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A 1.25GHz digitally controlled oscillator with
high-resolution and 8-phase output for ADPLL

Student: Yung-Hsiang Yang Advisor: ChauChin Su

Industrial Technology R & D Master Program of
Electrical and Computer Engineering College
National Chiao Tung University

Abstract

Modern system-on-a-chip(SoC) processors often require on-chip clock
generation and multiplication to produce several unrelated frequencies for other
sub-systems. The PLL-based clock generator is a common way of frequency
multiplication to accomplish the task. However, the loop parameters must be adjusted
to minimize jitter performance-and insure:stability. for each output frequency and
multiplication factors. Conventional analog skills suffer from long design cycle.

In order to reduce the hardware overhead and the design complexity of high
speed transceiver, the proposed digitally controHed oscillator has high operation
frequency (GHz), high timing resolution, and multi-phase output (8-phase). The
proposed DCO can be applied to “a 1.25GHz ADPLL with 8-phase output” and “a
2.5Gb/s data-transceiver architecture”. In order to reduce jitter of PLL, therefore, we
propose the digitally controlled oscillator (DCO) with novel digital controlled delay
cell based on parasitic capacitance difference of transmission gates. This method can
enhance the timing resolution of the digitally controlled oscillator (DCO). The timing
resolution in fine-tuned stage can be decided from different driving cells and
capacitance difference of each digital controlled delay cell. Thus, a high resolution
DCO with better timing linearity as compared with OAI-AOI cell or tri-state inverter
matrix is achieved.

The proposed digitally controlled oscillator circuit is designed using TSMC
0.18 x m 1P6M CMOS process with active die area of 310umx220um. The
operation frequency range is 1.06GHz to 1.50GHz. Average timing resolution is
0.38ps. The total power consumption of the proposed DCO is 34.1mW when oscillate
frequency is 1.25GHz.

Index Terms —high timing resolution, digitally controlled oscillator, ADPLL .
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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Motivation

Traditionally, phase locked loop based clock generators for microprocessor are
the common way of frequency multiplication from a low frequency reference clock,
typically from quartz oscillator. As VLSI technology grows up rapidly, the advance of
semiconductor process enable the successful realization of system-on-a-chip (SoC).
Modern SoC processors integrate both analog and digital real-time functions. An
off-chip clock costs power to generate and to distribute on the PC-board. In addition,
the ability to oscillate at different frequencies reduces costs by eliminating the need
for additional oscillators to a system. Such applications often require on-chip clock
generation and multiplication to produce several unrelated frequencies for digital
signal processing, 1/O interfaces, as well as sampled analog sub-systems [1].

One solution is to create one PLL-based clock generator running at a high
frequency that can then be divided down to obtain all the desired frequencies [2]. The
disadvantage of this approach is the high power consumption and stringent jitter

requirements. Another approach is to have a dedicated PLL for each clock domain.
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Chapter 1 Introduction

This solution is very costly in term of power and area.

In addition, most PLL design use mixed signal and full custom design techniques,
which can not be fully integrated in digital environment. Due to time-to-market issue,
the design cycle remains the same or even shorter. Thus in System-on-a-Chip (SoC)
designs [3], each module had better to be reusable and process portable, so that the
total design time can be reduced. As a result, how to design a synthesizer clock
generator in an efficient way becomes more important.

The all digital PLL have several advantages over their analog counterparts.
Firstly, traditional analog loop filter costs a lot of chip area. Using digital loop filters
gives benefits such as robustness against noise, and also the ability to design higher
order filters without much extra power consumption and areas penalty. Secondly,
analog component are vulnerable to DC offset and drift phenomena that are not
present in equivalent digital implementations [4].

In order to avoid the disadvantages of analog circuits, an All Digital
Phase-Locked Loop (ADPLL) has:ibeen . developed because it has better
programmability, stability, and pertability;over. different processes. It can reduce the
system turn around time. The ADPLL has some unique advantages such as high noise
immunity, short turnaround time, low power consumption, etc. And, this cell-based
approach is also suitable for automatic'synthesis of ADPLL.

However, due to the limitations ‘of cell-based design, it is difficult to achieve a
low-jitter, low-power, and high resolution all-digital cell-based clock generator. So,
how to overcome the limitations of standard cells to build a high resolution delay cell
with better linearity and less power consumption for DCO are the challenges for our
research.

In order to reduce the hardware overhead and the design complexity of high
speed transceiver (Figure 1.1), the proposed digitally controlled oscillator has high
operation frequency (GHz), high timing resolution, and multi-phase output (8-phase).
The proposed DCO can be applied to “a 1.25GHz ADPLL with 8-phase output” and
“a 2.5Gb/s data-transceiver architecture”, as shown in Figure 1.1. The DCO is
consisted of four delay elements with differential operation frequency and 8-phase
output. In this thesis, a systematic design method for the DCO design is also presented.
As a result, the design methodology proposed can reduce design time and design

complexity of the DCO, making it very suitable for SOC applications.
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2.5Gb/s Transceiver Architecture 8-phase 1.25GHz ADPLL
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Figure 1.1 Data transceiver and PLL circuit block

1.2 Thesis Organization

This thesis is organized into five chapters. In Chapter 1, we introduce that
different clock domains are required:in-a SoC chip. This motivation and design targets
of the DCO are explained.

In Chapter 2, we explain an overview of PLL related techniques for clock
generator. Properties of analog, digital- PLl-as-well as charge-pump PLL are addressed.
Then, all-digital PLL with different DCO approaches are discussed. The design
trade-off of clock generator with different PLL architecture is also investigated.

In Chapter 3, we explain an overview of some existing DCO structure. This
chapter explains the most important features of conventional clock generators. As
highlighted in the abstract, the focus of this thesis is on the digital clock generation
method. Analog clock generators are thus only mentioned, and not explained in detail.

In Chapter 4, we first introduce the fundamental of digitally controlled oscillator.
This chapter also introduces different approaches to enhance the fine tune solution of
the DCO. Then, the chapter explains the operation of digitally controlled delay cells
with transmission gates design. And, we apply the digitally controlled delay cell to
build high resolution digitally controlled oscillator. Then, we propose a novel digitally
controlled oscillator structure. A detailed description of the circuits and experimental
results are given.

In Chapter 5, the conclusions of this work are summarized. All the simulation

results are also summarized in this chapter.
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Chapter 2

Overview of Clock Generators with

Phase Locked Loop

2.1 Introduction

Several methods exist for realizing frequency multiplication: phase locked loops
(PLL)[5,6] , delay locked loops (DLL)[7], and direct digital synthesis (DDS) in [8].
The basic concept of the DLL is similar to PLL. The major difference is the voltage
controlled delay line (VCDL) in the DLL and the voltage controlled oscillator (VCO)
in the PLL [9]. Each of these methods has advantages and disadvantages for
frequency multiplication. DLL approaches may offer better jitter performance than
PLL approaches, because the noise induced by the power supply or substrate noise
disappears at the end of the delay line. However, DLL based methods are not suitable
for wide multiplication range applications. The direct digital synthesis (DDS) in [8]
applied accumulator and D/A converter mechanism for the frequency synthesis.
Therefore, we only focus on the PLL approach in this work.

The organization of this chapter is as follows. Section 2.2 describes the
preliminary knowledge of analog and digital PLLs, basics of all digital PLL and

digitally controlled oscillators applications. Design trade off in different PLL
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architecture is discussed in section 2.3 .

2.2 PLL Basics

PLL based clock generator has been widely used in the industry. The operation
principle is summarized in this section and the steps towards digital PLL are described
in the subsequent sections.

Analog PLL

The PLL characteristics are determined by the characteristics of phase detector,
voltage controlled oscillator and low pass filter. [5,6] indicated two factors that
influence the performance. One is the phase error — the difference between the input
and output phases. Another is the frequency range — the range over which it will
acquire lock. As a result, PLL can_be regarded as-a tracking phase system. An analog

PLL consist of the three main building block as show-in Figure 2.1

. 0 Analog filter F(s)
Reference i

input — ™| PhaseDetector | Up \ Uc VCO
KD o Ko/s output

Feedback signal

\ A

\

Figure 2.1 Block diagram of an analog PLL.

e Phase detector: It compares the phase of the input signal (reference signal) with
the phase of the feedback signal. The output of the PD is ideally proportional to
the phase difference 6, .
Ug (8) = Kq (6 (8) =0 (s)) = Ky e (S)
where Ky is the PD gain in [V/rad], 65andé,are the phase of the input and

output signals respectively.

e Low pass filter: The low pass filters the output voltage of the phase detector
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with the transfer function F(s) .
Uc(s)=Uq(s)-F(s)
e \oltage controlled oscillator: The VCO translates the filter output into a
frequency. Due to the transformation of the phase information into a frequency,
it has the characteristic of an integrator with gain K [rad/sV].

Uc(s)-K
002 C S 0

The transfer function of the closed loop becomes the
0o (s) _  KF(s)

H(s) = with K = KqK
(®) 6.(s) S+ KF(s) d™o
O O
o VWV o

R2§
Gk "
O O

Figure 2.2 Simple implementation-of a first order loop filter.

A first order loop filter as depicted in Figure 2.2. It has the following transfer
function:
1+SR,C
"~ 1+ S(RC +R,C)
So, the overall loop transfer function is a second order loop with a low pass
characteristic. The natural frequency is

KpKo
wp = R—
1C + RoC

;:”—;(Rzm

F(s)

and the damping factor becomes

KDKo)

APLL uses a first order loop filter is therefore a second order system. Figure 2.3
shows the transfer functions of a second order loop for various damping factors¢ .
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Transfer functions [dB]

107 10° 10' 10°
Normalized angular frequency [wi/eo, ]

Figure 2.3 Magnitude response Second order loop transfer function.

Digital PLL

The digital phase locked loops differ form their analog counterparts in that input,
output, and feedback signals are digital. The phase frequency detector (PFD) is a
popular replacement for analog phase detectors.«It consists of a state machine with
three states (‘low’, ‘zero’, ‘high?). As-illustrated in'Figure 2.4, the transitions between
the states are triggered by the rising edges-of the reference input (‘Ref’) and feedback
signal (‘Fb’). If it the PLL is L:ocked, the states ‘low’ and ‘high’ are activated only
during extremely short time spans. During the-phase locking process the relative time

that the state machine remain in ‘low’ or *high’ state represents the phase error [10].

Vdd

| K
Refo— clk
A u
Reset —C_
v
Fbo— clk
F
I b 0 0B bt Fbp
Vdd

Figure 2.4 Three state phase frequency detector and PFD state diagram.

The PFD stores the order of arrival of the reference and feedback edges. Prior to
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phase locking, the frequency of the VCO must be locked. During this phase, the PFD
produces an output signal corresponding to the frequency error. Incorrect locking on
an integer multiple of the desired VCO frequency is therefore not possible. The
outputs of the PFD are usually combined to control a tri-state butter that remains in
high-impedance during state ‘zero’ and outputs logic ‘1’ and ‘0’ in the states *high’
and ‘low’ respectively. This signal is then directly passed to an analog loop filter that
controls the VCO. The phase detector’s gain Ky depend on the output voltage levels of
the tri-state buffers [10]:

_ Yhigh ~Yiow

4r

With the binary clock in digital signals, usage of frequency dividers is simple. In

Kd

fact, most digital PLL contain a frequency divider in the feedback path. It allows to
generate VCO output frequencies that are an integer multiple of the reference input
frequency. The division ratio N has an impact on the overall PLL gain.

G (8)
o (S) 5
K = KdKO
N

When the PLL has locked; the”output of the PFD is permanently on high
impedance, thus no current is flowing to the'loop filter. The charge on the loop filter
capacitance is kept constant (beside leakage effects) unit the PFD output is activated.
The loop filter depicted in Figure 2.2 works thus as an integrator. The loop filter’s

transfer function can then be approximated with

F(s)=_ LrSRC
S(RiIC +RyC)
with natural frequency
R1C + RzC N
and damping factor
_opRC
d 2

The digital blocks of the digital PLL (Figure 2.5, the PFD and the divider are
digital block) can be integrated in a SoC, It can close to the network interface and

control blocks. The analog parts (LPF and VCO) are often located off chip. Then, the

-8-
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one bit representation of the phase error by the PFD is very advantageous. Since it
only one pin is used to transfer the digital phase information to the analog loop filter.
In total two pins are required one tri-state output and one input for the VCO output
signal.

Analog filter F(s)

Reference 6
input——— PFD UE_L [\ Uc, VCO %
7 KD Ko/s output

Feedback signal

\

Divider
1/N

Figure 2.5 Block diagram of a digital PLL with digital block.

All Digital PLL
In all-digital PLLs (ADPLL) all analog building blocks are replaced by a digital

representation. All relevant PLL signals are binary numbers instead of continuous
voltages. Thus, the phase frequency detector introduced in section 2.2.2 is modified to

output a quantized number representing the phase. error.

As shown in Figure 2.6, the ADPLL is composed of a digital phase frequency
detector, a digital loop filter, a digitally controlled oscillator, and a divider. The phase
frequency detector detects the phase difference of the two clocks and sends the
detection result to the digital loop filter. The digital loop filter receives the signal
produced by the PFD, and produces a set of digitally controlled signals (binary signals)
to control the DCO. The output of the DCO is sent to the divider to divided into the

lower frequency range. The divider sends the divided clock to the PFD and completes

the loop.
Reference % UP Digital
RS —— Digi gtta %
input PFD Dlglglllel;oola »  Controlled >
o) DN. Oscillator output
Feedback signal (UP/DN Counter) (DCO)
Divider ’E
/N A

Figure 2.6 Block diagram of an all digital PLL.
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In general, there are two types of ADPLL depending on the DCO clock source:
(1) to use fixed high speed clock as indicated in [6,11] to form a DCO, (2) to synthesis
clock internal based on a DCO circuit as [12,13]. Furthermore, the standard cell based

implementation of DCO [14] will also be discussed because of popularity.

(1). The DCO with Fixed High Speed Clock:
Figure 2.7 shows the ADPLL with fixed high speed clock and accumulator in [15].

fclock
! offset
-

£ + Output
in Accumulator
Register X2 j bl

N out
7

Figure 2.7 ADPLL with fixed high speed clock to form DCO in [15].

The input is a binary fin, and the output'is to be a number that has an average
repetition rate of fin, but follows the input-with-a closeness that depends on the loop
parameters. The DCO consists of‘an.accumulator and high speed clock fojgek - IS
output is a number that changes each clock cycle by an amount equal to its input N2.

Each time the output accumulator reaches its capacity Nyax , it recycles to 0. Thus,

one cycle is represented by Nmax » and the output phase of the output accumulator is :

N
Doyt = (N outy cycles
max

The output frequency is

Aout =( N2 ) felock
At Nmax

fout =
Since the output is incremented by N2 each cycle of the output accumulator. The
register stores the value of N at each cycle of the input signal fin. The register thus
functions as a phase detector and zero order hold. Then, the phase error will be
inversed and multiply with2™. There are two sampling processes occurring in the

simple loop. One is in the register at fin. Another is in the output accumulator at fqjock -

-10 -
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The stability of this simple loop can be represented by using z-transform. The closed
loop of Figure 2.7 is

H(Z)=L where K:Z—Q(fclock)
z-1+K fin

(2). Direct DCO Synthesis Clock:

If the high speed clock is available, such as in SoC, and the target operation’s
speed is not very high, then DCO with fixed high speed clock can be the choice.
However, it may consume large power due to high speed clock operation. The
external high speed clock is not always feasible. It requires extra pin and another
high-speed quartz oscillator when the target application is for on-chip clock
multiplication. In recent years, ADPLL of type is more popular and even applied
frequency synthesis for RF wireless application. An ADPLL with high resolution
DCO as shown in Figure 2.8 was proposed in [12].

CKrcf
Frequency
comparator
Delgy (Two counters)
matching
7 CK
PLL out
Controller DCo g
_9
Phase
detector

(D-flip-flop)

Figure 2.8 ADPLL with direct DCO synthesis clock [12].

This ADPLL achieved fast locking within 50 reference clock cycles as compared
with conventional charge pump PLL based clock generator. The fast locking time was
achieved with modified binary searching algorithm. It separated the frequency
acquisition and phase acquisition. It did not utilize the three state PFD and frequency
divider. A high resolution frequency comparator with matching delay line was utilized
to achieve frequency accuracy under 0.1% error ratio. A high resolution ring oscillator
with 16 bit control word was implemented to generate the accurate frequency output.
The DCO will de turns on and disable after 30-40 iterations for frequency comparison.
An anchor register is needed to store the baseline frequency. After frequency
acquisition is completed. The PLL starts to trace the phase of the reference clock. The

phase tracking process was performed with a phase control algorithm and a phase

-11 -
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detector. It contains phase gain controller and two series connected, edge triggered D
flip-flops. The phase acquisition process can be finished within 10 reference clock
cycles. After the frequency acquisition and phase acquisition. The ADPLL enters
phase and frequency tracking process. Many ADPLL variants follow this ADPLL
approach, such as [16]. However, the cost of this chip area is extremely high due to
DCO. Another small area DCO was proposed in [16]. Those DCO designs were
required to be with full custom layout. The specific transistor sizing of DCO comes to

be with changes in design specifications.

(3). Standard Cell Based DCO:

A standard cell based implementation of all digital clock generator [14]. It based
on structure of digital PLL that can be divided into five main parts: the PFD, the loop
controller, the loop filter, the DCO, and programmable divider as shown in Figure 2.9.
The key issue is that all of the elements are designed form standard cell library

without any full-custom layout.

U Ckout:
CK,; Loop Digital NxCK,
PFD Controller Loop Filter beo-l
D
N Programmable DCO-2

Divider

Figure 2.9 Function block of ADPLL in [14].

The function of programmable divider is simply to slow the DCO output
frequency for comparison. The loop controller generates the digital commands to
track the DCO output clock based on the results from the PFD. Two extra digital pulse
amplifier circuits are required to minimize the dead zone of the PFD, as indicated in
[14]. However, the control code may have small variations due to the following
factors: the PFD’s dead zone, the DCO’s finite resolution. An average loop filter is
necessary to filter out the rippling and produce a smoother digital controlled word
with less jumping. Additionally, two DCOs are required for low output jitter to reduce
the noise and jitter associated with input reference. This requirement leads to a highly

complex and expensive design.
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2.3 Summary

PLL based clock generator is a trade-off lock-in time, area cost, power
consumption, jitter performance, circuit complexity and design time. Thus, it is very
challenge to design one PLL clock generator for all applications. The conventional
charge-pump PLL based clock generators for microprocessor as indicated [17]. It can
accomplish good jitter performance as well as low power consumption. However, the
on-chip loop filter occupied a lot of chip area and slow lock-in time. Furthermore, it
required long design time due to circuit complexity. Therefore, those clock generators
are also only suitable specific application. The application can not be applied a variety
of multiplication ranges.

In conventional PLL based:clock generator design, fast acquisition requires
tuning the free-running frequengy near the desired.frequency in advance or to increase
the loop bandwidth. The exact-VCO.tuning-range IS not easy to be achieved, since
there always has process variations, voltage variation, and temperature variations

(PVT variations).

In the analog PLL, the digital PLL and the all digital PLL, they have many
advantages and disadvantages respectively. We compare and illustrate them in Table
2.1

Table 2.1 Phase Lock Loop comparison

Analog PLL DPLL ADPLL

Design methodology Analog Mixed-mode Digital
Design cycle Slow Slow Fast
Output frequency High High Low
Noise immunity Poor Poor Good
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Lock time Long Long Short
Area Large Large Small

Power consumption Large Large Small
Frequency resolution High High Low
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Chapter 3

Clock Generation Circuits

Classification

3.1 Introduction

This chapter explains the mest ‘important features of conventional clock
generators. As highlighted in the abstract, the. focus of this thesis is on the digital
clock generation method. Analog ‘clock generators are thus only mentioned, and not

explained in detail.
3.2 The Analog Clock Generators

Voltage-Controlled Oscillators
\oltage-controlled oscillators are analog circuits that exist in various
architectures. The frequency is controlled with a continuous voltage. Pull-range and
jitter performance are strongly related and can vary in a broad range.
\oltage-controlled crystal oscillators (VCXO) use a quartz crystal as a resonator.

VCXOs provide excellent jitter performance.

Voltage-Controlled Ring Oscillators

Ring oscillators consist of an odd number of inverting stages connected to a loop.
By varying the delay of the stages, the frequency of the oscillation can be controlled.
In classical ring oscillators, the delay is varied by changing the supply voltage of the
stages. As illustrated in Figure 3.1. The absolute frequency stability and jitter
performance of ring oscillators are both limited. Jitter of ring oscillators has been
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discussed in various publications.
When employed in a PLL, the absolute frequency stability is guaranteed by the

control loop mechanism. Ring oscillators provide very high pull ranges of up to a

T 2

control voltage

factor of two.

Figure 3.1 A simple ring oscillator.

3.3 The Digital Clock Generators

All Digital Ring Oscillators

In contrast to their voltage controlled counterparts, digitally controlled ring
oscillators can be built of digital standard cells, Frequency control is obtained by
changing the delay in the inverter loopsThe operation principle is depicted in Figure

3.2.
E [: [: output
p—>
C ring

delay

l

control word

oV

Figure 3.2 All digital ring oscillator.

The output period of the ring oscillator consists of the propagation delays,

through the positive and negative edge in the ring. If the delaydring is assumed

symmetric for both transitions, the frequency of the ring oscillator is
fring = ZdL
ring
This relationship is illustrated in Figure 3.3. The slop of the curve increases
towards small ring delays. Even for very large rings with an oscillation frequency of
25 MHz, the slope at 25 MHz is approximately 1.25 kHz/ps or 50 ppm/ps. Applied to
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a ring oscillator, this would require a delay resolution in the ring of 0.02 ps at 25MHz.
Digital delay generation with such a high accuracy is not realistic. In Chapter 4, a
method for improving the frequency resolution of all digital ring oscillators is

proposed.

Oscillation frequency [MHz]

0 5 10 15 20
Ring propagation delay [ns]

Figure 3.3 Ring,escillator frequency vs. ring delay.

3.4 Analysis of the DCO Category

The heart of the ADPLL is a‘digitally-controlled oscillator (DCO). Like most
voltage-controlled oscillators, the DCO consists of a frequency-control mechanism
within an oscillator block. Generally speaking, an odd number of inverters connected
in a loop chain become a ring oscillator. The clock period of the ring oscillator is two
times the circular loop delay time. Different propagation delay time of the inverter
produces different clock period. Besides, a variable number of inverters implement a
variable delay. Therefore, there are two parameters to determine the clock period of
the ring oscillator. One is the propagation delay time of an inverter and another is the
number of the inverters. In terms of tuning these two parameters, there are many

designs of the DCOs that have been presented.

Standard cell based DCO Design

Figure 3.4 shows a typical ring-oscillator which is very popular architecture in
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most ADPLL designs. The main advantage is that the oscillator can be implemented

by standard-cell library.

D P

Figure 3.4 A typical ring-oscillator.

The modified architecture is shown in Figure 3.5 [18]. The enable signal powers
the ring-oscillator. The path selection consists of tri-state inverters. The path
selections from pl to p4 are used to select different delay time of ring-oscillator to
change output frequency. The problem of the architecture is a large parasitic
capacitance at node 1 in Figure 3.5, and the DCO resolution is poor due to no fine
tune cell being applied.

P4 P3 P2 P1

. | . output
I %:ble—[DCH it

Figure 3.5 Modified architecture in [18].

An improved DCO architecture is showed in Figure 3.6 [14]. It is separated into
two stages: a coarse-tuning stage and a fine-tuning stage. To avoid large loading
capacitance appearing in the path selection output, the path selector is partitioned into
two stages. In the first stage, sixteen coarse-tuning delay blocks select a partial output.

The second stage path selector will select the final output.
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FINE-TUNE

Figure 3.6 An improved DCO architecture in [14].

A cell-based digital controlled,escillator.is shown in Figure 3..7[19]. It is a
multiple path selection DCO with'a delay matrix. WWhen searching frequency, the path
selection works as coarse search and the delay matrix works as fine search. The delay
matrix consists of several parallel tri-state=inverters. Its disadvantage is the large

parasitic capacitance in the output node.of the path selection.

MUX
Clock
Output
Delay Matrix ’
Coarse-Search | i
Commands Fine-Search  *
Commands

Figure 3.7 Structure of the cell-based DCO in [19].
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Another cell-based digital controlled oscillator is shown in Figure 3.8[20]. The
oscillator being implemented is a seven-stage ring oscillator with one inverter
replaced by a NAND gate for shutting down the ring oscillator during idle mode. To
change the frequency of the ring oscillator, a set of 21 tri-state inverters are connected
parallel to each inverter. When the tri-state inverters are enabled, additional current is
added to drive each inverter stage. Although the DCO has the advantages of being
made from all-standard cells, it has disadvantages such as relatively high power
consumption and low maximum frequency from high capacitive load in the ring

oscillator.

Do Do o
%] 2([)1]_ ............... 2;_

i C[120] Dcizu I C[125]

Figure 3.8 DCO using parallel tri-state inverters to adjust frequency in [20].

Delay cell DCO design

A DCO structure is showed in Figure 3.9(a) [12]. The ADPLL controls the DCO
frequency through the DCO control word. Arithmetically incrementing or
decrementing the DCO control word modulates the DCO frequency and phase. The
magnitude of the incremental changes to the DCO control word defines the gain,
which, in turn, dictates the relative change in DCO frequency ( AF//ADCO control
word) . As Figure 3.9(a) shows, the requisite odd number of inverting stages in the
DCO is obtained by using one enabling NAND gate and eight controllable cells.
Figure 3.9(b) illustrates the basic premise of a constituent DCO cell. The sizing ratio
of the control devices is 2X to achieve binary weighted control. Hence, the DCO cell
can control the propagation delay time with n-bit control word. The disadvantage is
the large area overhead.
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A

DCO_Cell DCO_Cell

R

- N Output
DCO_Cell DCO_Cell —:DoD

Enable

DCO_Cell &— DCO_Cell

Y
A
A

y

Y
Y

DCO_Cell DCO_Cell

Figure 3.9(a) 8-cell DCO with control bit [12].

Db[n-lq l‘_‘JDb[n-Z_]| l: L Qb[IH l: Db[O% l:

2V(WIL),  2"(WIL), 2AW/L),  (WIL),

I:(W/L)cell p

in —oO out

[:(W/L)cell_n
D[n- IH [: D[n-z_]_l [:;r ______ D [IH [: D[Oq [:

2 U(W/E),  2"2W/L). 1 2W/L),  (W/L),

Figure 3.9(b) Constituent DCO cell [12].
Another DCO structure is showed in Figure 3.10[16]. The DCO consists of four
paths and four DCO cells. The DCO cell is shown in Figure 3.9(b). The path selection
works as the coarse search. The DCO cells work as the fine tune. The area of the DCO

in Figure 3.10 is smaller than the area of the DCO in Figure 3.9(a).

P45z P4b P3s77P3b P2%X_P2b P13z P1b

DCO_Cell DCO_Cell R DCO _Cell DCO_Cell output

Enable

Figure 3.10 Structure of DCO in [16].

-21 -



Chapter 3 Clock Generation Circuits Classification

An improved DCO architecture is showed in Figure 3.11(a) [21].The DCO
consists of coarse cell, fine cell, unit gain circuit and voltage divider. The DCO
control word is the 8 binary weighted control signals. The weighted control signals
DCO[4]~DCO[7] control the coarse cell and the others control the fine cell. The
switch of the coarse cell is turned on by the Voltage A and the switch of the fine cell
is turned on by the Vdd voltage or Gnd voltage. By the two stage method, it can save
the area and power consumption. The coarse cell of the DCO was shown in the Figure
3.11(b) . The fine cell is the same with coarse cell but the Voltage A becomes Vdd
voltage or Gnd voltage.

Unit Voltage A Enable
Gain | | | |
l: Coarse | | Coarse Coarse Coarse Coarse
cell cell cell cell cell
= | | JDEO:7]| l
DCO DCOJ[0:7] ,
register 4
#DCO[0:3]
Fine Fine Fine Fine Fine
-
cell cell cell cell cell DCO output

Figure 3.11(a) An improved DCO architecture in [21].

Voltage A

W[4] W[5] L[:;; w[6] W[7]
mp
IN ouT
mn
WJ4] WI5] L = W[6] = W[7] =

Voltage A

Figure 3.11(a) The coarse cell of the DCO in [21].

-22 -



Chapter 3 Clock Generation Circuits Classification

3.5 Summary

Existent clock generation methods have been explained and the performance has

been compared to the requirements mentioned above. Table 3.1 lists the
characteristics of conventional clock generation circuits. In the next chapter, a new

clock generation methods are proposed.

Table 3.1 Characteristics of various clock generation circuits.

Clock Frequency | Frequency Intrinsic All digital
Generation . . oo
range resolution Jitter Circuit
method
low, No,
VCO high high depends on analog
pull-range technique
No,
VCXO very high high very low analog
technique
Voltage No ,analog
controlled high high low Ring delay
Ring
Oscillator control
All digital
Ring very high low low yes
Oscillator
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Chapter 4

Digitally Controlled Oscillator with

High Resolution and 8-Phase Output

4.1 Introduction

Traditional analog circuit design, such as voltage controlled oscillator (VCO),
shifts the design paradigm towards more digitally intensive techniques. The digitally
controlled oscillator is the key component of all digital PLL. The quality of the output
clock is decided by its performance. There are three issues to design a DCO. First, the
output clock of a DCO is discrete, so the resolution of a DCO should be sufficiently
high to maintain acceptable jitter. Second, for searching target frequency and phase
easily and efficiently. A DCO has better monotonic response to the DCO control word.
Third, a DCO has better noise immunity, so the output clock will not induce large
jitter. The noises come from power supply, control word transition, or other condition.
Thus, this chapter attempts to propose a high resolution DCO by using transmission
gates as novel delay cells.
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4.2 Basic Concepts of Digitally Controlled
Oscillators

Introduction to the fundamental function of DCO
The fundamental function of a DCO is to provide an output waveform, typically

in the form of square wave. The square wave has a frequency fpc g that is a function

of a digital input word D, as follows:

foco = F(D)=Af x(dp_12" +dn_2" 2 4.+ d 2t +dg20)

Typically, the DCO transfer function Af x (d_12" 2 +dpy_p2" 2+ +dy 2L+ d2°)

is defined so that either the frequency fp g or the period of oscillationTp g is linear

with D, generally with an offset. For example, a DCO transfer function that is linear
in frequency is typically expressed as:

(D) = foffset + D - Af

Where: fq¢qet IS @ constant offset frequency-and Af.is the frequency quantization step.

Similarly, a DCO transfer function that is linear in period is typically expressed as:

T(D) =Totfset + D:AT

Where: To¢set IS @ constant offset period and AT is the period quantization step. It is

evident that, since the DCO periodT (D) is a function of quantized digital input D. The
DCO can not generate a continuous range of frequencies. In this regard, the
quantization granularity of the DCO period sets some fundamental limits on the
achievable jitter of an all digital PLL. It is of course desirable to have a fairly small
quantization step size.

Analysis of the DCO Design Approaches
(1). The DCO constructed with the DAC and the VCO:

The DCO in [22] is directly utilized digital-to-analog converter (DAC) and
conventional voltage controlled oscillator (VCO) as shown in Figure 4.1. Another
DCO in Figure 4.2[23] is converted the frequency directly to the digital value, and
change the gain for VCO control adaptively. However, to design a high resolution
DAC is extremely difficult. In addition, the VCO is an analog block that is easy to be
influenced by power and substrate noise. The chip area cost is very high due to DAC
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and VCO.

— e —— e —— e — — — — ——

|
I LOOP FILTER |
| F@)
! |
' » KI
Fin INC [ |
 PFD & > SHIHT {—> |
»  logic > |
DEC | |
|
T | |
logic L : R |
IN |« ICO |« iDAC |«
PLLout

Figure 4.1 The DCO constructed with the DAC and the VCO in [22].

CK ref
) 2
CK out Div2
T P1 P2
‘ | e
Div2 DPFD N+1
A
v I—¢ llnltlal gain
VCO Ba.rrel < Gain
+ Shifter Controller
v [
DAC Adder
A\ 4
Register k—P1
| I—

Figure 4.2 The DCO constructed with the DAC and the VCO in [23].

(2). The DCO constructed with high speed clock and divider:

The common type of conventional DCO includes a high frequency oscillator in
combination with a programmable frequency divider. Figure 4.3 shows the DCO. A
programmable frequency divider receives an n-bit digital control word D which
indicates the divisor values. The output DCO (CLK) signal is to be divided from a
high speed oscillator (HFCLK).
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The period quantization step AT is limited by the high frequency oscillator
(HFCLK) in this arrangement. Low jitter operation thus requires oscillator to operate
at an extremely high frequency. For example, a 100 ps step between periods require
high frequency oscillator and programmable counter to operate at 10GHz. This will
consume a lot of power consumption.

A Programmable CLK
D Frequency Divider
HFCLK

Figure 4.3 The DCO constructed with high speed clock and divider.

(3). The DCO constructed with variable length ring oscillator:

Because of the speed limitation, other conventional DCO approaches directly
synthesis a signal, rather than dividing downsfrom a high frequency source. Figure 4.4
shows a variable length ring oscillator. Fer.example, 2" delay buffer are connected in
series. A decoder decodes n-bit digital ‘control word D into2" control lines. If the
propagation delay time of each buffer stage is Touffer. Then the period quantization
step is thus 2*Thuffer, which is-typically an-improvement over Figure 4.3’s design.
However, the period quantization step:still may.be‘too coarse for many applications.

2NN n-To-2" DECODER
| | |
| | |
0 TN | 21
||> | I |> | |
o\él — — —Hn
° D=0 o $h-1 ° oo

Figure 4.4 The DCO constructed with variable length ring oscillator.

Enhance Fine Resolution of the DCO design

The basic skill to enhance the fine resolution of DCO is to enhance overall
driving capability. The methods are to adjust the overall resistance (R), or to adjust
capacitance (C), or to adjust inductance (L) as shown in Figure 4.5.
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F___\ /____\ /____\
Digital control in /%é’ |Digital control i m J—J— |D|g|tal control in| ,/;%%' I
T |
/

\____/ \____/ \____/

(M @

Figure 4.5 General mechanism for enhance of fine tune in the DCO.

(1). The mechanism are to adjust the resistance:
As shown in Figure 4.6[24], the pull-down stack uses a transistor array in which
multiple rows are allowed. The transistor array actually forms the digitally adjustable

resistor. Each bit of the control signal b[n-1 : 0] is connected to the gate of one

transistor in the array.

f

Transistor
Array

Figure 4.6 The mechanism are to adjust the resistance.

(2). The mechanism are to adjust the capacitance:

As shown in Figure 4.7[25], has developed a novel DCV using three-input
NAND gates for DCO design. The DCV uses the gate capacitance difference of
NAND gates under different digital control inputs to build digitally controlled
varactors (DCV) as shown in Figure 4.7(a). Figure 4.7(b) shows the equivalent circuit
of Figure 4.7(a), an initial capacitance (Ci) parallels with a capacitance difference
with (AC). The D input controls the capacitance (AC ) in the output (Out) node. The

marked transistor (Mn2) produces a large capacitance difference under different D
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states.

In Dc CL Out In
[, | 0 [,

[>o
D O\:—_—_)__\, DLAC _j_

(a) Mp3 _||§-|‘;2 [V (b)

(=)

N\ = /

Figure 4.7 The mechanism are:to adjust the capacitance.

Fine Tune in Standard Cell Desigh

For most digital applications,a standard* cell description of the digitally
controlled oscillation simplifies the design, and it can be easily ported to different
processes in a very short time period.

The fine delay steps determine the resolution of the delay line. Three fine delay
generation methods are illustrated in Figure 4.8, Figure 4.9, and Figure 4.10. The first
one consists of a multiplexer and two identical buffers. As shown in Figure 4.8 [26].
One of the buffers is loaded by a small capacitance, while the other is not. This results
in a delay difference between the two paths Tfine that depends on the load and on the
drive strength of the buffers, but not on the absolute delays of the buffers. The
minimum delay Tmin of this fine-delay line is the sum of Lfine. The Lfine iS propagation
delays of all unloaded buffers with their corresponding multiplexers. In order to
reduce the minimum delay, the buffer can also be replaced by inverters and
non-inverting multiplexers by inverting multiplexers. Both inverting cells are
significantly faster in most standard-cell libraries than their non-inverting

counterparts.
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delay control Lfine=3
) S~ S~ N~
in L L L
o—e ) out
I I T

Figure 4.8 a multiplexer and two identical buffers structure.

The second type shown in Figure 4.9 [27], depending on the technology above,
replacing the multiplexers and the buffers by NAND gates can improve the minimum
delay further. The main idea is using the delay different of paths. For example, the
capacitances and output strengths of different pins are close for a NAND gate in
standard-cell library. The timing delay difference from different input pins to the same

output pin approximates to the intrinsic difference.

delay control

Lfine=3

out

I

L

Figure 4.9 replace the multiplexers andthe buffers by NAND gates.

The third type consists of a bank of tri-state buffers driving the same node. As
shown in Figure 4.10[19]. The number of enabled buffers influences the delay of the
cell. The frequency resolution is decided by the minimum scale of a delay matrix. It is
important for systems not only to maintain a table clock but also to ensure minimum
frequency error. In order to improve the linearity of the delay sequence, some buffers

may drive permanently, and the increment of activated buffers may be not constant.

Lfine=3*4=12

J_>0ut

i
|||—|

T
1

delay control
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Figure 4.10 a bank of tri-state buffers.

Fine delay generation methods, the Figure 4.8 and Figure 4.9 solutions are based
on two identical buffers with different loads. The Figure 4.10 uses the drive strength
of a bank of tri-state buffers to control the delay.

Another example of DCO implement by an and-or-inverter(AOl) cell and
or-and-inverter(OAl) cell with two parallel tri-state inverters was proposed in Figure
4.11[14]. The basic method is to adjust the driving capability with resistance control.
Its resolution step is non-uniform and sensitive to power-supply variation because it is
based on AOI-OAI cell to change the delay resolution. In addition, this technique also

requires an additional decoder for mapping AOI-OAI cell control inputs.

1

= =

ENI EN2
IN AOI Al

s J |FDJ FDQ

Al BI1 A2 B2

Figure 4.11 High resolution delay cell.

4.3 The Proposed Fine Tune Delay Cell with
High Resolution
The DCO with High Resolution Delay Cell

The proposed DCO, like most voltage controlled oscillators or delay control,
employs a frequency control mechanism located inside an oscillator block. Two
parameters are used to modulate the output frequency of a ring oscillator. Namely two
parameters are the propagation delay time of each delay cell, and the total number of

delay cells in the close loop. Thus, we developed a novel delay cell using transmission

-31-



Chapter 4 Digitally Controlled Oscillator with High Resolution and 8-Phase Output

gate in the fine tune cell design of DCO. The proposed DCO improves delay
resolution and demonstrates monotonic delay behavior with respect to digital control
codes.

Basically, two main techniques exist for design a fine resolution in DCO with
shunt capacitor. One technique changes the MOS driving strength dynamically using a
fixed capacitance loading and achieves a fine resolution [28]. Meanwhile, the other
uses the shunt capacitor technique to fine tune capacitance loading and achieves high
resolution [29]. Figure 4.12 shows the conventional control mechanism with the shunt
capacitor circuit. In Figure 4.12, Mc serves as a capacitor. The gate of transistor Mctrl
(Dectrl) controls the discharge current and charge current. Hence, Dctrl can control the

delay resolution from In to Out.

In DC Out
O \ 4 O
Detr 0—| Meul

o1

Figure 4.12 Conventional control mechanism with shunt capacitor.

Thus in previous design, as shown in Figure 4.10, the delay matrix uses parallel
tri-state buffers to enhance the resolution of the delay cell. However, the area cost and
the power consumption for the delay matrix is too large to be used in a low cost and
low power design. As shown in Figure 4.11, its area cost and power consumption is

low, the average resolution of the delay cell is about is 5ps.

The Proposed High Resolution Delay Cell

As mentioned before, there are two main techniques existing for design a fine
resolution in DCO. However, the proposed a method of changing capacitor value to
modulate frequency with fixed current value.

Figure 4.13(a) illustrates a novel delay cell using a transmission gate. The

proposed method controls the capacitance between gate and source or between gate
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and drain. In Figure 4.13(a), the gate capacitance of transmission gate at

node C| depends on control node V¢ ’s value. The total gate capacitance at
node C| varies withV g input states. Figure 4.13(b) shows the equivalent circuit of

Figure 4.13(a), an initial capacitance (C) parallels with a capacitance difference

(AC). TheV ¢ input controls the capacitance (AC ) in the output (Out) node.
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Figure 4.13 Proposed delay cell withttransmission gate. (a) Circuit with digital

control. (b) Equivalent circuitwith AC capacitance.

Figure 4.14 shows the gate capacitance difference characteristic which is
simulated using the Hspice circuit simulator. Figure 4.14(a) shows the gate
capacitance of transmission gate when the mp and the mn is “on” or “off . Figure
4.14(b) illustrates the gate capacitance of the mp and the mn when them is “on” or
“off . As Figure 4.14(b) shown, the capacitance value of AC is estimated at “fF”
grade. As described in [30], the transmission gate equivalent resistance is estimated at

“k-ohm” grade. Therefore, the AT can be achieved “ps” grade.
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AT =R*AC - (ps = kQ*fF)

E Gate capacitance (fF)
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1.3f

1.2f
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1f
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=
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0 0.2 0.4 0.6 1 1.4 1.8 A

Gate voltage (V)
Figure 4.14(a) The gate capacitance of transmission gate.

Gate capacitance (fF)

»

1.9f }
1.8f |
1.7t
1.6f }
1.5f }
14f F
1.3f }
1.2f
L1 }

0 0.2 0.4 0.6 1 1.4 1.8 vV

Gate voltage (V)
Figure 4.14(b) The gate capacitance of transmission gate.

Figure 4.15 illustrate the difference of equivalent capacitor value from drain with

MOS “on” or “off ” to modulate high timing resolution. When MOS is “on“, the
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equivalent capacitor value from drain will be larger. When MOS is “off “, the
equivalent capacitor value from drain will be smaller. Assume the fine-tune section

has a 6-bit control word and adopt a binary weighted control mechanism.
In DC Out
O——| >0 4 O
l(? l‘? o
d
Vic2

M=64
M=32 M=4
l@\/fcl

Vics

M=16 ] ; E M=2¢
Vic4
M=8 M1u—@_Q
Vic3 VicO

Figure 4.15 High resolution delay cell.

‘ana

Figure 4.16 illustrate the highiresolution-delay cell simulation result. Fine-tune
input control word rang from *0000007:to %111111”. Thus, a total of 64 different
delays can be provided. In this-simulation; the average resolution is about 125.7fs =

[8.05ps/64]. In the meantime, “delay: time-wersus: control word is very linear. For

gigabit optical communication, this resolution.is quiet sufficient.

Control word from 000000~111111}. oy
64 different delay 5" Il 1]

g-- \‘tf-"

: g

!

8.01/64 = 125.1fs
Figure 4.16 High resolution delay cell simulation result.

8.05/64 = 125.7fs
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4.4  Structure of the Proposed DCO

Structure of the DCO and Design Guide

This DCO design applications demand high resolution, high speed, and
multi-phase output. Namely, the design target is 1.25GHz, 8-phase output, and high
resolution. As shown in Figure 4.17, the DCO is consisted of four delay elements
(DCO-cell) with differential operation frequency and 8-phase output. The oscillation
frequency depends on the equivalent load resistance and equivalent capacitance of the
delay element. By tuning the equivalent capacitance can obtain the desire oscillation
frequency. In the test chip, the DCO is implemented with TSMC 0.18um 1P6M
CMOS process.

Figure 4.18 illustrates the structure of the proposed cell-based DCO-cell with
10-bits binary weighted control. The proposed DCO-cell structure is separated into
three stages, the coarse-tuning stage, the medium-tuning stage and the fine-tuning
stage. Besides, the DCO-cell still contains thetrigger circuit, as shown in Figure 4.19.
The higher three bits of the control code are for coarse-tuning stage. The lower four
bits of the control code are for:fine=tuning stage. Other three bits of control code are
for medium-tuning stage. The ‘Coarse_tuning stage is consisted of an always on of
tri-state inverter and three tri“State” inverters: It is a matrix structure, whose
characteristics are determined by both"the "combination and number of tri-state
inverters. Note that the dynamic control range is determined by the combination of
tri-state inverter matrix.

The medium-tuning stage is consisted of three proposed hysteresis delay cell
(HDC). The HDC contains two tri-state inverters. The operation concept of HDC is to
control driving current to obtain different propagation delay. When tri-state inverter of
HDC is enabled, the output signal of enable tri-state inverter has the hysteresis
phenomenon in the transition state to produce different delay times from the delay
chain. As shown in Figure 4.18, addition to the latch between two signal paths. The
latch is consisted of two minimum size inverters. The way of adding small latch
forces two signal paths differential is called “pseudo-differential”. Both side of latch
will force two signal paths to be 180 degree out of phase.

In order to increase frequency resolution of the DCO, the fine-tuning delay cells

are added. The fine-tuning stage is consisted of four transmission gates. The circuit of

-36 -



Chapter 4 Digitally Controlled Oscillator with High Resolution and 8-Phase Output

fine-tuning delay cell is shown in Figure 4.13(a). The detail information about how to

design the fine-tuning delay cell is discussed in Section 4.3.

><:I%DCO%1!E DCO_cel!z DCO_cel!z

Figure 4.17 The proposed DCO architecture.
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Figure 4.18 The proposed DCO-cell architecture.
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Figure 4.19 The trigger circuit of the DCO.
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Design of the DCO

The minimum required voltage gain and contributed phase shift per stage are
derived based on “Barkhausen criteria”. Thus, we analyze the DCO from the
small-signal model. Figure 4.20 illustrates the small-signal model of the DCO-cell
structure. Figure 4.21 represents the parameters including the transconductance, the
output impedance, and the output capacitance of the coarse stage, the medium stage,

and the fine stage.
Voutb Vout

FOE T aa SO MG LR Yo

Figure 4.20 The small-signal model of the DCO-cell.

gmimy Rom CLm

outb
O

r—————=-

—_——_——

Figure 4.21 The parameter of the DCO-cell

The small-signal model equation derived from Figure 4.20 is shown as follows

V V
[9mm “Voutb + Imc 'Vinb]JFO—Ut*FRO—Ut= —[SC¢ +SC m +SC+ ]-Vout

Roc om
v
[9mm *Vout + Imc *Vinl+—— Youth +-outb _ —SCL¢ +SCLm +SC+ ]-Vouth
oc om

The transfer function of the DCO-cell( H(s) ) is shown as follows

H (S) — VO (S) _ 9me (1)

Vi) —gmeriﬁLi:L +S(CLc +Cm +Cs)
Roc  Rom

where g is the transconductance of the coarse stage; gmm IS the transconductance
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of the medium stage; Ryqis output impedance of the coarse stage; Rpypyis output
impedance of the medium stage; C) . is load capacitance of the coarse stage; C| is

load capacitance of the medium stage; Cj is equivalent capacitance of the fine stage.

Ao

s>

The transfer function of each stage denotes . Hence the loop gain of the

four stages is

4
His) -—2— @
1+
@0

Equation (3) can be derived from equations (1) and (2) :

[ Imc ]4
1 1
(=9mm +R7+R7)
_ oc  Mom
H(s)= S(CLetCum+C+t) 4 ®)

(=9mm + . ) i)
Roci * Rom

The 3-dB bandwidth of each stage can be.derived from equation (3) :

1 1
Ommt—-—t=)
ROC Rom (4)
(CLc+CLm+C¢)

0)0 =
For the circuit to oscillate, each stage must contribute a frequency-dependent phase

shift ofls% = 45" . The oscillating frequency is given bytan >%05¢ — 45" Hence
20]

wpse 1S equal towy. The minimum voltage gain of each stage can be derived as

follows
Imc
1 1
(—9mm + R + Ri)
0C om =1 (5)

1.4+ (“osc)2
@

The minimum voltage gain of each stage can be derived from equations (2) and (5)
asAy = V2.

The wpge Of the ring oscillator is derived based on “Barkhausen criteria

-39-



Chapter 4 Digitally Controlled Oscillator with High Resolution and 8-Phase Output

(|H (jwosc)| =1)”. Thisis

1 1
gmc2 —(=9mm "‘7“‘7)2
ROC Rom (6)

(CLe +CLm +C¢ )2

@osc =

From equation (6), the oscillation frequency of the ring oscillator can be derived :

1 1
9m02 —(=9mm +7+7)2
f :i ROC Rom (7)
0sc =5 5
4 (CLc+CLm+Cx)

From equation (7), the maximum oscillating frequency ( fax) and the minimum

oscillating frequency ( fiin ) can be derived as follows :

1 1 1 9mc(max)
fmax : ins——+——— > f o |
max gmm(mln) Roc  Rom max 27 (CLC+CLm +Cf) (8)
1 1 1 gmc(min)2 - gmm(max)2
fmin * 9mm(max) >> + 2 Tmin z2_ 2 ©)
Roc  Rom 3 (Crc+CLm+Cr)

From equations (8) and (9), the  operating frequency range ( frange) can be derived

as follows :

9mc(min) 9mm(max)

)2 —( )] (10)

mc(max) 9mc(max)

frange ~ fmax '[1—\/(

From (10), 50% frequency-tuning range can be achieved with a transconductance

ratio of the coarse stage and the medium stage (gmm g ) being+/6/13.

Analysis of the DCO

There are two issues in designing the desired DCO; a sufficiently high resolution
to maintain acceptable jitter, a monotonic response of the control word to the
oscillation frequency, and high noise immunity.

The clock period control range of the DCO consists of several sections. The
control range of each control word determines the clock period of each section. The
control range must be larger than the clock period difference between each two
neighbor control words. Otherwise, there are frequency gaps in each two neighbor
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control words. Moreover, in order to increase the tolerance of the process variation,
the overlap of the clock period must be large enough.

This basic concept of the clock control period range is illustrated in Figure 4.22.
Having these basic concept and design issues, we can design the DCO in detail based

on above discussions.

Overlap ™~

I— Co |
| Cl1
Cn-2 \Controllable Frequency
|—| Range Per Coarse-tune
| Cn-1 | Control Word

P.V.T Variation
| Co |

I—I\

Gap

| Cn-2 i |
| Cn-1 |

Figure 4.22 Influence of PVT variations on the controllable frequency range.

4.5 Simulation Results and Layout

Follow the methods in Section 4.3 and Section 4.4, we propose the DCO
architecture as Figure 4.17, Figure 4.18, and Figure 4.19. Figure 4.23 illustrates the
clock period of the proposed DCO at three different corner cases. As shown in Figure
4.23, three corner cases all cover 800ps for the center frequency of 1.25GHz.
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" Tuning Range of 3 Corner Cases Chain

1

Clock Period of DCO

Coarse Code

Figure 4.23 The clock periodrange of:the DCOrat three different corner cases.

Figure 4.24 shows monotonous curyves-of tuning code according to medium tuning

frequency of the DCO at TT corner.

™ Tuning Range of Medium tune Chain
ad T T \ T \ \

Clock Period of DCO

b8 1 L I I I i
0

Medium Code
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Figure 4.24 Tuning range of medium stage.
Figure 4.25 shows monotonous curves of tuning code according to fine tuning
frequency of the DCO at TT corner. And delay range of the fine tune chain is about

6.07ps. Therefore, the average resolution is about 0.38ps.

e Tuning Range of Fine tune Chain
o .
o
a
©
o
L
o
[a
4
S
O
Fine Code
Figure 4.25 Tuning range of-fine stage.
Gap issue

In order to consider period gaps in each two neighbor control words, the gaps
issue is analyzed. As shown in Figure 4.26(a) and Figure 4.26(b), period in each two
neighbor control words are overlapped at TT corner. Thus, the proposed DCO has no

period gaps in each two neighbor control words.

(T)

852.71ps N\ [11]
0001 \L00

779.03ps

8H1.9%ps (000] p

[coarse_code]>[medium_code] Ctrl_code
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Figure 4.26(a) The coarse-code vs. medium-code period overlap diagram.

~883.51ps

1
L
871.77ps
876.61ps [000]

[medium_code]->[fine code]  Ctrl_code

881.52ps

Figure 4.26(b) The medium-code vs. fine-code period overlap diagram.

Table 4-1 shows the form of period overlap at three different corner cases. As shown
in Table 4-1, the periods in two neighbor control words are overlapped at three
different corner cases. Thus, the proposed DCO has no period gaps in each two

neighbor control words at three different corner.cases.

Table 4=1 The'form of period-overlap.

CoarSexstune’|Medium_tune| Fine tune
Tuning
56.96ps 6.99ps
range
TT
resolution 48.6ps 4.95ps
Tuning 67.23ps 7.5ps
range
SS
resolution 59.5ps 5.5ps
Tuning 46.8ps 6.45ps
range
FF
resolution 41.1ps 4.33ps

Layout
The digitally controlled oscillator is implemented in TSMC 0.18 #zm 1P6M
CMOS process. The layout of this chip is shown in Figure 4.27. The core area is
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* 310umx220um ”, while the chip area is” 680umx680um .

simulation result summary is shown in Table 4-2.

e

'-

[ 7

Figure 4.27 The Iayout;ﬁf'the p?&ﬂo@e{p"-d’igi'tally controlled oscillator.

o =]
B -
| b ]

Table 4-2 fhe éh‘frirrﬁary'-bf thé_i:jerformance

Functi "I Digitally Controlled
unction Oscillator
Process 0.18um@1.8V
Control word length Coarse_tuneF:i:’sn (l:ltu,l Ill\éle‘:illl;ir?_tune :3 bit
Coarse tune :Binary,Medium tune :Bina:
Control word type - Fine gne 'Binar)7 Y
LSB_ Avg. Gain : 0.38 ps/code
resolution
Output 1.06GHz ~ 1.50GHz
frequency
Core Area 310um x 220um
Chip Area 680um x 680um
Multi-phase
Output 8 - phase Output
Power 34.1mW @ 1.25GHz
consumption
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4.6 Comparisons and Summary

Comparisons
Table 4-3 shows the comparisons among different DCOs. As shown in Table 4-3,

the proposed DCO with multi-phase output achieves the finest LSB resolution.

Table 4-3 Comparison with existing DCOs.

Items

Function This work TCAS2 07[33] | JSSC05[32] | ASSCC05[31] [ TCAS2 05[25]| JSSC 03[14]
Process | 0.18um@1.8V [ 90nm@1.0V | 0.18um@1.8V | 0.18um@1.8V | 0.35um@3.3V| 0.35um@3.3V
DCO
output range 1.06 ~ 1.5 GHz [ 191 ~ 952 MHz| 413 ~ 485 MHz| 0.75 ~ 1.8 GHz | 18 ~214 MHz | 45 ~450 MHz
LSB
resolution 0.38 ps 1.47 ps 2 ps 0.6 ps 1.55 ps 5ps
Power- 34.1mW 140uW 170~340uW 26.8mW 18mW 50mW
consumption|  @1.25GHz @200MHz (Static only) @ 670MHz @200MHz @500MHz
Area 310um x 220um — 100um x-50um; [ 100um x 400um [ 200um x 200um —
Multi-phase | Yes (8-phase) No No No No No
Summary

Table 4-3 shows the comparisons among different DCOs. As shown in Table 4-3,
the proposed DCO with multi-phase output achieves the finest LSB resolution.

In this chapter, the basic DCO concept, the basic DCO design, and fine tune
methods are discussed at first. Then, a digitally controlled oscillator with 8-phase
output using the transmission gate as digitally controlled fine-tune cell is presented.
The proposed DCO is implemented in TSMC 0.18 . m 1P6M CMOS process. It can

be operate from 1.06GHz to 1.5GHZ. The average delay resolution of the DCO is
0.38ps. The proposed DCO has multi-phase output, high resolution, and small silicon
area suitable for high-speed serial link application.
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Chapter 5

Conclusions

5.1 Conclusions

This thesis proposed a digitally controlled oscillator has high timing resolution, and
multi-phase output (8-phase) for ADPLL. The proposed digitally controlled oscillator
can be applied to “a 1.25GHz ADPLL with 8-phase output” and “a 2.5Gb/s
data-transceiver architecture”. Thus, there are two issues in designing the desired
DCO; a sufficiently high resolution to maintain acceptable jitter, a monotonic
response of the control word to the oscillation frequency. As the simulation results in
Section 4.5, the proposed DCO can achieve the target on above discussions.

The digitally controlled oscillator circuit is consisted of four delay elements
(DCO-cell) with differential operation frequency and 8-phase output. This thesis
proposes a novel fine-tuning method to change the DCO oscillating frequency slightly.
The DCO timing resolution can be improved to about 0.38ps by adding fine-tuning
delay stage. The frequency range is about 1.06GHz to 1.5GHz by HSPICE circuit
simulation. The proposed digitally controlled oscillator circuit is designed using
TSMC 0.18 zm 1P6M CMOS process with active die area of 310umx220um. The
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total power consumption of the proposed DCO is 34.1mW when oscillate frequency is
1.25GHz. In this thesis, a systematic design method for the DCO design is also
presented. The design methodology proposed can reduce design time and design
complexity of the DCO. The conclusion, the proposed digitally controlled oscillator
has multi-phase output, high timing resolution, and small silicon area, making it very
suitable for SOC applications.
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