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Abstract

Today’s microprocessors with millions of transistors perform high-complexity
computing at multi-gigahertz clock frequencies. Clock generation and clock
distribution are crucial tasks which determine the overall performance of a
microprocessor. The ever-increasing power density and speed call for new
methodologies in clocking circuitry, as the conventional techniques exhibit
many drawbacks in the advanced VLSI chips. A significant percentage of the
total dynamic power consumption in a microprocessor is dissipated in the clock
distribution network. Also since the chip dimensions increase, clock jitter and
skew management become very challenging in the framework of conventional
methodologies. In such a situation, new alternative techniques to overcome these
limitations are demanded.
The main focus in this thesis is on new circuit techniques, which treat the
drawbacks of the conventional clocking methodologies. The presented research
in this thesis can be divided into two main parts. In the first part, challenges in
design of clock generators have been investigated. Research on oscillators as
central elements in clock generation is the starting point to enter into this part. A
thorough analysis and modeling of the injection-locking phenomenon for onchip applications show great potential of this phenomenon in noise reduction
and jitter suppression. In the presented analysis, phase noise of an injectionlocked oscillator has been formulated. The first part also includes a discussion
on DLL-based clock generators. DLLs have recently become popular in design
of clock generators due to ensured stability, superior jitter performance,
multiphase clock generation capability and simple design procedure. In the
presented discussion, an open-loop DLL structure has been proposed to
overcome the limitations introduced by DLL dithering around the average lock
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point. Experimental results reveals that significant jitter reduction can be
achieved by eliminating the DLL dithering. Furthermore, the proposed structure
dissipates less power compared to the traditional DLL-based clock generators.
Measurement results on two different clock generators implemented in 90-nm
CMOS show more than 10% power savings at frequencies up to 2.5 GHz.
In the second part of this thesis, resonant clock distribution networks have
been discussed as low-power alternatives for the conventional clocking schemes.
In a microprocessor, as clock frequency increases, clock power is going to be
the dominant contributor to the total power dissipation. Since the power-hungry
buffer stages are the main source of the clock power dissipation in the
conventional clock distribution networks, it has been shown that the bufferless
solution is the most effective resonant clocking method. Although resonant
clock distribution shows great potential in significant clock power savings,
several challenging issues have to be solved in order to make such a clocking
strategy a sufficiently feasible alternative to the power-hungry, but wellunderstood, conventional clocking schemes. In this part, some of these issues
such as jitter characteristics and impact of tank quality factor on overall
performance have been discussed. In addition, the effectiveness of the injectionlocking phenomenon in jitter suppression has been utilized to solve the jitter
peaking problem. The presented discussion in this part is supported by
experimental results on a test chip implemented in 130-nm CMOS at clock
frequencies up to 1.8 GHz.

Populärvetenskaplig sammanfattning

Mikroprocessorer till dagens datorer innehåller hundratals miljoner transistorer
som utför åtskilliga miljarder komplexa databeräkningar per sekund. I stort sett
alla operationer i dagens mikroprocessorer ordnas genom att synkronisera dem
med en eller flera klocksignaler. Dessa signaler behöver ofta distribueras över
hela chippet och driva alla synkroniseringskretsar med klockfrekvenser på
åtskilliga miljarder svängningar per sekund. Detta utgör en stor utmaning för
kretsdesigners på grund av att klocksignalerna behöver ha en extremt hög
tidsnoggranhet, vilket blir svårare och svårare att uppnå då chippen blir större.
Idealt ska samma klocksignal nå alla synkroniseringskretsar exakt samtidigt för
att uppnå optimal prestanda, avvikelser ifrån denna ideala funktionalitet innebär
lägre prestanda. Ytterliggare utmaningar inom klockning av digitala chip, är att
en betydande andel av processorns totala effekt förbrukas i klockdistributionen.
Därför krävs nya innovativa kretslösningar för att lösa problemen med både
onoggrannheten och den växande effektförbrukningen i klockdistributionen.
I denna avhandling presenteras flera olika kretslösningar vilka är riktade till
att lösa de problem som finns i dagens konventionella kretslösningar för
klocksignaler på chip. I den första delen av denna avhandling presenteras
forskningsresultat på oscillatorer vilka utgör mycket viktiga komponenter i
generingen av klocksignalerna på chippen. Teoretiska studier av
faslåsningsfenomen i integrerade klockoscillatorer har presenterats. Studierna
har visat att det finns stor potential för reducering av tidsonoggrannhet i
klocksignalerna med hjälp av faslåsning till en annan signal. I avhandlingens
första del presenteras även en diskussion om klockgeneratorer baserade på
fördröjningslåsta element. Dessa fördröjningslåsta elementen, kända som DLL
kretsar, har egenskapen att de kan fördröja en klocksignal med en bestämd
fördröjning, vilket möjliggör skapandet av multipla klockfaser. En ny
kretsteknik har introducerats för klockgenerering av multipla klockfaser vilken
v
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reducerar effektförbrukningen och onoggranheten i DLL-baserade
klockgeneratorer. I denna teknik används en övervakningskrets vilken ser till att
alla delar i klockgeneratorn utnyttjas effektivt och att oanvända kretsar
inaktiveras. Baserat på experimentalla mätresultat från tillverkade testkretsar i
kisel har en effektbesparing på mer än 10% uppvisats vid klockfrekvenser på
upp till 2.5 GHz tillsammans med en betydande ökning av klocknoggranheten.
I avhandlingens andra del diskuteras en klockdistributionsteknik som baseras
på resonans, vilken har visat sig vara ett lovande alternativ till konventionlla
bufferdrivna klockningstekniker när det gäller minskande effektförbrukning.
Principen bakom tekniken är att återanvända den energi som utnyttjas till att
ladda upp klocklasten. Teoretiska resonemang har visat att stora
energibesparingar är möjliga, och praktiska mätningar på tillverkade
experimentchip har visat att effektförbrukingen kan mer än halveras. Ett
problem med den föreslagna klockningstekniken är att data som används i
beräkningarna kretsen direkt påverkar klocklasten, vilket även påverkar
noggranheten på klocksignalen. För att komma till rätta med detta problemet
presenteras en teknik, baserad på forskning inom ovan nämnda
faslåsningsfenomen, som kan minska onoggrannheten på klocksignalen med
över 50%. Både effektbesparingen och förbättringen av tidsnoggranheten har
verifierats med hjälp av mätningar på tillverkade chip vid frekvenser upp mot
1.8 GHz.
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Contributions

The main contributions of this thesis are as follows:
• An analysis and modeling of first-harmonic injection locking for on-chip
applications.
• A mathematical formulation verified by experimental results for the phase
noise of an injection-locked oscillator.
• An algorithm for design of multiphase oscillators based on coupled ring
oscillators.
• A circuit technique that allows the digital DLLs to operate in the openloop mode to reduce the power and jitter introduced by DLL dithering
while keeping track of the environmental variations.
• Implementation of a bufferless resonant clock distribution network to
demonstrate its power-saving capability compared to the conventional
clock distribution networks.
• A thorough analysis of jitter characteristics in bufferless resonant clock
distribution networks.
• A technique based on the injection-locking phenomenon to solve the jitter
peaking problem in a bufferless resonant clock network and to obtain
frequency tuning range.
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AC

Alternating Current

ASIC

Application Specific Integrated Circuit

BiST

Built-in Self-Test

CMOS

Complementary Metal-Oxide-Semiconductor

CP

Charge Pump

DC

Direct Current

DLL

Delay-Locked Loop

FF

Flip-Flop

FM

Frequency Multiplier

FO

Fan-Out

IEEE

The Institute of Electrical and Electronics Engineers

ILO

Injection-Locked Oscillator

ITRS

International Technology Roadmap for Semiconductors

LC

Inductance-Capacitance

LPF

Low-Pass Filter

MOS

Metal-Oxide-Semiconductor

MOSFET

Metal-Oxide-Semiconductor Field Effect Transistor

MSFF

Master-Slave Flip-Flop

MUX

Multiplexer

NMOS

Negative-Channel Metal-Oxide-Semiconductor
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PCB

Printed Circuit Board

PD

Phase Detector

PLL

Phase-Locked Loop

PMOS

Positive-Channel Metal-Oxide-Semiconductor

RC

Resistance-Capacitance

RF

Radio-Frequency

RLC

Resistance-Inductance-Capacitance

RMS

Root-Mean-Square

SOC

System-on-Chip

TG

Transmission-Gate

VCDL

Voltage-Controlled Delay Line

VCO

Voltage-Controlled Oscillator

VLSI

Very-Large Scale Integration
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Part I
Background
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Chapter 1
Introduction

The advances in many fields of science have, either directly or indirectly been
dependent on the evolution of electronics. The electronic devices and systems
are definitely inseparable from our everyday life affecting our lifestyle and life
quality. As an example, today’s computers with incredible capabilities have
control on our life in many ways. In addition, the revolution in communication,
media, transportation, etc. has been due to advances in electronics. It is hard to
believe that all of these advances have occurred only in a few decades
revolutionizing the human life.

1.1 Historical Perspective
The invention of transistors was undoubtedly the starting point of a huge
revolution in electronics. The first transistor was invented in 1947 by Bardeen,
Brattain and Shockley at Bell Telephone Laboratories. Nine years later, these
three scientists received the Nobel Prize in physics for their valuable invention.
In 1958, Jack Kilby built the first integrated circuit (IC) at Texas Instruments.
He also received Nobel Prize in physics in 2000. In the mid 1960s, CMOS
devices were introduced, initiating a revolution in the semiconductor industry.
On 19 April 1965, Intel co-founder Gordon E. Moore published his famous
paper in Electronics magazine [1] and predicted that the number of integrated
components would be doubled every year. This prediction was based on changes
3
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in the number of integrated components during 1962-1965. In 1975, Moore
amended his prediction to state that the number of transistors would be doubled
about every 24 months. As shown in Figure 1.1, interestingly after 40 years, the
number of transistors in CPUs manufactured by Intel is following the so-called
Moore's law. In 40 years, the technology of IC production has evolved from
producing simple chips with a few components to fabricating microprocessors
comprising more than one billion transistors. Figure 1.2 shows the first Intel
microprocessor 4004 with 2300 transistors clocked at a frequency of 108 KHz
along with the new Core™ 2 Quad with 820 million transistors and clocked at
frequencies above 3 GHz.
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Figure 1.1: Intel’s microprocessors still follow Moore’s law after 40 years.

1.2 Future Challenges
The exponential growth in the number of transistors is due to the scaling
property in CMOS technology. This technology scaling will continue at least in
the next decade with gate lengths approaching sub-20 nm, having great impact
on increasing integration density, speed and performance of the integrated
circuits [2], [3]. On the other hand, this exponential growth creates new design
challenges in the new large-scale integrated circuits. The leakage current
problem is one of the most serious challenges caused by shrinking feature sizes.
Typically, dynamic power dissipation is considered as the main contributor to
the total power consumption in a CMOS circuit. However, in deep sub-micron
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CMOS processes, due to small geometries, a considerable fraction of the total
power dissipation is due to the leakage current [4].
Furthermore, as the chip sizes grow, some traditional design methodologies
must be changed in order to satisfy new design specifications. In today’s
microprocessors, because of the large chip dimensions, clocking and
synchronization have become central and important tasks. Driving the clocked
elements in a large chip area is typically performed by the traditional bufferdriven clock networks. In such networks, the management of clock skew and
clock power dissipation is the most challenging issue. These facts motivate the
research on new efficient alternative approaches to replace the conventional
methodologies [5], [6].
Diminishing feature sizes moreover make the fabrication process much more
complex. Process variation and manufacturing uncertainty reduces the accuracy
of the fabricated components and makes it difficult to get the expected outcome.
In addition, these variations lead to severe variability of chip performance in the
nanometer regime [7], [8].

(a)

(b)

Figure 1.2: (a) Intel 4004 in 10-µm CMOS process (1971), and (b) Intel Core™ 2 Quad in
45-nm CMOS process (2008).

1.3 Motivation and Scope of Dissertation
In modern microprocessors, clock generation and clock distribution are crucial
design tasks, which directly affect the overall performance and efficiency of the
processor. Aggressive technology scaling on one hand and increasing die size,
speed and performance on the other hand create new design challenges in
clocking circuitry in new microprocessors. The traditional clocking strategies

6
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suffer from several drawbacks. A significant portion of the total power
consumption in a processor is dissipated in the clock distribution network.
Furthermore, increasing the clock frequency and die sizes make the timing skew
management complicated and challenging. The situation will be even worse if
we take the clock jitter into account tightening the timing margins. Considering
these new challenges, new methodologies are also required to overcome the
discussed limitations. In this thesis, the main focus is to introduce circuit
techniques for on-chip clock generation and clock distribution. The research
presented in this thesis is divided into two main parts, namely, clock generation
and clock distribution. In the following subsections, a brief description of these
two parts is provided.

1.3.1 Clock Generation
The driving force in almost all of the clock generators is an oscillator. A good
knowledge and understanding of this component is vital in introducing new
clocking strategies. Especially, a good understanding of oscillation-based
phenomena such as injection locking – which is relatively new in the context of
on-chip applications – can be helpful in solving the new problems. In this thesis,
a thorough modeling and analysis of oscillators under the injection-locking
phenomenon is presented. Based on the presented model the phase noise of an
injection-locked oscillator is mathematically formulated. The injection-locking
phenomenon exhibits great potential of jitter suppression in resonant clock
distribution networks (see Section 1.3.2).
Multiphase clock generation is another research topic discussed in this thesis.
Beside RF applications, an oscillator with multiphase output (e.g., a quadrature
oscillator) could be utilized in multi-phase clock distribution. Another solution
for multiphase clock generation, which is discussed in this thesis, is a DLLbased implementation. A digital DLL-based structure is proposed, which
operates in the open-loop mode to remove the extra power dissipation and jitter
introduced by DLL dithering around the average lock point. Due to its high
accuracy and robustness, it can be utilized in the DLL-based frequency
multiplier implementations as well. For this purpose, a robust frequency
multiplication technique is proposed.

1.3.2 Clock Distribution
One of the most critical problems in today’s microprocessors is that a significant
part of the total dynamic power is dissipated in the conventional buffer-driven
clock distribution network. Power-hungry buffer stages with huge sizes should
be utilized to distribute the clock signal globally in a large-scale processor.
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Increasing die sizes and high clock frequencies make the situation even worse
and set a critical limitation in the future generations. At the same time, timing
skew management becomes more challenging in a large-scale clock network. In
this thesis, the challenges in design of a bufferless resonant clock distribution
network are discussed as a feasible alternative for the conventional scheme. The
theoretical analysis on jitter characteristics and practical power saving and
frequency spectrum measurements show the great potential of the resonant
clocking in solving problems pointed out for the conventional scheme.
Furthermore, the analysis and modeling of injection locking are utilized to
propose a technique based on this phenomenon for jitter suppression purpose in
a bufferless resonant clock distribution network.

1.4 Dissertation Overview
The thesis includes four main parts. Part I consisting of two chapters is
dedicated to background information. In Chapter 1, a brief introduction about
the motivations behind the thesis is presented and Chapter 2 provides an
overview of CMOS technology and its future trends.
The main focus in Part II is on clock generation. The discussion, analysis,
results, and measurements in this part are based on Papers 1 – 4, Paper 9, and
Paper 10. This part begins with Chapter 3, which provides an introduction to
oscillators. In this chapter, the main characteristics of the on-chip oscillators are
discussed. Chapter 4 is dedicated to the injection-locking phenomenon. After
presenting the basic issues concerning this phenomenon, a simplified model is
used to formulate the first-harmonic injection locking for ring oscillator. This
chapter can be considered as an introduction to our generalized model presented
in Chapter 5. The generalized model is the base of the analysis in which
Adler’s classical equation is proven and phase noise of an oscillator under
injection locking is formulated. The derived equations based on the generalized
model in Chapter 5 are verified by measurement results on a test chip designed
and fabricated in 130-nm CMOS process. The research on oscillators is followed
by the discussion presented in Chapter 6 on multiphase oscillators. In this
chapter, a logical algorithm for design of multiphase oscillators based on
coupled ring oscillators is presented. Based on this algorithm, an implementation
of a 1.8-GHz quadrature oscillator with wide tuning range is also discussed in
this chapter. Chapter 7 provides an introduction to clock generators and
includes a comparison between PLL-based and DLL-based clock generators. In
Chapter 8, a digital DLL-based multiphase clock generator in the open-loop
mode is proposed. Our measurement results on a test chip implemented in 90nm CMOS show the potential of the proposed structure in reducing the power
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dissipation and the clock jitter. Chapter 9 presents a DLL-based frequency
multiplier which combines the open-loop mode operation proposed in Chapter
8 with a robust frequency multiplication technique. The proposed clock
multiplier, which has been implemented in 90-nm CMOS process, operates at 2GHz dissipating 7-mW power from a 1-V power supply.
The contribution of the thesis to resonant clock distribution is presented in
Part III, which is mainly based on Papers 5 - 8. The discussion in this part
starts with Chapter 10, which is an introduction to resonant clock distribution
networks. The idea behind the resonant clocking and its advantages over the
conventional clock distribution are discussed in this chapter. Chapter 11 is
dedicated to test-chip implementation and measurement results for the resonant
clock distribution network and comparison with the conventional buffer-driven
clocking. In this chapter, three resonant clock distribution networks with
different clock frequencies have been compared to the conventional scheme
from power dissipation and jitter point of view. In Chapter 12, jitter
characteristics in a bufferless resonant clock distribution network are analyzed.
The discussion in this chapter reveals that the clock jitter generated by the
oscillator in a resonant clock network has data-dependent nature. Due to this
fact, in certain data activities, clock jitter increase substantially causing jitterpeaking phenomenon. To solve this problem, a jitter suppression technique
based on injection locking has been proposed.
Finally, Part IV summarizes the thesis and presents the conclusions and
future works.
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Chapter 2
CMOS Technology

Although the idea of metal-oxide-silicon field effect transistor (MOSFET) was
patented before the invention of bipolar transistors, due to fabrication
limitations, MOS technology practically used much later. The complementary
MOS technology (CMOS) was introduced in the mid-1960s, initiating a
revolution in the semiconductor industry.
Since a MOSFET acts as a switch, digital integrated circuit design has been
the first target of CMOS technology. However, nowadays due to improved
performance of MOSFET devices, they are widely used in analog and RF design
as well. CMOS technology due to low fabrication cost, dimension scaling
property and low standby power dissipation has rapidly become popular in
competition with bipolar and GaAs counterparts. In this chapter, the basic
principles of CMOS devices are discussed.

2.1 MOSFET Device
Figure 2.1 shows a cross section view of an n-type MOSFET (called NMOS)
and its symbol. As it is shown in this figure, MOSFET is considered as a fourterminal device. These terminals are called gate (G), drain (D), source (S), and
bulk (B). Typically, the bulk terminal is not shown, which means that it is
connected to the appropriate supply. In an NMOS transistor, the source and
drain regions consist of n-doped regions inside a p-type substrate. A conductive
11
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piece of polysilicon operates as the gate terminal, which is insulated from the
substrate by a thin layer of SiO2.
VG
VS

VD
Poly
Oxide

Source
n+

Drain
p-substrate

n+

VB

(a)

VD
VG

VB
VS
(b)

Figure 2.1: (a) Cross-section view of an NMOS transistor, and (b) its symbol.

From functionality point of view, when the gate voltage (VG) increases above a
certain threshold voltage (VT H ), a conducting channel is formed under the gate
area. Consequently, current flows between the drain and the source. This is a
simplified description of how a MOSFET operates, which reveals that a
MOSFET can be considered as a switch. The operation of a MOSFET device
can be described accurately considering the charge density and velocity of
carriers inside the channel for different voltage values applied to MOSFET
terminals [1]-[4]. In general, in deep submicron CMOS processes, when a MOS
transistor is on, three different operational regions can be distinguished based on
applied voltage values, namely, resistive, saturation, and velocity saturation
regions [1]. A brief description of these operation regions is given in the
following subsections. The discussion and equations are presented for NMOS
transistors, but the concept is the same for PMOS transistors as well.

2.1 MOSFET Device
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2.1.1 Resistive Region
When the voltage difference between the gate and the source exceeds the
threshold voltage (i.e., VGS > VT H ), the transistor starts to conduct. In this
condition, the value of VDS (voltage difference between the drain and the
source) determines the current through the channel. As long as VDS is less than
VGS ¡ VT H , the channel shows a resistive behavior and current is approximately
proportional to the voltage difference between the drain and source terminals.
Due this fact, it is said that the transistor operates in the resistive region. The
voltage-current relation of the transistor in this region is given by

ID = ¹n Cox

·
¸
W
VDS 2
(VGS ¡ VT H )VDS ¡
L
2

(2.1)

where W , L, ¹n, Cox are the width of the transistor (channel), the length of the
transistor (channel), the mobility of electrons, and the capacitance per unit area
presented by the gate oxide, respectively. For small values of VDS , the quadratic
term in Eq. (2.1) can be neglected and a linear equation between ID and VDS is
achieved. In this case, the equivalent channel resistance for deep resistive region
operation is expressed by
Ron =

1
:
W
¹n Cox (VGS ¡ VT H )
L

(2.2)

2.1.2 Saturation Region
If VDS is further increased, for VDS ¸ VGS ¡ VT H the induced charge become
zero and the channel is pinched off. It results in an approximately constant
current through the channel. In this condition, the transistor operates in the
saturation region. The drain current under this operation is given by
ID =

¹n Cox W
(VGS ¡ VT H )2 :
2 L

(2.3)

Based on Eq. (2.3), the behavior of transistor in saturation region is similar to
that of a perfect current source. However, it is not the case in practice. When
VDS is increased, the effective channel length reduces due to growing depletion
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region at the drain. This phenomenon is called channel length modulation and is
formulated by
ID =

¹n Cox W
(VGS ¡ VT H )2 (1 + ¸VDS )
2 L

(2.4)

where ¸ is the channel-length modulation coefficient.

2.1.3 Velocity Saturation
The velocity of carriers is proportional to the applied electrical field. However,
this proportionality is failed at high field strength. In other words, when the
strength of the electrical field in the channel reaches a critical value, the velocity
of carriers becomes saturated. In a short-channel transistor, when VDS is
increased, due to small channel length the electrical field increases rapidly. At
certain value of VDS (i.e., denoted by VDSAT ), the transistor starts to operate in
the velocity saturation region. From [1], in this region the current-voltage
relation is expressed by
·
¸
VDSAT 2
W
(VGS ¡ VT H )VDSAT ¡
ID = ¹n Cox
:
L
2

(2.5)

Figure 2.2 shows the I/V characteristics for long-channel and short-channel
devices. In this figure, it is assumed that VGS = VDD.

ID

Long-Channel Device

Short-Channel Device

VDSAT

VGS-VTH

VDS

Figure 2.2: I/V characteristic difference between long-channel and short-channel devices.
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2.2 Second-Order Effects
Due to the nonlinear nature of MOS transistors, some simplifications have been
utilized in describing the principles of their operation. However, in circuit
design, it is also important to consider second-order effects exhibited by MOS
transistors. In this section, two of these effects are discussed.

2.2.1 Body Effect
In our discussion in Section 2.1, we have assumed that the threshold voltage
(VT H ) is fixed for different voltage levels applied to terminals of a MOSFET.
This assumption holds as long as the voltage difference between the source and
the bulk is zero (i.e., VSB = 0). Now if we assume that the bulk has a lower
voltage level than that of the source, the correct operation of transistor is still
guaranteed (reverse-biased pn junctions). However, in this condition, the
negative charges in the channel will increase and depletion region becomes
wider. This means the threshold voltage increases as more charges are required
to form the inversion layer. This effect is called body effect. For nonzero values
of VSB, the threshold voltage of a MOS transistor can be calculated by
VT H = VT H0 + °

³p

j2©F + VSB j ¡

p

´
j2©F j

(2.6)

where VT H 0, ° , ©F are the threshold voltage for VSB = 0, the body-effect
coefficient, and the Fermi level voltage, respectively.

2.2.2 Subthreshold Conduction
When the transistor is on, once the value of VGS starts to decrease and reaches to
VT H (i.e., VGS = VT H ), the current does not drop to zero immediately. In this
condition, the transistor is partially conducting and the current can be
approximated by
VGS

ID = I0 e nVT

³
´
V
¡ DS
1 ¡ e VT (1 + ¸VDS )

(2.7)

where I0 and n are empirical parameters, with n ¸ 1 and VT = kT =q [1], [2].
This effect is called subthreshold conduction. Because of this effect, MOS
transistors deviate from their switch-like behavior, and due to this fact,
subthreshold conduction is typically undesired in most of the digital

16

CMOS Technology

applications. The characteristic of a MOS transistor under subthreshold
conduction is depicted in Figure 2.3.

2.3 Cut-Off Frequency
The high-frequency performance of a MOSFET is generally described by its
cut-off frequency denoted by fT . It is defined as the frequency at which the
current gain of the device equals to one [5], [6]. fT is normally used to measure
the speed of a transistor and it is approximated by
fT ¼

gm
2¼Cg

(2.8)

where Cg is the total gate capacitance and gm is the transconductance of the
transistor and it is defined as
gm =

dID
j
dVGS VDS =const:

(2.9)

ID
Exponential
Quadratic

VTH

VGS

Figure 2.3: Subthreshold characteristic.

As discussed in Section 2.1, in deep submicron CMOS processes, due to shortchannel effects, the transistor can operate in the velocity saturation region. In
this kind of devices, fT can be stated versus the velocity of the carriers in the
velocity saturation region (vsat) as

2.4 Power Dissipation
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fT =

vsat
2¼L

(2.10)

where L is the channel length [7]. Based on Eq. (2.10), the scaling property of
CMOS process improves the speed of the transistors in the new generation, as L
is scaled down.

2.4 Power Dissipation
One of the main advantages of CMOS circuits is their low standby power
dissipation compared to other counterparts (e.g., bipolar junction transistors).
However, in today’s advanced processes with shrinking channel lengths, the
leakage power dissipation is going to be a substantial fraction of the total power
dissipation.
In order to discuss different contributor to the total power dissipation in a
CMOS circuit, we can consider a simple static realization of a CMOS gate
driving a capacitive load (CL) as shown in Figure 2.4. For such a circuit, three
different sources can be identified as contributors to the total power dissipation
as
Ptot = Pdyn + Pstat + Psc

(2.11)

where Pdyn, Pstat, and Psc are the dynamic, static, and short-circuit power
dissipation, respectively [8]. In the following subsections, we discuss each of
these contributors separately.
VDD

In

PMOS
Network

In

NMOS
Network

CL

Figure 2.4: A block-level schematic of a static CMOS gate.
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2.4.1 Dynamic Power Dissipation
The dynamic power dissipation is due to charging and discharging of the
capacitive load contributed by fan-out gate loading, parasitic capacitances, and
interconnects at the output of the CMOS gate. As shown in Figure 2.4, CL
represents the total output capacitive load as a lumped capacitance. If VDD is the
power supply voltage and f is the frequency at which the gate operates, the
dynamic power dissipation can be calculated by
Pdyn = ®f CL VDD 2

(2.12)

where ® is the switching activity and it is defined as the probability that a clock
event results in a 0 ! 1 switching at the output of the gate [1].

2.4.2 Static Power Dissipation
The second contributor to the total power consumption in a CMOS circuit is the
static power dissipation. Ideally, there should not be any static power dissipation
in a CMOS gate, if PMOS and NMOS devices are never on simultaneously.
However, in practice, it is not the case and there is leakage current flowing
between the supply rails. This current mainly initiates from three main sources,
namely, reverse-biased p ¡ n junction leakage (Irb ), gate tunneling leakage
(Igate), and subthreshold leakage (Isub) [9]. Irb is mainly due to tunneling of
electrons from p region to n region in the presence of high electric field at the
junction (highly reverse-bias p ¡ n junction) [10]. This current is sum of the
currents flowing through drain-substrate and source-substrate junctions. Igate is
originated by direct tunneling from gate to the substrate and Isub is the leaking
current due to subthreshold conducting. Thus, the total leakage current is
Ileakage = Irb + Igate + Isub :

(2.13)

Moreover, the total static power in a CMOS circuit can be calculated by
Pstat = Istat VDD

(2.14)

where Istat is the current flowing between the supply rails in the absence of
switching activity. As mentioned earlier, if the PMOS and NMOS networks
shown in Figure 2.4 are not on simultaneously, Istat is mainly dominated by
Ileakage.

2.5 Technology Scaling Trends and Challenges
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2.4.3 Short-Circuit Power Dissipation
In a CMOS circuit, in reality, the PMOS and NMOS transistors do not behave as
ideal switches. In addition, the applied input signals suffer from nonzero rise and
fall time. Due to these facts, for a short period of time in each transition, both
PMOS and NMOS networks are conducting simultaneously creating shortcircuit currents between the supply rails. This is another contributor to the total
power dissipation in a CMOS circuit. A simplified equation to calculate the
short-circuit power dissipation for a CMOS inverter is as
Psc =

¯
¿
(VDD ¡ 2VT H )3
12
T

(2.15)

where ¯ is the gain factor of the transistor (assumed to be identical for PMOS
and NMOS), VT H is the threshold voltage, ¿ is the input rise (fall) time and T is
the period of the input signal [11].

2.5 Technology Scaling Trends and Challenges
The discussed issues in this chapter reveal that the scaling property of CMOS
technology increases the compactness, integration density and speed of the
transistors. On the other hand, advanced processes with shrinking feature sizes
create new challenging issues for integrated circuit designers. Increasing leakage
power dissipation, interconnect delay, and global power density are some of
today’s design challenges. In each new generation, feature size reduces by 30%
due to scaling. This allows about 43% increase in clock frequency and doubles
the device density [12]. However, it results in 7.5X increase in the leakage
current and 5X increase in the total energy dissipation for every new processor
chip generation [13]. This means the power dissipation of the microprocessors
will exceed 2 KW in the next couple of years [13]. In this prediction, the supply
voltage scaling has been considered; otherwise, the power dissipation can reach
up to 10 KW! Furthermore, this numbers are only for active power consumption
and leakage power has not been considered. The leakage power is also going to
be more significant in the future generations. The predictions show that the
leakage power is going to exceed 50% of the total power budget in new
microprocessor generations [14].
According to the International Technology Roadmap for Semiconductors
(ITRS), 2007 edition, the CMOS technology scaling and Moore’s law should
continue into the next decade to reach the physical gate lengths under 20 nm
[15]. Considering this fact, the design of new generations of the microprocessors
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with multi-GHz clock frequencies will confront several new challenging issues,
as discussed above. These issues can set serious limitations on the circuit
advances in the future. However, overcoming these challenges will definitely
have a great impact on the performance of the manufactured circuits in new
advanced technology nodes.

2.6 Summary
CMOS technology has caused a revolution in the development of the integrated
circuits due to its unique properties such as, low fabrication cost, dimension
scaling property and low standby power dissipation. In this chapter, an overview
of CMOS technology has been presented. In addition, new challenging issues,
which are created by aggressive technology scaling, are discussed. These
challenges are novel subjects for research in this field, as the remaining chapters
of this thesis focus on some of them.
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Part II
Clock Generation
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Chapter 3
Oscillators

Oscillators are crucial components in many electronic circuits. Oscillators can
be integrated on-chip for a variety of different applications. In conventional
clock distribution networks in microprocessors, typically a voltage-controlled
oscillator (VCO) is a part of a phase-locked loop (PLL) in order to generate
system clock. In this chapter, first an overview of the basic considerations in
oscillatory systems is presented, and then possible implementations of on-chip
CMOS oscillators are discussed.

3.1 Introduction
A feedback system under certain criteria has the potential of oscillation. In order
to get more insight, we consider the unity-gain negative feedback system shown
in Figure 3.1.

X(s)

+

H(s)

+

Y(s)

-

Figure 3.1: Unity-gain negative feedback system.
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The closed-loop transfer function of this system in the frequency-domain can be
written as
H(s)
Y (s)
=
:
X(s) 1 + H(s)

(3.1)

In Eq. (3.1), if for s = j!0, H (j!0 ) = ¡1, then the closed-loop gain, at ! = !0
approaches infinity. Under this condition, in an electrical circuit with such a
feedback, the noise component in ! = !0 will be amplified by the circuit,
resulting in oscillation at ! = !0 [1]. In practice, the output amplitude will not
be infinite and always some limiting mechanisms exist, resulting in saturation at
the output of the oscillator. The loop gain of the oscillator circuit (jH(j!0 )j),
should be unity or greater than unity to start the oscillation. Otherwise instead of
amplification, the noise component will be suppressed, and oscillation will not
be started. According to discussion above, two conditions are necessary but not
sufficient for a negative-feedback circuit to oscillate [2]:
¯
¯
¯H (j!0 )¯ ¸ 1

\H(j!0 ) = 180o :

(3.2)
(3.3)

These two conditions are called “Barkhusen criteria”. In on-chip circuit
implementations, in order to ensure the oscillation in the presence of
temperature and process variation, the loop gain should be chosen more than 2-3
[1]. Since the negative-feedback provides 180º phase shift, according to Eq. (3.3)
a total phase shift of 360º around the loop is needed for oscillation. In CMOS
technology, oscillators are typically implemented in two different forms, known
as “ring oscillators” and “LC oscillators”. In the following sections, a brief
overview of these two oscillator categories is presented.

3.2 Ring Oscillators
According to the discussion in the previous section, in order to implement an
oscillator, a proper implementation of H (s) in the circuit level is needed. Also
since a loop-gain more than unity is required; the nature of the circuit should be
an amplifier with ability of creating the needed phase shift. An inverter could be
a candidate for implementation of H (s) as by nature it is an amplifier, which
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creates phase shift between its input and output. A simple implementation of an
inverter is a single stage common-source amplifier, as shown in Figure 3.2.
When input voltage level is high, NMOS transistor is on and the load
capacitance is discharged to reach a low output level (VDD ¡ RD I ), while for a
low input, the load capacitance is charged by the resistance RD to reach a high
output level (VDD).
VDD

RD
Vout
Vin

CL

Figure 3.2: A common source amplifier.
20log|H( jω
ω )|

Amax

ωp

ω
ω

45ο
90ο

Arg H( jω
ω)

Figure 3.3: Frequency response of the common source amplifier.
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In the frequency domain, assuming that the dominant pole occurs at the output
node, this circuit can be considered as a single-pole system. In such a system,
maximum phase shift is 90º as shown in Figure 3.3. It means this circuit does not
have sufficient phase shift to be used as possible implementation of H (s).
Cascading two inverters provides 180º phase shift but since the resulting output
is not inversion of the input, the total phase shift around the loop will be 180º
instead of 360º. Thus at least three cascaded inverter stages are needed in the
implementation of H (s), to form an oscillator. Putting more than two inverters
in a cascade ring form creates a ring oscillator as shown in Figure 3.4.
N Stages

Figure 3.4: An N-stage ring oscillator.

The number of inverter stages in a ring oscillator determines the oscillation
frequency of the oscillator. In an N-stage ring oscillator (shown in Figure 3.4)
the oscillation frequency is
fosc =

1
2N tp

(3.4)

where tp is the propagation delay of an inverter stage driving an identical
inverter and it can be calculated by
tp = C

Z

v2
v1

dv
i

(3.5)

where i is the current which charges or discharges the capacitor in each node
and v1 and v2 are initial and final voltages over this capacitor. We assume that
the output of inverters is changing between 0 and Vdd . Furthermore, for
simplicity we can assume that in each cycle, a constant current charges or
discharges capacitor in each node. This constant current is the average of the
currents at the end points of the voltage transition. Defining propagation delay
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as the time it takes the output to reach the 50% point in its transition gives
propagation delay for an inverter as
tp =

CVdd
:
2Iav

(3.6)

Assuming each inverter stage as a first-order system with a pole at ! = !p, for
an N-stage ring oscillator, the transfer function is
H (s) =

(¡A)N
s
(1 + )N
wp

(3.7)

where A is the voltage gain of an inverter stage.

3.3 LC Oscillators
Another possible implementation of on-chip oscillators is based on the
properties of RLC circuits. Figure 3.5 shows a parallel RLC circuit in which
capacitance and inductance are ideal components without any resistive loss. The
equivalent impedance of this circuit is frequency-dependent as
jZeq (j!)j2 =

R 2 L2 ! 2
L2 ! 2 + R2 (1 ¡ LC! 2 )2

:

(3.8)

p
In this circuit, at ! = 1= LC the impedance of inductor and capacitor cancel
each other. In such a situation, the circuit has a pure resistive nature and the total
phase shift is 0˚.

R

L

Zeq
Figure 3.5: RLC circuit.
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In practice, the inductor is not an ideal component and it has a nonzero series
resistance. Using proper transformations, we can convert this series resistance to
a parallel one [1]. In order to have oscillation, the RLC circuit should be used in
a feedback loop with a total phase shift of 360˚. If we put RLC circuit as load for
a common source amplifier (shown in Figure 3.2) and use two cascaded
amplifiers inside a feedback loop, a total 360˚ phase shift around the loop is
achieved. In such a circuit, choosing a proper voltage gain for amplifiers
guarantees the oscillation. This structure, which is called “cross-coupled LC
oscillator”, is shown in Figure 3.6. The resistance R is the transformed series
resistance of the inductor.
VDD

R

L

VDD

VDD

C

M1

R

L

C

M2

R

L

VDD

C

M1

R

L

C

M2

Figure 3.6: Two cascaded common source amplifiers.

In the circuit shown in Figure 3.6, cross-coupled transistors behave as a negative
resistance. Forming another cross-coupled structure using PMOS transistors, as
shown in Figure 3.7, increases the total gain of the amplifiers and increases the
chance of oscillation using the same amount of supply current [3]. However,
PMOS transistors add more parasitics to the RLC circuit. This structure is
known as “complementary cross-coupled oscillator”.
There are other implementations for LC oscillators (e.g., Colpitts oscillator),
which are not discussed here, but the concept is the same for all
implementations. In all of these implementations, RLC circuit should be in a
feedback loop with sufficient gain and 360˚ of phase shift around the loop. In
on-chip implementation of LC oscillators, inductor design is one of the most
important tasks. In the next section, an overview of the on-chip inductor design
is presented.

3.4 On-Chip Inductors
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VDD

M3

M4

C
L

M1

M2

Figure 3.7: Complementary cross-coupled oscillator.

3.4 On-Chip Inductors
In fully integrated LC oscillators, it is typically required to implement the
inductors on-chip. On-chip inductors can be implemented using metal wires
available in the process technology. The most important parameters of on-chip
inductors are the quality factor (Q), self-resonance frequency, and the area.
Usually, on-chip inductors are implemented as spiral structures as shown in
Figure 3.8. In this section, some basic concepts about on-chip spiral inductors
are discussed.

3.4.1 Inductance Value
Figure 3.8 depicts a rectangular spiral inductor. Maxwell’s equations can be
used in order to calculate the accurate value of the inductance for a given spiral
structure. However, these equations are very complicated for numerical
calculations. A very accurate numerical solution may be obtained using 3D
finite element simulators, but these kinds of simulators require long run times. In
literature, various methods for the spiral inductor value calculation are
introduced [4]-[6].
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Figure 3.8: A rectangular spiral inductor.

A closed-form formula, which has less than 10% error for inductors in the range
of 5 to 50 nH and can be utilized for square shape spiral inductors, is as
5=3

L = 1:3 £ 10¡7

Am
1=6

Atot W 1:75 (W + G)0:25

(3.9)

where Am is the metal area, Atot is the total inductor area (i.e., ≈S 2 in the
inductor shown in Figure 3.8), W is the line width and G is the line spacing [7].
All units are metric.

3.4.2 Quality Factor and Resonance Frequency
The quality factor of an inductor (Q) is defined as
Q = 2¼

ES
EL

(3.10)

where ES and EL are the energy stored and the energy dissipated per cycle,
respectively [8]. This equation shows a general definition of the quality factor
for an inductor regardless of the mechanism that stores or dissipates the energy.
For an inductor, only the energy stored in the magnetic field is of interest and
ES is equal to the difference between the peak magnetic and electric energies
[9]. Once the peak magnetic and electric energies are equal, the inductor is in
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self-resonance and therefore Q reduces to zero at such a frequency. An on-chip
inductor is a three-port element including the substrate. It means there are
couplings between an on-chip inductor and the substrate on which the inductor
is implemented. Taking these couplings into account, more detailed definition
of the quality factor of an inductor is given in [9] as

Q=

0

1

!Ls @
Rp
³
´ A
Rs
Rp + (!Ls =Rs )2 + 1 Rs
µ
¶
R2 (Cs + Cp )
¡ ! 2 Ls (Cs + Cp )
£ 1¡ s
(3.11)
Ls

where Ls and Rs are inductance and series resistance values, respectively. Cs is
the capacitance due to overlap between the spiral and the center-tap underpass.
Rp and Cp are frequency-dependent resistance and capacitance, which model the
substrate coupling. Equation (3.11) has three distinguished parts: the first part
(!Ls =Rs ) is a linear function with respect to frequency, the second part is the
substrate loss factor and the third one is the self-resonance factor. Equating the
self-resonance factor to zero gives the self-resonance frequency of the inductor.
According to Eq. (3.11) the quality factor of an inductor, instead of having a
linear behavior with respect to frequency changes, starts to be reduced above a
certain frequency as shown in Figure 3.9.

Q

Qmax

0

fres

Figure 3.9: Frequency behavior of Q.

f (log)
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There are some techniques to increase the maximum achievable Q-value and the
frequency at which Qmax happens [9]-[11].

3.5 Phase Noise
The spectrum of an ideal oscillator can be considered as an impulse function at
the oscillation frequency. However, in practice, the spectrum exhibits phasenoise “skirts” around the center frequency, as shown in Figure 3.10. In order to
measure the phase noise of an oscillator, a unit bandwidth at a frequency offset
of ¢! is considered and noise power in this bandwidth is divided by the carrier
power. There are many studies aiming to quantify and formulate the phase noise
of oscillators. Some of them have tried to formulate it in the time domain [12],
[13], while there are formulations in the frequency domain as well [14], [15].
One of the earliest models for the phase noise of oscillators is derived by Lesson
[14], resulting in the following equation
L (¢!) =

1 ³ !0 ´ 2
4Q2 ¢!

(3.12)

where L (¢! ) is the phase noise at a frequency offset of ¢! with respect to the
carrier frequency and Q and !0 are the quality factor of the oscillator and the
carrier frequency, respectively. There are different definitions for Q-value for an
oscillator. The most practical one, which is applicable to variety of different
oscillatory behaviors, is as
Q=

!0 d©
2 d!

(3.13)

where !0 is the carrier frequency and © is the phase of the open-loop transfer
function of the oscillator [15].
Hajimiri [16] provides a model of the phase noise, which explains the
mechanism by which noise sources convert to the phase noise. For each
oscillator, an Impulse Sensitivity Function (ISF) is defined and based on this
function, its phase noise is quantitatively predicted. According to Hajimiri’s
model, the impact of any noise source on the oscillator phase noise varies across
the oscillation period and it has a time-variant nature. This property is reflected
in ISF definition.
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Figure 3.10: Spectrum of (a) an ideal oscillator, and (b) a real oscillator.

3.6 References
[1] B. Razavi, Design of Analog CMOS Integrated Circuits, McGraw-Hill,
2001.
[2] N. M. Nguyen and R. G. Meyer, “Start-up and Frequency Stability in HighFrequency Oscillation”, in IEEE J. Solid-State Circuits, vol. 27, pp. 810820, May 1992.
[3] J. Craninckx, M. Steyaert, and H. Miakawa, “A Fully Integrated Spiral-LC
CMOS VCO Set with Prescaler for GSM and DCS-1800 Systems”, in
Proc. IEEE Custom Integrated Circuit Conf. (CICC), pp. 403-406, 1997.
[4] H. M. Greenhouse, “Design of Planar Rectangular Microelectronic
Inductors”, in IEEE Trans. Parts, Hybrids and Packaging, vol. 10, pp. 101109, June 1974.
[5] C. P. Yue, C. Ryu, J. Lau, T. H. Lee, and S. S. Wong, “A Physical Model
for Planar Spiral Inductors on Silicon”, in Proc. IEEE Electron Devices
Meeting, pp. 155-158, 1996.

36

Oscillators

[6] S. S. Mohan, M. Hershensan, S. P. Boyd, and T. H. Lee, “Simple Accurate
Expression for Planar Spiral Inductors”, in IEEE J. Solid-State Circuits,
vol. 34, pp. 1419-1424, October 1999.
[7] B. Razavi, RF Microelectronics, Prentice Hall, 1998.
[8] H. G. Booker, Energy in Electromagnetism, Peter Peregrinus, 1982.
[9] C. P. Yue and S. S. Wong, “On-Chip Spiral Inductors with Patterned
Ground Shield for Si-Based RF IC’s”, in IEEE J. Solid-State Circuits, vol.
33, pp. 743-752, May 1998.
[10] K. B. Ashby, I. A. Koullias, W. C. Finley, J. J. Bastek, and S. Moinian,
“High Q Inductors for Wireless Applications in a Complementary Silicon
Bipolar Process”, in IEEE J. Solid-State Circuits, vol. 31, pp. 4-9, January
1996.
[11] J. Y. -C. Chang, A. A. Abidi, and M. Gaitan, “Large Suspended Inductors
on Silicon and Their Use in a 2-µm CMOS RF Amplifier”, in IEEE
Electron Device Letters, vol. 14, pp. 246-248, May 1993.
[12] A. A. Abidi and R. G. Meyer, “Noise in Relaxation Oscillators”, in IEEE J.
Solid-State Circuits, vol. 18, pp. 794-802, December 1983.
[13] T. C. Weigandt, B. Kim, and P. R. Gray, “Analysis of Timing Jitter in
CMOS Ring Oscillators”, in Proc. IEEE International Symposium on
Circuits and Systems (ISCAS), vol. 4, pp. 31-34, 1994.
[14] D. B. Leeson, “A Simple Model of Feedback Oscillator Noise Spectrum”,
in Proc. IEEE, pp. 329-330, February 1966.
[15] B. Razavi, “A Study of Phase Noise in CMOS Oscillators”, in IEEE J.
Solid-State Circuits, vol. 31, pp. 331-343, March 1996.
[16] A. Hajimiri and T. H. Lee, “A General Theory of Phase Noise in Electrical
Oscillators”, in IEEE J. Solid-State Circuits, vol. 33, pp. 179-194, February
1998.

Chapter 4
Injection Locking

4.1 Introduction
Oscillatory systems with environmental coupling and close frequencies can have
interaction resulting in changes in their phase and frequency. This phenomenon
has been called “injection locking”. For the first time, it was observed in the 17th
century, by the Dutch scientist Christian Huygens who is known for inventing
the pendulum clock. He noticed that the pendulums of two clocks, which were
hung close two each other on the wall, moved in unison [1].
Recently, there has been a great interest in on-chip applications of the
injection-locking phenomenon [2]-[9]. Although unintentional injection locking
might cause severe problems in on-chip implementations, this phenomenon can
be useful in a number of applications including jitter suppression in frequency
synthesizers [2], clock recovery [3], frequency division [4] and quadrature
oscillators [9].
Generally, the injection-locked oscillators (ILOs) are categorized based on the
relationship between the injection and the oscillation frequencies in three
different groups, namely, first-harmonic, superharmonic, and subharmonic
ILOs. In a first-harmonic ILO, the oscillator oscillates in a frequency equal to
the fundamental frequency of the injected signal, while in superharmonic and
subharmonic ILOs, the injection frequency is a harmonic [5] or subharmonic
[10], [11] of the oscillation frequency, respectively. However, superharmonic
and subharmonic ILOs are fundamentally special cases of first-harmonic ILOs
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and their frequency scaling property is provided by other mechanisms (e.g.,
device nonlinearities in on-chip applications). Due to this fact, appropriate
modeling of first-harmonic ILOs can give us a deep understanding of the
phenomenon and fundamental properties, which are applicable to other ILO
types as well. Furthermore, first-harmonic injection locking has shown great
potential of phase-noise reduction in on-chip applications [2], [7], [8], [12],
which requires proper analysis and mathematical formulations. However, in the
previous studies, there is a lack of detailed analysis of this phenomenon in
circuit applications, where its noise suppression capability is utilized. This
chapter presents an analytical formulation of first-harmonic injection locking in
on-chip ring oscillators. In this analysis, the behavior of ring oscillators under
first-harmonic injection locking is analyzed and Adler’s equation [13] is proven
based on the presented model. This chapter can be considered as an introduction
to the next chapter, in which a general model of ILOs is presented.

4.2 Injection Locking in Ring Oscillators
4.2.1 Phase-Variation
To analyze the effect of the injection-locking phenomenon on the output phase
of a ring oscillator under injection, a frequency-domain model can be utilized.
For simplicity, all equations are derived for a 3-stage ring oscillator; however,
the concept can be generalized as it is discussed in the next chapter. Based on
the discussion presented in Chapter 3 and Eq. (3.7), the open-loop transfer
function of a 3-stage ring oscillator is
H (j!) = ¡ Ã

A3
p

3!
1+j
!0

!3

(4.1)

where A is the voltage gain of an inverter stage and !0 is the natural oscillation
frequency of the ring oscillator.
To perform a first-order analysis, the injection into a ring oscillator can be
modeled as shown in Figure 4.1, where except the fundamental tone other
harmonics are neglected. In this model, we assume that !i is located at an offset
¢! with respect to the carrier frequency (free-running frequency) of the ring
oscillator (!0). Then
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!i = !0 + ¢!:
+

Vi cos !i t

+

(4.2)
Vo cos(!i t + µ)

Vx

Figure 4.1: A first-order model of injection into a ring oscillator.

In steady state, the total phase shift in the output can be calculated by
µ ='+»

(4.3)

where » is the phase of Vx and ' is the total phase shift in the inverter stages,
which is applied to Vx. From [6], we can write
tan (µ ¡ » ) = S sin µ

(4.4)

where S is the injection strength and it is defined as the ratio between the
amplitudes of the injected signal and the oscillator output. Combining Eq. (4.3)
and Eq. (4.4) yields
tan ' = S sin µ:

(4.5)

For a 3-stage ring oscillator, if each of the inverters contributes in one third of
the total phase shift in the ring oscillator then
' = 3®

(4.6)

where ® is the frequency-dependent phase shift contribution in one stage. Then
from Eq. (4.1)
tan ® = ¡

p

3 !i
:
!0

(4.7)

From Eq. (4.2) and Eq. (4.7)
p
tan ® = ¡ 3 (1 + ¸)

(4.8)
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¸=

¢!
!0

(4.9)

where ¸ is referred to relative lock range. From Eq. (4.6) and Eq. (4.8)
3 tan ® ¡ tan3 ®
1 ¡ 3 tan2 ®
p ¡
¢
p
p
3 3 ¸3 + 3¸2 + 2¸
¡3 3 (1 + ¸) + 3 3 (1 + ¸)3
=¡
=
:
9¸2 + 18¸ + 8
1 ¡ 9 (1 + ¸)2
tan ' = tan 3® =

Since ¸ ¿ 1, then:

p
3 3
tan ' ¼ ¡
¸:
4

(4.10)

In a ring oscillator, for an operating point at a frequency close to the carrier
frequency, the phase shift contribution in each stage will be close to ¡¼=3.
Applying the first-order Taylor approximation of y = f (x) to f (x) = tan x in
x0 = ¡¼=3 results in
f (x0 + ¢x) = f (x0 ) + ¢x

df
j
dx x=x0

¼
® = ¡ + ¢x
3
³ ¼
³
´
p
¼ ´
tan ® = tan ¡ + ¢x = ¡ 3 + ¢x 1 + tan2 (¡ )
3
3
p
) tan ® = ¡ 3 + 4¢x:

(4.11)
(4.12)

(4.13)

Combining Eq. (4.8) and Eq. (4.13) yields
¢x = ¡

From Eq. (4.12) and Eq. (4.14)

p

3¸
:
4

(4.14)

4.2 Injection Locking in Ring Oscillators
p
¼
3
¸:
®=¡ ¡
3
4
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On the other hand, the phase shift of the inverter stages (') can be written as a
function of the operating point frequency (y = '(!)). For frequencies close to
the carrier frequency, Eq. (4.2) and Eq. (4.11) result in
' (!i ) = ' (!0 + ¢!) = ' (!0 ) + ¢!

d'
:
d!

(4.16)

For a free-running oscillator at !0 the total phase shift in inverter stages is ¼.
Considering the frequency-dependent phase shift and by combining Eq. (4.6),
Eq. (4.15) and Eq. (4.16), we can write
Ã
p !
3
d'
¼
=3 ¡ ¡
¸ :
¡¼ ¡ ¢!
d!
3
4

(4.17)

p
d'
3 3
=
¸:
¢!
d!
4

(4.18)

Hence

From Eq. (4.10) and Eq. (4.18)
tan ' = ¡¢!

d'
:
d!

(4.19)

Combining Eq. (4.5) and Eq. (4.19) yields
S sin µ = ¡¢!

d'
:
d!

(4.20)

We define Q for an oscillator as
Q=

!0 d'
:
2 d!

Then by combining Eq. (4.20) and Eq. (4.21), we can write

(4.21)
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¢! = ¡

!0
S sin µ:
2Q

(4.22)

Replacing the corresponding equation from Eq. (4.2) into Eq. (4.22) yields
!0 ¡ !i ¡

!0
S sin µ = 0:
2Q

(4.23)

This equation which formulates the injection locking in the ring oscillators is a
simplified version of a well-known equation which will be discussed more in the
next subsection.

4.2.2 Delay Variation
Injection locking in ring oscillators can be also analyzed based on the delay
variation through the inverter stages. To gain more insight, let us consider the
first-order model shown in Figure 4.2, which is based on the injected current.

+

+
+

Figure 4.2: A first-order model of injection locking based on the injected current.

In this model, injection is modeled as an additional current, which is added to
the oscillating current. The average of the resulting current after the injection
determines the new propagation delay of each inverter stage. A phasor
representation of currents is shown in Figure 4.3. In this model, µ is the phase
difference between the injected and the output current and thus µ = ¯ ¡ ® (®
and ¯ are defined as shown in Figure 4.2). According to this model and using
Eq. (3.6), the propagation delay before and after injection (i.e., tp1 and tp2,
respectively) can be calculated by
CVdd
2 jIo jav

(4.24)

CVdd
:
2 jIo + Iinj jav

(4.25)

tp1 =

tp2 =
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Combining Eq. (3.4) with Eq. (4.24) and Eq. (4.25) gives
¼
2¼ jIo jav
=
N tp1
N CVdd

(4.26)

2¼ jIo + Iinj jav
¼
=
:
N tp2
NCVdd

(4.27)

!0 =

!i =

Io+Iinj
Io

δ
θ

Iinj

Figure 4.3: Phasor representation of the injected and resulting currents.

Using Eq. (4.2), Eq. (4.26) and Eq. (4.27), we can write
¢ ! = !0

µ

¶
jIo + Iinj jav
¡1 :
jIo jav

(4.28)

From phasor representation in Figure 4.3, it can be shown that
sin ± =

jIinj j
sin µ:
jIo + Iinj j

(4.29)

For small ¢!, Eq. (4.21) can be rewritten as
Q=¡

!0 ±
:
2 ¢!

(4.30)
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For small values of ± , sin ± ¼ ± and using Eq. (4.28), Eq. (4.29), and Eq. (4.30)
gives
¢!
S sin µ !0
=¡
¡1
!0
2Q ¢!

(4.31)

where S is the injection strength and equals
S=

jIinj jav
:
jIo jav

(4.32)

Replacing the ratio ¢!=!0 by ¸ (i.e., defined by Eq. (4.9)) in Eq. (4.31) yields a
2nd-order equation with respect to ¸ with two roots as

¸=

¡1 §

r

1¡

2S sin µ
Q

2

:

(4.33)

p
The approximation of 1 ¡ x ¼ 1 ¡ x=2 (x ¿ 1) can be applied to Eq. (4.33)
for weak injection case (S ¿ 1). Then considering ¸ ¿ 1, the only acceptable
root is

¸=

¢!
S sin µ
¼¡
:
!0
2Q

(4.34)

If µ changes, then the instantaneous frequency at the output will be !i + dµ=dt.
Replacing this instantaneous frequency into Eq. (4.34) gives
dµ
!0
= ! 0 ¡ !i ¡
S sin µ :
dt
2Q

(4.35)

Interestingly, Eq. (4.35) which is the generalized form of Eq. (4.23) is the same
equation, which was previously derived by Adler [13] with a different approach.
Once the oscillator is locked to the injected signal, µ remains constant with time
resulting in dµ=dt = 0. Rewriting Eq. (4.35) at the lock condition and denoting
(!0 =2Q) S by !L yield
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j¢! j ·

!0
¢ S = !L
2Q

(4.36)

!0 ¡ !L · !i · !0 + !L

(4.37)

where defines a frequency range, in which the output of the oscillator can be
locked to the injected signal. This range is called the lock range.
In order to inject an external signal into a ring oscillator, the circuit shown in
Figure 4.4 can be used. In this circuit, assuming inverters as voltage-dependent
current sources, injection strength can be approximately determined by
S¼
W1

W1
:
W2

W2

(4.38)

W2

W2

Vinj

Vo
Figure 4.4: Injection into a ring oscillator.

4.3 Phase Noise and Jitter
Since the output phase of an injection-locked oscillator is locked to the phase of
the injection source, the output phase noise of an injection-locked oscillator is
affected by the injected signal. In this section, the impact of injection locking on
the output phase noise and jitter of an oscillator under injection is discussed.

4.3.1 Phase Noise
In order to have a better understanding of the phase noise reduction property of
the injection-locking phenomenon, we will first discuss a simple formulation in
the frequency domain. A more accurate phase-noise formulation in ILOs is
presented in Chapter 5. Suppose that there is a free-running oscillator with its
fundamental frequency at !0. We assume that the noise is injected as an input to
the oscillatory system as shown in Figure 4.5. The output spectrum for this
system is shown in Figure 4.6. The spectrum exhibits phase-noise skirts around
the carrier frequency and the noise components close to the carrier frequency
have significant power.
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Utilizing Leeson’s equation [14], the noise shaping function for such a system is
expressed as
¯
¯2
³ ! ´2
¯Y
¯
0
¯ (j (!0 + ¢!))¯ = 1
:
¯N
¯
2
4Q ¢!

(4.39)

If a noise-less oscillator is injection-locked to an external source, within the lock
range we can assume it as a black box, as shown in Figure 4.7. With this
assumption, using Fourier transform, jH (j!)j (i.e., the closed-loop transfer
function in the lock range) can be calculated as
¯
¯ ¯
¯
¯ F (Vo cos (!i t + ¯)) ¯ ¯ Vo ¡j ! (¯ ¡®) ¯ 1
!i
¯
¯
¯
¯= :
=
e
jH (j!)j = ¯
¯ S
F (Vi cos (!i t + ®)) ¯ ¯ Vi
N(jω
ω)

+

+

H(jω
ω)

Y(jω
ω)

-

Figure 4.5: Noise is injected into the oscillatory system.

Y
(j )
N

0

2

0+

Figure 4.6: Output spectrum of an oscillatory system.

(4.40)
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closed-loop

Figure 4.7: Transfer function of an injection-locked oscillator.

Since the external noise is also shaped by the closed-loop transfer function of
the injection-locked oscillator, the noise shaping function can be written as
¯
¯2
¯Y
¯
¯ (j (!i ))¯ = jH (j!)j2 = 1 :
¯N
¯
S2

(4.41)

Now let us compare the phase noise of a free-running oscillator with an
injection-locked one. If we denote the phase noise of a free-running oscillator by
Lf ree and the phase noise of that when it is injection-locked by Linj, then the
ratio of these phase noises will be the same as the ratio of the noise shaping
functions. Utilizing Eq. (4.36), Eq. (4.39), and Eq. (4.41), we can write
4Q2
Linj
= 2
Lf ree
S

µ

¢!
!0

¶2

=

µ

¢!
!L

¶2

:

(4.42)

As mentioned earlier, in deriving Eq. (4.42) only the external noise has been
considered and it is assumed that the oscillator under injection is noise-less. Due
to this reason, the ratio of phase noise values approaches zero at the center of the
lock range. This equation shows that inside the lock range (¢! < !L) the total
phase noise of an injection-locked oscillator is less than that of the oscillator in
free-running oscillation. Furthermore, when the oscillator is injection-locked at
the center of the lock range, the phase noise reduction reaches its maximum but
for injection frequencies close to the edges of the lock range (!0 § !L), the
impact of phase noise reduction diminishes. For a frequency offset of !L from
the carrier frequency (¢! = !L ), the phase noise of the injection-locked
oscillator is the same as that of a free-running oscillator. A more detailed and
thorough analysis of phase noise in injection-locked oscillators is presented in
the next chapter.

4.3.2 Jitter
Figure 4.4 shows a technique to inject a periodic signal into a ring oscillator.
According to a z -domain model for this technique presented in [3], the oscillator
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under injection can operate as a first-order low-pass filter for the injected signal,
with a single pole located at
µ
¶
1
ln
1+S
(4.43)
p=
Tinj
where Tinj is the period of the injected signal and S is the injection strength
expressed by Eq. (4.38).
According to Eq. (4.43), by decreasing S we can locate the pole at lower
frequencies to filter out the high-frequency reference jitter and the large cycleto-cycle jitter due to duty cycle distortion. On the other hand, the value of S
cannot be chosen arbitrarily low, as weaker injections have less noise correction
capability. To gain better understanding, consider that the injection strength is
determined by the size of the injecting buffer (W1) and choosing a small size for
this buffer compared to W2 reduces the capability of the injected signal in
correcting zero crossing points in each period. In this case, the overall jitter is
dominated by the free-running jitter at the output of the oscillator under
injection.

4.4 Summary
In this chapter, an introduction to the injection-locking phenomenon in the
context of on-chip oscillators has been presented. Furthermore, first-harmonic
injection locking in on-chip ring oscillators has been analytically formulated. In
addition, a simplified model of the phase noise and jitter at the output of an
injection-locked oscillator has been introduced to explain the noise reduction
capability of injection locking. The discussed model in this chapter can be
generalized to other types of on-chip oscillators and based on it; more accurate
phase noise formulation can be derived, as it is discussed in the next chapter.
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Chapter 5
A General Model of Injection Locking

The discussion presented in Chapter 4 can be considered as a starting point to
gain better understanding of modeling and analysis of the injection-locking
phenomenon for on-chip applications. Furthermore, the simplified phase noise
analysis in Section 4.3 reveals the great potential of this phenomenon in phase
noise reduction, as it is confirmed by other studies as well [1]-[6]. Although the
analysis presented in Chapter 4 is mostly based on characteristics of ring
oscillators, it can be generalized to formulate the behavior of other types of
oscillators [7]. In this chapter, after presenting a general model of injection
locking, a more accurate analytical formulation of the phase noise in an
injection-locked oscillator is presented. The accuracy of the analysis and phase
noise formulation is supported by experimental results.

5.1 General Model
In a first-harmonic ILO, the injection and the oscillation frequencies are
identical and the phase difference between the injected signal and the oscillator
output is constant with time in steady state. A general model of first-harmonic
injection locking is shown in Figure 5.1. In this model, injection is modeled as a
signal, which is added to the oscillator output signal. In general, these signals
can be voltage or current signals depending on the oscillator structure.

51

52

A General Model of Injection Locking
+

+

Ainj cos(!i t + ®inj )

Ax

H (s)

Aosc

+

Ao cos(!i t + '0 )
Figure 5.1: A general model of first-harmonic injection locking.

We denote the difference between the injection frequency (!i) and the freerunning oscillation frequency of the oscillator (!0) by ¢!. Thus
!i = !0 + ¢!:

(5.1)

In Figure 5.1, Ax is the input signal to the open-loop transfer function of the
oscillation feedback. Hence, it can be expressed as
Ax = Ainj cos (!i t + ®inj ) + Ao cos (!i t + '0 ) :

(5.2)

Equation (5.2) can be simplified as
Ax = B cos (!i t + Ã )

(5.3)

where B is a function of Ainj, Ao, ®inj and '0, and
tan Ã =

Ainj sin ®inj + Ao sin '0
:
Ainj cos ®inj + Ao cos '0

(5.4)

If the total phase shift in the open-loop transfer function, H (s), is denoted by ',
then ' = '0 ¡ Ã. Thus, utilizing Eq. (5.4) we can write
tan ' = tan ('0 ¡ Ã) =

¼

Ainj sin ('0 ¡ ®inj )
Ao + Ainj cos ('0 ¡ ®inj )

Ainj sin ('0 ¡ ®inj )
= S sin ('0 ¡ ®inj ) :
Ao

(5.5)

The foregoing approximation is valid under weak injections, where Ainj is small
enough compared to Ao to neglect its associated term in the denominator. In Eq.
(5.5), S is the injection strength (i.e., the ratio of the injected signal amplitude to
the oscillator output signal amplitude).
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Regardless of the oscillator structure, Eq. (5.5) is a general equation, which
formulates the phase shift in the oscillator open-loop transfer function due to
injection locking. Since this phase shift is generated by H (s), considering the
nature of the open-loop transfer function in different oscillators gives us better
understanding of the phenomenon, as it is discussed in the next section.
5.2

Oscillator under Injection

In on-chip application, oscillators are typically implemented as ring oscillators
or LC oscillators based on the required specifications. The open-loop transfer
functions of these two types of oscillators have different natures. For this reason,
in order to formulate their behavior under injection locking, we investigate them
separately.

5.2.1 Ring Oscillators
Consider the linear model of an N -stage ring oscillator shown in Figure 5.2. The
linear model yields a first-order transfer function for each stage expressed as
¡A= (1 + sRC ), where A, R and C represent gain, the output resistance and the
load capacitance of each stage, respectively. Thus the open-loop transfer
function of an N -stage ring oscillator is expressed as

H (s) =

(¡A)N

(1 + sRC)N

:

(5.6)

N Stages
-A

-A
R

C

-A
R

C

R

Figure 5.2: A linear model of an N-stage ring oscillator.
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Utilizing Eq. (5.6), we can derive the total frequency-dependent phase shift in
inverter stages ('), versus R , C and oscillation frequency, as
' (!) = ¡N tan¡1 (RC!) :

(5.7)

At free-running oscillation frequency of the ring oscillator, the total frequencydependent phase shift in the inverter stages should be 180º (i.e., ' (!0 ) = ¡¼ ).
Considering this fact we obtain
!0 =

1
¼
tan :
RC
N

(5.8)

Substituting Eq. (5.8) into Eq. (5.7) yields
' (!) = ¡N tan

¡1

µ

!
¼
tan
!0
N

¶

:

(5.9)

According to Eq. (5.9), ' varies between 0 and ¡N ¼=2 (in 2¼ modules) based
on the oscillation frequency. In Figure 5.3, the graphical representation of Eq.
(5.9) for a 3-stage ring oscillator is shown. Now we define the quality factor of
an oscillator as
¯ ¯
!0 ¯¯ d© ¯¯
Q=
2 ¯ d! ¯!=!0

(5.10)

where © is the phase of the open-loop transfer function of the oscillator [8], [9].
Using Eq. (5.9) and Eq. (5.10), the quality factor of an N -stage ring oscillator
can be expressed as
Q=

N
2¼
sin :
4
N

(5.11)

Equation (5.11) shows that the quality factor of a ring oscillator cannot exceed
¼=2 and due to this fact, these oscillators are considered as low-quality-factor
oscillators.

5.2 Oscillator under Injection

55
ω0

0

ω

−π
−3π/2

ϕ
Figure 5.3: Phase versus oscillation frequency in a 3-stage ring oscillator.

When the ring oscillator is injection-locked to a source with a frequency of !i,
substituting Eq. (5.1) in Eq. (5.9) results in
³
¼´
' (!i ) = ¡N tan¡1 (1 + ¸) tan
N

(5.12)

where ¸ is defined by
¸=

¢!
:
!0

(5.13)

Since for weak
p injections ¸ ¿ 1, and also for an N -stage ring oscillator
tan (¼=N ) · 3 , a first-order Taylor approximation can be applied to Eq.
(5.12) to obtain
0

' (!i ) = ¡N ¢ @tan¡1

³

1
¼´
¼
1
A:
tan
+ ¸ tan
N
N 1 + tan2 ¼
N

(5.14)

Equation (5.14) is simplified as
' (!i ) = ¡¼ ¡

N¸
2¼
sin :
2
N

(5.15)
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Since N is a positive integer, the second term to the right is smaller than ¼¸,
which is typically a small value for weak injections. Therefore, the following
approximation is applicable
tan ' (!i ) = ¡ tan

µ

N¸
2¼
sin
2
N

¶

¼¡

2¼
N¸
sin :
2
N

(5.16)

Equation (5.16) formulates the frequency-dependent phase shift in the open-loop
transfer function of an N -stage ring oscillator, due to first-harmonic injection
locking. Based on Eq. (5.16), at a given injection frequency in an injectionlocked ring oscillator, ' (!i ) decreases by increasing the number of inverter
stages, but it cannot be less than ¡¼ ¡ tan¡1 (¼¸) for weak injections. In
conclusion, first-harmonic injection locking changes the total frequencydependent phase shift in an oscillatory loop and for a ring oscillator this
variation can be quantified utilizing Eq. (5.16). A similar method can be used to
determine an equivalent equation in LC oscillators, as it is discussed in the next
subsection.

5.2.2 LC Oscillators
The analysis presented in [6] is mainly based on the properties of LC oscillators.
In order to have a complete comparison with ring oscillators the fundamental
equations related to this type of oscillators are derived in this section.
The loop gain in an LC oscillator consists of an RLC circuit as shown in
Figure 5.4. Hence, the open-loop transfer function can be expressed as
H (s) =

RLs
:
+ Ls + R

RLCs2

(5.17)

From Eq. (5.17), the total phase shift in the LC tank is as
' (!) =

¼
L!
¡ tan¡1
:
2
R (1 ¡ LC! 2)

(5.18)

Since the
p oscillation frequency of the RLC circuit shown in Figure 5.4 is
!0 = 1= LC , Eq. (5.18) can be rewritten as
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' (!) =

¼
L!!02
¡ tan¡1
:
2
R (!02 ¡ ! 2)

R

C

(5.19)

L

H(s)

Figure 5.4: Open-loop transfer function of an LC oscillator.

Using Eq. (5.10) and Eq. (5.19), the quality factor of an LC tank is
Q=

R
:
L!

(5.20)

When the oscillator is injection-locked at ! = !i, from Eq. (5.19) we obtain
¡
¢
R !02 ¡ !i2
2R
tan ' (!i ) =
¼¡
¸
L!i!02
L!i

(5.21)

where ¸ is defined by Eq. (5.13). Equation (5.21) yields the frequencydependent phase shift in the open-loop transfer function of an LC oscillator
under injection and it is equivalent to Eq. (5.16). These equations formulate the
phase variation due to first-harmonic injection locking in ring and LC
oscillators. We expect that Eq. (5.16) and Eq. (5.21) demonstrate a similar
injection-locking behavior in these two types of oscillators. This similarity is
discussed in the next section.

5.3 Adler’s Equation
The frequency-dependent phase shift formulations for ring and LC oscillators
can be applied to the general model presented in Section 5.1. For this purpose,
by combining either Eq. (5.11) and Eq. (5.16) for ring oscillators or Eq. (5.20)
and Eq. (5.21) for LC oscillators, we obtain
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tan '(!i ) = ¡2Q¸:

(5.22)

Now if we compare Eq. (5.5), which has been obtained from the general model
in Section 5.1 with Eq. (5.22), we can extract the relationship between the
injection frequency and the phase shift due to injection locking as
S sin µ = ¡2Q¸ = ¡

2Q
(!i ¡ !0 )
!0

(5.23)

where µ = '0 ¡ ®inj. If µ varies, the instantaneous frequency at the output of the
oscillator under injection will be !i + d'0 =dt. Replacing !i by this value in Eq.
(5.23) yields
d'0
!0
= ! 0 ¡ !i ¡
S sin µ:
dt
2Q

(5.24)

As expected, the formulation based on the general model results in Adler’s
classic equation (Eq. (5.24)) [10].
As mentioned in Chapter 4, when oscillator is locked to the injected signal,
the phase difference between the input and output signals will be constant with
time (i.e., d'0 =dt = 0, for a constant input phase). This fact can be utilized to
derive the lock range of an injection-locked oscillator. However, for large
injections, the lock range does not follow Adler’s equation as expected from
previous studies [11], [12].

5.4 Phase Noise and Jitter
For an injection-locked oscillator, the output phase noise (Llocked ) mainly
originates from two sources: the phase noise of free-running oscillator (Lf ree)
and the phase noise of the externally injected signal (Lext). These two sources
can be assumed to be uncorrelated random processes. As discussed in Section
5.2, the frequency-dependent phase of the open-loop transfer function (H (s) in
Figure 5.1) at free-running oscillation frequency (i.e., ! = !0) for a ring
oscillator is ¡¼ , and for a LC oscillator is 0 (according to Eq. (5.9) and Eq.
(5.19)). Hence, for an injection frequency of !i close to !0, Eq. (5.10) results in
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Q¼
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!0 ¢© !0 ¡k¼ ¡ '
=
2 ¢!
2 ! i ¡ !0

(5.25)

where k is 0 for an LC oscillator and 1 for a ring oscillator. Equation (5.25) can
be rewritten as
tan ' = ¡ tan

µ

¶
2Q
(!i ¡ !0 ) :
!0

(5.26)

Combining Eq. (5.5) and Eq. (5.26) results in
2Q
(!i ¡ !0 ) = ¡ tan¡1 (S sin ('0 ¡ ®inj )) :
!0

(5.27)

For a small phase perturbation in the input signal (®inj + ¢®), the output phase
is '0 + ¢' and the instantaneous frequency at the output is !i + d¢'=dt.
Furthermore, we can model the phase noise of the oscillator under injection by
adding a noise component (!n) to !0. Inserting these values into Eq. (5.27)
yields
µ
¶
2Q
d¢'
!i +
¡ !0 ¡ !n = ¡ tan¡1 (S sin ('0 + ¢' ¡ ®inj ¡ ¢®)) : (5.28)
!0
dt

Since ¢µ = ¢' ¡ ¢® is a small value, the right side of Eq. (5.28) can be
approximated by
tan¡1 (S sin (µ + ¢µ)) ¼ tan¡1 (S sin µ) +

S cos µ
1 + (S sin µ)2

¢µ :

(5.29)

For weak injections (S ¿ 1), the (S sin µ)2 term can be neglected in Eq. (5.29).
Combining Eq. (5.28) and Eq. (5.29) yields
µ
¶
2Q
d¢'
!i +
¡ !0 ¡ !n = ¡ tan¡1 (S sin µ) ¡ S (¢' ¡ ¢®) cos µ: (5.30)
!0
dt
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From Eq. (5.27) and Eq. (5.30) we write
d¢'
= ¡ (!L cos µ) ¢' + (!L cos µ) ¢® + !n
dt

(5.31)

where
!L =

!0
S:
2Q

(5.32)

This is a first-order differential equation with respect to ¢'. Using Laplace
transform, Eq. (5.31) can be rewritten as
¢' (s) =

!L cos µ
1
¢® (s) +
!n (s) :
s + !L cos µ
s + !L cos µ

(5.33)

Substituting s = j¢!n yields the noise power spectral density of the locked
oscillator at the frequency offset of ¢!n from the carrier. Since ¢® and !n are
assumed to be uncorrelated processes, we can write
j¢'j2 =

!L2 cos2 µ
2

(¢!n ) +

!L2 cos2 µ

j¢®j2 +

1
2

(¢!n ) + !L2 cos2 µ

j!n j2 :

(5.34)

In Eq. (5.34), j¢'j2 and j¢®j2 are the noise power spectral densities of the
injection-locked output (Llocked;tot) and the externally injected signal (Lext),
respectively. Furthermore, if there is no injection, obviously the oscillator phase
noise will be equal to the free-running phase noise (Lf ree). Considering this fact
and inserting !L = 0 into Eq. (5.34) result in
Lf ree (¢!n ) =

j!n j2

(¢!n )2

:

(5.35)

Combining Eq. (5.34) and Eq. (5.35) yields the total phase noise after injection
locking versus two contributing sources, as
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Llocked;tot (¢!n ) =

+

!L2 cos2 µ
(¢!n )2 + !L2 cos2 µ
(¢!n )2

(¢!n )2 + !L2 cos2 µ

Lext (¢!n )

Lf ree (¢!n ) :

(5.36)

In Eq. (5.36), the relationship of the injection frequency and the free-running
oscillation frequency is implicit in the cosine term. In order to gain more insight,
we rewrite Adler’s equation (i.e., Eq. (5.24)) using Eq. (5.32) at lock condition
to obtain
cos2 µ = 1 ¡

(¢!)2
!L2

(5.37)

where ¢! is the difference between the injection frequency and the fundamental
oscillation frequency, and it is defined by Eq. (5.1). Substituting Eq. (5.37) in
Eq. (5.36) yields

Llocked;tot (¢!n) =

+

!L2 ¡ (¢!)2

(¢!n )2 ¡ (¢!)2 + !L2

(¢!n )2
(¢!n )2 ¡ (¢!)2 + !L2

Lext (¢!n )

Lf ree (¢!n ) :

(5.38)

Equation (5.38) is the key equation to predict the total output phase noise of an
injection-locked oscillator at different frequency offsets, and for different
injection frequencies inside the lock range.
To get better understanding, we examine two special cases on Eq. (5.38). In
the first case, we assume that the injection frequency is very close to the
oscillation fundamental frequency (i.e., ¢! ¼ 0 ). In this case Eq. (5.38) reduces
to

Llocked;tot (¢!n ) =

!L2

L (¢!n ) +
2 ext

(¢!n )2 + !L

(¢!n )2
(¢!n )2 + !L2

Lf ree (¢!n ) : (5.39)
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According to Eq. (5.39), if !inj ¼ !0, the near carrier noise (i.e., ¢!n ¼ 0) is
that of the externally injected source. For frequency offsets close to !L, the
contributions of the externally injected noise and the free-running internal noise
in the total phase noise are equal. Deviating further from the lock range, the
free-running phase noise becomes more dominant.
Now for the second special case, we assume that the oscillator is injectionlocked at the edge of the lock range (i.e., ¢! ¼ !L), then Eq. (5.38) reduces to
Llocked;tot (¢!n) = Lf ree (¢!n ) :

(5.40)

Hence, for injection at the edge of the lock range, the total phase noise of the
injection-locked output is that of the free-running oscillator.
Consequently, if the oscillator is injection-locked to a low-phase-noise source
at the center of the lock range, its output phase noise is reduced significantly. If
the injection frequency approaches to the edges of the lock range, the impact of
low-phase-noise injection in the phase-noise reduction will diminish.
These results can be utilized to formulate the time-domain behavior of an
injection-locked oscillator output phase. In the time domain, due to existence of
the noise, the spacing between zero-crossing points of the oscillator output
might change resulting in phase jitter. From [13], the phase jitter (¾ 2) can be
expressed as
¾2 =

Z

+1

S (f )
0

sin2 (¼f =f0 )
(¼f0 )2

df

(5.41)

where f0 is the fundamental oscillation frequency and S (f ) represent the noise
power spectral density. To estimate the phase jitter, we can measure the phase
noise of the oscillator under injection and the externally injected source in
different frequency offsets (¢!n). Then Eq. (5.38) gives us the corresponding
phase noise of the injection-locked oscillator. An integration based on Eq. (5.41)
over the achieved results determines the RMS value of the phase jitter. In order
to get an intuitive understanding of the jitter performance of an injection-locked
oscillator, let us investigate Eq. (5.41) mathematically. Equation (5.41) implies
that the area under the phase noise skirts in the oscillator output spectrum
determines the phase jitter. Since injection locking to a low-phase-noise source
can reduce the noise power under the phase noise skirts, it is translated to lower
phase jitter in the time domain [14]. The amount of jitter reduction can be
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calculated by Eq. (5.41) numerically as well, if the phase-noise reduction is
known.
The discussed capability of first-harmonic injection locking in phase-noise
reduction and jitter suppression, can be useful where the oscillator suffers from
high phase noise and it is desired to improve its phase noise performance in the
presence of a low-noise reference. In such cases, either the intrinsic phase noise
of the oscillator is high or there are other sources, which add noise to the output
of the oscillator. Ring oscillators are an example for the first case. They are
popular circuit elements because of their easy integration process in small
silicon area but as mentioned earlier, their quality factor is low and they suffer
high intrinsic phase noise. As an example for the second case, we can mention
bufferless resonant clock distribution networks [14]-[17], in which an LC
oscillator directly drives a time-varying capacitance. Since the load of the LC
tank has data-dependent nature, it is not possible to generate a low-noise clock.
In this case, although the intrinsic phase noise of an LC oscillator is low, the
additional data-dependent noise increases the output phase noise.
In the next section, two different on-chip implementations based on these
examples are presented, and the mathematical derivations are experimentally
verified.

5.5 Experimental Results
To verify our analysis and to demonstrate possible on-chip applications of firstharmonic injection locking, two implementation examples are designed and
fabricated in 0.13-µm standard CMOS process in a single test chip. In the first
example, we verify the equation derived for the phase noise of an injectionlocked oscillator in Section 5.4, utilizing a ring oscillator, and in the second one,
jitter-suppression capability of the injection-locking phenomenon is
demonstrated in a resonant clock distribution network.

5.5.1 Example 1: Ring Oscillator
In order to inject an external signal into a ring oscillator, the circuit shown in
Figure 5.5 can be utilized (as it is also mentioned in Chapter 4). In Figure 5.5,
assuming inverters as voltage-dependent current sources, the injection strength
can be approximately calculated by
S¼

W1
:
W2

(5.42)
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W1

W2

W2

W2

Vinj

Vo

Figure 5.5: Injection into a ring oscillator.

To verify our phase noise analysis, a similar injection method has been utilized.
The size of the injecting buffer is ten times smaller than that of inverters forming
the ring oscillators. According to measurement results, for injection at 1 GHz, an
injection locking range of 25 MHz is achieved. Since for a 5-stage ring oscillator
Eq. (5.11) gives Q = 1.2, by utilizing Eq. (5.24) at lock conduction, an injection
level of 30.5 dB below the oscillation level is predicted. It means the assumption
of weak injection holds in our measurements.
Figure 5.6 shows the output spectrums of the oscillator when it is free running
and under injection. Two sidebands close to the main tone are observed in
Figure 5.6 (b). The reason behind the existence of these sidebands at the output
spectrum is comprehensively discussed in the previous studies [6]. Furthermore,
the detailed frequency behavior of the injection-locked oscillators has been
mathematically analyzed in [6], [18], and [19].
Table 5.1 summarizes the phase noise measurements for the oscillator under
injection. The 2nd and 3rd columns in this table show the measured phase noise of
the injected signal (IS) and the oscillator under injection (OUI), respectively, at
1 GHz in different frequency offsets. In our experiments, the phase noise in two
different cases is investigated. In the first case, the phase noise of the injectionlocked ring oscillator has been measured, when it is locked at the edge of the
lock range (the 4th column in Table 5.1), and then for the second case, the same
measurements have been performed, when the ring oscillator is injection-locked
at 2.5-MHz offset from the center of the injection locking range (the 6th column
in Table 5.1). The 5th and the last column of Table 5.1 show our prediction of
the phase noise for these two cases based on Eq. (5.38). It can be observed that
our prediction of phase noise exhibits a worst-case error of 1.7 dBc/Hz.
As expected from Eq. (5.38), the total phase noise is dominated by the phase
noise of the injected signal, when the oscillators are locked close to the center of
the lock range. For injection at the edge, the phase noise of the oscillator under
injection is dominating.
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(a)

-58 dBc

(b)

Figure 5.6: Output spectrum of the oscillator. (a) Free-running, and (b) under injection
(10 dB/div vertical and 70 MHz/div horizontal scale).
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Table 5.1: Phase noise measurement results.

5.5.2 Example 2: LC Oscillator
In the second example, a very unique application of first-harmonic injection
locking is demonstrated. Resonant clocking has become popular in recent years
as a low-power alternative for power-hungry conventional buffer-tree clock
distribution [14]-[17]. In this technique, all of the intermediate buffer stages are
removed from the clock network and an LC oscillator directly drives the final
clock load. A detailed discussion on this technique is presented in Part III of this
thesis. In this section the main focus is on jitter reduction capability of the
injection-locking phenomenon.
A simplified schematic of the implemented resonant clock distribution
network is shown in Figure 5.7. An LC oscillator has been used to generate the
clock to drive the clocked elements. All transistor lengths are minimum size and
the widths are shown in microns. At each differential output, the oscillator
directly drives number of flip-flops via a low-resistive dense clock grid. The
oscillator utilizes an off-chip inductor, which is formed by a gold bonding wire,
with the length and diameter of 3 mm and 33 µm, respectively. The LC
oscillator oscillates at 1 GHz at start-up. Since the capacitive load has datadependent nature, the clock jitter is varying with data activity [14]. It means that
even if the free-running LC oscillator is very low-phase-noise, data activity will
increase the noise at the output of the oscillator. In such a situation, injection
locking can be beneficial for jitter suppression purpose. In order to incorporate
the injection locking capability, two additional transistors (i.e., M5 and M6 in
Figure 5.7) have been connected to oscillator outputs.
Figure 5.8 shows the measured clock jitter before and after injection locking for
data activities up to 60%. The peak-to-peak and RMS jitter of the externally
injected signal are 7.4 ps and 1 ps, respectively. As shown in Figure 5.9, by
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using this technique, the worst-case peak-to-peak jitter is reduced from 56.1 ps
down to 33.5 ps and the worst-case RMS jitter is reduced from 10.3 ps down to
5.8 ps. This example shows the effectiveness of injection locking in jitter
suppression, when the oscillator suffers from high phase noise because of the
nature of the application. In such a situation, even replacing the oscillator by a
very low-phase-noise one will not solve the problem. The photograph of the
implemented test chip is shown in Figure 5.10.
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Figure 5.7: Simplified schematic of resonant clock distribution network.
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Figure 5.8: Measured clock jitter in resonant clock network before and after injection locking.
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Jitterp-p = 56.1 ps
JitterRMS = 10.3 ps

(a)

Jitterp-p = 33.5 ps
JitterRMS = 5.8 ps

(b)
Figure 5.9: Measured worst-case jitter histogram (a) before, and (b) after injection locking.
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Figure 5.10: Chip photo.

5.6 Summary
Injection locking can be beneficial in many on-chip applications. This chapter
has focused on a study of this oscillation-based phenomenon for conventional
on-chip oscillators. In this study, a general model has been utilized to formulate
the phase noise of the injection-locked oscillators mathematically. Based on
measurements on two different on-chip circuit implementations in 0.13-µm
CMOS process, a good agreement between the presented analysis and the
experimental results have been observed. The discussed examples show great
potential of injection locking in noise suppression in on-chip application. In Part
III, where resonant clock distribution is presented as a low-power alternative for
today’s power-hungry clocking schemes, some other important applications of
injection locking are discussed.
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Chapter 6
Multiphase Oscillators

6.1 Introduction
Multiphase oscillators as a part of multiphase clock generators are crucial circuit
elements in many applications such as high-speed communication, clock and
data recovery, etc. Multiphase outputs can be achieved by employing different
circuit techniques. As an example a polyphase filter can produce quadrature
signals using differential outputs of a VCO [1], [2]. Another technique to get
quadrature output is to design a VCO that operates at double the desired
frequency, followed by a frequency divider [3]. The coupled VCOs structure [4],
[5], coupled resonators in a ring structure [6], and multiphase ring oscillators [7]
are also other alternatives to produce multiphase outputs.
In this chapter, a method for design of VCO with quadrature output (QVCO)
is presented, which is easily extendable to generate more number of phases [8].
The QVCO architecture discussed in this chapter uses a combination of coupled
ring oscillators concept and LC tank bandpass selectivity property, for
generating multiphase outputs.

6.2 General Considerations
An N -stage ring oscillator is shown in Figure 6.1. The oscillation period of the
ring is 2N td , where td is the propagation delay of each inverter stage (assuming
73

74

Multiphase Oscillators

identical stages). In order to generate multiphase output, we can couple a
number of ring oscillators in such a way that only m distinguished nodes are
formed. If the coupling is completely symmetrical, the formed nodes should
generate symmetrical multiphase outputs. Before going to details in the circuit
level description, a logical algorithm for the quadrature oscillator design is
discussed here.
N Stages

Figure 6.1: N-stage ring oscillator.

Figure 6.2: Logical description for quadrature outputs.

A logical description of quadrature outputs is depicted in Figure 6.2. According
to that, we define four binary variables denoted by xi (i = 0; 1; 2; 3). In each
state, we can assign a logical value “1” or “0” for a given variable depending on
its value in the previous state, where
xi = x¹i+2

i = 0; 1 .

(6.1)

These four variables are not completely independent. Then, we can define a
function, which relates the next state for a given variable to the current state of
two independent variables (which are not complementary). This function can be
defined as
¡
¢
x^i = f x(i+1) mod 4 ; x(i+2) mod 4

i = 0; 1; 2; 3

(6.2)
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where x^i represents the next state for the variable xi and “a mod b” function
gives the remainder of a=b. Now we consider two different cases for variables.
A variable which its value remains unchanged in the next coming state is called
strong variable, otherwise, it is called weak variable during a given state
transition. Comparing the first and the second state in Figure 6.2 shows that both
x1 and x3 are strong variables in this transition because their values remain
unchanged after the transition. In the next transition x1 and x3 are weak and x0
and x2 are strong. From Eq. (6.2) and using the table shown in Figure 6.2, we
can conclude that, the next state of a given variable depends on one weak and
one strong variable. For weak values, the value in the next state is the same as
the strong one, but as mentioned earlier, strong values are unchanged during the
transitions.
In order to design a coupled ring oscillator structure with quadrature outputs,
the above concept should be realized using circuit level implementation. For this
purpose, we can generalize the strong and weak variables concept to the voltage
values in a specific node in a circuit.
In1= '1'

Out = '0'

In2= '1'

In1= '1'

Cpar

Vdd

Out

Vdd
VM

Slow
Fast

Cpar

Gnd

Gnd

Figure 6.3: Strong and weak node transitions.

Figure 6.3 shows two inverters, which are connected to a single node. If both
inputs have the same logical value, the output will be clearly defined as
inversion of the inputs (strong value). However, if inputs have different logical
values (i.e., when one input is in transition), situation will be different. As an
example assume In1 = “1” and In2 = “0” and Out = “1”. If In2 changes from
“0” to “1”, Out should change from “1” to “0”. This transition has two different
phases. The first phase is when In2 is in a voltage less than switching threshold
(VM ) of the inverter. In this phase, output currents of inverters have different
directions and Out node is discharged slowly. In the second part, voltage of In2
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increases to more than VM and both inverters sink current from Out to speed up
the discharge process. This situation occurs for weak nodes. Considering Figure
6.2 and according to our discussion above, this circuit can be utilized as a
possible implementation for function f (x; y ) in Eq. (6.2). It should be pointed
out that the proposed realization is only valid for the state definitions shown in
Figure 6.2. Otherwise, in general, the circuit shown in Figure 6.3 might have
undefined input and output relation for specific state transitions. It means we can
use this circuit as a part of an oscillator, which carries out only the desired
transitions and unwanted states cannot occur. Hence, the only criterion is to
implement a circuit with four distinguished nodes, where the logical relation
between nodes is defined by Eq. (6.2) and f (x; y ) satisfies the state table of
Figure 6.2. Considering this criterion, we can implement a coupled ring
oscillator structure utilizing the circuit shown in Figure 6.3. The circuit
implementation is presented in the following section.

6.3 Coupled Ring Oscillators
Figure 6.4 shows the proposed implementation using two coupled 3-stage ring
oscillators. In this structure, four sub-circuits with structure shown in Figure 6.3
have been utilized to form four symmetrical nodes. These nodes generate
quadrature outputs as discussed in the previous section. The simulated
waveforms are shown in Figure 6.5. It can be observed that rising and falling
edges comprise fast and slow regions. When the node voltages are less than the
switching threshold of the inverters (VM ), the process of charging or discharging
is performed slowly, and after passing the threshold, it is speeded up.
The major drawback of the circuit shown in Figure 6.4 is its poor phase noise
performance. As the quality factor (Q) of a ring oscillator is low, it suffers from
high phase noise [9]. In order to improve the phase noise performance, we can
use the bandpass filtering nature of LC circuits.
D

B

C
A

Figure 6.4: Coupled ring oscillators.
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Figure 6.5: Simulated outputs of the coupled ring oscillators.

6.4 LC Tank-Based Filtering
An LC tank can operate as a bandpass filter. If we combine the circuit shown in
Figure 6.4, with an LC-tank-based filter, the overall output phase noise of the
quadrature outputs can be improved. This network can be added between two
complementary nodes (e.g., between A and C in Figure 6.4). Since crosscoupled inverters generate negative resistance, redrawing the whole circuit
shows that two LC oscillators are formed between the nodes of a 4-stage ring
oscillator. Detailed circuits are shown in Figure 6.6.

6.5 Tuning Range
As shown in Figure 6.6, ZT serves as an LC oscillator. In such an oscillator,
MOS varactors are typically utilized to obtain the frequency-tuning capability.
Normally, the tuning range of the previously reported state-of-the-art LC
oscillators is lower than 25% of the center frequency [10]. To achieve a wider
tuning range for the proposed QVCO, the concept of variable inductance can be
used [11]. As shown in Figure 6.7, two NMOS switches connected in series with
an inductor can create a variable inductance between two given nodes. When
switches are completely on, L2 is connected in parallel with L1 and the effective
inductance is decreased. Decreasing the control voltage (Vc) diminishes the
effect of L2 and the total inductance is increased. The relationship between the
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maximum and minimum achievable frequencies without using varactor can be
expressed as
fmax =

r

1+

L1
¢ fmin :
L2

(6.3)

-GC

LP

CP

GP -GC

ZT
D

ZT

A

C
ZT

B

Figure 6.6: Proposed QVCO.
VC
L2

L1

ZL,eff

Figure 6.7: Implementation of variable inductance.

According to Eq. (6.3), increasing the ratio of L1 =L2 widens the tuning range at
cost of higher total phase noise at the output of the oscillator. Adding MOS
varactors to this structure gives an additional increase in the tuning range. The
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final version of the proposed QVCO (Figure 6.6) uses ZT shown in Figure 6.8.
In this design L1 =L2 = 2 is chosen [11].

6.6 Test Chip Design
In order to evaluate the performance of the proposed QVCO, a test chip has
been designed in 0.35-µm standard CMOS process. The inductors are designed
in rectangular spirals, where two spirals in two top metal layers have been
connected in series to get more inductance per area. Furthermore, each inductor
is divided into two sections resulting in a completely symmetrical inductor with
lower phase noise [12]. Consequently, each tank needs four spirals and totally
eight of them are utilized in the test chip. The chip layout is shown in Figure 6.9.
The total active area (excluding pads) is 700×800 µm2.
Vc

ZL,eff

CP

GP

-GC

ZT

Figure 6.8: Final implementation of ZT .

700 µm

800 µm

Figure 6.9: Chip layout.
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6.7 Simulation Results
Figure 6.10 shows the simulated tuning characteristic of the proposed QVCO.
The oscillator exhibits relatively a linear tuning characteristic behavior. The
slope of variation is about 350 MHz/V. The total tuning range is about 1.2 GHz.
In Figure 6.11 the phase noise performance of the proposed QVCO is shown.
The worst-case phase noise at 1-MHz offset is –117.3 dBc/Hz over the tuning
range. It is obvious from the simulation results that the presence of L2 (shown in
Figure 6.7) increases the total phase noise, as it is expected. It can be considered
as a trade-off between having a wider tuning range and achieving lower phase
noise. Once the control voltage increases, less inductance is seen by the
oscillator (L2 is in parallel with L1) and consequently, higher oscillation
frequency is obtained. At the same time, the resistance of the NMOS switches
(shown in Figure 6.7) decreases the quality factor of the tank resulting in higher
phase noise. From the simulation results, the QVCO draws 26.1 mA from 3.3-V
supply. Table 6.1 summarizes the performance of the QVCO.

Frequency (GHz)

2.8
2.4
2
1.6
1.2
0

0.6

1.2

1.8

2.4

3

Tuning Voltage (V)

Figure 6.10: Tuning characteristic.

6.8 Summary
In this chapter, a new method for design of quadrature voltage-controlled
oscillators has been proposed. The concept can be extended to design a
multiphase oscillator with more number of phases. The proposed QVCO utilizes
(i) coupled ring oscillators for generation of the quadrature outputs, (ii) LCbased filtering for better phase noise performance, and (iii) variable inductances
for larger tuning range. Based on post-layout circuit simulations in 0.35-µm
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standard CMOS, at the oscillation frequency of 1.8 GHz, a frequency tuning
range of 1.2 GHz is achieved. The QVCO draws 26.1 mA from 3.3-V supply
and exhibits a worst-case phase noise of -117.3 dBc/Hz at 1-MHz offset, over
the tuning range.

Phase Noise (dBc/Hz)

-114

-118

-122

-126
1.4

1.6

1.8

2

2.2

2.4

Oscillation Frequency (GHz)

Figure 6.11: Oscillator phase noise.

Center frequency

1.8 GHz

Tuning range

1.2 GHz

Phase noise

-120.5 dBc/Hz

Supply current

26.1 mA

Supply voltage

3.3 V

Area

700 × 800 µm2

Process

0.35-µ
µm CMOS

Table 6.1: Performance summary.
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Chapter 7
Clock Generators

In high-performance microprocessors, a clock generator is an essential building
block in overall system timing and synchronization. Traditionally, a phaselocked loop (PLL) is employed for clock generation purpose. Since PLLs utilize
a voltage-controlled oscillator (VCO) for clock generation, frequency synthesis
is performed straightforwardly by adjusting the oscillation frequency of the
VCO to desired frequency. However, there are several challenging issues in the
PLL-based clock generator design, which make it considerably complicated.
Due to this fact, delay-locked loop (DLL)-based clock generators have recently
become popular. In a DLL-based clock generator, the clock synthesis process is
not as simple as that in PLL-based structures. However, stability, robustness,
and better jitter performance are important issues, which make DLLs more
popular. In this chapter, first a brief description of PLL and DLL structures is
presented and then some frequency multiplication techniques based on these two
elements are discussed.

7.1 Phase-Locked Loop (PLL)
A PLL is a feedback system, which receives a clock as input and produces
another clock as output and the output clock is compared with the input clock.
When the input and output clocks become identical in the frequency and their
phases are aligned, we say that the PLL is locked. A simple PLL structure is
85
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shown in Figure 7.1. In this structure, a phase detector (PD) compares the input
and output clocks and produces an output proportional to their phase difference,
a low-pass filter (LPF) takes the average of the PD output and finally, a VCO
generates the output clock based on the output of the LPF.
Vin

LPF

PD

VCO

Vout

Figure 7.1: A simple PLL.

The simplest PD can be implemented as an XOR gate and the simplest LPF can
be implemented using an RC circuit. However, investigating further in PLL
dynamics shows that the implementation shown in Figure 7.1 suffers from
several drawbacks. One of the most serious problems in this structure is “lock
acquisition” problem [1]. If in start-up, VCO operates at a frequency far from
the input frequency, loop may not be locked. This problem, which is studied and
formulated mathematically [2], can be solved by using a frequency detector
beside phase detector called as “aided acquisition”. Combining phase and
frequency detectors (PFD) results in the concept of charge-pump PLL. A block
diagram of a charge-pump PLL is shown in Figure 7.2.
VDD

I1

Vin

PFD

VCO
Cp
I2

Figure 7.2: Block diagram of a charge-pump PLL.

Vout
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Now considering a linear model for this structure, as shown in Figure 7.3, gives
a second-order closed-loop transfer function as
H (s) =

s2

KCP KV CO
+ KCP KV CO

(7.1)

where KV CO is the gain of the VCO and KCP is a constant, which is determined
by the charge-pump current and the low-pass filter. Assuming I1 = I2 = IP in
Figure 7.2, KCP equals
KCP =

IP
:
2¼CP

(7.2)

Figure 7.3: A linear model of the charge-pump PLL in frequency domain.

According to Eq. (7.1), the closed-loop transfer function contains two imaginary
poles and therefore it is unstable. For stabilization purpose, a zero can be added
to reduce the phase shift to less than 180˚ at the gain crossover [1]. It is typically
done by adding a series resistance (RP ) to CP . The closed-loop transfer function
of the charge-pump PLL after this modification can be written as
H (s) =

KCP KV CO (1 + RP CP s)
:
s2 + KCP KV CO RP s + KCP KV CO

(7.3)

Based on Eq. (7.3), the parameters of the charge-pump, loop filter, and VCO
should be selected carefully to have a stable PLL. The stability of the secondorder charge-pump PLL has been studied previously, suggesting certain criteria
on different parameters [3], [4]. Moreover, to suppress the ripple, a second
capacitor is added from the output of the charge pump to ground. This capacitor
adds one more pole to the transfer function, creating a third-order system
requiring more careful study of stability issues [3]. Many extensive studies on
analyzing, modeling and applications of PLLs show the importance of these
elements in modern integrated circuit technologies [5].
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7.2 Delay-Locked Loop (DLL)
DLL is a variant of PLLs in which input clock is compared with a delayed
version of it [6], [7]. In a DLL, the VCO of PLL is replaced by a voltagecontrolled delay line (VCDL). Input clock is delayed by an integer multiple of
its period. When the phase difference between input and output becomes zero,
we say that the DLL is locked. A block diagram of the DLL is shown in Figure
7.4. In this structure, a VCDL consisting of number of cascaded delay elements
is controlled by the output of the charge-pump (CP) after filtering. A PD is
utilized for phase comparison between the input and output clock. A 4-stage
implementation of VCDL and its waveforms when the DLL is locked are shown
in Figure 7.5.
VCDL

Vin

CP

PD

Vout

LPF

Figure 7.4: DLL block diagram.

As shown in Figure 7.5, a DLL can generate multiphase outputs, which are
basically equally spaced clock phases copied from the input clock.
Using the same method as in the previous section, a frequency domain model
of the DLL is shown in Figure 7.6. The transfer function of the VCDL is equal
to the gain of the VCDL and it is constant with frequency. It means that the
transfer function of the feedback system in a DLL is determined by LPF,
resulting in an interesting property for DLLs. Assuming a single capacitor (CP )
as LPF, the closed-loop transfer function of the DLL is as
H (s) =

KCP KV CDL
s + KCP KV CDL

(7.4)

where KV CDL is the gain of the VCDL and KCP is a constant vaule given by
Eq. (7.2).
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(a)

(b)
Figure 7.5: VCDL (a) 4-stage implementation, and (b) waveforms under lock condition.

Figure 7.6: Frequency domain model of the DLL.

From Eq. (7.4), we see that the DLL is a first-order system and therefore, it is
unconditionally stable. This property of the DLL makes it more popular than a
PLL, which suffers from stability issues. Different studies have been done in
order to compare the performance of PLLs and DLLs and in many cases DLLs
have shown great potential of being feasible alternatives for PLLs.
The discussed structures in this section for PLLs and DLLs are considered as
analog implementations. Moving further to digital domain in the integrated
circuit design field has created great interest in digital implementations as well.
Several novel high-performance digital PLL [8]-[10] and digital DLL [11]-[13]
implementations have been reported recently.
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7.3 Clock Multipliers
Typically, clock frequency multiplication is performed using PLLs and DLLs.
Different trade-offs should be considered in order to design a robust and precise
frequency multiplier for clock generation purpose. From a design point of view,
the stability concerns are the main issues, which make the design flow simpler
or more complicated. From the performance perspective, power dissipation,
jitter, accuracy and response time are some important items to be optimized.
In the following subsections, a brief comparison between these two frequency
multiplication strategies (PLL-based and DLL-based) is presented.

7.3.1 PLL-Based
A PLL can be employed in order to multiply the frequency of a reference clock
by a given value. Figure 7.7 depicts the concept of the PLL-based frequency
multiplication. Output frequency is divided by M in the feedback loop and the
result is compared with the reference frequency. The PFD compares fout =M
with fref and when PLL locks, fout =M is equal to fref . It means the output
frequency of the VCO is M times higher than that of the reference clock,
resulting in a frequency multiplication by M .
fref

PFD

CP/
LPF

VCO

fout

M
Figure 7.7: PLL-based frequency multiplication.

A division by N in the input of PFD can create a rational number (M =N )
multiplication possibility as well. It is also possible to control the division factor
by proper logic circuits to design a PLL-based frequency synthesizer.

7.3.2 DLL-Based
Beside the stability issues, which make the PLL design more complex and time
consuming, the jitter accumulation problem is another drawback for PLLs. Since
the jitter from VCO is circulated in the feedback system, it is accumulated over
several clock cycle [14], [15]. These facts are the main motivations for replacing
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PLLs by DLLs for clock multiplication purpose [16]-[19]. Considering different
DLL-based frequency multiplier structures, there is no unique technique for
DLL-based frequency multiplication. Typically, the multiphase clock outputs
produced by VCDL are combined using a separate circuit in order to create
more number of transitions from one transition.
As an example, Figure 7.8 shows the waveforms for a DLL-based frequency
multiplier presented in [17]. In this structure, a pulse generator produces short
pulses in each rising edge of the multiphase outputs. It means that if the number
of multiphase outputs is N , in each clock period N short pulses are generated.
Combining these pulses gives a clock with N =2 times higher frequency than that
of the reference clock [17]. The waveforms depicted in Figure 7.8 demonstrate
the N = 4 case.

frequency = f0

frequency =(N/2) f0

Figure 7.8: Waveforms of DLL-based multiplication proposed in [17].

The discussion above reveals that DLL-based frequency multiplication can be
used mainly for integer multiplication. The reported state-of-the-art DLL-based
frequency multipliers can only multiply the frequency by N (an integer number)
[16], [18] or by N =2 (fractional increment by 0.5) [17], [19]. This could be
considered as a drawback for these structures. Another drawback of DLL-based
frequency multipliers is that the additional large parasitics (introduced by the
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frequency multiplier circuit that is connected to VCDL outputs) can limit the
operation frequency range [17].

7.4 Summary
This chapter is dedicated to an overview of the on-chip clock generators. PLLs
and DLLs are two major groups of building blocks that are widely utilized in the
implementation of the clock generators. A comparison between PLLs and DLLs
has been presented that reveals the major trade-offs in design of the clock
generators based on them. Furthermore, some frequency multiplication
techniques based on PLLs and DLLs have been discussed.
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Chapter 8
DLL-Based Multiphase Clock Generation

8.1 Introduction
Multiphase DLL-based clock generators [1]-[3] are utilized in many high-speed
applications including clock and data recovery [4], [5], CMOS transmitters [6],
multi-GHz superscalar processors [7], and frequency multiplication for highfrequency clock generation [8], [9].
In such applications, low-power consumption and accurate phase generation
are essential requirements. However, one of the problems in DLL-based clock
generators that increases the total power dissipation and uncertainty at the clock
output is dithering around the average lock point. In a digital DLL, the best-case
error caused by dithering is +/-1 LSB. Due to this fact, during the lock condition
delay control circuits (e.g., phase detector, counter, etc.) operate continuously,
resulting in higher clock jitter and power dissipation. To overcome this
drawback, a digital DLL-based clock generator locked in the open-loop mode
has been proposed in [1]. In this structure, a lock detection mechanism disables
the feedback loop after lock to eliminate the jitter and extra power consumption
due to dithering. However, once the loop is opened, temperature and other
environmental variations might introduce phase error during the run time. To
solve this problem a phase-error compensation technique is proposed in this
chapter. The proposed technique takes advantage of the open-loop operation
during the lock condition to decrease the clock jitter and power dissipation and
eliminates the performance loss caused by unwanted phase variations.
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8.2 DLL-Based Clock Generators
DLL-based clock generators are popular circuit elements in many on-chip
applications. As discussed in Chapter 7, the main reason is that a DLL typically
utilizes a first-order feedback loop with ensured stability. It makes the
implementation of a DLL simpler compared to that of higher order systems
(e.g., PLLs). Furthermore, since the reference jitter is not fed back into the delay
line, jitter-accumulation phenomenon (which is a drawback for PLL-based clock
generators) is not observed in DLLs [10]. Another unique capability of DLLbased clock generators is multiphase clock generation. Since the delay line
consists of a chain of delay elements, equally spaced clock phases are generated
at the outputs of the delay stages in the lock condition.
n

Phase
Detector

Delay Controller

Ref

Delay Line

1

2

3

...

n-1

n

Figure 8.1: A simplified block diagram of a DLL-based multiphase clock generator.

A simplified block-level description of a DLL-based multiphase clock generator
is shown in Figure 8.1. The output of the delay line is compared with the
reference clock, utilizing a PD. Based on the phase deference between the inputs
of the PD, a control signal is generated for a delay controller. This delay
controller can be a charge pump in an analog DLL or a counter in a digital DLL.
The delay controller controls the total delay in the delay line by producing
proper signals. When the delay difference between the output of the delay line
and the reference clock is exactly one period of the reference clock, the DLL is
correctly locked. At this point, the edge of the output clock starts to move back
and forth around the edge of the reference clock to keep the DLL in the lock
condition.
To gain more insight, consider a digital implementation in which a counter
controls the delay line. Once the DLL is locked, the output of the counter will
oscillate around an average value. This oscillation, which is referred to DLL
dithering, increases the uncertainty at the output of the clock generator.
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Furthermore, since the counter and other control circuits are working
continuously during the lock condition, the total average power consumption is
expected to be higher than that of the DLL with disabled control circuits. In
order to eliminate the effect of dithering on the performance, a control
mechanism has been proposed in [1]. As shown in Figure 8.2, an extra block
called loop control unit (LCU) is responsible for disabling the control circuits
when the lock condition is ensured. In this condition, the output of the counter is
stored in a register to keep a fixed delay through the delay line. Subsequently,
the counter and other control circuits are disabled to avoid unnecessary power
dissipation. This operation basically converts the feedback loop into a fixed
delay and dithering is completely eliminated resulting in lower jitter and power
consumption. The main drawback of such a clock generator is that there is no
means to compensate the possible phase errors caused by environmental
variations (e.g., temperature variation, reference frequency change, supply noise,
etc.). To overcome this limitation, a new control mechanism is proposed in this
chapter, which allows open-loop operation in the lock condition, while keeping
track of any potential phase errors caused by unwanted variations. In the next
section, the proposed structure is discussed in detail.

n

Phase
Detector

Counter

Loop
Control
Unit

Register

Ref

Delay Line

1

2

3

...
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Figure 8.2: Structure of the multiphase clock generator proposed in [1].

8.3 Proposed DLL-Based Clock Generator
Figure 8.3 shows the structure of the proposed digital multiphase clock
generator. Based on the phase difference between the reference clock and the
output of the delay line, the phase detector generates up/down signal for a 5-bit
counter. The output of the counter controls the load at the output of the delay
elements in the delay line. The loop sampling frequency is 1/4 of the reference
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frequency to ensure the settlement of the loop before the next comparison. The
counter continues to alter the total delay in the delay line until the delay is
aligned with the reference clock period. Once the DLL is locked, dithering at the
output of the counter sends a closed-to-open-loop request to the LCU. At this
point, the feedback loop is opened by the LCU and the counter is disabled. In
order to keep a fixed load for the delay elements after opening the loop, the
output of the counter is transferred to a register. While the DLL is operating in
the open-loop mode, a phase-error compensation (PEC) block is responsible of
keeping track of potential phase errors. The open-loop operation is kept until the
output and the reference phases are locked. However, if any phase error is
detected, PEC block sends a closed-loop request to LCU and it closes the loop to
eliminate the introduced phase error. After relock, the loop is opened by LCU
once more. A brief description of the main blocks in the proposed structure is
discussed in the following subsections.

Figure 8.3: Proposed multiphase clock generator.

8.3.1 Phase Detector
Since a single-bit up/down signal is required to control the counting direction of
the counter, an edge-triggered flip-flop can be utilized as phase detector, as
shown in Figure 8.4. Rising edges of the reference and output clocks are
compared and the output of the flip-flop generates the control signal of the
counter. In order to increase the precision of the PD, a delayed clock is utilized
to control the keeper in the first latch as shown in Figure 8.4. By using this
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technique the keeper will be open slightly before the decision time of the first
latch and it helps to increase the timing precision of the PD.

Figure 8.4: Phase detector.

8.3.2 Delay Elements
Figure 8.5 shows the structure of the delay element utilized to build the VCDL.
The load of the inverter stage consists of five binary weighted capacitors
controlled by switches. The output of the counter adjusts the total delay through
the VCDL by controlling these switches.

Figure 8.5: Delay element.

8.3.3 Phase-Error Compensation Block
This block operates as an additional phase detector, which detects the difference
between the input and output phases. It consists of an XOR gate followed by a
low-pass filter and a comparator, as shown in Figure 8.6. The phase difference is
detected by the XOR gate. The output of the XOR gate is filtered by the lowpass filter. The filter basically averages the generated phase difference. The
output of the filter is compared with a predefined reference (Vr) utilizing the
comparator. While DLL is locked, the phase difference between the output and
reference clock is small. In this condition, the DLL operates in the open-loop
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mode. If due to any variation a mismatch is introduced between the phases, the
average voltage at the output of the low-pass filter will increase. If this average
value increases to more than Vr, the output of the comparator toggles to force the
DLL to enter to the closed-loop mode to compensate the phase error. When the
DLL relocks and compensates the unwanted phase error, the average voltage
deceases once more. It results in reactivation of the open-loop mode. The timing
diagram of PEC block is shown in Figure 8.7.

Figure 8.6: Phase-error compensation block.
Out of Lock

Φ0
Φ8
XORout
Vr

Filterout
Loop
Cont.

Open

Closed

Open

Figure 8.7: Timing diagram of the PEC block.

If we utilize a first-order RC filter in implementation of the PEC block, the
following constrains should be considered:
(i) The pole frequency of the filter should be low enough to average the output
of the secondary phase detector. Since the frequency at the output of XOR gate
is 2fref , choosing the pole frequency less than one tenth of this frequency yields
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RC >

10
:
2¼ £ 2fref

(8.1)

(ii) The response of the low-pass filter should be fast enough to ensure that its
output is settled down before the next counter cycle. The step response of the
first-order low-pass filter is settled down in about 4¿ . Furthermore, the counter
operates at fref =4, consequently

4RC <

4
:
fref

(8.2)

Combining Eq. (8.1) and Eq. (8.2) gives us the following range for RC product
in the low-pass filter:
0:8
1
< RC <
:
fref
fref

(8.3)

By utilizing this range, we can determine the parameters required for design of
the low-pass filter for the PEC block.

8.4 Experimental Results
The proposed clock generator is designed and fabricated in 90-nm CMOS
process. It operates in 1.4-2.5 GHz frequency range. Since the input frequency
range is wide and the filter characteristic should be designed based on the
operating frequency, a variable resistance is employed to adjust the filter
characteristics. Obviously, if the operating frequency is known or the circuit is
employed in a narrow reference frequency range (which is the case in most of
the clock generator applications) a fixed pole location can be determined based
on Eq. (8.3). Figure 8.8 shows two of the measured output phases (90o and
360o). The worst-case measured static phase error is 20 ps at 2.5 GHz. Figure
8.9 shows the measured output clock at 2.5 GHz in two different cases. The
upper waveform is measured when DLL operates in the open-loop mode with
the proposed structure, and the lower one depicts the closed-loop operation of
the DLL without control mechanisms. As shown in Figure 8.9, by utilizing the
proposed structure RMS jitter at 2.5 GHz decreases from 14 ps down to 3.7 ps,
due to elimination of dithering. Figure 8.10 shows the chip photograph. The
proposed clock generator dissipates 11 mW at 2.5 GHz using a 1-V power
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supply and occupies an active area of 0.07 mm2. About 12% power saving is
achieved by utilizing the closed-to-open-loop conversion mode. The extra power
needed for loop-control circuits has been considered in the power-saving
measurement. As discussed earlier, this power saving is mainly obtained due to
deactivating unnecessary operations during the lock condition. Table 8.1 shows
a comparison between this work and previously published DLL-based
multiphase clock generators.
360o phase

90o phase

f =2.5 GHz

Figure 8.8: Measured output phases (90o and 360o) at 2.5 GHz (200 ps/div horizontal scale).

Open Loop – JitterRMS=3.7 ps

Closed Loop – JitterRMS=14 ps

Figure 8.9: Measured clock at 2.5 GHz in open-loop and closed-loop operations.
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Figure 8.10: Chip photo.

ISSCC’03
[1]

JSSC’04
[2]

ISSCC’07
[3]

This Work

Type

Digital

Digital

Analog

Digital

Process

0.15 µm

0.35 µm

0.13 µm

90 nm

Frequency

2.1-3.5 GHz

20-85 MHz

Supply

1.6 V

3.3 V

1.2 V

1V

Jitter (RMS)

-

154 ps

1.6 ps

3.7 ps

(@85 MHz)

(@700 MHz)

(@2.5 GHz)

Jitter (p-p)

20 ps

310 ps

12 ps

22 ps

(@3.5 GHz)

(@85 MHz)

(@700 MHz)

(@2.5 GHz)

0.14 mm 2

1.9 mm 2

0.22 mm 2

0.07 mm 2

70 mW

-

Area
Power

(@3.5 GHz)

40-800 MHz 1.4-2.5 GHz

43 mW

11 mW

(@700 MHz)

(@2.5 GHz)

Table 8.1: Performance compression with previous works.
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8.5 Summary
DLL dithering around the average lock point increases the clock jitter and the
total power consumption in a DLL-based multiphase clock generator. In this
chapter, a circuit technique has been introduced to solve this problem. In the
proposed structure, DLL operates in the open-loop mode once it locks. In this
mode, a compensation mechanism keeps track of any potential phase errors
introduced by environmental variations (e.g., temperature, supply noise, etc.).
To verify the proposed technique, a test chip has been designed and fabricated in
90-nm standard CMOS process. Measurements at 2.5-GHz shows about 12%
power saving and significant jitter suppression (from 14 ps down to 3.7 ps RMS)
utilizing the proposed structure.
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Chapter 9
DLL-Based Frequency Multiplication

9.1 Introduction
As it is discussed in Chapter 7, typically, PLLs are utilized for frequency
multiplication in the conventional clock generators [1], [2]. However, they
suffer from several drawbacks. First of all, PLLs are higher-order systems with
stability issues. The loop bandwidth of a PLL can change due to PVT variation,
resulting in stability problems. Furthermore, since the output of the VCO is fed
back into the loop, jitter accumulates over the oscillation cycles causing a peak
phase error considerably lager than the original phase variation [3]. These issues
affect the overall performance of a PLL and make the design process of a PLLbased clock generator complex, time-consuming and challenging. Alternatively,
DLL-based clock generators with first-order loops have been proposed with
more robust stability performance [4]-[11]. Unlike the PLL-based schemes,
which employ the VCO for frequency multiplication, in DLL-based clock
generators an additional frequency multiplier circuit is required to combine the
phases produced by the delay line in order to multiply the frequency by a given
factor. Different circuit techniques have been reported for DLL-based frequency
multiplication [4]-[8].
Based on the discussion presented Chapter 8, DLL dithering around the
average lock point increases the power dissipation and output clock jitter. To
solve this problem, a digital DLL-based clock generator locked in open-loop
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mode has been proposed in [9]. The main drawback of the open-loop
functionality is that once the loop is opened, the environmental variations (e.g.,
temperature, supply noise, etc.) might introduce phase error during the run time.
In order to overcome this drawback, a phase-error compensation technique has
been proposed in [12] to take advantage of the open-loop mode during the lock
condition and to eliminate the performance loss due to the introduced phase
error. This Chapter describes a digital DLL-based frequency multiplier, which
employs the open-loop mode functionality with phase-error compensation and
utilizes a robust frequency multiplication technique [13].

9.2 Proposed Frequency Multiplication Technique
A simplified block diagram of the frequency multiplier is shown in Figure 9.1.
A 2n-input multiplexer selects the different phases generated by the delay line.
The select signal of the multiplexer is generated by an n-bit counter. The output
of the multiplexer provides the clock signal for the counter. To gain better
understanding of the functionality of the frequency multiplier, consider the
timing diagram shown in Figure 9.2 for n = 2 case. When the output of the
counter is “0”, the multiplexer selects ©0. It means ©0 becomes the clock signal
for the counter. When the rising edge of ©0 is received by the counter, the output
of the counter becomes “1” and the multiplexer selects ©1 as the clock signal for
the counter. The output of the counter remains unchanged until the rising edge
of ©1 is received. In this way, the counter counts up and this process is repeated
2n times in one period of the reference clock. Consequently, the frequency at the
output of the multiplexer is 2n times of the reference frequency and the
frequency multiplication is preformed.
Since the propagation delay of the counter is different in generating different
outputs, the signal at the output of the multiplexer suffers from a variable duty
cycle. Two solutions can be employed to solve this problem. One solution is to
utilize an extra duty cycle correction circuit, if a multiplication factor of 2n is
required. The output of the frequency multiplier is applied to a duty cycle
corrector to get a 50% duty cycle. Clearly, in this solution, an additional circuit
for this purpose should be designed and its extra power is added to the total
power dissipation of the frequency multiplier. The second solution is to trade off
between the multiplication factor and utilizing an additional circuit. As shown in
Figure 9.2, the LSB output of the counter has a 50% duty cycle. This output can
be considered as the final output of the frequency multiplier. However, by
utilizing this output the multiplication factor reduces by half (i.e., 2n¡1 instead of
2n). Depending on the given specifications, the total power dissipation
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requirements, and the desired multiplication factor, either of these two solutions
can be applicable.
n bits
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Figure 9.1: Frequency Multiplier.
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Figure 9.2: Timing diagram of the frequency multiplier for n = 2.
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To find the relationship of the multiplication factor and the number of delay
elements, we can consider that the number of generated phases is the same as
the number of the delay elements in the delay line. Thus for an m-stage delay
line
fLSB =

m
fref
2

(9.1)

where fLSB is the frequency of the LSB output of the counter and fref is the
frequency of the reference clock. The main constrain that determines the
operating frequency of the proposed structure is the total delay through the
critical path in the feedback loop. If the worst-case delay of the counter from the
clock input to the output is tc and the worst-case delay of the multiplexer from
the select input to the output is tm, then for correct functionality, the period of
the reference clock should satisfy
Tref
> tc + tm
m

(9.2)

where Tref and m are the period of the reference clock and the number of delay
elements in the delay line. In Eq. (9.2) a lower limit for the period of the
reference clock is determined, however, other factors (e.g., clock jitter,
interconnect delays, etc.) should be considered to determine more accurate
boundary for the operating frequency.

9.3 Experimental Results
In order to verify the described frequency multiplication technique, a digital
DLL-based frequency multiplier has been designed and fabricated in 90-nm
CMOS process. A similar DLL structure to that discussed in Chapter 8 has been
employed. The multiphase output of the DLL is applied to the proposed
frequency multiplier structure. Using a 1-V supply, the frequency multiplier
operates at 2 GHz. In the implemented test chip, a multiplication factor of 4 is
utilized. While operating in the open-loop mode at 2-GHz output frequency, the
digital DLL and the frequency multiplier dissipate 6.75-mW and 0.25-mW
power, respectively. The measured total power saving in the open-loop mode in
comparison with the conventional closed-loop operation (i.e., without utilizing
the loop-control circuits) is about 14%. The extra power required for loopcontrol circuits has been considered in the power-saving measurements. The
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measured frequency multiplier output at 2 GHz is depicted in Figure 9.3. At this
frequency, the measured peak-to-peak and RMS clock jitter at the output of the
frequency multiplier are 9.5 ps and 1.6 ps, respectively. The test-chip
photograph is shown in Figure 9.4. The proposed structure occupies 0.037 mm2
of the active area.

Multiplied Output (×4) @ 2 GHz

Reference Clock @ 500 MHz

Figure 9.3: Measured output clock at 2 GHz (200 ps/div horizontal scale).

200 µm

Digital DLL
FM

Figure 9.4: Chip photo.

A comparison between this work and the previously reported DLL-based
frequency multipliers is shown in Table 9.1. In this table the main characteristics
such as operating frequency, jitter, power consumption, etc. are compared.
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9.4 Summary
In this chapter, a digital DLL-based frequency multiplication technique has been
presented. In order to reduce the power consumption and jitter caused by DLL
dithering, the DLL operates in open-loop mode in the lock condition. An
additional phase-error compensation circuit has been employed to keep track of
the potential unwanted phase errors introduced by environmental variations. The
proposed structure has been implemented in 90-nm standard CMOS process and
operates at 2 GHz consuming 7-mW power from a 1-V supply. Measured power
saving achieved by utilizing the open-loop mode is about 14% at 2-GHz output
frequency.

JSSC’02
[4]

JSSC’02
[5]

ISSCC’05
[6]

VLSI
Symp.’07
[7]

This Work

Type

Analog

Analog

Analog

Digital

Digital

Process

0.18 µm

0.35 µm

0.35 µm

0.13 µm

90 nm

Frequency

2 GHz

1.1 GHz

1.8 GHz

1.6 GHz

2 GHz

Supply

1.8 V

3.3 V

3.3 V

1.2 V

1V

Jitter (RMS)

1.6 ps

2 ps

1.8 ps

1.4 ps

1.6 ps

(@2 GHz)

(@1.1 GHz)

(@1.8 GHz)

(@1.6 GHz)

(@2 GHz)

Jitter (p-p)

13.1 ps

14.6 ps

12.2 ps

11.7 ps

9.5 ps

(@2 GHz)

(@1.1 GHz)

(@1.8 GHz)

(@1.6 GHz)

(@2 GHz)

Area

0.05 mm2

0.07 mm2

0.07 mm2

0.037 mm2

0.037 mm2

Power

12 mW

42.9 mW

86.6 mW

6 mW

7 mW

(@2 GHz)

(@1.1 GHz)

(@1.6 GHz)

(@1.6 GHz)

(@2 GHz)

Table 9.1: Performance comparison with previous works.
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Chapter 10
Introduction to Resonant Clocking

A significant fraction of the total active power consumption in microprocessors
and other advanced multi-GHz VLSI chips is due to clocking [1], [2].
Conventional high performance clocking techniques are mature and robust. Still,
they are based on a relatively rigid and traditional philosophy, which enforces a
power-hungry clock distribution network, leaving almost no room for low
power. Typically, in the conventional clock distribution networks, buffer stages
are utilized to deliver the clock signal to different parts and sections inside the
network. These buffer stages are shown to be power-hungry and inefficient
components of clocking network. Due to this fact, several resonant-clocking
techniques have been proposed recently as low power alternatives for traditional
schemes [3]-[9] . In this chapter, an introduction to the concept of resonant clock
distribution is presented and using a simplified model, its power efficiency in
comparison with the conventional clocking is proven.

10.1 Resonant Clocking
The clock distribution network of a microprocessor can be divided into global
and local networks [3]. In Figure 10.1, a simplified model of the conventional
buffer-driven clock distribution network is shown. In this network, the global
clock distribution consists of the clock sources, interconnects, and buffer stages
required for driving the final load. Furthermore, the local clock distribution
117
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comprises latches, gates, and wires which connect them to the global network.
Since buffer stages drive the final load in parallel, they can be combined to form
a simplified model shown in Figure 10.1. This model consists of m buffer stages
designed with a tapering factor of n, where the final driver stage drives the
actual clock load, CL. We assume that the exponential tree is designed with
balanced tapering factor and it means that the input capacitance of each stage is
the output capacitance of the stage divided by the tapering factor. Based on this
assumption, we can approximate the total capacitance of the clock distribution
network as
Ctot = CL +

CL C L
nCL
+ 2 + ::: ¼
:
n
n
n¡1

(10.1)

C

C

C

C

Clock

Clock

n

nm-1

nm

CL
nm

CL
n2

CL
n

CL

Figure 10.1: Simplified model of the conventional buffer-driven clocking.
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Based on Eq. (10.1), the dynamic power dissipation in the clock distribution
network can be estimated as
2
=
Pconv = Ctot f Vdd

2
nCLf Vdd
n¡1

(10.2)

where f is the clock frequency and Vdd is the power-supply voltage. Now let us
rewrite Eq. (10.2) as
2
+
Pconv = CL f Vdd

2
CL f Vdd
Pl
= Pl +
n¡1
n¡1

(10.3)

where Pl is the power dissipation in the last buffer stage driving the final load.
According to Eq. (10.3), the power dissipation in the last buffer stage is n ¡ 1
times of that in the rest of the stages. As a numerical example, if a tapering
factor of 3 is employed, about 66% of the total clock power is dissipated in the
final driver stage.
The discussion above is the key point which motivates the concept behind the
resonant clocking. In order to reduce the clock power, we must remove the main
contributor which is the last driver stage and this means that we have to remove
all the driver stages and drive the load directly by a clock source. If we keep any
buffer connected to the final load, it will play the role of the last stage
dissipating the main portion of the total power. Figure 10.2 represents a model
of the bufferless resonant clock distribution, where an LC oscillator directly
drives the final load consisting of clocked devices (flip-flops, latches,
precharged logic, etc.). Hence, the energy resonates between the inductor LP
and the clock load CL enabling charge recovery clocking. In this figure, RP
represents the total parasitic resistive loss in the clock distribution network and
in the inductor, LP . This resistive loss accounts for the power dissipation in the
charge recovery clocking network.
Sinusoidal Clock

Iosc

RP

LP

CL

Figure 10.2: Simplified model of a bufferless resonant clock network.
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In order to compare the clock power in the resonant clocking and the
conventional clocking, we assume the output clock in the resonant clocking is in
the form of vo = (Vdd =2) sin(!0 t + ') + (Vdd =2) providing the rail-to-rail swing.
In this case, the dynamic power dissipation in the resonant clock network can be
estimated as

Pres =

1
T

Z

0

T

vo2 dt

RP

=

3(Vdd=2)2
3
2
=
¼CLf Vdd
2RP
4QT

(10.4)

where QT is the quality factor of the LC tank utilized in the resonant clock
network. From Eq. (10.2) and Eq. (10.4), we can write
3¼(n ¡ 1)
Pres
=
:
Pconv
4QT n

(10.5)

From Eq. (10.5) we can conclude that the resonant clocking has great potential
for substantial power savings. As an example, according to Eq. (10.5) for a
tapering factor of 3 for the conventional clock buffers, QT > ¼ would result in
more than 50% clock power saving in the resonant clocking network compared
to the conventional scheme. Although ideally the power efficiency of a resonant
clocking scheme can approach 100%, in today’s standard CMOS technologies,
the energy losses due to the parasitic resistances in the inductance and
interconnect network result in considerable clock power dissipation. However,
significant clock-power savings can still be achieved compared to conventional
clocking schemes. Such power savings have recently been reported [3], [5]-[7],
[9].

10.2 Impact of Tank Quality Factor
According to Eq. (10.5), the total clock power saving in the resonant clock
network compared to the conventional scheme strongly depends on the quality
factor of the LC tank utilized in the resonant circuit. The value of QT in Eq.
(10.5) is determined by the quality factor of the inductor and capacitor. The
quality factor of an inductor is given by
QL =

RL
!0 L

(10.6)
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where RL is the equivalent parallel parasitic resistance of the inductor [10].
Furthermore, the quality factor of a capacitor is given by
QC = !0CRC

(10.7)

where RC is the equivalent parallel parasitic resistance of the capacitor [10].
From Eq. (10.7), the quality factor of an LC tank is
Qtank = !0 CL (RL k RC ):

(10.8)

Utilizing Eq. (10.6)-Eq. (10.8), it can be proven that
Qtank = QL k QC :

(10.9)

Typically, the quality factor of a capacitor is very high compared to the quality
factor of an inductor. It means that based on Eq. (10.9), the quality factor of a
tank is limited by the quality factor of its inductor. Interestingly, it is not the
case in the resonant clock distribution network. Since the resistance of
interconnects between the oscillator and the final load appears as a series
resistance for the tank capacitance, the quality factor of capacitor is reduced
dramatically. To gain more insight into this fact, let us consider a numerical
example. If the network resistance is about 1 Ω, for 1.5-GHz oscillation
frequency in a resonant clocking network with a total clock load of 18 pF, the
quality factor of the capacitor will be about 6. It means that utilizing an inductor
with quality factor of 12 will result in a tank quality factor of only about 4. The
situation will be even worse, if the clock load increases. Thus highly energyefficient LC tank clock resonators require not only high-Q inductors but also
low-loss on-chip clock network [7].

10.3 Summary
Resonant clock distribution has recently gained considerable attention as a lowpower alternative for the conventional power-hungry buffer-driven clock
distribution. In this clocking strategy, all of the intermediate buffer stages are
removed and the final load is directly driven by an LC oscillator. Since energy
resonates between the capacitive load and the inductor, ideally no power is
dissipated. However, in practice, the resistive loss in interconnects and tank
inductance reduces the power efficiency by reducing the quality factor of the LC
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tank. In the next chapters, a thorough discussion about the challenges in design
of a resonant clock distribution network is presented. In Chapter 11, the main
challenges in increasing the power efficiency are discussed and a practical
demonstration of such a clocking network is presented. In Chapter 12, clock
jitter and output frequency spectrum characteristics are analyzed. Furthermore,
the application of the injection-locking phenomenon in jitter suppression in the
resonant clocking network is investigated practically.
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Chapter 11
Resonant Clocking Implementation

11.1 Introduction
Based on the presented discussion in Chapter 10, resonant clock distribution
networks are considered as low-power alternatives for conventional clock
networks. Several works have been reported on this type of clocking, targeting
the clock power reduction [1]-[7]. In [1], a global resonant clocking has been
proposed which mainly addresses the global clock skew. However, the local
clock distribution is performed by utilizing conventional clock buffers. This
results in minor clock power savings due to the fact that the most dominant
portion of the total clock power is dissipated in the final driver stages, which
drive the actual clocked devices [2]. For efficient charge recovery resonant
clocking, the LC tank should directly drive the entire clock load without using
any intermediate clock buffers (i.e., bufferless resonant clock distribution). In
[2]-[7], such a clocking network has been implemented, where the capacitance
of the actual clock load has been utilized as the capacitance of an LC tank. In
[3], a 1.1-GHz charge recovery clocking is reported, requiring dual-rail logic
and additional boost stages. In [2], [4]-[7], a more general technique is studied,
where there is no requirement on the logic style of the clocked core. The clock
frequency in [4] has been limited to 147 MHz (with off-chip inductance) due to
the oscillation failure of the on-chip LC tank. In [7], the forced clock resonator
operates within a frequency range of 900 MHz to 1.2 GHz. However, the clock
load has been simplified by a fixed capacitance. Finally, the measurement
125
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results in [2] demonstrate a 1.56-GHz bufferless resonant clocking with a
realistic load (i.e., pipelined data-path). These studies show that charge recovery
resonant clocking has potential for substantial clock power savings. However,
several challenging issues have to be solved in order to make such a clocking
strategy a sufficiently feasible alternative for the power-hungry but wellunderstood conventional clocking schemes. One of the major problems with
bufferless charge recovery resonant clocking is large data-dependent clock jitter
[5]. The interaction between clock and data paths results in a severe jitter
peaking, which requires deep understanding and efficient jitter-suppression
techniques. A comprehensive discussion and analysis of jitter characteristics is
presented in the next chapter. In this chapter, two practical demonstrations of
bufferless resonant clock distribution networks are presented. The main
difference between these two demonstrations is in the inductor implementation.
Comparisons between two identical networks with different inductor
implementations show the impact of the tank quality factor on the total power
savings and reveal the challenges in the design of a low-loss clocking network.

11.2 Test Chip Implementation
Figure 11.1 shows the organization of the test chip designed and fabricated in a
standard 130-nm, 6M, dual-Vth CMOS process. The chip incorporates three
separate cores with identical clock loads. Core A and C both utilize charge
recovery clock resonator in which a differential LC oscillator directly drives the
total clock load (i.e., capacitance of the LC tank) as shown in Figure 11.2. The
only difference between these two cores is the inductor implementation. Core A
utilizes a symmetrical on-chip 1.2-nH inductor for the differential LC oscillator,
while core C employs an off-chip inductor. The off-chip inductor in core C,
which has been formed by gold bonding wire, is configured in two versions.
One with length of approximately 1.5 mm and diameter of 33 µm, and another
with 1.9X longer length. Obviously, using bonding wires as inductors is only for
test purpose allowing us to study the first order impact of on-chip versus offchip inductors on the performance and efficiency of the resonator. As an
accurate reference for comparisons, the third core (core B) comprises a
conventional 4-stage FO3 clock buffer, which drives a clock load identical to the
clock load at each differential output of the LC resonators in cores A and C
(about 9 pF). This load mainly initiates from the clock distribution network
(dense grid in metal-6) and 896 conventional TGMS flip-flops in a dummy datapath organized in 4 identical sub-blocks. Each sub-block comprises 32 identical
pipelined paths, where each path includes 7 flip-flops, and there are up to 10
inverter stages between flip-flops.
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Despite the fact that the differential LC oscillator provides two clock phases,
in order to simplify the test-chip design, only a single-phase clock is distributed
to the data-paths via the clock grid, while the second clock phase is generated
locally in each flip-flop. Clearly, this does not affect the clock power
comparisons, as the main clock distribution networks in all the three cores have
exactly equal clock load. A number of pads and isolated power domains have
been dedicated for separate and direct measurements of power consumption in
each clock network. Figure 11.3 shows the photograph of the implemented test
chip and Table 11.1 summarizes its specifications. The chip has been directly
bonded on a high-speed 4-layer PCB to minimize parasitic effects from
packaging.
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Figure 11.1: Test-chip organization.

128

Resonant Clocking Implementation
VDD

DFF
1

Logic

DFF
2

M4

M3

128x
DFF
7

DFF
1

128x
Logic

DFF
2

DFF
7

L

Vinj+

M5 M1

M2 M6

C

VinjC

IBias

Figure 11.2: Simplified schematic of resonant clock distribution.
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Figure 11.3: Chip photo.

Technology
Area (excluding pads)
No. pads
Power supply regions
No. transistors
No. flip-flops

130-nm, 1.2-V, 6-metal CMOS
3.22 mm2 (2.08 mm2)
76 (pitch 80 µm)
26 separate
~ 200 000
~ 6000

Table 11.1: Test chip specifications.
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11.3 Measurement Results
The three separated cores start operating at power-on. The measured clock
frequencies are 1.5 GHz for core A with the on-chip inductor, 1.1 GHz for core
C with the longer off-chip inductor, and 1.8 GHz for the same core with the
shorter off-chip inductor. Core B with the conventional clock distribution is
clocked by an external signal generator, where the clock frequency is matched to
that of the other cores during one-to-one power comparisons. Furthermore, the
functionality of the flip-flops and data-path has been monitored during the
measurements.
Figure 11.4 shows the measured 1.56-GHz clock waveform generated by the
LC-tank oscillator and buffered through a source follower. The power
measurements have been performed both on the core with the resonant clocking
and the core using the conventional clock buffers.

f = 1.56 GHz

Figure 11.4: Measured oscillator output at core A.

Figure 11.5 shows the measured power-saving in core A versus the core with the
conventional clocking at 1.56 GHz and across 0-to-80% data-activity. The most
important result is that the core with the resonant clocking dissipates on average
57 % lower clock power, which indicates a total LC-tank Q-value better than
3.65. The total chip power saving is between 14% and 29% depending on the
input data activity. Figure 11.6 shows the measured energy per cycle at the data
activity of 30% and at a clock frequency of 1.56 GHz. The relatively slower
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edge-rate of the sinusoidal clock compared to the conventional clock increases
the power consumption in the flip-flops with 15%. This is mainly due to
increased short-circuit currents in the local clock inverter, suggesting that a
resonant clocking implementation would benefit from more customized flipflops. Despite the higher power consumption in the data paths, the total power is
reduced by 22% compared to the conventional core. This proves the feasibility
of the resonator clock strategy as a technique to substantially reduce the total
chip clock power, even when utilizing a conventional logic design approach.
Since the oscillator directly drives the clocked devices without intermediate
buffers, special attention is paid to evaluate the oscillator jitter versus data
activity in the data-paths. Figure 11.7 shows the peak-to-peak and RMS jitter
measurements for data activities from 0% to 80% with an average clock
frequency of 1.56 GHz. When the data frequency is about one fourth of the
oscillation frequency (50% data activity), jitter peaking is observed. Figure 11.8
shows the worst-case peak-to-peak jitter of 28.4 ps and RMS jitter of 6.3 ps at
45% data activity.
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Figure 11.5: Measured power saving vs. data activity.
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Figure 11.6: Energy per cycle measurement at 30% data activity.
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Figure 11.8: Measured worst-case oscillator jitter.

Oscillator frequency (GHz)

The oscillation frequency for a supply voltage range of 0.75 to 1.35 V is shown
in Figure 11.9 using both constant and scaled bias voltage (Vb). If the current
source bias voltage is held constant, the worst-case frequency spread due to
power-supply changes is 32 MHz across a supply voltage range of 0.75 to
1.35 V. Correspondingly, if the bias voltage is allowed to scale with the power
supply the frequency spread is 141 MHz.
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Figure 11.9: Measured oscillation frequency vs. supply voltage.
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In order to investigate the impact of the quality factor on the power efficiency in
the resonant clock distribution network, we can compare the power savings in
three resonant clocking cores. Figure 11.10 summarizes the measured energy
breakup per cycle at 30% data activity for the three resonant clocking scenarios
versus the conventional clocking. The 1.5-GHz LC resonator with on-chip
inductance results in about 57% lower clock power and 22% lower total core
power (with an effective tank quality factor of 3.6), while the 1.8-GHz and 1.1GHz cores with off-chip inductors show about 64% and 73% lower clock power
and 28% and 21% lower total core power, respectively. This clearly
demonstrates the excellent potential of such a charge-recovery clocking for
significant clock and total chip power savings. The relative power numbers and
the effective Q values of the LC tanks suggest that the off-chip inductances with
higher QL (>10) do not increase the quality factor of the tank proportionally. As
mentioned in Chapter 10, the reason is that the quality factor of the tank equals
to QL k QC and QC is limited by the resistive loss in the clock distribution
network. Thus to design a bufferless resonant clock distribution network with
high energy-efficiency, we require to have not only high-Q inductors but also
low-loss on-chip clock network. In addition, the power comparisons show that
clock resonators with higher clock frequency results in more total chip powersavings as the sinusoidal clocks provide a sharper clock edge-rate.
45
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Figure 11.10: Energy per cycle measurement comparison.
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11.4 Summary
Practical considerations and challenges in design of resonant clock distribution
networks have been discussed in this chapter. Experimental results on three
different networks in the frequency range of 1.1 GHz to 1.8 GHz show excellent
power efficiency of resonant clock networks compared to the conventional
buffer-driven clocking. Measurements show 57%-73% clock power savings in
the measured frequency range. Furthermore, by utilizing different inductor
implementations for identical clock networks, it can be concluded that one of the
key points in design of a highly-efficient resonant clock distribution network is
utilizing low-loss interconnects. Since the total resistive loss in clock networks
appears as series resistance for the tank capacitance, the quality factor of the
tank is limited by the quality factor of the capacitor rather than the inductor.
Another challenging issue, which should be considered carefully, is the datadependent nature of the clock jitter generated at the output of LC oscillator.
Measurements show that the jitter-peaking phenomenon happens when data
activity approaches to 50%. The reason for this problem along with a thorough
analysis is discussed in Chapter 12.
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Chapter 12
Jitter in Resonant Clocking

12.1 Introduction
Despite the significant clock power savings achieved by resonant clocking, there
are several challenging issues which can still be subjects for research. In
addition to the resistive losses, which limit the energy efficiency of the LC tank
(discussed in Chapter 11), large clock jitter and frequency tuning limitations are
some of the issues which should be considered in design of resonant clock
distribution network. This chapter is primarily focused on the analysis and
suppression of the clock jitter in such a clocking scheme. However, the proposed
injection-locking-based jitter-suppression technique in Section 12.4 shows some
frequency tuning capability as well.
Measurements on charge recovery resonant clock distribution networks show
that the clock jitter increases significantly at certain data activities at the output
clock generated by LC oscillator [1]-[4]. The reason for this jitter peaking is the
interaction between the data and clock signals, and the potential sources of this
interaction are:
1. Data-dependant variations in the device capacitances.
2. Direct coupling between the clock and data through the clock load,
including both device and interconnect capacitances.
.
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In this chapter, it will be shown that the jitter peaking mainly originates from the
second source of the clock-data interaction, namely the capacitive coupling.
However, for the sake of completeness, the impacts of both sources on the clock
jitter are separately analyzed in the following sections.

12.2 Time-Varying Capacitance
Assuming that the parasitic capacitance of the flip-flops and the other clocked
elements connected to the oscillator output acts as a time-varying lumped
capacitor, the equivalent circuit for a resonant clock distribution network can be
modeled as shown in Figure 12.1. In this model, the total capacitive clock load
is represented by a fixed part (CF ) in parallel with a time-dependent capacitance
(C(t)). For simplicity the capacitive couplings are not included in this model
and both capacitors are grounded at one end. Hence the oscillation frequency of
the oscillator can be written as
!(t) = p

1

!0
=p
L(CF + C(t))
1 + C(t)=CF

(12.1)

where !(t) and !0 are the instantaneous and the natural
p fundamental frequency
of the oscillator, respectively. Considering that 1= 1 + x ¼ 1 ¡ x=2 (x ¿ 1),
for small variations of the time-dependent part, Eq. (12.1) can be rewritten as
!(t) = !0

µ

¶
C(t)
1¡
:
2CF

(12.2)

V(t)

I(t)

RP

LP

CF

C(t)

Figure 12.1: Model of resonant clocking with time-varying capacitance.

Furthermore, C (t) can be formulated by
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C (t) = ¢C ¢ f (t)

jf (t)j · 1

(12.3)

where ¢C is the maximum time-dependent capacitance variation. Substituting
Eq. (12.3) in Eq. (12.2) yields
µ
¶
¢C
!(t) = !0 1 ¡
f (t) :
2CF

(12.4)

According to Eq. (12.4) the time-varying capacitance changes the instantaneous
oscillation frequency of the oscillator, where ¢C determines the maximum
frequency variation. This instantaneous frequency variation is translated to clock
jitter in the time domain. Obviously, the worst-case jitter occurs when the data
in all the clocked devices change at the same direction, maximizing ¢C .
Our simulations and measurements show that the ¢C in the clocked devices
is less than 5% of the total fixed capacitance (CF ). Consequently, the worst-case
data-dependant capacitance variation is too small to produce the large jitter
peaks observed in the measurements [1]-[4]. This indicates that the severe jitterpeaking phenomenon should originate from the second source of the clock-data
interaction (i.e., the capacitive coupling).

12.3 Capacitive Coupling
Without loss of generality, let us assume that for synchronization purposes, the
clocked core utilizes transmission gate master-slave (TGMS) flip-flops as shown
in Figure 12.2. The capacitive couplings transfer the frequency components of
the data signal into the oscillation feedback, allowing the oscillator to mix the
frequency components of the data signal with its oscillation frequency
components.
In general, capacitive coupling can be modeled as shown in Figure 12.3. In
this model, Vo is the oscillator output signal, with an oscillation frequency of !0,
and Vi is the data signal with a fundamental frequency of !i. The oscillator can
be considered as a feedback system with nonlinear gain f (V ) and a linear filter
H (j! ). The filter suppresses frequencies far from the natural frequency of
oscillation, !0. The function f can be expressed with a polynomial series as
f (V ) =

1
X

m=0

am V m

(12.5)
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where am are the constant coefficients of the polynomial. Therefore, for non-zero
data activity, Eq. (12.5) can be rewritten as

f (Vo + Vi ) =

1
X

am (Vo + Vi)m :

(12.6)

m=0

Figure 12.2: Capacitive coupling between clock and data signals.

Figure 12.3: General model for capacitive coupling to an oscillatory feedback.

Based on Eq. (12.6) and assuming Vo = A cos (!0t) and Vi = B cos (!i t), the
output of the nonlinear block f is
f (Vo + Vi ) =

1 X
1
X

Km;n cos (n!it) cos (m!0 t)

(12.7)

m=0 n=0

where m and n are nonnegative integers and Km;n are intermodulation
coefficients of f (Vo + Vi ) [5]. Equation (12.7) shows that instead of a single
tone, the output of the resonant clock oscillator will comprise several frequency
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components at jm!0 § n!i j. However, the linear filter inside the feedback loop
of the oscillator suppresses the components located far from !0.
To gain more insight, consider the case in which !i is lower but close to !0 =2.
In this case, the second harmonic of the data signal appears close to the
oscillation fundamental tone at !0. Defining ¢ = !0 ¡ 2!i and k as an integer,
all frequency components located at the offset of k¢ from !0 can be determined
by solving the following equation
(m!0 + n!i ) ¡ !0 = k¢ = k (!0 ¡ 2!i) :

(12.8)

From Eq. (12.8), we obtain m = k + 1 and n = ¡2k, and consequently the
frequency tones appearing at k¢ offset from !0 are as
!tones = (k + 1)!0 ¡ 2k!i :

(12.9)

Figure 12.4 shows the graphical representation of the frequency tones for this
case. Since higher harmonics have smaller amplitude, their mixed tones are
weaker.
ω0
2ω i
4ωi−ω0

2 ω0 − 2 ω i
3 ω 0 − 4 ωi

6ωi−2ω0

4ω0−6ω
−6ωi

∆ ∆
Figure 12.4: Frequency tones close to oscillation fundamental tone when 2!i is close to !0.

In reality, the frequency tones are not given by deterministic impulse functions,
but by statistical spectral densities, which exhibit phase noise skirts around the
center frequency. Before discussing the jitter-peaking phenomenon, let us
consider the relationship between jitter in the time domain and the frequency
spectrum. The RMS phase jitter (¾ 2) can be expressed as
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¾2 =

Z

+1

S (f )
0

sin2 (¼f =f0)
(¼f0 )2

(12.10)

df

where f0 is the fundamental oscillation frequency and S (f ) represent the noise
power spectral density [6]. Hence the clock jitter is directly related to the area
under the skirts in the oscillator output spectrum.
Generally, if the fundamental frequency of the data signal is close to !0 =n (n
is a positive integer), then its nth harmonic is located close to !0. Therefore, the
locations of the frequency tones can be determined by a similar approach to that
one that was utilized to derive Eq. (12.9). If the tones are close enough, their
skirts will be combined to form a single tone as shown in Figure 12.5. Thus, the
area under the skirts of the fundamental frequency (!0) increases substantially.
This increased area is translated to jitter peaking in the time domain. The peak
of the jitter decreases with greater values of n. As a consequence, the largest
jitter peaking occurs for n = 1, where the fundamental tone of the data signal is
combined with !0. However, this case is not of interest, since the maximum data
activity (100%) through a single-edge flip-flop or latch can approach 0:5fclock
(!0 =2) which corresponds to n = 2. The graphical example of frequency tones
in Figure 12.4 is based on n = 2. In conclusion, when data activity increases, the
jitter peaking occurs at certain data frequencies. These frequencies are the
frequencies close to one of the subharmonics of the oscillation frequency. The
worst-case jitter peaking happens when the data activity is close to 100%
(!i = !0 =2).

ω0
Figure 12.5: Output spectrum at jitter peaking.

ω0
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12.4 Injection Locking
As it is discussed in Chapter 4, oscillatory systems may interact through the
environmental couplings. This fact has been utilized to enforce (lock) one
oscillator to imitate the operation of another oscillator with close free running
oscillation frequencies. While unintended injection locking can cause severe
problems in circuit application, this phenomenon can be beneficial, if it is
utilized properly [5], [7]-[9].
Adler’s equation provides a comprehensive understanding of the injectionlocking phenomenon in oscillators [10]. In the presence of noise, Adler’s
equation can be written as
d¯
= !0 ¡ !inj ¡ !L sin(¯ ¡ ®) + !n
dt

(12.11)

where ¯ , ®, !0, !inj, !L, and !n are the output phase of the oscillator, the phase
of the injected signal, oscillation fundamental frequency, injection frequency,
one-sided lock range, and the noise component, respectively.
From [10], the lock range (2!L) is proportional to S=Q where Q is the quality
factor of the oscillator and S is the injection strength, defined as the ratio of the
amplitudes of the injected signal and the oscillator output signal. Within this
range, the oscillator can lock to the injected signal. By increasing the injection
strength, it is possible to increase the lock range of the injection-locked
oscillator. This property can be utilized to improve the tuning range of an
injection-locked oscillator.
Another important property of injection locking is the phase noise reduction
capability in on-chip oscillators [7]. Assume that at a given frequency offset, the
phase noise of a free-running oscillator is Lfree. If the oscillator is injectionlocked to a source with phase noise of Lext, the total phase noise after injection
locking (Llocked;tot) can be calculated by
Llocked;tot (¢!n ) =

+

!L2 cos2 µ
(¢!n )2 + !L2 cos2 µ
(¢!n )2
(¢!n )2 + !L2 cos2 µ

Lext (¢!n )

Lf ree (¢!n )

(12.12)
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where µ is the phase difference between the output signal and the injection
source after lock, ¢!n is the frequency offset. In Chapter 5, a complete proof for
Eq. (12.12) has been given. However, Adler’s equation (i.e., Eq. (12.11)) can
also be utilized to prove it. For this purpose, we assume that for any small phase
perturbation due to noise, the output and injection phases can be written as
¯ + ¢¯ and ® + ¢®, respectively. Substituting these values into Eq. (12.11)
yields
d¯ d¢¯
+
= !0 ¡ !inj ¡ !L sin(¯ ¡ ® + ¢¯ ¡ ¢®) + !n :
dt
dt

(12.13)

Equation (12.13) can be simplified by applying first-order Taylor approximation
to the sine function (i.e., sin(µ + ¢µ ) = sin µ + ¢µ cos µ) and by replacing the
noise-free solution of Eq. (12.11), as
d¢¯
= ¡!L (¢¯ ¡ ¢®) cos µ + !n
dt

(12.14)

where µ = ¯ ¡ ®. Equation (12.14) is a first-order differential equation with
respect to ¢¯ and it can be solved using Laplace transform. Thus
¢¯ =

!L cos µ
!n
¢® +
:
s + !L cos µ
s + !L cos µ

(12.15)

Replacing s = j ¢!n in Eq. (12.15) yields the output phase noise at the
frequency offset of ¢!n with respect to the carrier. Since !n and ¢® can be
assumed to be uncorrelated random processes, thus Eq. (12.15) can be rewritten
as
j¢¯ j2 =

!L2 cos2 µ
j !n j 2
2
j
¢®
j
+
:
(¢!n)2 + !L2 cos2 µ
(¢!n )2 + !L2 cos2 µ

(12.16)

In Eq. (12.16), j¢¯ j2 and j¢®j2 are the noise power spectral densities of the
injection-locked output (Llocked;tot) and the externally injected signal (Lext),
respectively. Obviously, in the absence of the injected signal, the total phase
noise is that of the free-running oscillator. Thus
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j !n j 2
= Lf ree :
(¢!n )2

(12.17)

Substituting Eq. (12.17) into Eq. (12.16) completes the proof and Eq. (12.12) is
obtained.
According to Eq. (12.12), the phase noise over the lock range is dominated by
externally injected phase noise. Outside of the lock range, the total phase noise
is that of the free-running oscillator. Maximum phase-noise reduction occurs
when the injection frequency is the same as the oscillation fundamental
frequency. Consequently, if the oscillator is injection-locked to a low-phasenoise source, its output phase noise can be reduced significantly. Due to this
fact, we can utilize injection locking to reduce the phase noise of the LC
resonator in a resonant clock distribution network. It will be shown in the next
section that this can result in significantly lower clock jitter peaks, and smoother
phase-noise skirts at jitter peaking.

12.5 Experimental Results
To evaluate the jitter characteristic analysis in charge recovery resonant clock
distribution, the test chip discussed in Chapter 11 has been utilized, which has
been designed and fabricated in 130-nm standard CMOS process. Figure 12.6(a)
depicts the organization of the test chip. Core A utilizes the bufferless charge
recovery resonant clock distribution network. A complementary cross-coupled
LC oscillator has been used to generate the clock for the resonant clocked core,
as shown in Figure 12.6(b). All transistor lengths are minimum size and the
widths are shown in microns. Using source-follower buffer stages, the output
waveform of the oscillator is directly monitored. At each differential output, the
oscillator directly drives a total clock load of 9 pF. This load originates mainly
from the clock distribution to 896 standard TGMS flip-flops in 128 data paths,
each pipelined in 7 stages, and each stage includes up to 10 inverter delays. A
dense <1-Ω wire grid in metal-6 has been used to distribute the clock signals
across the data-path blocks, in order to maximize the Q-factor of the capacitive
load of the LC oscillator.
Furthermore, in order to incorporate the injection-locking-based jitter
suppression, two additional transistors (M5 and M6 in Figure 12.6(b)) have been
utilized. Using these two transistors, a pure low-noise signal can be injected into
the oscillator.
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Figure 12.6: (a) Simplified block-level schematic of the test chip. (b) Differential LC
oscillator schematic.
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The fully integrated free-running clock resonator in core A operates at 1.5 GHz
for a nominal supply voltage of 1.2 V. During the measurements, the correct
functionality of the data-path logic has been continually monitored. In these
measurements, a periodic data pattern has been applied to the data paths. To
study the frequency domain characteristic of the generated clock, the measured
output spectrum of the oscillator for the case in which the fundamental
frequency of data signal is close to half the oscillation frequency is shown in
Figure 12.7, in two different frequency spans. The frequency components are in
agreement with the analysis presented in Section 12.3. When the data frequency
is sufficiently close to half of the oscillation frequency, the tones are combined
to form a single tone resulting in jitter peaking, shown in Figure 12.8(a).
In order to utilize injection locking for jitter suppression, the oscillator is
locked to an external low-phase-noise signal. After activation of the injectionlocking capability, the total power consumption in the resonant clocking
network is nearly unchanged (slightly lower) including the dissipated power in
the injection devices. Figure 12.8(b) shows the measured output frequency
spectrum after injection locking. It can be observed that by injecting a lowphase-noise signal, the output noise power is reduced significantly.
As shown in Figure 12.7(a), one of the tones of the strongest sideband is
located at 2!i (twice the data frequency). The measured profile of the strongest
sideband is shown in Figure 12.9. Interestingly, even harmonics of the data
signal have larger magnitudes than the adjacent odd harmonics. The reason is
that as shown in Figure 12.2 the data signal is first applied to an inverter stage
(buffer) and the quadratic nature of generated current produces stronger even
harmonics.
In terms of jitter reduction, Figure 12.10 shows the measured clock jitter
before and after injection locking for data activities up to 80%. The peak-topeak and RMS jitter of the externally injected signal are 7.4 ps and 1.0 ps,
respectively. Utilizing injection locking, the worst-case peak-to-peak jitter is
reduced from 28.4 ps down to 14.5 ps (about 50%) and the worst-case RMS
jitter is reduced from 6.2 ps down to 2.0 ps, as shown in Figure 12.11. After
injection locking, the worst-case peak-to-peak clock jitter in the resonant clock
distribution network occurs at 75% data activity.
In addition to jitter suppression, we can utilize injection locking to increase
the tuning range for the resonator. The measured tuning range achieved by
utilizing injection locking is 400 MHz (1.3 GHz-1.7 GHz).
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(b)
Figure 12.7: Measured output spectrum for !i ¼ !0 =2 in (a) 300-MHz span, and (b) 2-GHz
span.
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(a)

(b)
Figure 12.8: Measured output spectrum at jitter peaking (a) before, and (b) after injection
locking.
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Figure 12.9: Measured profile of the strongest sideband.
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Figure 12.10: Measured clock jitter before and after injection locking.
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(a)

(b)
Figure 12.11: Measured worst-case clock jitter (a) before injection locking at 50% data
activity and (b) after injection locking at 75% data activity.
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12.6 Summary
This chapter has presented a detailed analysis of jitter characteristic in charge
recovery bufferless resonant clock distribution networks. By considering the
data-dependent nature of the clock jitter, the reason for the undesired jitterpeaking phenomenon has been explained. Capacitive coupling between data and
clock signal has been identified as the main source of jitter peaking. Based on
the presented analysis, when the fundamental frequency of data signal
approaches to the frequency of the subharmonic tones of the clock signal, jitter
increases substantially. The analysis has been verified by measurements on a
1.5-GHz bufferless resonant clock distribution network, fabricated in 130-nm
standard CMOS process. The measurements are in agreement with the presented
analysis. In addition, in order to reduce the large data-dependent clock jitter, a
jitter-suppression technique based on injection locking has been proposed,
which reduces the worst-case peak-to-peak jitter by 50%.

12.7 References
[1] B. Mesgarzadeh, M. Hansson, and A. Alvandpour, “Jitter Characteristic in
Charge Recovery Resonant Clock Distribution”, in IEEE J. Solid-State
Circuits, vol. 42, pp. 1618–1625, July 2007.
[2] A. J. Drake, K. J. Nowka, T. Y. Nguyen, J. L. Burns, and R. B. Brown,
“Resonant Clocking Using Distributed Parasitic Capacitance”, in IEEE J.
Solid-State Circuits, vol. 39, pp. 1520–1528, September 2004.
[3] M. Hansson, B. Mesgarzadeh, and A. Alvandpour, “1.56-GHz On-Chip
Resonant Clocking in 130-nm CMOS”, in Proc. IEEE Custom Integrated
Circuits Conf. (CICC), pp. 241-244, 2006.
[4] B. Mesgarzadeh, M. Hansson, and A. Alvandpour, “Low-Power Bufferless
Resonant Clock Distribution Networks”, in Proc. 50th IEEE International
Midwest Symposium on Circuits and Systems (MWSCAS), pp. 960-963,
2007.
[5] H. R. Rategh and T. H. Lee, “Superharmonic Injection-Locked Frequency
Dividers”, in IEEE J. Solid-State Circuits, vol. 34, pp. 813–821, June 1999.
[6] A. A. Abidi, “Phase Noise and Jitter in CMOS Ring Oscillators”, IEEE J.
Solid-State Circuits, vol. 41, pp. 1803–1816, August 2006.
[7] B. Mesgarzadeh and A. Alvandpour, “First-Harmonic Injection-Locked
Ring Oscillators”, in Proc. IEEE Custom Integrated Circuits Conf. (CICC),
pp. 733–736, 2005.

12.7 References

153

[8] M. –J. Edward Lee et al., “Jitter Transfer Characteristics of Delay-Locked
Loops - Theories and Design Techniques”, in IEEE J. Solid-State Circuits,
vol. 38, pp. 614-621, April 2003.
[9] B. Razavi, “A Study of Phase Noise in CMOS Oscillators”, in IEEE J.
Solid-State Circuits, vol. 31, pp. 331-343, March 1996.
[10] R. Adler, “A Study of Locking Phenomena in Oscillators”, in Proc. IEEE,
vol. 61, pp. 1380-1385, October 1973.

154

Jitter in Resonant Clocking

Part IV
Conclusions

155

Chapter 13
Conclusions and Future Work

13.1 Conclusions
Clocking is certainly an important task in all of the modern high-performance
microprocessors. Increasing clock frequency and power density due to shrinking
feature sizes and higher integration density create new design challenges in
future generations of microprocessors. It has been shown that a significant
fraction of the total power budget in a microprocessor is dissipated in the clock
circuits including clock generators and clock distribution networks. Considering
these facts, targeting the issues related to clock generation and clock distribution
has been the objective of many research projects in the recent years.
Oscillators can be considered as the main components in all of clocking
circuits. As an oscillation-based phenomenon, injection locking in on-chip
oscillators has recently gained considerable attention. Based on the presented
analysis in this thesis, injection locking has great potential in phase-noise and
clock-jitter suppression in an oscillatory circuit. The experiments preformed on
ring and LC oscillators verify our mathematical analysis. The research on clock
generators also includes a digital DLL-based technique for clock generation,
which allows a DLL to operate in the open-loop mode. This reduces the total
power dissipation and output clock jitter introduced by DLL dithering around
the average lock point. Two circuit implementations based on this technique in
90-nm CMOS process have been presented. The measurement results on these
circuits prove that the open-loop mode functionality significantly suppresses the
jitter introduced by dithering and saves the total power by about 12-14%.
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The demonstration of great power-saving capability in bufferless resonant
clock distribution has been the contribution of this thesis to the research on
clock distribution networks. The clock power dissipation in today’s
microprocessors increases exponentially. Furthermore, it has been shown that
the significant fraction of the clock power is dissipated in the final buffer stages.
These facts motivate the research on bufferless resonant clock distribution
networks. Measurements on a test chip implemented in 130-nm CMOS process
show that about 57% power saving at 1.5-GHz clock frequency has achieved by
replacing the power-hungry clock buffers with bufferless resonant network.
Although bufferless resonant clocking exhibits great power-saving capability,
from clock jitter point of view, it shows a different behavior compared to
conventional clock distribution networks. The reason is that the final load
capacitance is a part of the tank capacitance and it is not isolated from the clock
source. This affects the jitter performance of the generated clock. In this thesis,
it has been shown that the clock jitter in a bufferless resonant clock network has
a data-dependent nature. At certain data activities, jitter increases substantially.
In order to solve this problem, a technique based on injection locking has been
proposed, which suppress the clock jitter at jitter peaking. Using this technique,
smoother phase noise skirts have been achieved at the output spectrum.
Experimental results show about 50% peak-to-peak jitter reduction at 1.5-GHz
clock frequency after injection locking.
It is important to note that one of the most interesting applications of injection
locking in phase-noise reduction has been demonstrated by applying it to a
bufferless resonant clock distribution network. About phase-noise reduction
capability of the injection-locking phenomenon, it might be asked that if we
have access to such a low-noise external source, why not replace our noisy
oscillator with that, instead of using injection locking? The answer to this
question is straightforward. In a bufferless resonant clock network, the LC
oscillator is not inherently noisy and the noise is introduced by the capacitive
couplings between the data and clock signals. In such a situation, replacing the
oscillator with a very low-noise one cannot solve the problem either.
Another important feature of the injection-locking phenomenon that can be
utilized in resonant clock distribution network is its locking range. The range in
which the oscillator is locked to the injection source is translated to tuning range
in the resonant network. Since a high volume of the capacitance is connected to
the oscillator, it is not feasible to use varactors to gain frequency tuning
capability. The tuning range achieved by injection locking can be controlled by
injection strength [1]. However, it has been shown that there is not a linear
dependency between these two parameters, as opposed to what Adler’s equation
predicts [2], [3].
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Analysis and modeling of the injection-locking phenomenon considering circuit
level imperfections can provide an accurate formulation, which is definitely
useful in related applications. Especially, considering the fact that the injectionlocking range does not follow Adler’s equation [2], [3], the generalized model
presented in this thesis should be extended to include the large injections as
well.
The proposed technique for digital DLL-based clock generation shows great
potential of power and jitter reduction. However, there are several challenges
that should be considered in the design of such a clock generator. The major
portion of power in a digital DLL-based clock generator is dissipated in the
delay line. Any improvement in optimizing the power dissipation in the delay
line can result in significant power savings achieved by the open-loop mode
operation. In addition, the internal jitter added to the input clock signal can be
minimized by improving the structure of delay elements.

Clock
Region 4

Figure 13.1: Multi-domain resonant clock distribution network.

There are issues that should be addressed in bufferless resonant clock
distribution networks. Typically, it is required to divide the clock network into
sub-networks in order to reduce the total capacitive load connected to the
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oscillator and also to reduce the clock routing complexity as it is shown in
Figure 13.1. In this case, instead of using just one central oscillator, more
number of local oscillators can be utilized. These oscillators should operate in a
synchronous way to guarantee the overall performance of the microprocessor.
To achieve this synchronization, injection locking to a central clock source
solves the problem. Furthermore, the data generated in each clock domain
should be transferred to other domains. It means that there should be a
communication scheme between the clock regions. The generated clocks in
different regions have mesochronous nature, as they have identical frequency
with different phases. Therefore, a mesochronous communication scheme can be
implemented between two communicating clock domains [4], [5]. In such a
communication scheme, it is also possible to employ multiple clock domains
with different frequencies. The data produced in each domain is transferred
through a latency-insensitive communication link [6]. The configuration of a
multi-domain resonant clock distribution network, which is shown in Figure
13.1, can be considered as the next step in the research on the resonant clock
distribution.
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