiorf2.20), it can be concluded that the stabilitytloik second order system
depend on different valus of thecomponerg, R, C, andKvo. The natural frequency
wnh and damping factosis givenas (2.4) and (2.2) respectively from standard

control theory

0 _ (2.21)

IS J (2.22)

Increasinghe values ofR andC will decrease the damping factor thereby makireg
whole system less stable. However, increasing R and C will also redutmghe
bandwidth of the PLL, thus improving the filtering performaatte control voltage
of theVCO. Thereforethe desigmpproaclof thePLL is to tradeoff these parameters.

242 Type |1 PLL

Compared with type | PL4, one of the differences the type Il PLLis thatthe XOR
gateis replaced by a phase/frequency detector (PFD) to extract the phase shift between

thedivided frequency and the reference
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The structure of the tradition@®FD is shown irfig. 2-15. By comparing the leading
edge othetwo inputs, the PFD will gaarateanUP or DOWN pulse to indicate which
input signal is faster. When both pulses are remained low, it indicates that the loop is
locked.

Charge:““““““:
Pump ! i
E lpump E
gdata upP E E KF
data _FD_I P F777TTTTTTTT VCO Dout
Kprp | ! — : >
dclock | Co: RJ_ : Kved/s
Daciock DOWNE E i C, E
E pump H :TclI E
. LYY :
Qdclock: Qoull N 1/N
Fi g-1@®2 ock DiCaognrvaenmTtgi poen alll PLL

Fig. 216 showghe conventionastructureof atype Il PLL. A charge pump (CP) is
placedbetween the PFD and the loop filterconvert the frequency/phase difference
from a pulse signal intacurrent signalBecause of this characteristic, the type Il PLL

is also called a charge punRLL. Moreover, ashe maximun frequency/phase
differenceYn between the divided frequency and the referengé jthe charging and
discharging current that is provided by the charge pump (CP) is usually combined with
the phase difference which gives the overall output current from the CP 3s (2.2
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0o Qr 0 ¥h  — (2

whereb s the transfer function ahe PFD and CP. Compia this tothetype |
PLL, thetype Il PLL has larger acquisition range.

In addition to this another difference betwedéme type | andthetype Il PLLsis the
loop filter. Inthetype Il PLL, it applies a second ordew passfilter, the transfer
function of which is given by2.24)

0 (2.24)

In generalCz is setatabout one tenth (or even less)@fby experience for stability

To simplify equation(2.24) by neglectingCz (i.e. G << Cy, it becomeg2.25)

0 — (2.25)

Therefore, he closedloop transfer function of type Il PLL can be obtained 226).

Oi s

(2.26)

Consequetty, the natural frequenoy, and damping factor is givenas (2.Z) and

(2.28) respectively.

0 - (2.27)

- =Y - — (2.28)

Compared with the damping factor provided by a type | PLL, the advantage of the
type Il PLL is that increasindk and C will not degrade the system stability.
Furthermore, a large loop bandwidth will improve the immunity to ripple fluctnati

on the VCObs control vol tage. Ho-chev e r
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capacitor cannot be set big enough. Not only does a largliprcapacitor occupy

too much chip area which makes the signal wiring and integration more complex but
also t may cause metal density violations of design rule, especially for more advance
CMOS process nodes. Although active loop filters have been employed to scale down
the large area cost of an-ohip capacitor, the active noise that is induced by an op
amp Imits the usage of this approda!3, 74]. As for digital loop filter, it suffers from
quantization noise due timited frequency resolutiofv5-77]. In that case, the factor

of lpumpCan be used to tragdf the system stability and loop bandwidth. By this reason,
the feaure of adaptive bandwidth has been applied to many state of art type 1l PLL
designs, such as the work presentel881]. In [79] for example, the charge pump
currentispoportionally scaled wit h Ipgshwkile VCOOG s
the R of the loop filter is inversely varied withyias Moreover, other PLL that
incorporated with adaptive biasing function is proposed8® 81]. Using this
approach, the charge pump current is linked to the reference frequency and the small
signal resistance of a diodennected PMOS. Compared with the type | Rbk,type

Il PLL is more attractive to the designer when used in clock generation system.

25 Al ternative PLL Topologi es

Based on the two conventional PLL topologies, other different types of PLL
architecture have been developed to accommodate differentaggasharacteristics

of VCO and to improve overall system performance. For example, for a wide tuning
range ROGVCO, dual tuning structure is widely applied to reduce the sensitivity of the
PLL to noise gener at e d82 Moreovergo iniptokedhe b ui |
in-band noise performance, the injection locking PLL also offers a dual control
structure which combines a conventional charge pump PLL with an additional loop

for providing injection pulef83, 84]. In this section, different types of PLL topologies

are introduced.

251 Dual Tuning PLL

In the most state of the art PLLs, the dual tuning structure has been widely applied,
especially when used with an R@CO. The key pringle of dual control is create
two control patk within the PLL, each path taking charge of a separate control

function to the VCO. One topology shownfig. 2-17.
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Figl@m™pol ogy of Dual Contr ol PLL

The most traditionalisage incorporates ddiaining of the VCO, either controlled by
regulated power suppli85] or by an additional fine control signal with@mC
integrator or analogue filter in the p4&ftB2, 86, 87]. In [87], a dualcontrol PLL
structure with an analoguem-C integrator on coarse tuning path is discussed. The
fine control path consists of a type Il PLL, the structure of which is showig.ig-

18.
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<
Fine Path ‘ REFF
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Fi g-l&onvent i-omai n@uBL LAnwval ogue Filter

To provide enough phase margin for tipeerational transconductance amplifi@A)

that isused inthe filter, the load capacitor has to be largeoughto make the
bandwidthof the coarse tuning paéixtremely narrowhere the bandwit is roughly

10 to 100Hz as reported in [88], or alternatively to make<igon the fine control

path smallHowever, either of these methods will lead to stability problems. Therefore,

a digitally stabilized method is applied to the dual tuning P49,87]. The analogue
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integrator in the coarse tuning path is replaced by a digital integrator and atdigital
analogue converter (DAC). Although iemoves the challenge of designing the
analogue filter and saves considerable chip area, the quantization noise is unavoidable
as faced by all the digitalized PLLs. Moreover, the power consumption is greatly

increased as well as the system complexity dwsdtlitional digital circuits.

In additional to the traditional du#tining PLL architecture, injection locking
techniques are also widely applied with dual control P[£3 83, 88-91]. As
introduced in section 2.3.3d.2-10(b)), a pulse transistor is placed withipseude
differential delay cell which provides thagual control functionality to the VCO.

Therefore, the conventional injection locking PLL is showfign2-19.

—> PulseGenerator finj

I
REI_ > IL-VC fOUt
| PLL —

X

Fig-l«onventional I njection Locking

Theinjection pulse is generated from another path by a pulse genekacording to
[89], the relation between injection frequency and output frequency of the VCO can
be writtenas (2.3)

Q. — (2.29)

WhereN is the injection ratio between injection frequency and output frequency.
Thereforetheclock edge of theutput frequency is calibrated periodically every N/2
cyclesto correct the static frequency shift of th€®. Within the injection locking
range, the phase noise of the PLL is constraindd to ¢ 1t 1 @, wherefl s
theinitial noise floor ofinjection signal. However, although the injection locking PLL

is effectively supressing the pleasioise when loop bandwidth is set within the
injection locking rangg88§], the reailtime frequency drift is haly prevented due to

the existence of PVT variation in real[y2, 53]. In addition, the structure that shown

in fig 2-19 may also suffer from timing issues, as the phase correction for the VCO is
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controlled by two independent patf&3, 90, 91]. In [90], a pulse positioning circuit

is inserted into the injection path as timing control. The ppésationmodulation is
achieved by a voltage control delay chay varying the control voltage, the arrival
position of the injection pulse to the VCO is dynamically regulated to compensate the
timing delay from the PLL patfThereis also other work84, 92] that tiesto retime

the injection signal by applying stdamplirg PLLs or using an adjustable timing
phase/frequency detector (PED)

Apart from the dual tuning ROWCO based PLL, the double control structure is also
applied with some L&/CO based PLLY82 93 94]. We know that dual tuning
topology is helpful to provide a moderate g&iro for an ROGVCO. However, for
LC-VCOswhich have relatively low gain, the serious disadvantage is that additional
digital circuitry is required to select ring VCO tuning curves before the PLL starts to
operatd82]. Therefore, if93], a dual control L&/CO PLL is presented with a digital
tuning path for swiftly selecting the suitable tuning range by a bank of digitally
switched capacitors, while the analogue tuning patlused for accurate output

frequency.
252 Mul ti ple Loop PLLsSs

Multiple looptopologyis another alternativapproach that is widely appliea PLL
design. Compared with dutailning PLLs, multiple loop PLLs implement more paths
within the system, which to sarextent increases the overall system complexity, but
the advantage is that the multiple loop structure also brings more functionality to the
PLL which allows the designer to betteadeoff the performance between phase
noiseand settling timg¢95]. Several topologies of multipleop PLLs aredisplayed

in fig. 2-20.

In fig.2-20(a), two PLLs are connectedn acascade structureto which thereference
frequencyfor PLL2 is provided by the output dPLL1. As forfig.2-20(b), a single
band mixer is used to mergee output frequencies from PLL1 and PLL2 whrlel 1

is used to create a controllaflequencyandPLL2 provides a fixedarrierfrequency.
This structure is usually found in wireless transceiver sys{®&®js However,the
drawback of using mixer is that amdesireddisturbancas created athe output of
PLL. Moreover due to the limited dynamic range of mixer, the PLL can only operate
in a narrow frequency bands for structure (c) and (d), the mixer is placed inside
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primary loop, thereby, spur power can be degradethbyow-pass filter andhe
frequency divide The dructure infig.2-20(c) andfig.2-20(d) can be found ifi96]
and[97, 98] respectively.

f ref f ow f refl s j .mu
PLL!}—»{PLIL2 }—> —|PLLI1 —»(%)—»
jpom— 0 )
(a) (b)

fﬂll'

PLL1 |

mixer

frp —[PLL2
(d)

Fig2®everal TopollegogsPlbf Mul ti

In [88], a multiple loop structure dfg.2-20(a) is used using two cascade injection
locking PLLs As seen irfig.2-21, PLL2 is subinjection locked to the output from
PLL1, which is also injection locked to the reference frequency. In addition, two pulse
generators are independently creating injection signals at the rising edge of the inputs
to eachPLL. Using this structure, the output frequency is realigned every N cycles
where N is the injection ratio in PLL2. However, it requires two delay units to
compensate the mismatch of timing due to the independent path, which adds a delay
that has to be ftge enough to tolerate the PVT variation. Furthermore, the injection
pulse can only be applied on the rising edge in order to avoid the jitter induced by duty

cycle distortion.

In addition to the examples discussed so far, some works also tried to awgid us
mixers in multiple loop PLL structurdigy.2-20(c) andig.2-20(d) by employing sub
sampling technique$0, 99, 104. Instead of isolating pasiof the PFD andthe CP,
theytry to isolatethedividing path.However, the drawback t¢iie subsamplingPLL

is that the locking range is quite narr{8v].
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Fig2Multiple Loop PLL with Cascaded I nject

Fig.2-22 shows a multipleobp PLL using two identical VCOs that is sharing the same
control wltage[52, 53, 101-103. The main VCO is a type of injectidacked circuit

and is responsible for generating the desired output frequency. The replicated VCO is
embedded within a PLL loop to continually monitor the instantaneous frequency drifts
and dynamically adjusts the control voltage. However, this frequenibyatain will

cost same amount of power in the replicated VCO as in the main VCO. Moreover, an
avoidable drawback is the mismatch between those two VCOs, which limits the

precision of the frequency calibratif83].

JUUL
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fout
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AT finj Main ILVCO
ReplicaVCO
_
RE > PLL

.

Fig-22ultiple Loop PLL with Two I dentical
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253 Mul ti plying

An dternativePLL architecture to generate clock siggaith better suppression of
phase noise is tasethedelaylocked loop (DLL).Fig.2-23 showsthe block diagram

Del ay Locked PLL

of a typical DLL. Compared with the PLL structure, the DLL replaces the VCO by a

voltage controlled delay line (VCDL).

clockes

L

>

PFD

CP

Loop

Filter

lvtune

clockyt

Voltage-controlled N

Delay Line (VCDL)

Fi go2®82 ock Diagram of Typical

DLL

The phase of output frequency is varied by the delay. Although the DLL can

significantly improve the random jitter of the clock, additional circuitstiisrequired

to guarantee the correct operatifb?]. Reference§103105 integate a DLL

structure within a multiple loop as presentedign 2-24.

REF

PulseGenerator

fin Main 11-VCO

DLL

3
|-[>° I- _D"l fout}
* )

> >

ReplicaDelay Line

As it can be seen frorfig. 2-24, the replicated VCO in fig-22 is replaced with a
voltage controlled delay line (VCDLMeanwhile, the VCDL and the main injection

Fig2P22L with Multiple Loop

locking VCO is sharing the same control voltage. As the delay cell that applied in

VCDL and VCO is identical, the unit delay of individual delay cell is the same once
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the DLL locked. Instead of calibrating theduency drift of the VCO, the DLL defines

the output frequency by the unit delay time and the number of delay calistvin

the VCO. Therefore, the output frequency of DLL becomes independent to the PVT
variation. However, the mismatch issue betwden\MCDL and the VCO still exists

which requires additional calibration step.

Clocky,

Select
Pulse

Select
Logic

Fig20ultipl yliogkedkllayop ( MDLL)

Fig. 2-25 shows a multiplying DLL architecture (MDLL) which is presentefilio6-

109. The input to the VCDL is selected from a multiplexer controlled by additional

logic circuitry. Therefore, by changing the input to the VCDL, the output clock edge

of theDLL is substituted periodically between the clock edge of VCDL and the clean

edge of the reference frequendy previous worl{106 109, the MDLL has proved

to be able to provide better jitter performandewever, in the high frequency scenario,

the substitution ofthehighpeed VCOO6s will consume relative
of the digital logic andrequency divider. Consequently, the MDLL is limited in

frequency bandwidth.

254 PLibased CDR

At the receiver of either an electrical link or optical link, the received data is both
asynchronous and noisy. For subsequent processing, the timing informaibhemu
extracted from the data stream for synchronous operation. Moreover, the data needs
to be retimed in order to remove the accumulated jitter during transmission. Therefore,
the clock and data recovery (CDR) plays a significant role in the receiveis and

necessary for clock extraction and data retiming. The conventional CDRs are
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commonly based on the structure of the PLL, which also includes a phase detector
(PD), charge pump, loop filter and VCO. Apart from that, the recovered data is
synchronized by ®-type flip-flop (DFF) which is clocked by the extracted clock
signal.Fig. 2-26 depicts the traditional CDR topology.

Loop Chour
__,| Phase Detector |—» Fitter [ VCO >
Retiming Logic Datag
Data, >

Fi g2 aditional CDR Topol ogy

In contrast to the typical PLL, the input to the CDR is the receivedaaplified
random data, which requires the PD to have a wide locking range to tolerate multiple
data rates. There are two basic types of PD that have been commonly applied to CDRs
which are the Hogge PD and the Alexander PD (also called thelaaunggP D)

Ijiza

Dat
an @ B

Chkn )

@ (b)
Fi g27d2) Hogge PD (b)BahgxBbder PD (Ba

As shown infig.2-27(a), the Hogge PD is composed of two DFFs clocked by both

rising and falling edge of the clock and two XOR gates. Path Y produces proportional
pulses in relation to phase difference between input data and the clock while path X
produce reference pul se3w2wTotctrrechsarhplingc | o c k
data information, the clockd6s edge shoul
means th proportional pulse has to have equal width to reference pulse under locked
conditions. However, due to existing propagation delay in the DFF, additional delay
circuitry is required to compensate the timing either in the proportional pathor
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the reference path. As for the Alexander PD (blaagg PD) which is illustrated in
fig.2-27(b), the principle of bangang PD is that the random data is sampled three
time by three consecutive clock edges, and the transition of the data can be detected.
Meanwhile, by passing the detected transition of the data through XOR gates, the edge
information can be determined whether clock leads or lags the data. In recent work
[111-114], bangbang PD has been widely used in hggeed applications. However,

one of the drawback of ba#ing PD is that the linearized modelling analysiSbR

using bangbang PD is not possible because the characteristic oftimmgPD is a
discrete model, which means the edge of the sampling clock can only approximately
approach to the middle of data where is best spot of sanjflisy Therefore, a slight

phase error always existed even after PD locked.

As for a functional CDR architecture, it must include frequency and phase acquisition
to guarantee locking despité/P variation of the VCO frequency. Moreover, the
recovered data should be retimed inside the PD to avoid systematic skew. The
conventional PLEbased CDR that is presented1i3 114, 116 is depicted afig.2-

28.

—_— Lock
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\. Tracking|

Fi g2&0nvent i-‘maasad d PCDR

Due to the limited capture rangé the PD and to avoid false locking to harmonic
oscillation frequencies, RLL loop is employed to initialize the VCO and lock to the
correct operating frequenchl10 116, 117]. First of all, the CDR enables the
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frequency acquisition to approach the desired frequency range. Once the frequency
error drops to aufficiently small value (within the capture range of the PD), a lock
detector is activated and disables the frequency acquisition loop. Meanwhile, the phase
tracking loop takes over to lock to the data. However, such structures face a transition
disturbance when switching from frequency to phase acquisition which may lead to a
large jump in phase and fall out the capture range of the PD. In addition, an accurate
and adjustable reference clock is required for frequency acquisition which complexes
the implenentation of the CDR11(Q. Therefore, a referendess CDR structure has

been realized in recent pap¢id 0 118. The PFD used in the PLL loop is replaced

by a frequency detector (FD) which provides a DC level (after integration by a loop
filter) and drives the VC@pproaching the input data rate. By using this structure, the
external reference clock is removed. It should be noted that for the structure shown in
fig.2-29, the FD and PD path are sharing a single control line to drive the VCO.
Therefore, the fluctuatio of the control voltage of the VCO needs to very small to
avoid too much frequency drift and failure to lock, which is especially true for the RO
VCO. In[11812(, a digital FD path is implemented to extend frequency acquisition
range. In addition, a dudlining structure is also employed to separate the coarse
tuning and fine tuning paths to minimize the impact of ripple on the contrgiizig

Other dual control CDR architectures can be fourfd 22, 123.

Frequency
Detector

A aeeeeeeel,

Frequency
... Acquisition

Data | | Tt >
_____ = ("\)— LPF

Phase Tracking VCO

Phase
> » CP
Detector
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In addition to those papers, the injection locking technique is also incargdmat
provide dual control CDRs. If123 124, the edge information of the input data is
extracted by an XOR delay unit to generate pulses as the injéetgquency. Two
identical VCOs are cascaded to purify the clock while the injection pulse is input to
the front VCO. Moreover, the control voltage for the two VCOs is generated by a
reference PLL with a duplicated VCO. However, the mismatch problenexsisis
between the cascaded VCO and the duplicated VCO. Furthermore, the other
drawbacks of this structure are system complexity and high power dissidézidn

On the other hand, there is another aspect that alysioncerned for designing a
CDR. In contrast to the PLL in the transmitter, the CDR at the receiver deals with
random data. Higher data rate demands higher VCO frequency and a faster phase
detector. Therefore, many groups have focused ofrdialor garter rate CDR design

[112 11§. In[113, quarter rate PLibased CDR is presented which can deal with
40Gbps data rate. The same perforneacen also been found[ihlZ, that integrates

a quarter rate CDR within an optical receiver tooacmodates 38Gbps to 43Gbps

input data rate

26 Summar y

In this chapter, a review of modern higheed electrical and optical transceiver
architectures is presented, along with the state of art performance that has been
published in recent papers Moreovée tore modules (VCO and PLL) for generating
a clock signal for these transceivers is also comprehensively reviewed in detail from
the perspective of performance (frequency bandwidth and noise) and topologies

(conventional and alternative).

Obviously, sime the higs peed el ectri cal l ink gradually
limitation as data rate scales, more challenges are posed to the designer for extending

the circuit bandwidth and providing a hignecision timing circuit. Optical

transceivers providesmot ent i al solution to the issue of
applied in short reach communication links. To summarize regarding the clock

generation systems in recgniblications of higkspeed electrical/optical transceiver,

there are two conclusionisat can be made:
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1) Traditionally,almostall theclock generation systems (PLL and CDR) in these

transceiver links are based on LC tank VCOs. This is because t€0thas

superior phase noise performance and relatively high oscillation frequency.

However,an inevitable consequence is that the bandwgliimited by the

narrow tuning range of the clock

2) For highspeed transceiver systems (both electrical and optical), the clock

speed is usually applied at some -sate of the transceiver speed to allewiat

the challenge in designing a clock tree and corresponding buffers which

consume significant additional power. Tablel 2ists several transceiver

examples that have been presented in recent papers. It can see that the popular

clock speed is usually cagtired at half or quarter rate with respect to the data

rate of the transceiver.

In contrast, according to the recent papers, the data rate of the transceiver could be

from 20Gbps up to 56Gbps. However, none of the clock generation systems that have

been pesented have the capability to deal with such a wide range. Therefore, taking

consideration of multiple protocol compatibility in next generation silicon photonics

transceiver systems, an extremely wide band clock generation unit of over 30GHz

frequency ange is necessary

Tabl-EExXampl es of Transceiver with Correspondi
Transce Clock Jitter
Reference ] Data Rate | Clock Type | Clock Speed Area
Architecture (rms)
[4] Optical 40Gbps LC-PLL 20GHz 170fs 0.81mn?
[34] Electrical 38.842Gbrs LC-PLL 10GHz 319fs 0.63mn?
[39 Electrical 56Gbps LC-PLL 28GHz 508fs 1.14mn?
[47 Optical 20-22Gbps LC-PLL 10GHz 44.8mn?
PLL1:
. Two LC- 21-28.5GHz
[125 Electrical 28Gbps 250fs 0.83mn?
PLL PLL2:
14.521GHz
[12¢ Optical 32Gbps RO-PLL 4-11GHz 642fs 0.003mm
[26] Optical 28Gbps - 7GHz 350fs 3.6mn?
[127 Electrical 40Cops RO-PLL 10GHz 3610fs 0.086mni
[12§ Electrical 40Gbps LC-PLL 10GHz 230fs 0.6mn?
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Chapt el t-vBiad e Tuning

CMOS R angge 4 C O wi t h

|l nductor Peaking

31 I ntroducti on

Two types of voltage controlled oscillator (VCO) are used in various analogue and
digital applications. Traditionally, all the clock generation systems [Fbaked

Loop (PLL) and Clock Data Recovery (CDR)] in higheed transceiver are
dominated by a LC (inductarapacitor) tank VCO, which benefits from its inherently
excellent phase noise performance and relatively high oscillation frequency. However,
one significant drawback of LQCO is its relatively small tuningange. On the
contrary, a ringpased VCO (R&/CO) is considered as an opposite solution due to

its features of wide tuning range.

In this chapter, we take an innovative approach to combine the advantage¥6f0.C
and RGVCO and propose a new VCO struguncorporating a peaking inductor to

achieve both high oscillation frequency and wide frequency tuning range. This chapter
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starts with the explicit analysis of the conventionaFRCO, from which a new RO

VCO circuit topology is proposed. To validate faactionality of the proposed new
design, four design examples are fabricated at two different CMOS process nodes,
IBM 130nm and TSMC 65nm

32 Analysis on Bandwidth Enhanc

It is well-known that anyring based oscillatomust satisf two of Barkhai s e n 0 s
criteria for oscillation(introduced in AppendiXA.1), namely the phase shift around
thetotal feedback loop must ke multiple of 360°at its oscillatiorfrequency and the

magnitude of the loop gain at that frequenayst beunity.

Ve

&

Therefore, for a typical threage RGVCO as shown iffig.3-1, each delay cell can

v v

Fi g-1lTBpical Th-NE€® Stage RO

be treated as a common source amplifier, its transfer function is given as (3.1)

Oi ( 3).

The capacitanc€ denotes all the capacitance associated atvthenode, and a
variable resistoRess is used to represent the effective resistance ofrémesistor M,
whose gate voltage is controlled by the external signaFrom (3.1), it can be seen
that the 3dB bandwidth of this amplifier is/1( 2#C)Rand frequency tuning is
realized by changing the effective resistaRegof transistorM.. In addition to the
variable resistandger, the other factor that limits the maximum achievable frequency
of VCO is the capacitanc€ which includes the gate capacitance and parasitic

capacitance in association with wiring.
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321 Analysis on TrRhmegqeeémecy Si zing to

There are two parameterS &ndRer) shown in (3.1) that can be used to enhance the
achievable frequency. However, the capacitafces highly depended on the
technology process which has less effects on improving the bandwidtfRe fon

the other hand, is decided by the transistor sizklofEquation (3.2) illustrates the

relationship between the sizes of transistor to its corresponding resistance.

i ( 2.

With a constant voltage signdd:, theRess can be decreased by increasing the width of
M2 while the length oM: is fixed to its minimum value. To demonstrate the effects
of this approachfig.3-2 shows the curve of transistor sizing to frequency expansion.

The following simulation results are based on 130nm technology process node.

Transistor Sizing to Frequency Expansion

11 T T T T T
= . | —e—Both PMOS and NMOS
5 | PMOS and Fixed NMOS
10,5 [-wmoemee b .
T

Frequency (GHz)

10 15 20 25 30 35 40
Width (um)

Fi g-2TBansi stor Sizing to Frequency

Two approaches are investigated which one approach is to increase the width of PMOS
(M2) with a fixed width of NMOS WM1). The other approach is to increase the width

of both PMOS I12) and NMOS 1) at the same time. It can be seen that the frequency
increases with a larger transistor width in both approaches. In addition, another result
can be founds that by increasing the width bf. and keeping Mfixed, the frequency
increases faster than that of changing bétlandMo. This is because the capacitance

48

Expar



Ultra-wide Turing Range CMOS Ringased VCO with Inductor Peaking

of transistor is also increased with a larger width configuration. In terids, s the
capa@tanceC in (3.1) increases, the frequency degrades. However, the increased
capacitance d¥1> has less influence on the frequency. Therefore, from the perspective
of frequency enhancement, approach of only sizing the wid¥h @ more efficient,
which is the method that is applied in the following design on achieving high

frequency bandwidth.
322 Anal ysis on Noise Contribution

As the oscillation frequency is increased, another aspect that cannot be ignored is the
noise contribution of a single transistorhel inband noise of VCO is mainly
dominated by the flicker noise. The most used empirical model for flicker noise is

given as (3.3129

0w —- ( 3).

whered is the oxide capacitance per unit angajs the flicker noise coefficientt

should benoted that the power density of flicker noise is a function of transistor size,
which means the methodol ogy of transisto
noise contribution. In (3.3), the flicker noise can be decreased by increasing the size

of a transistor.

Transistor Sizing to Noise Contribution Comparison
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Size Difference Ratio to Noise Contribution
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Fig.3-3 (a) shows the noise contribution with scaling the widthMafand M2
respectively. As can be seen thai is noisier tharM1 at same transistor size, which
has also beeraddressedn [13(. In addition, to investigate the overall noise
contribution, the width oMt is set as constant while only scaling the widtiMef in
which the size ratioNsiz9 betweenM1 and M2 is defined asWp/Wn). Fig.3-3(b)
illustrates the overall noise contribution scaling Withs It can be concluded that the

overall noise level is reduced by increasingibes
323 Analysis on Voltage Tuning Range

According to the abovdiscussion, the method of increasing the widtiMafwith a
constant width oM is an effective approach on enhancing the achievable frequency
while maintaining a relatively low noise level in terms of a common sourc¥ RQ.

However, a critical limitatin is the voltage tuning range.

Fig.3-4 (a) shows the tuning curve of control voltage and its corresponding oscillation

frequency with respect to differeNti.e As seen in fig. 34(a), the voltage tuning range

starts to shrinkwith increased size ratiblsize This is because that thesaoillation

amplitude redues in the higher frequency rane . According to the Bar

criterion, in order to ensure oscillation, the oscillator should theaequirements for
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bothloop gain and phase shift. In orderdive evidence to this assumption, the gain
frequency response of a single delay stage is investigated with an examgple-8f

Control Voltage to Frequency
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Fig.3-4 (b) shows the frequency response. There are two things should be pointed out.
Firstly, as it can see that the gain of a single delay stage is different at different control
voltage V. With the decreasing ofc, the loop gain at each delay stagerspped.
Secondly, irf28], it indicates that the total phasefstithin a feedback loop must be
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a multiple of 360and the magnitude of the loop gain at the oscillation frequency must
be unity. For example, in terms of a three dedtages oscillator, at leastG@hase

shift is required by each delay stage in ordeguarantee the overall phase shift of
18, so it can meet phase requirement of oscillationigi3-# (b), the loop gain at

60° phase shift is monitored. As result indicates, the loop gain is below 0dB (unity
gain) whenV is 0V and 0.3V with gain 0f4.02dB and-7.59dB respectively.
Compare the gaHrequency results of fig-3(b) with the curveNsize=3) in fig.3-4(a),

it can see that the R®CO fails to oscillate wheN is below 0.5V.

Therefore, it is critical to focus on improving the amplitedl@ RGVCO in the high

frequency range.

33 Common SowrC®Oe WR®h | nductor

In order to enhance the achievable bandwidth in high frequency range, an optimally
valued inductor is inserted to provide a resonant circuit with the capacitanths
technique, known as inductor peaking, is a fundamental technique that is commonly

adopted for higtspeed amplifier desigi28].

v

-

As shown in fig.35, a typical RGVCO can be modified by inserting an additional

Fi go5RGYCO with Peaking I nductor

inductorL within each delay cell, with thesulting transfer function given by (3.4)

Oi ( 3).

According to the characteristics of an inductor, the impedance of an inductor increases

with the frequency going up, thereby, a resonant peak is induced in the high frequency
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range and compensates the amplitude loss of th&/ ®0. By applying the same
method that used in previous section, the voltage tuning curve andremiency

response of thenductive peaking VCO is presentedfig.3-6 (a) andfig.3-6 (b)

respectively.
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As can be seen in fig-@ (a), the voltageo-frequency tuning range is extended in all
different cases disize However, as the case Nfi,e4, only part of the tuning range

is compensated and the highest frequency is still lost. This is because, by over
increasing the ratidNsize betweenM> and M1, the bandwidth in each delay stage is
decreased due to the increased capacitance C. However, the inserted resonant peak can
only provide a high impedance in a narrow frequency band to compensate the
insufficient amplitude, which lead to an uncompleted tunihgerefore, for the
practical inductive peaking VCO design, tNeze should be carefully considered
between achievable frequency and tuning rangdigli3-6 (b), it can see that a
resonant peak is inserted in the frequency response. Taking advarttag@eék, the

loop gain at 60phase shift is all higher than unity at differ&fst

On the other hand, in terms of transfer functiomnganizing (3.4) gives (3.5)
Oi — Y —3 ( 3.

where the natural frequengnand dampi ng f axcB.®and B.7)ar e gi ven

respectively

0 — ( B)

- —0- ( 3).

It is interesting to note that (3.6) and (3.7) reveals two important facts that can guide
the design of inductegpeaked RG/COs. Firstly, for a fixed damping facter, the
inductanceL is proportional to the capacitan€z Thus for an advanced CMOS
process node, which has smaller gate capacitance, the required peaking inductance
could be reduced proportionally. @eresults in smaller silicon area with a more
compact desig. Secondly, for a given design, the smallest (worst) damping factor
occurs at the lowest value Réx, which is also the point at which the VCOs operate at
their highest frequency. Therefore, decreasing the frequency (frequemicy
mechanism) has little negative effect on the loop stability. Furthermore, for practica
implementation of orthip monolithicinductors there is usually a concern about the

tradeoff between theuality factorQ of the inductor and the physical inductor size.
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We show later in this chapter that the size of the inductor may influence therfogq
range, whereas th® may dominate the phase noise performance of proposed

inductive peaking R&Y/CO.
34 I nductive Peaking VCO Design

341 The Research Purposes of | mplementati

To demonstrate the ultraide tuning range and validate the theowdtianalysis of
proposed inductor peaking VCO, four design examples were implemented and
fabricated at two different technology processes. Two research targets have been

investigated by using these four examples:

1) Inductor peaking VCO is more suitable in adeed CMOS process node.
2) The tradeoff among the quality facto® and the size of inductor and its

corresponding performance regarding frequency range and phase noise.
342 Chip Level Desi gn

A full chip consists of two blocks that include the proposed indeqiraking RO
VCO and a 5 output buffer. The top level circuit is illustratedfig.3-7 (a).

Inductive Peaki : i
nductive Peaking | «—D0B Impedance__

ROVCO Output Buffer
Control : Vout
Rl >
Votage -[>o? 15
oC
Silicon Chip
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VDD T Sin_ggl
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L f el ¢ Voog,
Vet

R

F")bia;

g g |

(b) ©
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1.

Fi go7PBoposed Structure of Design Example (a
VCO Structure withqOOuntdpuuctt oBrufHeearki ng ( ¢
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All four design examples are implementing with the same VCO circuit topology that

is shown infig.3-7 (b). The inductive peaking VCO contains three shagld delay

stages withNsize Set to approximately 3 for the trad& between tuning rarggand
transistoro6s noise contribution.Mi&or better
Mo) in each design pair are identical, while the length for all design examples are set

to its minimum valueThe type of transistor is applied with leweshotl transistor

in order to acquire large transition frequenfzy &nd fast switching activity for high

speed purpos&he key parameters of those examples are listed in tahle 3

Additionally, a selfbasing 5@ output buffer {ig.3-7(c)) is integrated wit core VCO
design for the purpose of tesin onchip DC blocking capacitor was placed between
the VCO and buffer to reset thBC operation poinbf the output bufferand dummy
loads were inserted to ensure that each delay stabeVCO had a similardad,in

order to avoidhe influence of unbalanced oscillationpracticalmeasurements.

Tabl-Ke3y Parameters of Four Design Exampl es

IBM 130nm 8RF CMOS | TSMC 65nm LP CMOS
VCO-1 VCO-2 VCO-3 VCO-4
VDD (V) 1.5 1.5 1.2 1.2
M1 (W/L) (um) 22.5/0.12 | 22.5/0.12 20/0.06 20/0.06
M2 (W/L) (um) 72/0.12 72/0.12 64/0.06 64/0.06
Inductance (pH) 590 F420 £350 £350
Peak Q 18.3 7.2 215 12.5

On the other hand, the key difference among those four design examples is the
inductors ralized in VCQ1/3 only use the top ultihick metal layer whereas the
inductors realized on VCQ@/4 use stacked inductor structure on inthé@mner layer,

which results in a lower quality factd® and smaller silicon arealhe design
methodology of inductr modelling is described in Appendix As illustrated in fig.3

8, the stacked inductor occupies less thantbmd of silicon area compared to
inductor used with VCEB, although the cost in performance is a relatively lo@er
factor. Moreover, it can lem seen from the table13 with the less gate capacitance,

the required inductance used in 65nm process (3P is less than that used in
130nm process (VCQ/2).
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Mircrographs of the four design examples are showigiB-9. It can be seen that the
VCOs realized in the 65nm prosesode have much smaller silicon area than the
corresponding designs realized in 130nm process node. This is consistent with the
theoretical prediction that the value of peaking inductor should be smaller in the
advanced process node. In addition to thisarea of the VCO with a stacked inductor
(VCO-2/4) is also much smaller than the VCO with thick metal layer inductor ¢VCO
1/3), which results in shorter signal track and less layout complexity.

343 Testing and Experimental Results

Keysight E4446A

R . Spectrum Analyser
Keithley-6487 I %\ oooo
Picoammeter/

Off-chip 50Q
DC Block Termination

Power Source

’
./ Onboard Low

s 7~ PassFilter

RF Probe

Design Examples

of VCQ2in IBM

130nm Process
Node

Fi g-103%sting Bench for Four Design

As shown in fig. 310, all four design examples are applied with the same testing bench.
The bare silicon die is mounted on a FR4 printed circuit board (PCB). Bonding wires
are used for DC signal comtions between silicon chip and PCB. The output
oscillation frequency is directly detected by an RF probe which then is fed into a
Keysight E4446A spectrum analyser. In addition, to power the chip, two power signals
and a control voltage pass through ti@BFseparately by an dmoard low pass filter,

which the filtering bandwidth is set to several KHz. The power signals are provided
by a Keithley6487 power source. For the design examples on 130nm process node,
the power supply is 1.5V while 1.2V power stypis applied for the designs on 65nm
process node. The control voltage in 130nm and 65nm designs is scaled from 0 to 1.2V
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and 0 to 1.0V respectively. In order to minimize the impact of integration, multiple

bonding wires are attached at each DC pad.

Wil 12494 67 ong| | Mkl 11595 62 GNa
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The measuregowerspectrumof the highest oscillation frequency froeach of the

four design examples are showrfim3-11.The ghest frequency obtained in 130nm
process is 12.4GHz while the highest frequency in 65nm process is 25.07GHz. It can
clearly be seen that, with the same circuit topology, the achievable frequency is
dramatically improved at more advanced process nods.i3 lienefited by the less

gate capacitance and smaller layout area, Moreover, with the premise that identical
transistor sizes were used in each pair of design examples, it is reasonable that they
should have similar frequensspltage tuning range characistics. However, as
highlighted infig.3-11 (c) andfig.3-11 (d), there is a considerable difference when
comparing the highest oscillation frequency of \G@nd VCG4. The reason is that

the large inductor used in VG®extend the signal wiring betweeach delay cell.

This introduces a considerable additional parasitic capacitance, while the stacked

inductors used in VC& reduce this impact. This implies that using a stad¢kddctor
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not only reduces the overall silicon area, but can also benefiirtiivey range of the

proposed VCO by having an intrinsically lower parasitic capacitance.
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In summary, the measured voltaigequency tuning characteristics of each design

exanples are shown ifig.3-12, with the power consumption highlighted at the

extremes of the tuning range. Using the measured results, the linearized gain of VCO
(Kvco) can be obtained by (3.8)

( 8).

As example of VC®4, the tuning range covered over 3 octaves and the linearized

Kvcois approximately 24.8MHz/mV. Theoretically, the lat§eco is easily causing

great frequency variation due to the fluctuationt@ndontrol voltage. This fluctuation

could possibly be varied over hundreds #fitilts. Therefore, it requires another

approach that can minimize the impact of the latgeo, and this will be introduced

in laterchapter

As shown infig.3-13, the measurgohase noise results of each design examples at its

corresponding highest oscillation frequency are plotted. In addition to this, the phase

noise performances of VGO at its middle and lowest oscillations frequency are

provided. Several low pass filtersegplaced on the PCB to clean the power source,

although some environmental interference salh be observed at several hundred

KHz.
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Fig-l3easured Phase Noise Results of Eac

Two conclusions that cabe obtained from these measurements.

1) When tuning the oscillation frequency, phase noise performance does get
slightly worse in the middle range, which is due to the fact that the inductor
has a smaller quality factor Q at this lower frequency range.

2) It can be observed that both VEIZB (bigger size inductor) show better phase
noise performance than their counterpart V2@ (smaller inductor size),
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which is because inductors used in V@@ have higher quality factor Q than
the inductors used in VGQ/4.

In order to evaluate the performance of all four design examples and compare the
results with recehgpublished works, a standard approach is using Figure of Merits
(FOMs), which can be illustrated by (3[84]:

~

OO0 V0OQ CTED PMWMED CmEQ (09).

wherePN represents the phase noise at the offset frequéagyPoc is the consumed

power and=TRis the frequency tuning ratio which is given as (3.10)

oYY - — (3D

As it can see from (3.9), the FOM evaluates the performance from the aspects
including the frequency tuning range, the power consumptions, phase noise with
respect to the oscillation frequency amifiset bandwidth. In these parameters, the
phase noise resultBll) dominates the significant effeais the overall performance.

For instanceeveryl dBc/Hz improvement in phase noise equivalent to decrease the
power consumption bgbout 8nW and increasthe FTR by about 24. However, the
tradeoff is that with increasing the oscillation frequency, the phase noise is getting
worse. Therefore, in order to obtanbetteFOMs and maximum the advantage of
inductor peaking VCO, a careful consideration isessaryon tradeoff these
parameters. On the other handilgo should be noted that there is another parameter
not be considered by the standard calculatior-@Msin (3.9) which is the area of

the layout. Gven that perspective, these four design eXasgive an investigation

on comparinghe area cost dheinductor to the overall performance.

Table 32 is the performance summary and comparison base®btsin (3.9).As it
illustrates, all four VCO design examples demonstrate a considerably better
performance when compared with the results shown in recent publications. Although
these two small VCO examples indicate IE€¥M value compared with their design
pairs, one parameter that cannot be ignored and has not be considEf@ill §3.9)

is the areaost. The smallest design (V&) only occupy 0.0085mfrsilicon area,

and this advantage will be more obvious in ufinaall process nodes (<40nm).
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Tabl-2Pe3r f or mance Summary and Compari son

Tuning PN
Reference Process FTR | Ppoc(mW) FOM
RangéHz) dBc/Hz@ ol fos{ HZ)
[64] 65nm 2G-8G 120% 6.4 -101@1M/4.2G 187
[131 130nm | 0.5G9.5G | 180% 9 -85@1M/5G 172.3
[54] 130nm| 1G9.4G 161% 3.7 -112@10M/6G 186
[132 130nm| 1.8G10.2G | 139.4% 5 -88.4@1M/5.56G | 179.3
[133 180nm| 10G-13.5G | 25.6% 2.4 -104.5@1M/12.7G | 188.2
0.25G
VCO-1 | 130nm 192% 44.7 -112.7@1M/12.4G | 203.7
12.4G
0.36G
VCO-2 | 130nm 189% 37.5 -103.3@1M/11.8G | 195.3
11.9G
0.12G
VCO-3 65nm 198% 28.1 -97.32@1M/23.7G | 196.3
23.7G
VCO-4 65nm | 0.25G25G | 196% 29.9 -95.6@1M/25.07G | 194.7

35 Summary

In this chapter, a new type of riased voltage controlled oscillator (RGO)
incorporating with peaking inductors technigadirstly presented, in order to break
through the bandwidth limitation in typical R@CO. The principle of this idea is that

the inserted inductor and associated capacitance within the structure forms a resonant
peak in the high frequency range to expéme bandwidth. In addition to this, four
design examples have demonstrated the feasibility of this topology and validate the
proposed design in two different technology processes (IBM 130nm and TSMC 65nm).

Three conclusions can be made from the outcorheese design examples.

1) Experimental results show that the proposed circuit topology can take
advantage of modern deep sulcronprocesses, which may be used for clock
generation and other similar applicasoim future advanced systems. The
results indcate thebetterfigure of merit in the field and the best combination
of frequency and tuning range to the
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2) The stacked inductor hawesignificant advantage crzompactingdesign area
while comparingwith the thick metal inductor, espedly in more advanced
processThe stacked inductoion justreducesheinductance but alsprovides
asmaller inductor area, which can significantigucethe signal wiring and
decrease the parasitic capacitance to further impghefeequency bandwitth.
3) The quality factor Q othe inductor does influence the performance of the
VCO. Howeverthere is dradeoff between Q otheinductor and the physical
i nductor si ze. Therefore, for the practi
which performance theare pursuing for and this tradé should be carefully

considered.

For the useful future work, it is suggested to use the symmetrical inductor with

differential delay cell and embed it in a PLL design.
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Chapdetfheoretical - An

Loop | &oinpt rol |l ed PLL

41 | ntroducti on

In the previous chapter, a new rhgsed VCO incorporated with inductor peaking
technique was presented, to provide an witide bandwidth of oscillation required

for silicon photonics optical transceivers. Consideringrédggiirements for stability

and controllability of the whole transceiver, the VCO is required to be used in a phase
locked loop (PLL).

In this chapter, the proposed inductive peaking VCO is embedded into a PLL system
for generating high quality clock sigsalFirstly, an analysis of different types of
conventional PLLs with inductor peaking VCO is conducted to investigate the system
compatibility and controllability. Secondly, a novel topology of PLL is proposed to
solve the issues that are exposed by tleeafixonventional PLL structures. Finally,

the chapter concludes with a comparison of different types of PLL structure and

proposed structure to evaluate their performance
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42 Consi derations of |l nductor

According to thefindings from the previous chapter,using theinducbr peaking

techniquan aring-based voltage control oscillator is capati@roviding not just an

absolute supehigh frequency, but also a ultveide frequency tuning range, usually

can covered from several gigahertzend of gigahertZl'he structure of the inductor

peaking VCO that was demonstrated in chapteéig33(7(b)) is replicated in a 40nm

CMOS process. Thigequency tuning characteristic is displayed in figl.4
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Scaling

Characteristics
of the Gain of

of
VCO

the frequency ialmost constaniThis is because that thgsof load transistor in VCO

is less than its threshold voltage, thereby the W@ €uit devices enteinto the sub

threshold regionlf it is assumed that within these frequendiest thecharacteristic

of frequency tuning ispproximatelyjinear, thegain of VCO Kvco) can be obtained

by using 4.1).

o ®UIDOB T @ OFa & ( 4).

With an interference fluctuation o with amplitude of 1mVa 40MHz frequency

variation will occur onthe outputObserving the fig. 4.(a), Kvco is varied with the

changes of control voltagd the nonlinearityis takeninto consideration.To

approximate the variation d&fvco, it is assumd that the slopis linear every 50mV
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step ofVc. The calculated gains are shoinrfig. 4-1(b). This shows thatvith scaling
the control voltageKvcois varied in a very large range, whishabout 38MHz/mV
higher than that of lire model and 36MHz/mMower. It is therefore necessary to
investigate the above issues within a phaskdd loop.

43 | nvestigation of Classic

VCO

431 Charpguemp PLL with I nductor Peaking

The first example is texamine the inductor peaking VCO walcharggoump phase
locked loop (CHPLL), whichis a commonly used PL&tructure. Figl-2 shows the
overall block diagram of GPPLL. The implementationof PFD, charge pump and
frequency divideare applied with classic structure which is introducdebinB-7, fig.
B-12 andfig. B-16 (d) respectively.

Inductor
Up Loop Filter Peaking VCO
> yoTTTTTTTTe e H VT
fiet—{ PFD DOWN Charge Pump ; C:@ > fout

A i R
ffeed back

1/96 <

Fi g-2BHWock Diagram of -Bhayge Pump

The reference frequendgfined for theCP-PLL is 200MHz thereforewith adividing
ratio of 96, the expected output frequency from PLL is 19.2GHeloop bandwidth
shouldtherefore ideally béess than 20MHE to maintairastable feedback system. The
closel loop transfer function ahe CP-PLL is providedin equation(2.26) therefore,
the open loop transfer function can be obtained as (4.2)

Of s ‘303 (2.
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Moreover, from the perspective of response and stability in a control system, the

systemdamping factor is set roughly at 1. Hence, the valuR, &: andC; can be

calculated byequation (2.27) and equation (2.28) in chapteFig.43 displays the

bode plot of open loop transfer function.

Bode Diagram
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In this case, the loop bandwidth is set approxatye20MHz, with phase margin of 64

degree. Althe parameter configuration values are summarized in following table.4

Tabl-aPadameter 60s Conf iPdur ati on Val ues
Reference Frequenci) ) 200MHz
Charge Pump Curren@ ) 60A
Gainof VCO () 40MHz/mV
Dividing Ratio () 96
Resistance in Loop Filtety] 5. 2Kq
Capacitance in Loop Filted(Fo ) 7pF, 0.4pF
Output FrequencyQ ) 19.2GHz
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Damping Factory) 1.07

Natural Frequency)( ) 9.39MHz

The gain of VCO shown in the above table is assumed to be the vathe lofear

model. The output frequency of GR_L is obtained irfig.4-4.
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Fi g-4FAdequCuntcpyu t-P lolf CP

It can see that GPLL has successfully locked within 280ns. Howevke output
shows someinexpected fluctuationsn the frequencjrom 18.43GHz to 19.96GHz,
which is about 1.5GHz peak to peak vallrefact, thesdluctuations are caudeby

the reference spur that passed through the &kDinherent irband noise of VCO
Theseperiodicaly change witha time interval of 5nsjn relation tothe 200MHz
reference source. Ashownin Appendix A.3 areference spur manifest itself on the
cortrol voltage node aaripple signal, an@s already discussealslight voltage ripple

will generate a large frequency variation on the outiug to the larg&vco of the
inductor peaking VCO. Fig-8 displays the period jitter performance of-EBL

unde current situation. As the histogram illustrates, the standard deviation to the

centre (zero jitter) is about ¢"Qi, which is equivalentto approximate2.5%
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variation in every clock periodAnd it should be noted that the power supply is
completely clean in above simulation results. However, in the practical world, there is

more noise interference on power glyp hence, the jitter performance will degrade

evenmore
350.0 Center
Number = 5759
300.0 Mean = 726.018E-30

Center - 636fs m ‘ Std Dev = 635.625f

h\:
'
- rl Center + 636fs
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o
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i
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Fi go5Pdriod Jitter-PRBérformance of

There is another aspebtatshould not be ignoredhichis the nonlinearity othelarge
Kvco value. With definedmain design parameters (includingpump R, C1, C2 and
dividing ratio0 ), thecharacteristic response @P-PLL should be constantiowever,
for switching to different output frequency, the control voltage of VCO needs to make
corresponding changeBue to the nonlinear behaviour Kfco, this will result in a

significantvariationdthePLLO6s per f or mance.

Given thathe Eq.(4.3) and Eq.(4.4), the most direct influence is on the damping factor
and nature frequency of PLL. Figddindicates theeffectof damping factofa )and

natual frequency(wn) with V¢t scaling.

0 — ( 8).
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Due to the larg&vco, this nonlinearity cause damping factor varying from 0.34 to
1.52 for different frequency outpst which will greatly affectthe response
characteristic of the system. In addition, according28, 95|, the relationship
between loop bandwidtfwc), damping factor(a )and natural frequencgwn) is

explained by (4.5)

v v - P - P P ( 9).
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Fig.4-7 demonstratethe effectof largeKvcoontheP L L 6 s | o o pwe)laradn d wi d t
corresponding phase margin in Alamear situatios. As seen iriig.4-7(a), the preset

bandwidth is 20MHzHowever due to the serious nonlinearity on laKyeo, the loop
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bandwidth of CHPLL varies significantly{3.25MHz to 35.2MHz) over the futlontrol
voltage In addition, when it comes to the curve of phase margiigird-7(b), with
the control voltagéetween0.2V to 0.4V and over 0.65V, the corresponding phase

marginis degraled below 60 degree.
432 Dualuning PLL with Inductive Peaking VCO

To overcome the issues that explored in the previous seetidoal tuning PLL
structure is introduceth section2.5.], in which the structurecan effectively reduce

the sensitivity of th&vco.

Coarse Tuning Path

> GmC
Vet » Integrator
Fine Tuning Path Veoarse
fref - Viine fqut
—| PFD  |powy| Charge Pumg > ,\j >
ry g 2R Inductor
freedback Peaking VCQ
'1= G 1— G
Loop Filter
1/96 "

Fi g-8BBHock Diagram of -Pwla)l Tuning PLL (DT

Fig.4-8 shows the block diagram of detahing PLL with inductor peaking VCO (DT
PLL). It should note that the structure of PFD, chapgenp and frequency divider are
still applied with the same circuit that used in chgogenp PLL in section 4.3.1.

ThePFD and chargpump are stilusingthe same structure #se previous CFPLL
example. The dierence is that &m-C integrator is added to the original voltage
control node to form a coarse tuning path to VCO, and the original voltage control
node becomes the fine tuning path. The functionality of the integrator can be acquired
by using an operainal transconductance amplifier (OTA) with a capacitance load.
Therefore, the control voltage is split into two parts: a coarse tuning v@iagesd

and fine tuning voltagéVine). Because of the narrow bandwidth@m-C integrator

(in this case iset about 200KHz)YVcoarseliS varying in a very slow rate according to

the changes offine. AS cOnsequence, there is more interference noise or leaked ripples
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from charge pump are filteredut of Vcoarse With Vcoarse moving towards and
approaching the exeted frequency bandine Starts to simultaneously reflect the
phase differencdetected by?FD and becomes the dominate control voltage to VCO.
Therefore, the dominate gain of EPILL for settling is the gaion the fine control
path.

To adjust VCO withthis characteristic of DIPLL, two control voltages are involved
within inductor peaking VCO to realizbe function oftoarse tuning\{coars9 and fine
tuning fine). The sensitivity of coarse tuning and fine tuning can be varied by the
transistor sizeatio between M and M. In this case, the size df2 is set four time
biggerto that ofM1 to allow alarge difference of sensitivity between coarse tuning
and fine tuningThe structure of dualning VCO is shown ifig.4-9.

° VDD

VDD
— fout
1 A
Vcoarse .................
Vfine ..............

Fi g-9A@gpl i ed Structure of Dual Tunin

By applying the structure in above figure, frequency tuning characteristic for both
coarse control and fine control can be acquired, and they are illustréigd-h0.
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In fig.4-10(a), which is theesponsef the coarse tuning voltage to frequendtlye
overall gain is still very large and suffering from nonlinearity. Bsitseenn fig.4-
10(b) which is fine tuning responséhé depictedcurve of fine tuningare obtained
when coarse tuning voltage seto OmV, 200mV, 400mV, 600mV, 800mV

respectively, it is clear to find that the frequency varying on each tuning curve is small,

which means the gain of each finming voltage has a dramatically reduced
comparing to that of coarse tuning. Therefore, theoretically speaking)rinaity to
the fluctuation of DTPLL should be improved compared witfi*-PLL. To provethis
prediction,thesame investigation is made to BPLL. The same reference frequency
(200MHz) and dividing ratio (1/96reapplied,which provideghe output frequency
of 19.2GHz.In addition,theKvco_fineCan beealizedwith a knownVeoarse As indicated

in fig.4-10(a) the Vcoarseis 390mV forproviding theoutput frequency of 19.2GHz,
which the correspondinfine tuning characteristic is plotted as a blue dash cuarve
fig.4-10(b). Kveo_fineis about 6.4MHz/mV. The parameteraainfigurations are listed
in table.42

Tabl e2Pa4 amet er 6s Conf iPgur ati on Val ues of

Reference Frequenci( ) 200MHz
Charge Pump Curren@ ) 120A
Gainof VCO () 6.4MHz
Dividing Ratio () 96
Resistance in Loop Filteby] 10Kaq
Capacitance in Loop FilteB ([0 ) 6pF, 0.3pF
Output Frequency'Q ) 19.2GHz
Damping Factor ) 1.09
Natural Frequency) ) 5.8MHz
Loop Bandwidth § ) F15MHz
Phase Margin 65 deg

In order to guarantee the stability of PLL, the parame®r&{ and Cz) are made

corresponding adjustmentsig.4-11 shows the output frequey of DT-PLL. As it

can see thate DT-PLL is successfully settled and locked to the expected frequency

DT

band. To zoom in to the details, the frequency variation on the output is ranged from
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19.108GHz to 19.28GHz, which is reduced to 172MHz swing compatedt of CP

PLL example.These resultllustrates thatthe previous prediction is correethich

leads to an understanditigat the quality of output frequency can be improved by

reducing the gain of VCO.
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Fig.4-12 shows the period jitter of DPLL. The standard deviation to centre (zero
jitter) is reduced to 99.2fsvhich the jitter variation occupied in everlpck cycle of
19.2GHz frequency is now decrease®83% in percentages.

Another analysis in previous example of-€BL is related to the nonlinearity issue
of largev . This is also investigated in the BPALL example. It isan undeniable
fact that theslight nonlinear tuning still existin DT-PLL. However, because of the
split tuning mechanism in DPLL, the dominated gain for DIPLL to settle is
decided byViine rather thanVeoarse And since Kveo fine has very small value, this
nonlinear issue somehow is suppressed. The tendenGy.ofhescaling withVeoarse
has been illustrated ifig.4-13(a), and it is compared with €fLL.
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In Fig.4-13(a), it can be seen that, compared witdgain of VCO in CPPLL, Kyco_fine
in DT-PLL is greatly reducedn addition, withinthe full voltage tuning range, it
appears as relatively linear, which the maximum gain difference is less than

4.72MHz/mV. Based on this outcome, it can be predicted that the other parameters,
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such as damping factor, loop bandwidth and phase margin, aresalima extent
improved as well. Fig-43(b) shows the damping factor results scaling Wilarss

The damping factor of D'PLL is varied closely around the critical dampisg (p).

The worst damping factor is 0.61 whié@,o _finehas the lowest valu€ompared with
the CP-PLL, DT-PLL presentsmore stableperformance withthe controlvoltage
varies In fig.4-13(c), which is the loop bandwidth withfull voltage tuning range of
DT-PLL. The preset value is about 15MHz, and similarly, benefit from sheall
Kveo_fineOf DT-PLL, the loop bandwidth is gathering around 15MHz. Lastly, for the
phase margin ifig.4-13(d), DT-PLL achieves sufficient phase margin (over 60 degree)
after 01V of Vcoarse Therefore, based on the abaesults it is apparent that inductor
peaking VCO is more suitable to be applied in duaing structure PLL for better

reliability and stability.
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However, although it has be@&l®emonstratedhat a duattuning PLL structure can
greatly reduce the influence of large gain of VCO and suppress the affectionof non
linear behaviourthere is still the issue @& long settlingime which is illustratedin
fig.4-14. As it indicates that the settling time DT-PLL is depended on the response

of coarse tuning. Once the coarse tuning settled, the fine tuning is swiftly locked to its
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final value. As seen in theg.4-14. TheVcoarserequires abouté s to be settled while
Viine ONly need roughly 600ns, which gives overall settling time ofHRT to be 3.6

€ s.This long settling time is becausetbé usage o6Em-C integrator, which results
in an extremelylow bandwidth on coarse tuning path. Therefdceimprove the
settling time issu¢ghathappened in DFPLL, a new type of PLL structure is proposed

in thenext section.

4.4 Proposeldodmaionprel |l ed PLL

441 Tr a-def Dbetween Loop Bandwidth and Settlin

Before presenting the proposed PLL struefuthe relationship between loop
bandwidth and settling time is necessary to be investigated first. This can be explored
easily by using CHPLL with different loop bandwidth. Fig-45 shows the tradeff
between loop bandwidth and settling time.
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The above figure explores the settling time of-IR. with loop bandwidth set to
35MHz, 20MHz, 15MHz and 10MHz respectively. The value of settling time is
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measured after theontrol voltage moved into the range ad bof the final value.
According to the results, it cdind thatwith larger loop bandwidth, it requires less
time for PLL to lock tathe desired output frequency. This is because the larger loop
bandwidthhassmadler resistanceR) and capacitance&C(, C>) ontheloopfilter. The
charging and discharging operation happened on loop filter becomes faster than that
of smaller loop bandwidth, whichllows conversionof detected phase difference to
VCOO6 s c¢ o ndamomjuickly. dhetefarg, an important understanding based on
the above investigation can be claimgthat, to improve the settling time of PLL, an
efficient approach is to increase tbep bandwidth.

442 Bandwi dth Enhancement

As discussed iprevioussedion, the settling time of DAPLL is depended on tHeop
bandwidth on coarse tuning path, which is equivalent to the bandwidth of the
integrator. However, reducing the bandwidth for shortiresettling time will cause
thestability issue for conventioh®T-PLL[87]. This claim has been experimented by
increasing the unitgandwidth of integrator to 6MHz while the initial value is 200KHz.
The result is shown ifig.4-16
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As it can see from fig-46, instead of locking into a stable stdiethVcoarseand Vsine

are ended at endless oscillation. This is because, by increasing the unity bantiwidth
integrata, it also increasethe sensitivity of coarse tuning to the phaseor that
detected byhe PFD.Because of thisyVcoarseStill respoml to the changes of the phase
error whenViine is settling to the desired frequency. However, aKthesine is much
smaller thanKyeo coarse Which makes fine tuning insufficient to adjust and lock the
output frequency before coarse tuning takes actionyiheeand Vine are ended in
such fAchasing stateo.

ICp > > Vfine

My J_ > Veoarse

ClT =sz TCs

Fi g1 P4 oposed fStLrowmt Urid tcer

To overcome the above issube integrator on coarse tuning path is replaced by the
structure that shown ifig.4-17. Instead of usin@n active integrator, a passive RC
low pass filter is applied toonvert the charge pump current iM@ase. The input of

RC network oVcoarseiS connected tohe node betweeR: andC:. One of benefits by
applying this approach is the DC operation poinV@fseis following thechangeof

Viine, Which means/coarse and Viine Will be settled at same vola level eventually.
Theref or e, t hisavoiledMareoven thedbardwidthuoe coarse tuning
path can be adjusted by varyiRg and Cs. Therefore, to increase the bandwidth on

coarse tuning path, the corresponding value.andCsz should be educed.

Icp(S) G > Viine(S)
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Fi g-1&Qui valent Structure of Proposed Loo
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The equivalent circuit of fig-47 is shown in fig.4L8. As it can see th#te impedance
on nodeXa is obtainedas

@) ( 8).

Lookedinto the node oWsine, the transfer function of loop filter resenteds (4.7)

Vi i ( 2.

Substituted (4.6) into (4.7) the transfer function can be rewritten as

Vi i (8% .

In general,Czis set about one tenth (or even lessCof To simplify the(4.8) if
neglectingCz, which gives

VI i (9.
The transfer function of loop filter by looking inte can be obtained 44.10)

Vi i (4p

Since th&Kyco_finelS the dominatethegain for PLL to be settlednd lockedo thefinal
frequencythe open loop transfer funoti with proposed loop filter can be given as
(4.11)

4 \Q\ :) .
(s 5 (41

Substituted Eq.(9) into Eq.(411), the abovesquation can be rewritten é512)

(is ‘ ‘ (4

where Kprp | is the transfer function of PFD and cha pump. To compare the
proposed loop filter structure with traditional @nintegrator in previous experiment,

the value ofR;, C; andC; are maintained at same, whiRe andCs are set to 14K

81



Theoretical Analysis of Dudbop Triple-controlled PLL

and 36pF respectively to have about 7MHz bandwidth on ctanggg path. Fig.4

19 shows the corresponding settling response of\é@theandViine.
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Comparingtheseresults withfig.4-16, it is clear to see that, undemgar bandwidth
on coarse tuning path, the unstable oscillation is eliminated fromVagti.and Vsine.
Moreover, the settling times shorteed to 620nsby proposedoop filter structure.
Furthermoreas predicteih previous analysj<DC operation pait of Veoarseand Viine

are merged together after PLL locked to the desired frequency.

The bandwidth on coarse tuning path should be kept lower than the loop bartdwidth
remainKuyco_fineasthe dominat gain forsettling As results the value ofR> andCs
cannot be limitlessly reduced.

On the other han@nother approach to further increase the bandwidth on coarse tuning
path is by increasing the charge pump current. F20.4hows the frequency response

of open loop transfer function in (4.12) with @ifént charge pump current.
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Bode Diagram
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The loop bandwidth is proportional to the changes of charge pump clauentih a

larger charge pumpurrent more referencenterferencespassthroughthe PFD and

result inripples on the VCO6s <cont r more frequéntya g e,
fluctuatoson PLLOS output. Therefore, raat her
single path of PLL, the proposed structure applies-B&& to bring the double

current intotheloop filter, while each current is maintained at original amount.
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Fig.4-21 shows the block diagram of proposed ldiosap triple-controlled PLL
(DLTC-PLL). Two of proposed loop filters that shown in fig:14 are combined
together,sharingthe samecoarse tuningpath Using this approach, the curreof
individual fine tuning path are merged togethavhich provide dabled current to
coarse tuningIn addition,there is anadvantage ofa dual loop pathwherethe
reference frequency and feedback frequency can be applied in differential form
Thereforewithin a single clock period, both rising edge and falling edgefefence
clock areused to detect the phaseor between reference frequency and feedback
frequency to achievigEequencyacquisition In the meanwhile, there are three control
voltages are acting on VCO at same tithpart from theVcoarse ONe of fine ontrol
voltage Vrne1) is passing the phase difference of rising edge to VCO while the other
fine control voltage\(sine2) IS carrying the information of falling edge. And somehow

by this feature, the settling process of proposed PLL is accelerated.
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Fig. 422 shows the settling response of proposed DPLC. As it can see that, once
the VeoarseiS Settled, it maintained at stabletime middle ofViiner and Vsine2. And the

frequency spur appeared Whe1 andViine2 have a half clock period interval, which in

11t should note tat the PFD, chargpump and frequency divider used in DL'RLL are applied with
the same structure as in chaqgemp PLL (section 4.3.1) and duahing PLL (section 4.3.2).
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somehow formed a fipseudo differenti al
cancel the frequency fluctuation happened on each Fmnother thing, since both
edges information are used, the reference frequency can be regarded &si.doub
Therefore the loop bandwidth on fine tuning path can be configured at twice bigger
than the conventional DAPLL, which is helpful to obtain better phase noise

performance.

45 Permamce Compari son

Based on the above analysis, the comparison in terms of jitter and settling time
performance between typical L, conventional DIPLL and proposed DLTC
PLL are listed in the tabld-3.

Tabl-8Pedfammrcrma Compar i Pdri ,Pddfwaeand E€IP ePplols e d
Type CP-PLL DT-PLL DLTC-PLL
Architecture Single Tuning Dual Tuning Triple Tuning
Reference Frequency 200MHz 200MHz 200MHz
Output Frequency 19.2GHz 19.2GHz 19.2GHz
Settling Time F265ns Fodcxa F560ns
Frequency Fluctuatior
1.5GHz 172MHz 178.2MHz
(peakto-peak)
Jitter (singleband) 635.6fs 99.2fs; 95.7fs

In order to guarantee a fair comparisgrPLL topology all these three structures are
simulated under the same testing schenofyding same power supply voltage (1.1V),
same input reference frequency (200MHz), output load (1nF DC block capacitance
and 5@ resistance)simulationtemperature and process cotridoreover, the basic
building blocks (PFD, chargpump, frequency dider) are implemented with the
same structure as described in section 4.3 and section 4.4, in ofdengoon the
comparison between the three PLL topologis.the comparisonreveals, a dual
tuning topology can effectively suppress the periodicalrjited minimize the
frequency fluctuation that induced by lange, of inductor peaking VCO. With the
same reference frequency and output frequency, botRIDTand DLTGPLL have
greatly supress the frequency fluctuation and improve the performancerodgitn
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to 99.2fs and 95.7fs respectively compared withRZR (635.6fs). Apart from that,
the proposed DLTE@LL equipped with fast lockingharacteristic. Comparing the
settling time with conventional BPLL, DLTC-PLL only requires 560ns to lock to

the deired frequency and maintain stable, which the settling time is shortarsby 3
46 Summary

In this chapter, the inductor peaking VCO that presented in previous chapter is
embedded to different type of PLL structures. Because of the large gain of VCO, the
unavoidable issues are exposed by conventional changg PLL and duatuning

PLL. Therefore, to solve the problem and provide an elegant solution, a novel topology
of duatloop triplecontrolled PLL is proposed in 40nm technology process. Two fine
controlloops are combined with a coarse tuning path to precisely control and adjust
the output frequency. By coarse tuning, the inductor peaking VCO is biased into the
desired frequency range, after that, two fine control signals are alternatively tuning the
output frequency to be accurate. As the gain of VCO on fine tuning path is small, the
reference spur and inherent phase noise of
output. In addition to this, the system settling time is greatly reduced by using both the
rising and falling edge of reference frequency for frequency acquisition. There are two

conclusions can be made:

1) According to the analysis¢ large gain of VCO hassignificantinfluence on
aconventional PLL topology. By comparing the inductor peaking W&Gth
different PLL structure, it is found that the proposed DEFKL not only can
suppress the frequency variation caused by reference spur and inherent phase
noise of VCO, but also can achieve fast locking function in 1s@eonds time,
which make the iductor peaking VCO more practical for multiple protocol
clock generation systesn

2) The settling time of PLL is the tragdf between loop bandwidth and overall
noise performance. With largédoop bandwidth, VCO can be more faster
response to the detectedagbkerror. However, this will also make more spur
leak throughthe PFDand cause frequency variation on the output. Therefore,
the configuration of loop bandwidth should be carefully ciered
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Chapblmractical | mpl e

Duadloop TQotngloé | ed PL

51 I ntroducti on

In the previous chapter, a prototype structure of -th@ triplecontrolled PLL
(DLTC-PLL) that incorporates a VCO with inductor peaking was proposed. From the
theoretical analysis of this circuit, the DLIRLL provides a solutio for ultrawide
frequency generation with a short settling time, to fulfil the demands of multiple
protocol communications in a higipeed wireline transceiver. To validate the
feasibility of the proposed approach, a practical design example is denenhsinat
fabricated in a 40nm CMOS technology process.

In this chapter, the design implementation of a DERIQ. is presented starting with
the top level structure of the system. The detailed design of a BIICis
systematically described including the kaynctional blocks and output buffers.

Finally, the postayout simulations are compared to the measurement results.
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52 Top |l evel System Design

Fig. 51 shows the top level structure of the DL-PCL design example that was
realized using a 40nm CMOS proceBse entire design is divided into two main parts;
one of which is the main functional core of the DL-IPCL and the other part consists
of the output buffers. Considering the functionality of mfrkquency generation,
three reference sources were appliedthe PLL in order to provide reliable
controllability. The reference frequencies include twaoalfip crystal oscillators of
400MHz Ref) and 300MHz Reb) respectively and a fremin reference Refree)
which is activated in testing mode. In additibm,maximize the potential advantage
of the ultrawide bandwidth of an inductor peaking VCO, a digital control interface
was added to the DLT€LL to allow switching of the division ratio of the frequency
presscaler CON2:0]) and channel selection of theference clock §2:0]). Each
digital control signal contains-Bits. Two additional reference voltaga&ef nigh and
Vief_low) Were applied to enhance the voltage tuning range of the VCO.

VDD 1&VDD»
Vref_high ,r (1.1v&2.2V)

40nm Silicon Chip
\ VCQutt > F

Ref VCQ "| Output Buffer S
ReE ut—: 1 > Fout-
Retee — | DLTCPLL

20 3 Core

. —_—
q : ] 3 Vcoarse: Output Buffer > Veoarse
CON2:0] —~1 2
Vref low \L

GND

Fi g-lT&p Level DItT#UL Et ur e of
For the output buffers, there were two different types of output buffer implemented
within the design example to serve two different purposes. Output buffer 1 is to extract

the output frequency from DLTELL and interface with testing equipmentr fo

matching a 5 impedance and improving signal quality. Output buffer 2 is for
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monitoring the voltage changes of the coarse tuning path, thereby observing the

settling response of the PLL.

The whole design example is powered by two supply voltages @nd\2.2V).

53 Ar c hi

tect uPleL of

DLTC

The implemented structure of DLTELL is shown irfig. 5 2
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of

DLTC

and coarse tuniny/coars9 Was used as the oscillation source to provide a wide

frequency option. By implementing a frequency-pcaler with 2bit digital switching
signals CON2:0]), 8 different division ratios can be selected.-AiBdigital contrd
signal §2:0]) combined with 2 ofchip crystal oscillatorsRef andRe$) and a free

run reference Refee) were applied as a reference clock scheme. This provides 8

different reference clock modes including a testing mode. All signals within the

DLTC-PLL are in differential form, which is convenient for detecting both the rising
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and falling edges between the feedback frequency and the reference clock by using
two fast acquisition PFDs. The pulse signals (UP/DOWN) that carry the detected

phase informton between the feedback and reference are converted into current form

by a gate switch charge pump. After that, the integrated current is passed into the loop
filter. To make each loop operate in a stable condition, the signal that carries the
control vdtage information is fed back to the charge pump simultaneously to

dynamically adjust the charge pump current, thereby varying the loop bandwidth.
531 I nductor Peaking VCO with Voltage Tuning

The tuning efficiency must be considered during design of the proposed DLTC

PLL when using an inductor peaking VCO. For the implementation of the VCO itself,
the control voltage is normally provided by an-offip power source in a test or a
virtual DC voltage during simulations, however, it becomeee complex situation

when embedding the VCO into a PLL as the control voltage is no longer provided
from a separate source but from the charge pump. Therefore, the achievable voltage
range should be carefully designed to maximize the advantage ofithéaing range
feature of the VCO.
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Several current mirrors are used to provide the charge pump current, however, it is
well known that the mirroredurrent is highly depended on draaurce voltage\ds)
that is applied on the transistors. To maintain a constant stable current, the voltage
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headroom ofVgs should be high enough to allow transistor operation in the deep
saturation region. The satuiati current is given as (5.1).
O fF—w P _W (5.1)

As this equation reveals, the current is varied with the chanyes@fhen the gate
voltage Vgs) Of transistor is constant. For example, msl&ned in the chapter 3, the
oscillation frequency of inductor peaking VCO is inversely proportional to the control
voltage. Therefore, to increase the oscillation frequency, the control voltage is
decreased by sinking the current of the loop filter gMound which will cause the
changes oiVgs in charge pump. For this reason, the dynamic range of current is
investigatedby scaling théVgs, which can be illustrated biyg. 5-3. To provide the
required constant A current, both the source and sink current were analyzed.
WhenVgys decreases toward to 0V, the sink current starts to drop and a similar thing
happens to the source current whagis approaches the power supply. The range for

a constant 3® A current issmall and limited.

Therefore takingthe dynamiaange of charge pump into consideration, a solution of
powering the VCO using two voltage regulators is propoSed 5-4 is the structure

of the implemented inductor peaking VCO.
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Thepower rail fortheVCO is regulated by thogeo voltage regulators, thereby, with
the premise of providing enough voltage for powering the VCO, this power rail can
be dynamiclly moved up and down depending on charge pump. As shofig 54,

the high voltage nodevign) of the VCO is regulated by a-type voltage regulator
while the low voltage nodé/w) is provided by a Rype voltage regulator. The input
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of those regulatrs are connected to two efhip reference voltages/i¢s nigh and

Vret_low respectively). In the 40nm process node, the nominal power supply is 1.1V,

therefore, the voltage betwe®rgh andViow is set to 1.1V as well. In addition to this,

another advaage of applying the voltage regulator is high PSRR (power to noise

rejection ratio), which improves the noise immunity of the VCO to power supply

variations.

The delay cell of inductor peaking VCO is showriign 54. The original VCO with

inductor pealng that was presented in chapter 3 is modified to a differential structure

for better noise performance. Two additional transistors for fine control are paralleled

with the coarse control transistor. Moreover, an invdyésed latch is inserted in the

middle to ensure fully differential oscillation. Considering the conclusions in chapter

3 that a stacked inductor has a significant advantage in area, especially for more

advanced process nodes, the same methodology is applied here. The inductors used in

the 40nm design example are all full custom designs with the same layout strategy.

The detailed parameters are listedable 5-1.

Peaking

Tabl-2Deét ai |l ed Parameters of -Rlnlductor
Parameters Values

Wi/Ly s 25.6um/0.04pm

Wi/lzs 36um/0.04pm

W/Ls 7 4pm/0.04pm

W/Ls 6 4um/0.04m

L1,2/Q factor F126pH/13

For frequency bandwidth enhancement, the transistor sie o set slightly larger

than that of M5, using the principle described and analyzed in ch&ptier addition,

to clearly distinguish the gain in coarse tuning from fine tuning, the transistor size of

M3 ,67iS oneninth of M2s. Moreover, the podayout simulation results of coarse

tuning and fine tuning are shown ifg.5-5(a) andfig.5-5(b). As it can see that the

overall frequency tuning range of coarse control is fREBBGHz to 36.8GHz which

results in a linearized gain of VCO on coarse turfifigo_coarsp at 42.83GHz/V As

for the fine tuning characteristicBy setting with differenVcoase, €ach fine tuning
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curve can be obtaine@here are two things should be realizedig.5-5(b). For one
thing, in terms of each fine tuning curve, the sloper full voltage range is different.
This is caused bthedifference ofKyco_coarseat differentVeoarse FOr another thing, the
gap between each fine tuning cuhasa large difference in the middle whé&foarse
is ranged from 0.2V to 0.5V. This isaused bythe nonlinearity ofcoarse tuning
characteristic. Thereforgg simplify the fine tuningharacteristictheaveragegain of
fine tuning Kvco_iing over differentVeoarseis 4.67MHz/mV.
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On the other handhe implemented inductor peaking VCO is applied with differential
topologyas it has better performance on suppresiegcommon mode noise and
cancding the influences through the differential brehes. To invegigate the
improvement, the PSRR performance of proposed inductor peaking VCO is simulated
and compared with a singend VCQ Fig.5-6 indicates the ratio othe amplitude
variation on the power supply voltage the output phase variation of the output
frequency Theoretically, the larger the PSR&R the better themmunity to the noise

of power supplyAs it shows irfig.5-6, the differential VCO has approximately 5dB

improvement compared to the singled structure VCO.
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532 Adaptive DC Shifting Uni't

Another block required in the practical implementation of DEFIL is an adaptive

DC shifting unit. This block acts like an inner interface to connect the iodpeaking

VCO with the following blocks, either the frequency+sler or the output buffer 1.

To achieve this functionality, a wellefined DC operating point is the premise. The
challenge of this block is the DC voltage level of oscillation frequénocy the VCO
varies with the changes in oscillation
frequency\Vctis lowers to decrease the effective resistance of the load transistor which
causes the DC level of oscillation frequency to go up. Therefora]aptive adjusting

mechanism is required before the frequency signal is processed by the next stage.

Fig. 55 illustrates the structure of an adaptive DC shifting unit. The whole block
contains a current adjusting stage and three identical sourcedoltages. The input

of the three source followers comes from each delay cell of the VCO. Two of the
source followers are forwarded to the next stages of which one is passed to the
frequency prescaler and forms the feedback path while the other is foedata
output buffer 1. To avoid the issue of unbalanced oscillation, a third replicated source
follower is used as a dummy stage to keep the load of each delay cell in the VCO the
same. All of the source followers are applied using differential mode with a

embedded crossoupled latch.
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As the DC voltage of oscillation frequency from the VCO is inversely varied with the

changes ofVeoarse @ parallel transistoM: is addel where the gate voltage is

dynamically controlled bycoarse in Order to adaptively make adjustment to the

changes 0fVcoarse FOr example, wheVeoarse is increasing (the DC voltage of

oscillation frequency from VCO is decreasing), the DC current imdpesting stage

is decreased as the parallel resistance is larger, thereby, the mirrored current in each

source follower stage is smaller. This makes the DC voltage level in each source

follower stage increased to compensate the decreased DC level datioscil

frequency.
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Fig.5-8 shows the output of VCO and B¥bifting unit separately. It can see that the

voltage range of VCO is lifted up because of the implementationvofvbltage
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regulatos. The DC operation point is around $%ownin this case. In order to adapt

the change of VCOb6s voltage range and prov
following stages (frequency divider and output buffer), the DC shifting unit is

dynamically mapping the oscillation signal to where the DC point is about 0.6V

throughthe source follower stage. Although the voltage swing of the output signal

from DC shifting unit is slightly smaller than that of original output of VCO, the output

voltageswing (peak to pealgf about 600mMvith 0.6V DC operating point is capable

to provide an adequate input for frequency divider and output buffer. Moreover,

another advantage can be found is that DC shifting unit bring the voltage range back

to 1.1 nominapower supply which make it more compatible to other modules veltage

wise.

The key parameters of the adaptive DC shifting unit is listéahle 52

Tabl-2Dét ai |l ed Parameters in Adaptive DC Shifting

Parameters Values
WI/L1 12pm/2pm
WI/L> 1pm/4pm
WI/L3 4um/0.04pm
W/Las 4um/0.04pm
W/Ls,7 8um/0.04m

5333 Charge Pump with Voltage Protection

The implemented charge pump is developed from a prototype structure of gate switch

charge pump, for which the structure is showfign5-9.

The switching gates (M3, are placed at the path to the gate afavid Vs rather
than on the output branch, compared with the conventional charge pump that is shown
in Appendix B.2. Using this approach, the gate switch charge pump effgctivel

releases the voltage headroom issue on the output branch.

Given the demand for a wide tuning characteristic, the VCO is powered by two voltage

regulators which causes a corresponding modification in the charge pump:
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Since the voltage tuning range ithe VCO is liftedup by two voltage
regulators, in order to be able to provide the required range, the power supply
of the charge pump is increased td®2¥. Correspondingly, considering the
reliability of the circuit, the general low threshold type (LVT) MOSFET is
replaced by high I/O transistor. However, the high 1/O transistor is much
slower than LVT MOSFET. Therefore, to maintain the fast switching
functionality, the transistordVi2,3 9 used forthe current switchare the LVT

type

Due to the increased power supply, the achievable dynamic range on the output
of charge pump is expanded. Considering the breakdown issue in the 40nm
process, a protectiomechanism is implemented. As seen in fig,5two
additional transistors of MVP and MVN are inserted and act as the function of
source follower. By this way, those transistors can make a threshold voltage
higher {/wp) or lower {/mn) to their gate voltagy Therefore, the tuning range

on the output of the charge pump is covered g tO Vref high T Vihn.
Additionally, to reduce the affection of unnecessary body etieetransistor
typeused forMvp andMuvn is the high 1/O deepn-well (DNW) MOSFET. h

40nm technology process, the threshold voltagdehigh /O MOSFET is
about450mV. Therefore, the reference voltagetihe VCO can be decided,
whereViet jow IS set to 500mV whil&/ret highis 1.6V with 1.1V voltage room,
given that breakdown issue.oTverify the functionality of protection
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3)

Vfine (V)

mechanism, fig.80 illustrates the simulation results by saturating the charge
pump current towards to one direction. For example, assume tligéddagis

faster tharfrer, Source current will charge the loblper to increase the control
voltage and maintain saturated at end. On the confiisyys4«is slower than

fref), Sink current will be saturated by discharging the loop filter for decrease
the control voltage. As shown in figl, the saturated so@rcurrent and sink
current are displayed separately. As expected, the source current is stable and
maintained at highest level of 1.4V while sink current is maintained at 0.4V
which provides the dynamic range on the output node of charge pump within
1V difference to avoid the risk of breakdown.

Finally, there is another issue about the loop bandwidth to be considered. For
example, once the output frequency of DLIPCL is changed either by
frequency prescaler or reference clock, the loop bandwidth showd b
correspondingly changead make compensatiofor this reason, the function

of adaptive bandwidth is applied to the charge pump, which is controlled by
Madp The gate voltage of Mp is fed back from the loop filter, which is
proportionally varied withite changes of fine control voltage. By passing the
changes of control voltage back to the charge puitmg,current can be
dynamically adjusted based on the situationtbmeV CO6s contr ol
thereby to vary the loop bandwidth.

The Voltage room of
Charge pump is ranged
from 0.4V to 1.4V

'0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 4
Time (us)

node

Fig-109 lustration of Protection Mechanism c
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Since the power suppfgr charge pumpnas increasedhe gate voltage set bz and

M4 need to be increased as well, so that the source current switches can bmkdly tu
on/off. But thetype of transistor applied on those switct{dk, M2, M3, My) are 1.1V
LVT MOSFET which meansthe gate voltage cannot be set too ladge tothe
breakdown issue. Therefore, the Da@ltagelevel on the gate oMz and M needto

be increaseth the rangeof 1.1V to 2.2V.

534 Fast Acquisition PFD

Fig. 511 is the implemented fast acquisition PFD combined with function of pulse

level shifting, to meet the demands of the charge pump.
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The pulse width othe UP (UPp and UPy) and DOWN (DNp and DNw) signals
depend on thenumber of stages thareset toM andN. To provideenough pulse
width to fully switch on/off the charge pump curretite M andN areconfigured at 3
and 7 respectivg, giving a pulse width of 52psin addition, by implementing an
output delay line that contains a transmission gate paralleled with an invertdgfboth
andDOWNsignals are implemented in a differential fornfdte propagation delay of
aninverter is raighly 5ps.Therefore, to minimize the delay mismatch in the delay line,
thesize of tharansistorlMy and b) in thetransmission gate is set tp@ and 1@um

respectivelyto have similar delay time
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The most significant modification made on PFD is phése level shifting function.
According the design requirement of the charge pump that was described in the last
section, théJP signal should be levelled up to the range between 1.1V to 2.2V. Two
level shifters are added on the end oflthesignal path tachieve this function. As
shown in fig.511, the voltage swing of bothP andDOWNpulses are 1.1V while the
operating DC ofJP is in the range from 1.1V to 2.2V amDWNis maintained at 0

to 1.1V.

25 _
UPPulse = eeecscscsccees
imBeiryEYiluEuinln /
2 /
15
v 1.1V
et pele e o dew dEe deh oleh o e [

Voltage (V)
(==Y
T
Pb-------------- coocccsccccscccssss

05 b
0 B TN 5. 22 050 N 1 ..U —
DN Pulse Into Locking
State
-05 - -
500 550 600 650 700 750
TIme(ns)

Fig-l23 [usfraeveh &hifting between UP and DO

This functionality is simulated and demonstrated in #tR5 As expected, DC level

of UP pulse andOWNpulse is separated into two different voltage range. Moreover,
with PLL gradually working into locking stattheUP andDOWNSsignals are closing

to the pulse width of 52ps in order to have same charge and discharge current to

maintain a stable oscillation.
535 | nt eNg eFrr e g u esnccayl ePrr e

One of the big advantages of a DL-RCL is the multiple frequency outpuption
across a wide tuning range. To achieve this functionality, the conventional frequency
divider is replaced by a programmable inteydrequency prescaler, which is placed

at the feedback path of the DLIRLL. Fig. 513 shows the implemented integdr

frequency prescaler.
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The integeiN frequency prescaler is developed in several stages to adapt to the
various frequencies during the dividing procedure. Diffetgmes of latch are capable

of producing different frequency bands. Considering power efficiency and system
complexity, three stages of CML lattiased divideby-2 are implemented as front

end stages in order to cope with the high frequency input frodd@ In addition,

to enhance the achievable bandwidth of the CML latch, an inductor peaking technique
was also applied to both master and slave latches. After the first threspeigth
stages, the frequency is dramatically reduced and the speed iggaodaitable for a

CML based divider. Therefore, to effectively interconnect CML stages with following
dividing stages, a CML to CMOS converter is inserted to improve the signal quality

into a rail to rail voltage swing.

For the next stage, a programmablstage dual modulus is implemented to digitally
switch the dividing ratio. Thérst two stages withithe dual modlus are developed
in the TSPC latclior maintaininga relatively highspeed operation adwering the
power consumptigrnwhile thefinal stageof thedual modulus ismplemented witha
classiclogic gate latchThe diving ratio of the dual modulus is switched by-ait3
digital signal CON2:0]) which is provided ofchip. The dividing ratio of the whole

3-stage dual modulus is given as2b

Q0 g 000 OO0k OO0 (K (5.2
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For a 3stage dual modulus divider, the basic dividing ratio is 8. Each digital bit

occupies different weight. The overall dividing ratio of dual modulus divider is ranged

from 8 to 15.

However, one concern about the dual modulus divider is the duty cycle as the output

clock may not be 50%. This is caused by the clock cycle swallowing in order to

achieve an odd dividing ratio. Since both the rising and falling edge of thaedivi

frequency are used to compare with the reference frequency, a simple approach to

avoid this duty cycle issue is to add another dhbgle? divider after the dual modulus

stage. The final stage is designed with a pure logic gate divider as the frethancy
is coped with is relatively low.

Using this structure, the finalivision ratio that has been obtaindy integefN

frequency prescaleris in the rangdrom 128 to 240 witha step size ofL6 for single

bit switching

536 Ref erence

Cl ock Scheme

As for the reference clock interface, a multiple clock scheme is applied to {PLTC

in order to provide more flexibility for achieving different output frequencies.

Schmitt
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As shown infig. 514, the two offchip crystal oscillators (Refl=400MHz and

8-to-1

MUX

Singleto-Differential
Converter

'—>°—>°__’ fren

A

g2:0]

i fref

Transmission
Gate

of Reference

Cl ock

Ref2=300MHz) are divided by several stages of divider which generates 7 different

subfrequencies. In addition to this, anotherdifiip free run oscillation source is used
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for testing mode. Athe 8 different frequencies are selected byta-8 multiplexer

which is controlled by a-Bit digital signal §2:0]).

Tabl-2Ldeukp Tabl e

of Potenti al

Qutput Frequenc

g2:0] 001 010 011 100 101 110 111
CON2:0 (25M) | (37.5M) | (50M) (75M) (100M) | (150M) | (200M)
000 (Div =128)| 3.2GHz | 4.8GHz | 6.4GHz | 9.6GHz | 12.8GHz| 19.2GHz| 25.6GHz
001 (Div =144)| 3.6GHz | 5.4GHz | 7.2GHz | 10.8GHz| 14.4GHz | 21.6GHz| 28.8GHz
010 (Div=160)| 4GHz 6GHz 8GHz 12GHz | 16GHz | 24GHz | 32GHz
011 (Div=176)| 4.4GHz | 6.6GHz | 8.8GHz | 13.2GHz| 17.6GHz | 26.4GHz| 35.2GHz
100 (Div =192) | 4.8GHz | 7.2GHz | 9.6GHz | 14.4GHz| 19.2GHz| 28.8GHz| 38.4GHz
101 (Div =208) | 5.2GHz | 7.8GHz | 10.4GHz| 15.6(Hz | 20.8GHz| 31.2GHz| 41.6GHz
110 (Div =224) | 5.6GHz | 8.4GHz | 11.2GHz| 16.8GHz | 22.4GHz | 33.6GHz| 44.8GHz
111 (Div =240) | 6GHz 9GHz 12GHz | 18GHz | 24GHz | 36GHz | 48GHz

Combined with the dividing option that is provided by the frequencysgater, the

potential outputrequencies of the DLT®LL are listed irtable 5-3. Usingthis clock

generationscheme, the potential frequencremgefrom 3.2GHz to 48GHz, which

covers thdull achievablegrequencyrangeof the VCO appliedin the DLTC-PLL?2.

Considering signal quajit all three reference sources are interfaced with a Schmitt

trigger before selection. Moreover, a singedifferential converter is placed at the

end, not just to improve the signal quality but also to provide the differential signal for

the usage of HP-

54 Out put

Buf fer

Stages

Two different types of output buffer have been implemented in the DRTCdesign

for different purposes. Output buffer 1 is used to extract the output frequency from the

DLTC-PLL and interface with testing environment while outpomiffer 2 is for

2 Note: the combination of 000 &2:0] is reserved for the testing mode.
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observing the changes of coarse control voltage and measuring the settling time of
DLTC-PLL.

541 Out put 1Buf fer

Sincethe function of output buffer 1 is to transfer broadband frequency signals, five

stages of differential common source aritiare developed as shownfig. 5-15.

Signal Amplifying Stage VDD,

1’
A AR + o —> out+
X4 >
(R, |, W - + —— Fout—
3 { 13

Output Stage

VCQu+ —
VCQu- —

Parameters| Values
WIL» 121/ 40n
W/ L4 15u/40n

[EP) F280pH
Lsa F450pH
Lss F130pH

Common Source Amplifier

Fi g-l135mpl emented Structure of Output Buf/

The first four stages aim to extend the bandwidth and amplifying the signals while the
last stage is for obtaining 50 Ohm impedamagching. Tgrovide enough current on
theoutput stage foalarge skew rate, the transisbosize in final stage is 4 tinsdéan-

out than that of first stage. In additioas the output buffer 1 is structured in
proportional farout, serial inductors arplaced among each stage to further improve
the bandwidth.

542 Out pBuf 2er

When it comes to the design of output buffer Zeduiresa different specification.
Fig. 516 shows a raito-rail folded cascode operation amplifier acting as a negative

feedba&k voltage follower.

According to the previous implementation section5.3.3 the potential range of
VeoarseiS from 0.5V to 1.6V. Therefore, the design priority for output buffer 2 is to
have a wide input voltage swing rather than a large bandwidthaasyes 0V oarse

are relatively slow.
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Fi g-1865mpl emdnStructure&€ of Output

Theoutput buffer 4s powered by 2.2V supplyoltagefor awide voltage swing, so,
the type of transistorssed is thdigh 1/O MOSFET.In addition to thisfor the output

stage, in order to allow enough current and achievgimpedance mating, the
PMOS and NMOS are st 32Qum and 12fm respectively.

55 Ful Il Chi

P

Layout

The layout view of the DLTEPLL design example in 40nm techagly process is
displayed inig. 5-17.

590um

A

A

Fi g-1Ful |

Chip
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Practical Implementation of Duédop Triple-controlled PLL

The total chip area isbout 0.677mm (1148umx590um) with 29 signal pads
implemented which includes both DC and RF signals. Tetaild of the chip are

summarizedn table5-4.

Tabl-4Chhi p Det ail s

Chip Size £1148pm>590um
Core of DLTGPLL F435um>380um
Core of VCO F310pumx119pm
DC&RF Pads 67 m>x67um

Asthe most important building block, the layout of VCO had been carefully designed.

First of all, in order to mini mitete t he i nf |
performance of VCO, the layout of loop filter, VCO and adaptive DC unit are designed

as a whole structurdhe layout is shown in fig.-5.8.

Loop Filter on
Coarse Tuning Path

T = LT
| X X X =g = X X §
f | X | X | [X) S ases f
IX | X X | ] X E X X
B g N/ ‘H \ N /

B N R I
HEE BB : wa BRI X |
8 < 7 - ST e i '1,1,~“-’r-'4---v§.‘ RN 0 7 |
f LI E TR

| X . = Ll

Loop Filter on
Fine Tuning Path

Fi g-185he Layout of Core VCO

Moreover, each delay cell within thedunctor peaking VCO is identical and the metal
wire of interconnection should be at same length to avoid unnecessary mismatch due
to load variations. Taking this into consideration, the whole structure is designed in
the way ofcentreasymmetriclayout topobgy. In addition to this, the dual fine tuning
paths are also designed in symmetrical structure and placed on the sides of inductor
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peaking VCO. The large capacitor on coarse tuning path is split into two pieces to
compact the layout areeherethe distane of signal wires are shorteqito reduce the

parasitic effects. The overall area of core VCO is about 0.04mm2 (310pmx119um).

56 S mul ation and Testing

To validate the functionality of the proposed DLRLL, the design example is
fabricated in TSMC 40nm CMOtechnology process.

56.1 Si mul ati on Environment

Beforepresenting the results, the simulation environment is introduced including the
test bench illustrated ingf. 5-19.

To model the environment used in practical tests, the 40nm design example is
packaged as symbol, with each port connected with an inductor to model the effects

of bonding wires. Based on previous tap# experience in the 130nm and 65nm
nodes, the empirical value of inductance on bonding wires is about 200pH to 500pH
depending the length antumber of the bonding wires used. In addition, thg 50
termination is modelled aa serial RC network with 30 r esi st ance and
capacitanceThe crystal oscillator will be used as the reference clock for BELC

in testing, but the specifications tife crystal oscillator, such as DC voltage level,
output swing, signal shape, are varied from product to product. To include the
tolerances and provide a robust reference clock, the DC voltage level is reshaped by a
DC block and DC biasing circuits befdseing applied to the DLT®LL module. As

shown in fg. 5-19 thepull-up and puldown resisbrs applied inthe biasing circuit
arel100q i n or de roltage levblof thesrefetehceclock & half of the

power supplyThe same structure will also be applied on the PCB for the BRIIC

to ensure the identical configuration between the simulation and testing. The reference
clocks are modelled as sinusoidal waveform voltage sources to provide the clock
signals of 400MHz, 300MHz and a variable frequency respectively. Another factor
which should be considered for the simulation and testing is the digital control signal.
To simplify the structure of the test bench, all of the control sigf@@N2:0] and

g2:0]) are provided by several DC voltage sources.
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Fig. 5- 19 Simulation Test Bench for 40nm DLFELL
56.2 Si mul ati on Resul ts
ARewdr | do wh binctuded io thessanulatian as transient noise across the

range of 1 KHz to 10GHz, applied by the simulator to precisely investigate the noise
performance of the DLT®LL design example. fe following results are based on

postlayout simulation (includingll the predicted parasitics).
The target of the podayout simulation is to prevaluate the following aspects:

1) The functionality of DLTGPLL design example.
2) The performance of settling time, jitter and phase noise.

3) The performance at different widalgged communication protocols.

To efficiently examine the performance of the circuit using simulation, a simulation
scheme has been made. At first, the DEFKL is locked to 4.4GHz to investigate the
lower frequency performance. And then, the output frequenswitched to 35.2GHz

by changing the digital control signals for high frequency evaluation. Thereby, the
settling time between those frequencies can be monitored on the transient waveform
of the coarse control signal. By using the lagktable in seon 5.3.6, the digital

code for a 4.4GHz output frequencydB81 for §2:0] and011for CON2:0]. As for

the high frequency output of 35.2GHJ2:0] is set to111 while CON2:0] is
maintained af11 which can be easily programmed by the simulaibee tansient

simulation results are presentedim5-20.
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Fig.5-20(a) indicates that the DLFELL is successfully locked to 4.4GHz within
646ns settling time. Inid.5-20(b), the locked frequency of 4.4GHz is changed to
35.2GHz as expected after switching thetoansignals. The total settling time for
over a 30GHz frequency span is only 446ns. Moreover, the noise performance
(periodic jitter and phase noise) is also investigated based on this simulation plan. In
fig.5-20(c), which presents the periodic jitterrfoemance of 35.2GHz output
frequency, the standard deviation obtained is ®iQi, while the phase noise
performance at same output frequencyli39dBc/Hz at 1MHz offset, for which the
simulation result is shown imgf5-20(d).

As discussed in chapter @ne of the motivations in this project is to create a clock
generation system for multiple communication protocols. Therefore, to investigate the
performance of the DLT®PLL with a specific frequency, the frequencies in several
widely used protocols weemulated. The results of the corresponding periodic jitter

and phase noise performance are showigi6-21.
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The best jitter performancebtained was 37.1fs using a protocol of SuperVHL(
lanes) operating at 36GHz. When phase noise performance was considered, the best
result is-113dBc/Hz of USB running at 10GHz.

563 Testing Measurements

Practical chip testing contained two steps with thst fatep being a custom PCB
design.Given the system complexity and intensiiC voltages required, tobetter
facilitate the testing and save cost, the control sigrdi&s(Q] and CON2:0]) are
designed to behanged by switche3he output ofthe 40nm silcon chip is directly
connected witran RF probe to reduce thefluenceof bonding wires. Thereforéo
avoid damag tothe probe while switching the control signals, the PC8eisigned
into two board, with thesilicon chip connected tthe main boardby wire bonding
while all the control signalsand corresponding switchaseon the secondary board
These two boarsd are connected by jumping wisg asillustratedin fig.5-22. The
corresponding PCB is shownfiig.5-23.

40nm Silicon Jumping Wire
Chip -,
g Vref_low Vref_low
Vref_high Vref_high
(0]
(1] [1
[2]
s CON CON g
| |
Main Board Secondary Board

Fi g-2Z%ncept View of PCB Connection
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To effectively investigate the performance of the settlinggtia small oscillation

circuit with 100KHz frequency wa designed and placed dme secondary board
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including the corresponding control switch@ghen measuring the settling time, the
channel of reference selection co@2(0]) is switched to the outputf the 100KHz
oscillation circuit and transferred to the main board. Each b§210] can be
controlled separatelPncethe PCB is configurehto this mode, the output frequency
from the 40nm chip will be automatically change betweenthe two different
frequencies witta 10us time interval According to thesimulation results, this time

intervalis enough fothe PLL to besettlel.

Fig. 524 shows the measurement environment @imstograph othe 40nm silicon

die thatintegratedon the test PCB.To avad environmental interference, a battery
based power supply system was used to provide a clean power source. In addition to
this, a DC adaptor circuit was also created to provide enough DC voltage to test the
PLL.

A. Measurement dhe Setting time

To measurdahe settling time of the DLTPLL, the signal on the coarse control
voltage is connected and monitoreddigital oscilloscopeThe dividing ratio is set to

144 for which the digital codeCONZ2:0]) is 001. Moreover, by configuring the
switches that condt the external oscillation circuit, the reference frequency is
switched between 25MHZAR:0]=001) and 200MHzg2:0]=111) which allow the
output frequency of the PLL to be switched between 3.6GHz and 28.8GHz

periodically.

A

I
|
Settling Timb

N

28.8GHz

+«T

3.6GHz

dob) o

4.9602774 us 1.547 v
5.3863322 us 770 mv
426.0548 ns =777 ¥
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Fig.5-25 shows the measured settling response of the BERIIC scaled from
28.8GHz down to 3.6GHz. The settling time that has been achieved is 426.05ns over
a 25GHz frequency range.

B. Measuremendf NoisePerformance

To effectively measure the functionality of the DLARLL and corresponding noise
performance in different frequency ranges, the testing covered three frequency levels
from the high frequency band to the middiend and the low frequency barite

testing configuration is listed in thable 5-5. To investigate the highest achievable
frequency that can be provided by the DLIPCL, an external frequency generator is

used to provide a continually scalable reference clock by switci@] into free

run mode.
Tabl-BP&r ameters of Testing for High, Middle
High-band Middle-band Low-band
Reference Clock| Free Run Mode 100MHz 50MHz
(S[2:0) (000 (100 (011)
Dividing Ratio 128 128 192
(CON[2:0) (000 (000 (100
OutputFrequency 29.4GHz 12.8GHz 9.6GHz

Thecorresponding phase noise performance is obtained and depitig8-26.

Carrier Freqg 29.39241528 GHz
Carrier Power -31.54 dBm Atten §.66 dB Mkr 1 999.608 MHz
Ref -30.60dBc/Hz 55.2ps3
10.06 7 71106 dBd Hz@1IMHZz offset
dB/
-68.33 dBdHz @10MHz offset
1 kHz Frequency Offset 1 GHz
Freq Offset Trace 1 Trace 2
1 kHz -32.7V8 dBcAHz -41.12 dBcAHz -———
18 kHz -45 .63 dBc/Hz -42.18 dBc/Hz -———
18@ kHz -B8 .52 dBcAH=z -B8.98 dBcAH=z —-———=
1 MH=z -72.55 dBc/AHz -71.86 dBcAHz -———
18 MHz -E2.88 dBc/H=z -2 .33 dBc/Hz -———
168@ MHz -51.21 dBcsH=z -B69.79 dBcAH=z —-———=
1 GHz -75.12 dBcAHz -77 .84 dBcAHz -———

(@)
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Carrier Freq 12.79996812 GHz
Carrier Power -3.16 dBm Atten 0.00 4B Mkr 1 999,808 MHz
Ref -36.98dBc/Hz 3.49ps
10.00 =T
dB/
1 kHz Frequency Offset 1 CHz
Freq Offset Trace 1 Trace 2 Trace 2
1 kH=z -4% .88 dBc/Hz -48 .48 dBcAH=z -———
18 kH=z -85 .34 dBcoc/Hz -BE .87 dBocAH=z -———
188 kH=z -8d .64 dBEcA/H=z -85.83 dBcAH=z -———=
1 MH=z -9%2.19 dBc/Hz -94 .95 dBcAH=z -———
18 MH=z -87 .52 dBoc/Hz -92.32 dBocAH=z -———
188 MH=z -78.68 dBEcA/H=z —1d5 .28 dBcAH=z -———=
1 GH=z -91 .84 dBc/Hz -117 .28 dEcAHz -———
(b)
Carrier Power -4.32 dBm Atten #.86 dB fkr 1 999,382 MHz
Ref —45.30dBc/Hz 14.3ps
}igj?@ -91.82 dBd HZ@1MHz offset
8111 dBdHz
@10MHZz offset
18 kHz Frequency Qffset 1 GHz
Freq Offset Trace 1 Trace 2
18 kHz -77.7vE dEBcAHz -28.14 dBEcAHz -———
188 kHz -35.7V8 dEBEcAH=z -28.18 dBcAH=z -———
1 MH=z -9%2 .59 dEcAH=z -941 .82 dBcAHz -———=
18 MHz -79.52 dBEcAHz -21.11 dBcAH=z -———
188 MH=z -168%8.28 dEcA/H=z -99.28 dBcAHz -———
1 GH=z -128.81 dBcAH=z -116.84 dBEc#/H=z -———=

Fig265hase Noise Peffremqmmemcyg @GBdnmaeHi@madMi ddlI e
(c) flroewmquency Band

Based on the theoretical analysis in chapter 4, one significant advantage of the DLTC
PLL is that both the rising and falling edges of the reference clock are used to detect
the phase difference. With this topology, the coragdurrents that carry both phase
differences are merged together and jointly control the inductor peaking VCO.
Thereby, the loop bandwidth of the PLL can be set to be twice bigger than that of
single edge detection. It not only shortens the locking tiotealso suppresses the

inherent inband noise of the VCO.
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For example, as shownfig.5-26(a) which the highest achievable frequency from the

40nm design is 29.4GHz, the reference clock is about 229.6MHz with a division ratio

of 128. Originally, the loogandwidth is required to be set less than 23MHz to
maintain loop stability (one of tenth of the reference frequency, according to the
Limito[73]). bot h
raised to 45MHz. A similar outcome calso be observed in the rAind frequency
(fig.5-26(b)) and lowband frequency fig.5-26(c)) results. For the mibland

frequency where reference frequency is 100MHz, the loop bandwidth is set to be about

60Gardner 06s However, by

22MHz. Similarly, the input reference for the ldand frequency is 50MHz, the loop
bandwidth of DLTCGPLL is set to be about 9MHz.

Tabl-@Peé&r f or mance CoanrPplar iwddarh Rfe cINTC Wor ks

References [87] [48] [85] This Work
Technology 65nm 45nm 65nm 40nm
. _ Duaktuning
_ Duaktuning Dualloop Dualtuning )
Architecture . _ _ Triple Control
Ring Ring Ring )
Ring
Reference
36MHz 100MHz 500MHz 100MHz
Frequency
Output
3.1GHz 2.5GHz 1.5GHz 12.8GHz
Frequency
Tuning Range| 1.4~3.2GHz 1-8.5GHz 0.52.5GHz | 36~ 2.4GHz
(FTR) (78.3%) (152.9%) (133.3%) (157%)
Lock-up Time 8518 518 Few ms 426.05ns
Phase Noise
@ 1MHz -98dBc/Hz -106dBc/Hz N/A -95dBc/Hz
offset
Jittefms
2.23ps 1ps 1.93ps 3.49ps
(Integrated
(N/A) (IMHz~1.25GHz) (N/A) (1KHz~1GHz)
Range)
Suppl
PP 1.2V 2.5V 1.8V 1.1v/2.2V
Voltage
Power 25.8mwW 70mwW 4mw 92mVv
Active Area 0.32mn? 0.277mm2 0.1mn¥ 0.165mm

The overall performance of the proposed DEFPCL is summarized irtable 56,
associated with a comparison with other recent work. As illustratebia 56, the
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proposed DLTEPLL is compared with several recent demonstrations wdretalso

based on a dual tuning risiiased PLL structure. As it can be seen, the proposed
DLTC-PLL has reached the widest tuning range which gives the FTR of 157% (The
equation of FTR is introduced in (3.10)). The programmable tuning range is from
3.6GHzto 29.4GHz which is over 25GHz wide. Moreover, the fast locking function
has equipped the proposed DL-RCL with about 426ns locking time which is much
faster than the other dutalning PLL listed in the table. In addition to this, a moderate
phase noisand periodical jitter performance has also been achieved. Operating at a
12.8GHz output frequency, the phase noise at 1IMHz offs@baBc/Hz. Besides, the
periodical jitter integrated over 1KHz to 1GHz is less than 3.5ps. Although the power
consumptions slightly higher than other demonstrations which is due to the multiple
power supply voltages used, the big advantage of the wide tuning range allows the
proposed PLL to be able used in the silicon photonics system, and from the perspective
of the whole gstem, this slightly increase in power is tolerable. On the other hand, the

power consumption is a tra@éf with achievable frequency and bandwidth.

However, there are some differences on performance can be found if compare the
measurement results withetlpostlayout simulation results. Firstly, in terms of the
highest achievable frequency, up to 35.2GHz output frequendydeam®btained by

the postlayout simulationfig.5-20), while the measurement only reaches to 29.4GHz.
There are some factors mayusa the degradatioof frequency. One factor is the
inductor modelling and parasitic extraction. For example, if modelled inductance (S
parameter) is larger than the inductance in fabricated silicon, the achievable frequency
of VCO is decreased which wilirectly lead to lowering the output frequency range

of PLL. Moreover, the modelled output load in simulation testbench is a combination
of 508 resistance in serial with 100nF capacitance (based on empirical value), which
underestimate the load in practiogasurement. In addition to this, the measurement
frequency also affected by the testing environment. To testing the output frequency, a
high-speed probe is directly attached on the output @iosilicon die to reduce the

load capacitance. However, ajhiimpedance cable is used to connect the probe with

the spectrum analyser which may induce more loss on frequency.
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Fig2Bonding Wire Simulation (a) 1pH Induct
I

I nductance andc)e 2nH nduct

On the other hand, another differemégerformancean be foundn periodical jitter

and phase noise. According to the plagbut simulation infig.5-20, the jitter and
phase noise performance is better than that of measurement results. Thex@ are t
aspects should be considered for this difference. The primary reason is the bonding
wire effects. Witha different length of bonding wire, the effective inductance of
bonding wire is varied. The resulted inductance combined with parasitic capacitance
will generate additional oscillation on the output and disturb the desired frequency. To
verify this assumption, different length of bonding wire is simulated by setting with
different effective inductancélhe results are shown fig.5-27. As it can see ,

with increasing the effective inductance of bonding wire, the fluctuation on the output
frequency is significantly increased. Therefore, to reduce the influence of bonding
wire, different integration technique is required and this will be discussahpter 7

for future work improvement. In addition to this, there is another aspect should be
considered which is the simulation time. As tbe practical measurement, it is
implementable to run the test up to rsiéconds or several seconds. Therefdre, t
jitter variation at relative low offset frequency is included. However, atlpgstit
simulation, it is hardly possible to run such long transient simulation as the severe

timing cost. For example, 8 s fransient simulation may requigbout 2 days to
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