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A 1.25GHz All Digital Phase-Locked Loop with 8-phase output
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Abstract

The increasing demand for the data bandwidth in network has driven the development of
high-speed serial link technology. The high_speed serial links have been applied in optical
communication, USB, IEEE-1394. This thesis develops a:transmitter front-end circuit design in
0.18um CMOS process technologies.:The objective goal of:this research is to realize 1.25Gbps an
all-digital serial link transmitter.

There are two major topics in this thesis. First, we compare and analyze all types of serializer.
Base on the comparison results and IEEE802.3ah specification, we implement a 10 to 1 serializer
in all-digital approach. Besides, we integrate this serializer, PLL, and output driver together to
become a complete serial link data transmitter. It has been implemented using 0.18um 1P6M
TSMC CMOS technology. The measured jitter is about 66ps and can be capable of operate
1.25Gbps data rate. Chip size is about 1900 x 990um?.

The second research topic is a 1.25GHz all digital phase-locked loop. We propose a high
resolution digitally-controlled oscillator with multi-phase output. Functional verification of the
ADPLL is performed by MATLAB simulink and gets optimal DCO resolution corresponding to
output clock jitter acceptable. It will be implemented using 0.18um 1P6M TSMC CMOS
technology. The output clock jitter is about 104ps after post-layout simulation, and power
consumption is about 24.49mW. Overall chip size is about 880 x 730pum?.

Keyword: Data transmitter, Serializer, Digital-controlled oscillator, All digital phase-locked
loop
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Chapterl Introduction

Chapter 1

Introduction

1.1 Motivation

As VLSI technology grows.up, the design' trend goes toward system-level
integration and single-chip solution. Thus in-System-On-Chip (SoC) designs, each
module should better be reusable and process portable so that the total design time can
be reduced. Unfortunately, some time critical blocks, such as Phase-Locked Loops
(PLLs) are neither reusable nor process portable.

The PLL is widely used in SoC designs. They are often applied to
communication applications to perform the tasks of frequency synthesis, duty-cycle
enhancement, and clock de-skewing [1]. A PLL can be used as frequency synthesizer
by including a frequency divider in the feedback path. A PLL-based frequency
synthesizer also can be used as clock generator for digital circuits. This is
advantageous as it allows the processor to operate at a high internal clock frequency
derived from a low-frequency input clock. Moreover, the ability to oscillate at
different frequencies reduces the cost by eliminating the need for additional

oscillators [2].
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Due to high integration of Very-Large-Scale-Integration (VLSI) systems, PLLs
often operates in a very noisy environment. The digital switching noise coupled
through power supply and substrate induces considerable noise into noise-sensitive
analog circuit. Besides, it always needs some passive components, such as resistors
and capacitors. If these passive components are external components, the PLL will
couple even more noise. If these passive components are integrated on chip, they will
occupy large area [3]. As a result, how to design a PLL in a more efficient way
becomes more and more important in these days.

Figure 1.1 shows the transmitter structure, the transmitter is composed of an
8-phases PLL, a Parallel-In-Serial-Out (P1SO) multiplexer, and an output driver. Our
research motivation mainly focuses on the design and implementation of the PISO
and PLL in an all-digital approach. We will compare different kinds of serializer and
choose an all-digital structure that can meet our needs. Furthermore, a fast systematic
design methodology for PLLs is:desirable for current SoC designs. Therefore, to

integrate overall system easily, we try to implement PLL module in an all-digital way.

Digital Circuit

10
PRBS p——pt— MUX

Ref Analog
CLK D PLL Circuit

Figure 1.1 1.25Gbps LVDS transmitter structure
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In order to avoid the disadvantages of analog circuits, an All Digital
Phase-Locked Loop (ADPLL) has been developed because it has better
programmability, stability, and portability 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 design a
low-jitter, low-power, and high resolution ADPLL. So, how to overcome the
limitations of standard cells to build a high resolution delay cell and high sensitivity
frequency and phase detector are the challenges for our research.

The goal of this thesis is to design a CMOS serial link transmitter front-end
circuits, including a 1.25GHz, 8-phase ADPLL with high resolution DCO and 10-to-1
all digital serializer. Thus, we propdse a new standard-cell based design for the DCO
structure. We also propose a new fine-tune ‘method to achieve high resolution to
overcome the limitations of cell-based design. In‘this:thesis, a systematic design flow
for DCO design is also presented. As-a result, the design methodology we proposed
can reduce design time and design complexity of ADPLL, making it very suitable for

SOC applications.

1.2 Thesis Organization

This thesis comprises six chapters. This chapter illustrates the research
motivation.

Chapter 2 describes the background study. We will introduce the classification of
PLL and their basic concepts. In addition, we compare three different types of PLL
and discuss design considerations in this chapter.
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In Chapter 3, we describe the data serializer in a transmitter. Fist, we introduce
and compare three different types of serializer architecture. Second, we choose
shift-register type structure as our serializer circuit and show the simulation results.
The simulation results are verified by the measurement in the Section 3.4 from test
chips implemented in TSMC 0.18um 1P6M CMOS technology.

In Chapter 4, we describe and compare some existing DCO structure. And, we
point out its design parameters and discuss the design issues. In addition, we explain
the proposed scheme to overcome the limitations of the standard cells to build high
resolution delay cells. Considering process variation, due to many trades-offs between
large tuning range and desired operation clock period, we develop a standard
procedure to determine the DCO size for the desired target oscillation frequency.

In Chapter 5, we use control mechanism to change the value of the oscillation
control word. We use an improved binary search algorithm to perform frequency
search and use linear search to perform phase tracking. Overall, building blocks are
all constructed in a digital approach. Thus .the:* ADPLL can be implemented with
standard cells. Also, it has good-portability over different processes.

Finally, Chapter 6 concludes‘this thesis and discusses the future development.




Chapter2 Background Study

Chapter 2

Background Study

2.1 Phase-Locked Loop Basics

Any Phase-Locked Loop (PLL) must have-three basic components, a phase
detector, a loop filter and a voltage-controlled oscillator. Figure 2.1 shows the basic
structure for a PLL. The PD detects the‘phase difference between the input signal and
output signal and produces a phase error signal -uy (t) . The Loop Filter transform the
ug (t) into a voltage signal u; (t) to control the VCO. This would cause the VCO to

change its oscillation frequency in such a way that the phase error finally vanishes.

When the loop is locked, the frequency of the VCO is exactly equal to the
average frequency of the input. The loop filter is a low-pass filter that suppresses

high-frequency signal components in the phase errors.

Input Signal, u, (7) { ¢
—L—]  Phase a® o| Loop Filter AL VCO —r—

Detector

Output Signal, 4 (7)

Figure 2.1 Block diagram of the PLL
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2.2 Analog PLL

As shown in Figure 2.2, the analog PLL is built from purely analog functional
block. The analog multiplier is used as a PD, the Loop Filter (LF) is built from
passive or active RC filter, and the VCO is a ring oscillator constructed by differential
inverters. The analysis of this control system is normally performed by means of its
phase transfer function H(s). We describe this system transfer function using

Laplace transform.

V, (s) = K,0,(s) (2-1)
V. (s) = F(s)V,(s) (2-2)
K
6,(9) =+ 2V, (9 (2-3)
R LF
&.(s) :+/-\ Gp (5) - P : I}J(S} - K(JH"'(S}L F(s) Ve(s)= F('F}I:'J(S}
1 " d 1 "
| - [
X0
VCO
K,!s

Figure 2.2 Linear model of the analog PLL

The LF is a low-pass filter. The LF may be active or passive. It typically
determines the loop being first-order or second-order. There are many types of
structures to design a low-pass filter. Assuming the transfer function of the LF is
F(s). From (2-1), (2-2), (2-3), we can obtain the phase transfer function H(s) :
0,(s) KK F(s)

6(s) s+K,K,F(s)

H(s) = (2-4)

Where K, is the phase-detector gain, K is the VCO gain factor, and H(s)

is the closed-loop transfer function.

This model enables us to analyze the tracking performance of the analog PLL,
i.e., the system maintain phase tracking when excited by phase steps, frequency steps,
or other excitation signals. We can analyze the characteristics and the responses of the
analog PLL in S-domain, and then, calculate all parameters to design an analog PLL
to satisfy the specification[3].
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23 Digital PLL(DPLL)

The digital PLL is just an analog PLL with a digital phase detector. In other
words, the DPLL is actually a hybrid system built from analog and digital functional
blocks. Only the phase detector is built from a digital circuit. The remaining blocks
are still analog.

As shown in Figure. 2.3, the DPLL is composed of a phase frequency detector, a
charge pump, a loop filter, a voltage controlled oscillator, and a divider. The phase
frequency detector detects the phase difference of the two clocks and sends the
detection result to the charge pump. The charge pump pumps the charge to the loop
filter according to the phase frequency detector detection result. The loop filter’s
terminal voltage is determined by the charge and the current it contains. The
oscillating frequency of the voltage controlled oscillator is controlled by the terminal
voltage of the loop filter. The output of the VCO is sent to the divider and be divided
into the same frequency as the reference clock. The divider sends the divided clock to
the PFD and completes the loop.

F
Reference Clock, ref i Phase upP Charge Pump Voltage Contralled | Qutput Clock
requency : Oscillator (VCO
Detector =T & Loop filter ( )

Feedback Clack, £ 7. | Divider by N

Figure 2.3 The block diagram of the DPLL

A circuit that can detect both phase and frequency differences is called a
“phase/frequency detector”. It is illustrated conceptually in Figure 2.4. In Figure
2.4(a), the two inputs have equal frequencies but A leads B. The output UP continues
to produces pulses whose width is proportional to ¢ .— ¢ s while DN remains at
zero. In Figure 2.4(b), A has a higher frequency than B, and UP generates pulses while
DN does not.

Figure 2.5 shows a simple implementation consisting of two edge-triggered
resettable D flipflops with their D inputs tied to logical ONE. The inputs of interest, A
and B, serve as the clocks of the flipflops. If UP=DN=0 and A goes high and UP rises.
If this event is followed by a rising transition on B, DN goes high and the AND gate
resets both flipflops.
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Figure 2.4 Conceptual operation .of a PED._with (a) unequal phases, and (b) unequal
frequency

VDD

A —D ﬂ—cup
| B :% 15
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DFF i i i

ov Il
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Figure 2.5 Implementation of PFD
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Figure 2.6 shows an example of the charge pump & loop filter circuit. A charge
pump consists of two switched current sources that pump charge into or out of the
loop filter according to its two logical inputs.

Figure 2.6 Example circuit of the charge pump & loop filter

Figure 2.7 shows a simple charge-pump PLL. When the loop is turned on, foy
may be far from fi,, and the PFD and'the charge pump vary the control voltage such
that fo,c approaches fi,. When thetinput.and output frequencies are sufficiently close,
the PFD operates as a phase detector, performing phase locking. The loop locks when
the phase difference drops to zero and the‘charge pump remains relatively idle [4].

VDD
T— DFF . C)
> —\51
BinTin _l

v, I

Veont out>Sour Tout

l,

—
P
—

g

52
C

Figure 2.7 Simple charge-pump PLL

The analysis and design of DPLLs is similar to analog PLLs. We can analyze
both the characteristics and the responses of a DPLL in S-domain, and then, calculate
all parameters to design a DPLL to satisfy the specification.
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24 All-Digital PLL (ADPLL)

The all-digital PLL (classical all-digital) is distinctly different from the first two
PLLs mentioned thus far. The ADPLL is a digital loop in two senses: (1) All digital
components, (2) All digital (discrete-time) signals.

It doesn’t contain any passive components, such as resistors and capacitors. The
VCO is replaced by a digitally controlled oscillator (DCO). The charge pump and
loop filter is replaced by UP/DN counter or called control unit.

As shown in Figure 2.8, 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 et of digitally controlled signals (binary signals)
to control the DCO. The output-0f the DCO, 1s sent-to the divider to divided into the
lower frequency range. The divider sends the divided:clock to the PFD and completes

the loop.

F —
Reference Clock_ " ref Digita up J| Digital Loop Filter Digital Controlled Output Clock

PFD ST (UP/DN Counter) Oscillator (DCO)

Feedback Clock . “di [ ivider by N

Figure 2.8 The Block diagram of the ADPLL

The functional blocks of ADPLLs imitate the functions of the corresponding
analog blocks. Because ADPLLs consists of digital circuits entirely, there are many
types of design methods to achieve their functions. Because the ADPLL system is
discrete-time system, analyzing the ADPLL in S-domain is not suitable. The ADPLL
system can be analyzed in time-domain or Z-domain, or building a new model to

analyze the ADPLL system [3].
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2.5 Comparison

In the three different types of PLLs, including analog PLLs, digital PLLs and

ADPLLs, they have many advantages and disadvantages respectively. We compare

and illustrate them in Table 2-1.

Table 2-1 PLLs comparison

Analog PLL DPLL ADPLL
Design methodology | Analog Analog and Digital All-Digital
Mixed-mode

Turnaround time Long Long Short
Neise immunity Low Low High
Power consumption |Large Large Small
Lock time Long Long Short
Area Large Large Small
Oscillator frequency | High High Low
Oscillator resolution | High High Low

These advantages and disadvantages—are  principally separated by design

methodology. The PLL designed with :analog" circuits has characteristics of analog

circuits. In opposition, the ADPLL designed with digital circuits has characteristics of

digital circuits. Therefore, the analog PLL and the DPLL have characteristics of

analog circuits but the ADPLL has characteristics of digital circuits.

The analog circuits take much more time to design, so they have a long

turnaround time. The digital circuits have higher noise immunity than the analog

circuits. The VCO of an analog PLL or a DPLL produces a continuous frequency

band but the DCO of an ADPLL produces a discrete frequency band. The VCO has

higher resolution than the DCO. The digital circuits generally have lower power

consumption than the analog circuits. The ADPLL may have small area because the

loop filter of an analog PLL or a DPLL always has one or more large capacitors,

whose area cannot be efficiently reduced as the process technology improving.
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2.6 ADPLL Design Considerations

As mentioned in Section 2.4, an ADPLL is entirely built from digital functional
blocks and these digital blocks imitate the function of the corresponding analog
blocks. Because analog circuits cannot be completely replace by digital circuits, there
are some problems occurred as designing an ADPLL. Analyzing the ADPLL in
S-domain is not suitable, so we analyze the characteristics and the responses of the
ADPLL in time-domain.

According to Figure 2.8, an ADPLL consists of three functional blocks: a PFD, a
control unit, and a DCO. Based on the mentioned basic concepts above, we point out
some design issues as following before we design an ADPLL.

The first step is to analyze and design a DCO. It is the kernel of the ADPLL. 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 should have a monotonic approach
to the DCO control word. Third, a‘DCO-should have high noise immunity, so the
output clock will not induce large jitter. The noises come from the power supply, the
control word transition, or other conditions.

The second step is to analyze and design a FD and PD. It must be sensitive to
detect both the frequency difference and the phase difference between the reference
clock and the feedback clock. The resolution of FD and PD should be as high as
possible.

The third step is to analyze and design a control unit. It receives the signals,
produced by the FD and PD, and produces signals to control the DCO. It works as a
loop filter. It decides the speed of the lock process and suppresses the high frequency
noise to reduce jitter. All responses of an ADPLL are almost decided by this control

unit.
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Chapter 3

Data Serializer

3.1 Introduction of Serializer

Gigahertz optical-fiber-link systems have-become more important because of the
increasing demand for high-speed‘communications. The key components of these
systems are MUX (PISO). Fast switching speed is therefore necessary. Serializer
combines many low speed parallel random data into a high-speed stream of serial data.
This technique effectively reduces the buses for interconnections, and thus alleviates
electrical and magnetic interference.

For example, most transmitters incorporate a 16-tol serializer, allowing 16
inputs to be much slower than the output and hence simplifying the design of the
package. This chapter describes the design of all digital CMOS data serializer that is
capable of running at a 1.25Gbps data rate, which can be adopted in optical

transmitters.
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3.2 Three type Serializer Architecture

3.2.1 Tree-Type Serializer

Figure 3.1 shows the data serializer with tree-type architecture which is based on
a set of 2:1 multiplexer circuits and uses a binary tree structure. To convert 16 parallel
data to a serial data, there are five triggered clock to control the multiplexers.
Conventional 2:1 serializer is trigger during the clock transition (both rising & falling
edge). If the clock duty cycle is not 50%, it induces the output jitter. Additional
retiming can avoid the problem, but it’s difficult to produce the global clock for high
speed operation.

The data serializer can achieve high-speed operation. Because the RC load of
every multiplexer is not large. In [5],'a 20Gbps.CMOS transmitter is proposed. The
design issue is the accuracy of triggerediclock. The jitter of preceding clock will affect

the performance behind. The effects are accumulated.

F/16
!
g? : 2:1 mux _I— TS
. F/4
. 1 21 mux . | F/2 F
* . 2:1 mux l 1
8 . - Jair
. ;- . 211 mux p— Latch }—oOUT
: o 2:1 mux —r
. 1 2:1 mux —,_

D14 |
2:1 mux

D15

Figure 3.1 Tree-type serializer architecture
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3.2.2 Single-Stage Type Serializer

Figure 3.2 shows the data serializer with single-stage type architecture. Figure
3.3 shows the single-stage type serializer timing diagram. Time-division
parallel-to-serial data conversion is achieved by gating each transmission path
sequentially. Every transmitter gate is controlled by phase of PLL. For example, the
data dO will be exported when ck0 and ck5 overlap. Although there is jitter in the
phases of PLL, the phases will move in the same direction. So the overlap of two
phases in the same transmission gate is about the same as original one.[6][7]

A larger number of parallelisms will decrease the data rate. Because the
multiplexer output has large capacitance and the parallel data has shorter time to

convert. So this data serializer is commonly applied to the systems below 4Gbps.

=

outa [l — outb
ck7— cki— cko— F=cko cki ck?
ckd— see cke— ek5— F-eks bcké oo _||—ckd
d7 — do - do + F-ndo Fnd1 F-nd?

Figure 3.2 Single-stage type serializer architecture

ckO
ck1
ck2
ck3
ckd
ckd
ck6
ck7

(doid1id2id3iddid5id6id7 idoidd

Figure 3.3 Single-stage type serializer timing diagram
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3.2.3 Shift-Register Type Serializer

Figure 3.4 shows the data serializer with shift-register type architecture and its
timing diagram. This architecture performance is dominated by the maximum operate
speed of DFF. And it has the advantage of flexible number of parallelism. Unlike
tree-type architecture has the limitations of 2" number of parallelism. Because most
components operate at a higher global clock speed, it may consume more power than
tree-type architecture.

After the introduction and comparison of these three-type serializer architecture,
we finally adopted shift-register type serializer. First of all, our design specification is
10:1 serializer for EPON standard ( IEEE802.3ah PMA Architecture ) .\We can not take
tree-type architecture into consideration. Besides, if we choose single-stage type
serializer architecture, we need 10 precise phases clock generator. Therefore, we take
shift-register type serializer as our building block. It has the advantage of flexible
number of parallelism, simple architecture, easy to implement and all digital.

VDD--»Ij - IjD’I:FmDDJ:FC,_...DDJ:FQ,_:_.Out
Ck1 l i 1T ==C
| | 1]
_I ODFFD_‘
{
D7

—> 5
!

L II_ |
ODFFD-I QDFFD_I ® DFF
l

Ck3 ¢ | .

U f J

D9 D8 = Do

Figure 3.4 Shift-register type serializer architecture
CK1 i
oo L - L T
cK3 i | | | | | | | | | _ :

Out *DQ*DD*M*D2*D3*D4*DS*D(S*D?EXDB*DQXEDD*

Figure 3.5 Shift-register type serializer timing diagram
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3.3 Transmitter Functional Blocks

Figure3.6 shows the overall transmitter architecture, which includes a multiphase
PLL for data transmission, a parallel-in-serial-out multiplexer (PISO), and an output
driver. Parallel to serial data conversion is achieved by means of the shift-register type
MUX. Its clock is provided by a PLL. The role of the output driver is to drive serial
data to physical channel and provide good driving capability to avoid ISI.

Low Speed
Full Swing
Parallel Data . _
1.25Gbps Differential Output
LFSR 10bits SeFEiIe:\SIiCz}er 1.25Gbps re———
125Mbps (PISO)
r Y |_— High Speed
Div10 |« Transmitter Low Swing
Clock 1.25GHz Serial Data
System
Clock CLK-Gen
78.125MHz

Figure 3.6 Overall transmitter architecture

3.3.1 Generation of random ‘data

In characterization and simulation, it is difficult to generate completely random
binary waveforms because for the randomness to manifest itself. For this reason, it is
common to employ a pseudo-random binary sequences( PRBS ). Each PRBS is in fact
a repetition of a pattern that itself consists of random sequences of a number of bits as

shown in Figure 3.7.

"
T Ta

! Repetitive Pattern

Figure 3.7 Pseudorandom binary sequence
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As shown in Figure 3.8, there are sixteen master-slave flip-flops as the shift
registers and an XOR gate to send the result to the input of the first flip-flop. Figure
3.9 shows HSPICE simulation results.

D15@D7 Do D1 D2 D3 D4 D5 D6 D7

D Q ] D Q | D Q I D Q I D Q I D I D Q ] D Q—L
|—-> |—-> |—-> |—-> |—~> |—-> r> |—->

CLK - . : . . : o .
D7 D8 D9 D10 D11 D12 D13 D14 D15

| D Qf+—|D D QD Q—*—|D Q—*—|D Q—*—|D Q——|D Q

S Rl Dl el Bl el el

Figure 3.9 LFSR Simulation

A 211 data pattern can be generated with sixteen registers and an XOR
circuit. The characteristic of the PRBS architecture is that the probability of
transitions from O to 1 and 1 to O are the same and the total numbers of Os and 1s are
different by one. It is a simple and regular structure. It can generate all possible
combination patterns except all zero vectors. This technique can be extended to an

m-bit system so as to produce a sequence of length 2" —1.
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3.3.2 Parallel-In-Serial-Out Multiplexer

We take shift-register type serializer architecture as our multiplexer which is
discussed in Section 3.2.3. Figure3.10 shows the serializer timing simulation. From
this simulation information, we can preliminarily assure the circuit function is correct.

Figure 3.11 shows the simulated eye diagrams of the data serializer.
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Figure 3.10 Serializer timing simulations
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Figure 3.11 Simulated eye diagrams of the data serializer
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3.3.3 LVDS Driver Architecture

This section roughly describes LVDS driver design in [8]. This driver part has
been verified and has only 47ps peak-to peak jitter when operate at 1.25Gbps [8].

Overall architecture of the LVDS driver contains a single to differential buffer, a
controlled pre-driver module, a fixed LVVDS driver, and a programmable LVDS driver.
In Figure 3.12, the first buffer converts the single ended data input to a differential
one. The upper signal path is for the fixed driver and the lower one is for the
programmable driver. The upper signals pass to the first six orderly turn-on buffers
blocks. Note that, the signals are duty cycle controlled to reduce SSN as well. Besides,
because of the process variation or layout mismatch, the output level is not guaranteed
to have an expected voltage level. So the additional controllable LVDS drivers can
enhance the output driver current to compensate the output voltage swing through the

programmable LVDS driver as in Figure 3.12.

Single to I Orderly Duty cycle-: I Fixed |
Differential ! Turn on Adjust | I LVDS 1
Buffer : Buffer Buffer | : Driver :
| & 1

— | ]
Input 1 . 1
| 1

| 1

| 1

I Control |

I logic 1

| |

I hy [

I T T I T Duty cycle '1 Programmable 1

I p1  p8n1 n8 Adjust Iy LVDS 1

' PMOS NMOs ~ Buffer 1 Driver I

I Control  Control I : :

: Signal  Signal T |

Figure 3.12 The overall LVDS driver architecture[8]
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3.4 Measurement Result

Figure 3.13 and Figure 3.14 shows the PCB layout and the picture of the data
serializer test board. Separated power supplies are applied for the 1/O circuits. We
separate the digital power and the analog power to avoid noise coupling and make the
power measurement. Some off-chip SMD capacitors of 1nF to 1000nF are used in the
vicinity of the core of the chip to serve as the bypass capacitors. The SMD capacitors
bypass the differential outputs. The capacitor values are gradually increased when
away from the chip. The switch is used to provide reset signal. The measure points are
connected to instrument by SMA connections.

TREEE m
N "/:I\
L
! :

e | |
i

Figure 3.13 PCB layout Figure 3.14 Test board photo

Figure 3.15 shows the PLL 1.25GHz VCO output waveform and Figure 3.16
shows the VCO output eye diagram. The RMS jitter is about 3.5ps and the
peak-to-peak jitter is 30.6ps.

Figure 3.15 1.25GHz VCO output Figure 3.16 VCO output eye diagram
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Figure 3.17shows the PLL 1.25GHz divider output waveform, and Figure 3.18

shows the divider output eye diagram. The RMS jitter is about 5.54ps and the
peak-to-peak jitter is 45.56ps.
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Figure 3.17 PLL divider output waveform  Figure 3.18 Divider output eye diagram
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Figure 3.19 1.25Gbps overall transmitter differential output eye diagram
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Figure 3.20 1.25Gbps overall transmitter differential output eye diagram
(measurement results)
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This chip was implemented in TSMC 0.18um 1P6M CMOS technology. We use
Calibre tool for DRC, LVS, PEX verification. Figure 3.19 shows 1.25Gbps overall
transmitter differential output eye diagram after post-layout simulation. Figure 3.20
shows the measurement result of 1.25Gbps overall transmitter differential output eye
diagram. The peak-to-peak jitter is about 66ps and eye-amplitude is about 500mv.

Figure 3.21 shows the die photo of data serializer, including a fully-integrated
multi-phase PLL, a serializer, a LVDS output driver and a built-in pattern generator
(PG) for testing . The chip area is 1900um*990um and gate count is about 4333. The

chip power consumptlon is about 50mW The chlp summary is shown in Table 3-1.

Figure 3. 21 The overalLehip photograph

L Ir-'

Table 3-1 Overall Chlp summary of the transmitter

Function 1.25Gbps Transmitter
Technology 0.18um 1P6M
Chip size 19007990 (um?)
Transistor Count 4333
Power Dissipation ~50mv
Jitter ~66ps@ 1.25Gbps
Function PLL
Size 8007670 (um?)
Power Dissipation 30mwv
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This chip measurements are made using an Agilent 86100B wild-band
oscilloscope. An Agilent 81130A pulse data generator is used for PLL reference clock
generator. Figure 3.22 shows the measurement environment. HP E3610A DC power
supply provides the required voltage sources for the test board. It has a measured
differential output peak-to-peak jitter about 66ps at 1.25Gbps and eye-amplitude is
about 500mV. It shows that the chip satisfies IEEE 802.3ah requirement.

Agilent 81130A Agilent 86100B
Pulse Data Wild-Band
Generator Oscilloscope
HP E3610ADEC - w ;!: 2

Supply 1.8V

Power Supply
PCB

Wire

SPB-UGGS Bonding

Figure 3.22 Measurement environment
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Chapter 4

Digitally Controlled Multi-Phase

Oscillator

4.1 Introduction of DCO

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 DCOs that have been presented.
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A DCO structure is showed in Figure 4.1(a) [9]. 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 4.1(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 4.1(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.

DCO Cell DCO Cell DCO Cell DCO Cell

D[n-1:0] ] [

=
»| DCO Cell »| DCO Cell »| DCO cell »| DCO Cell |—, DCO
Output
Enable
Figure 4.1 (;a) 8-cell'DCO with control bit [9]
VDD
DIn-1] DIn-2] DI1] D[0]

_d 2"-1(W!L)_d 22N, T T T T T T _d 2(WiL),, _d (WIL),
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|
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In CCo—e } { Oout
- ]

Din-2] D[1] D[0]

D[n-1]
— 2"-1(W!L),,_| 2AWIL), ======~ L 2o, L oy

Figure 4.1 (b) Constituent DCO cell [9]
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Another DCO structure is showed in Figure 4.2[10]. The DCO consists of four
paths and four DCO cells. The DCO cell is shown Figure 4.1(b). The path selection
works as the coarse search. The DCO cells work as the fine tune. The area of the DCO

in Figure 4.2 is smaller than the area of the DCO in Figure 4.1(a).

P“_X%E‘ p3 p3 p2_XZ, p2 p1 p1
DCO
L{pco cell DCO Cell DCO Cell DCO Cell S
1o

Enable

Figure 4.2 Structure of DCO in [10]

4.2 Standard-cell based DCO Design

Figure 4.3 shows a typical-ring-oscilator which is very popular architecture in
most ADPLL designs. The main advantage is that the oscillator can be implemented

by standard-cell library.

[ [ [ Fout

Figure 4.3 A typical ring-oscillator

The modified architecture is showed in Figure 4.4 [11]. The enable signal is used
to power up 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 4.4, and the DCO resolution is poor due to no fine
tune cell being applied.
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Figure 4.4 Modified architecture in [11]

An improved DCO architecture is showed in Figure 4.5 [12]. 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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Figure 4.5 An improved DCO architecture in [12]
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A cell-based digital controlled oscillator is shown in Figure 4.6[13]. It is a
multiple path selection DCO with a delay matrix. When 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 4.6 Structure of the cell-based DCO in [13]

Another cell-based digital controlled oscillator is shown in Figure 4.7[14]. 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.
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Figure 4.7 DCO using parallel tri-state inverters to adjust frequency in [14]

C[125]

As we all known, the Figure 4.7 design has the disadvantages of high power
consumption and low maximum frequency. However, our design applications demand
high resolution, high speed and:low power cansumption. Hence, a fully-custom
design of the DCO is preferable. Qur design target is 1.25GHz 8-phase DCO. We
propose a high-speed multi-phase output:DCO with differential operation as shown in
Figure 4.8. The idea for the oscillator comes from this paper in [15] .1t is a low phase
noise ring oscillator with differential control'and quadrature outputs. We modify this
structure to be digitally controlled and eight phase outputs. As shown in Figure 4.8, an
oscillator is composed of four delay elements. The oscillation frequency depends on
the equivalent load resistance and the equivalent capacitance of the delay element. By

tuning the equivalent capacitance, we can obtain the desired oscillating frequency.
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[
1
I
|
Figure 4.8 The proposed differential operation ring oscillator

Generally speaking, the usage ofhigh-speed differential operation has the
disadvantages in doubly the area and power consumption. The advantage is the higher
noise immunity. Hence, there-is a.trade-offs: between the noise and the power
consumption. Refer to [15], we add:latchs between two signal paths. The latch is
composed of two minimum size inverters. The advantage of the use of latch is its
small area. The way of adding small latch forces two signal paths differential is called
“pseudo- differential”. Both sides of latch will force two signal paths to be 180 degree
out of phase. The obvious improvement of this method that is area and power will not

be doubled and the signals are fully-differential.

4.3 Design of High Resolution Delay Cells

In analog delay cell, the delay cell is controlled by the voltage or current, and the
output delay time is continuous over the tuning range. But for digitally controlled
delay cell, the output delay time is quantized. And the resolution of the output delay

time must be sufficient small enough to maintain acceptable jitter.
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The clock period difference between each neighbor value of control word is
defined as the resolution of the delay cell. If an inverter-based delay line is used in
delay cell design, the delay cell produces different propagation delays by selecting
different number of inverters. Therefore, the resolution of the delay cell is limited by
the delay time of one inverter. Moreover, this resolution is often not sufficient to be

used in ADPLL design.

[13] propose a high-resolution delay cell as shown in Figure 4.9. It is an
inverter-matrix structure, whose characteristics are determined by both combination
and number of inverter banks. The resolution is decided by minimum scale of inverter
bank.

=
m

:i %NB :i %NB
ENg| :i ENB :%

ENB

ENB
Clock
. ENB Output
|
|
|
|

ENB ENB

IRSEEES +» Inverter Bank

Figure 4.9 A proposed high-resolution delay cell in [13]
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Another proposed high resolution delay cell [12] is showed in Figure 4.10. It can
be used to perform fine-tuning in ADPLL design. Both AOI type delay cells and OAI
type delay cells are shunted with two tri-state buffers. Shunted tri-state buffers are
used to increase the controllable range of the high resolution delay cell.

o b
X 5

r ADI I—
D
||

Input

Input

B1 A2 B2

Figure 4.10 High resolution delay cell in [12]

Thus in previous design, 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 matrixiis too. large:to be'used in a low cost and low power
design. In [12], only six standard cells' are used; thus its area cost and power
consumption is low. The average resolution of the proposed delay cell is about 5ps.

As mentioned before, the fine-tuning method.all fix capacitor value and change
current value to modulate frequency. However, we propose a method of changing
capacitor value to modulate frequency with fixed current value. When MOS is “ON”,

. 1 1
the gate capacitance Cgg = Coys +EWLCOX, ng =Covd +EWLCOX. When MOS

is “OFF”, the gate capacitance Cgs =Cqys, C 4 =C

gd ovd

T 7 T 7
Sccgs_l_ é c c l
1
sb‘l'
op B

Triode or Saturation Cut-off

Figure 4.11 Parasitic capacitance in triode and cut-off
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= = M=32 =
vel ved
vel ved
ve2 veh

Figure 4.12 The proposed high resolution delay cell

As shown in Figure 4.12, we use the difference of equivalent capacitor value
from drain with MOS “ON” or “OFRk”itosmodulate high timing resolution. When
MOS is “ON”, the equivalent capacitor value fromrdrain will be larger. When MOS is
“OFF”, the equivalent capacitor value from drain will be smaller. We assume the
fine-tune section has a 6-bit :control word and adopt a binary weighted control
mechanism.

The simulation result high“resolution delay cell are shown in Figure 4.13
Fine-tune input control word rangy from ‘000000 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). At the same time, delay time versus control word is very linear.
For gigabit optical communication, this resolution is quiet sufficient.

Control word from 000000~111111} . ot ————
64 different delay 11 T

RS 4

8.05/64 = 125 7fs

Figure 4.13 High resolution delay cell simulation result
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4.4 The Proposed DCO Architecture

As mentioned in Section 4.2 and 4.3, we combine these two techniques into our
DCO architecture. The proposed cell-based DCO architecture is shown in Figure 4.14.
In the test chip, the DCO is implemented with TSMC 0.18um 1P6M CMOS process.

It is separated into two stages, the coarse-tuning stage and fine- tuning stage.

In the coarse-tuning stage, we change the loading variance through control words.
Coarse-tuning stage is composed of several digitally controlled latches. Different
loading will result in different oscillating frequency. Hence, it can be easily modified

to meet different specifications for different applications.

To increase frequency resolution of the DCO, fine-tuning delay cells are added.
The circuit of fine-tuning delay cell is_shown in Figure 4.12. The detail information

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

_______________________________________________________________________________________

1 reset
i gnd

g__
%
d

<
o
=
(=2

Vout

L J

Figure 4.14 The proposed cell-based DCO architecture
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4.5 Analysis and Design of the proposed 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 first issue is a sufficiently high resolution to maintain acceptable jitter. We
all known that the longer the length of control word is, the higher the resolution will

be.

The second issue is a monotonic response to the control word. Theoretically, the
more controlled MOSs turned on, the larger the clock period will be. Hence, the DCO
approaches a monotonic response to the control word. In practice, when the DCO is in
the steady state, the oscillated clock has.a small variance, called the intrinsic period
jitter. Besides, the process variation probably increases this intrinsic period jitter. We
can smooth this intrinsic period-jitter variation by.a control unit. We will discuss this

part in Chapter 5.

The clock period control range of our 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
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 4.15.
Having these basic concept and design issues, we can design the DCO in detail based

on above discussions.
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Overlap
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Figure 4.15 Influence of PVT variations on the controllable frequency range

4.6 Process Variation Consideration

As mentioned in Section 4.2, we can obtain-the desired oscillating frequency by
tuning the equivalent capacitance. In order to cover the process and temperature
variation, the digitally controlled oscillator should have a large operation range.
Owing to many trade-offs between large tuning range and desired operation clock
period, we develop a standard procedure to determine the DCO size called the

normalization process.

As Figure 4.16 shown, a simple structure is used to illustrate the normalization
process. We normalize the main fixed inverter to be “one”. Then we change the
loading range of the coarse-tune stage from 0.1 to 1.5 and similarly change the

loading range of the fine-tune stage from 0 to 6.3.
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Figure 4.16 The normalization.of DCO structure
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Figure 4.17 shows The DCO output clock period simulation results when all
control pins are all ones. The clock period of DCO output being greater than 970ps is
what we want to meet process variation as Figure 4.17 shows.

o 2300
2 2200 - —— N0
2100 A /l .0 N=0.1
2000 A — N=0.3
1900 | /0/ —— H-07
1700 P Sad e
1 - -
1500 A > A —4— N=6.3
1400 -
1300 4
1200
1100
1000
900
800
700
600
500
400
300

clock period of DCO output (

01 0.2 03 04 05 06 07 08 02 10 11 12 13 14 15

Normalization range of M

Figure 4.17 The DCO output clock period simulation result when all control pins are
ones

Figure 4.18 shows the DCQ output:elockrperiod simulation results when all
control pins are zeros. The clock peried of DCO output being smaller than 640ps is
what we want to meet process variation as Figure 4.18 shows.

1300
1250 ‘_,J ——
1200 v o 1
1100 —r —— N=0.7
1050 -

—r

===

0
0.
0.
- N=15

—— N=3.1
—4— N=6.3

clock period of DCO output (ps)

0.1 0.2 03 04 05 06 07 08 09 10 11 12 13 14 15
Normalization range of M

Figure 4.18 The DCO output clock period simulation result when all control pin are
zeros
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Figure 4.19 shows the tuning range simulation results at different fine-tuning
loading condition. The rectangular range being marked is the desired DCO output
clock range. In order to find out more precise ratio relationship, we take the

rectangular range for more detail SPICE simulation.
711.12ps~1104.1ps

—— N=0
S0 N=0.1
—— N=03
—— N=0.7
—&— N=15

689.51ps~103 N
629.06ps~967.53ps "~

607.33ps~904. ¢ N=6.3

01 0.2 03 04 05 06 07 08 09 1.0 11 12 1.3 14 15

Normalization range of M
Figure 4.19 Tuning range simulation result at different fine-tuning loading value

Figure 4.20 shows the enlarged DCOroutput clock period simulation results
when all control pins are ones. The.clock period 0f DCO output being greater than

970ps is what we want as Figure 4.20 shows.

1120
1110
1100
1090
1080
1070
1060
1050
1040
1030
1020
1010
1000
990
980
970
960
950
940
930
920
910
900 L] T T T T T T T T T

120 121 122 123 124 125 126 127 128 129 130
Normalization range of M

—— N=0.7
-6 - N=0.8
—— N=0.9
—— N=1.0
—a— N=1.1
—0— N=1.2
—4— N=1.3
—O— N=14

A - N=1.5

clock period of DCO output (ps)

Figure 4.20 The enlarged DCO output clock period simulation result when all control
pin are ones
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Figure 4.21 shows the simulation results when all control pin are zeros. The
clock period of DCO output being smaller than 640ps is what we want as Figure 4.21
shows.

— 720
w
E=3 —8— N=0.7
= 710 . & - N=0.38
.g- 700 —g— N=0.9
~ —— N=1.0
o 690 —&— N=1.1
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680
= —— N=13
_g 670 —— N=14
- & - N=15
2 660
a
o 650
[}
2 640
(5]
630
620 v

610

600 +
1.20 121 122 123 124 125 126 127 128 129 130

Normalization range of M

Figure 4.21 The enlarged DCO output clock period simulation result when all control
pin are zeros

In Figure 4.22, there are most points:satisfy our demands which include wide
tuning range and wanted operation rangerHowever, when N=0.8 we find the clock
control range of each section is not'wide enough-that results in some gaps in SPICE
simulation. Hence, we choose N=0.9 as our fine-tune delay stage ratio to avoid gaps.

400

—a— N=0.7
-0 - N=0.8
—g— N=0.9
—— N=1.0
—&— N=1.1
—{1— N=1.2
—4— N=1.3
—<— N=14
-4 - N=15

390
380
370

360

(Tan_on) - (Tan_off)

350

340
330

3
e 639.32ps~984.69ps

310

638.71ps~969.29ps

300

290I L L} L L] L L] L ] L]
120 121 122 123 124 125 126 127 128 129 130

Normalization range of M

Figure 4.22 Tuning range sim. at different fine-tuning loading value from 0.7 to 1.5
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Then, we want to find the ratio of parameter M when N=0.9. We slowly add the
ratio of M from 0.1 to 1.5 to observe simulation results. As Figure 4.23 shown, we
mark the desired range of the upper bound and the low bound, and we can find the
ratio of M=1.25 satisfying our marked range.

£ 1150 - —a— All Control Pin:ON
1100 4 -0 - All Control Pin:OFF

1000 4 upper bound

clock period of DCO output
(-
=

{
g00?

& @9 Low bound

01 02 03 04 05 06 07 08 09 10 11 12 13 14 15
Normalization range of M

Figure 4.23 Find the ratio of M to satisfy our desired performance

We find the ratio relationship 1:M:N=1:1.25:0.9 through normalization process
as mentioned above. Follow this relationship, we propose our DCO architecture as
Figure 4.24 shows. We can separated coarse-tune stage into four binary weighted
increment segment controlled though digital control word. Similarly, fine-tune stage
can be separated four binary weighted increment segment controlled though digital
control word. The LSB bit of every stage is controlled independently. In this way, we
obtain 4 times resolution promotion. Therefore, we need a decoder circuit to obtain
thermometer code control. We draw true table and the decoder circuit as Figure 4.25
shows. S3 is always turned off. S2 is obtained through the AND of a0 and al. S1
connected to al directly. SO is obtained through the OR of a0 and al.
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Figure 4.25 Decoder circuit
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Figure 4.26 shows monotonic curves of tuning codes according to coarse and
fine tuning of the DCO. The frequency range is 1.06GHz-1.56GHz at TT corner. And
delay range of the fine delay chain is about 34.56ps. Therefore, the resolution is about

0.54ps.

DCO Period

DCO Period

Coarse Delay Chain
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Coarse Code

Fine Delay Chain
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825 -
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810 -
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825.69ps

791.13ps
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Fine Code

Figure 4.26 Frequency range of the proposed DCO

44 —



Chapter4 Digitally Controlled Multi-Phase Oscillator

Figure 4.27 shows the delay resolution of the fine-tuning stage and the proposed
delay cell has finer resolution (about 0.54ps) than JSSC’03 [12]. OAI cell [12] has
less transistor counts and less power consumption, but it has non-uniform linearity.

Linearity and Resolution Comparison

w
L9y
o

800

Delay (ps)

750 41

700 -

650 4

600 -

550 -

500

—8— Proposed
== JSSC'03

0 15 20 25 30 35 40 45 50 55 60
Input Control code

Figure 4.27 Linearity and resolution comparison

The operation range of the digitally controlled oscillator is shown in Figure 4.28
and 4.29. Figure 4.28 shows the clock period of DCO output at three different corner
cases. Figure 4.29 shows the clock frequency of DCO output at three different corner
cases. Table 4-1 summarize the features of the proposed DCO.

Table 4-1 The features of proposed DCO

ltems Coarse Delay | Fine Delay

Resolution 4bit 4bit+4bit (controlled independently)
Control Code Type Binary Binary + Thermometer

Max. DCO Gain 29.19ps/code | 0.7ps/code

Avg. DCO Gain 20.29ps/code | 0.55ps/code

Operation Range 1.03GHz~1.56GHz (TT Corner)
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Figure 4.28 The clock period range-of-DCO atithree different corner cases
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Figure 4.29 The clock frequency range of DCO at three different corner cases
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Chapter 5

ADPLL System Design

In chapter4, we have designed and analyzed the-proposed DCO. After designing
the DCO, we must design a control mechanismsto control the DCO to oscillate at the
desired frequency. Thus, we must'compare the frequency difference and detect the
phase difference between the reference clock and the feedback clock. In this way, the

control unit can produce accurate control signals to dictate the frequency of the DCO.

The control unit, frequency comparator and phase detector are all digital
functional blocks. [16] shows some examples about the frequency phase detector and
control unit . A specific control unit only controls a specific DCO and only receives
specific signals produced by the FD or PD. Besides, search algorithm is also another
important issue. We use improved binary search as our search algorithm which is the
soul of our ADPLL system. In this chapter, we will introduce search algorithm,

control unit circuit, and simulation results.
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5.1 System Architecture

The system architecture is shown in Figure 5.1. The ADPLL consists of

Counter-Based Frequency Comparator, Phase Detector, Gain Register, Adder /

Subtractor, DCO Control Register, DCO, and feedback frequency divider.

Ref. Clk

Counter- b[9:0]
156.25MHz. . fref >
Fdiv32 > Based shift Gain 7 - DCO Control
—| Frequency *| Register Add/Sub =~ Register i
DCO_clk Comparator r
[ UP/DN |
I a[9:0]
L F_lock
> Phase Lead, Lag Anchor
Detector Register [+
Fed. clk
. Digital Control
Divider Oscillator -

reset

Figure 5.1-The ADPLL-system architecture

5.2 Algorithm

» Frequency acquisition:

The frequency search algorithm of this thesis uses improved binary search

algorithm. The binary search algorithm sets the initial control word with the middle

value of digital control oscillator (DCO) input values. Thus, the initial-step size in the

first search must limited between the maximum and minimum value of DCO’s input.

In conventional binary search algorithm (BSA), the control word always make the

previous value divided by half and then pass the new value to DCO and do the next

comparison. Unlike BSA, improved binary search algorithm (IBSA) would first check

the values outputted from the previous and the current comparisons. If they are

identical, IBSA sends the value to DCO without divided by half; otherwise it divides

it by half. Figure 5.2 shows the BSA versus IBSA.
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(a) . (b) : normal situation

@ 1 m

Binary Search

by 1

Improved Binary Search

(¢) . (d) : initial decision error /—\
© FavAY ,

Binary Search

(o

Improved Binary Search

Figure 5.2 Binary search versusimproved binary search

> Phase acquisition:
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Add DCO Register Sub DCO Register
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Anchor Register Word

!
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Figure 5.3 Phase acquisition algorithm
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Figure 5.3 shows the phase acquisition algorithm. The goal of this mode is to
align the DCO clock edge to the reference clock edge. Phase acquisition continues
until the phase detector senses a change in the phase polarity of the reference clock
relative to the DCO clock. At this point, phase acquisition is complete, and the
ADPLL transfers the anchor register contents to the DCO control register, restoring
the baseline frequency and completing phase lock.

» Phase/frequency maintenance:

Figure 5.4 shows the phase/frequency maintenance algorithm. In phase
maintenance, the ADPLL increments or decrements the DCO control word every
reference cycle. Whenever a change in phase polarity occurs, the ADPLL transfers the
anchor register contents to the DCO control register, restoring the baseline frequency.
However, reference clock frequency drift or DCO frequency drift induced by voltage
or temperature variations requires that the ADPLL has the capability of changing the
baseline frequency. Frequency maintenance mode provides such means by updating
the anchor register. Via the frequency maintenance algorithm, the ADPLL increments
or decrements the value in the anchor register whenever four consecutive cycles
without a change in phase polarity*occur. In this_way, the ADPLL can re-lock new
reference clock frequency if reference cloek-drift.

Phase / Frequency
Maintenance mode

3
|Compare with DCO Divider 8 |

1

Add DCO Register
with Gain Word
i=i+1, j=j+

Phase

Phase
comparison

lag lead

—

Sub DCO Register
with Gain Word
i=i+1

comparison

Add Anchor - Sub Anchor
Reg with Gair Restore DC_IO Register Reg with Gain
reg . i=0 with reg . i=0
I Anchor Register Word
i=0, j=0

Phase
comparison

Figure 5.4 Phase/frequency maintenance algorithm

-50 -




Chapter5 ADPLL System Design

5.3 Control Circuit

All responses of ADPLL are almost decided by this control unit. The control unit
usually consists of finite state machine. If the frequency of the feedback clock
approaches the frequency of the reference clock, it will lock correct phase fast. Thus,
the first step is to search target frequency. After completing frequency search, the
second step is to track target phase. In point of the DCO, the frequency search works

as coarse tune and the phase tracking works as fine tune.

Out F——> Counter MSB

Fref clk =—s|D
Output Signal (Up/Dn)

8-bit counter
DCO_clk =— >

FrefCk | [ | | |
FrefClk:2 | | |

State X State0 X State1 X State2 ) 4 State3 3 stated

Counter MS | I
Output Signal
(UP/DN)
Operation Counter Count Counter Count Stop Counter Count Reset counter Counter
Stage Stage and hold count value re-count
If detect “fast” “slow” | Do “addition” or Update
o Dco
change, “subtraction Control
Gain register val
shift right one-bit L
Operation I ]
Component Counter-based Frequency Comparator Gain Register Add/sub DCR

Gain Register

ps: DCR: DCO Control Register DCR

Figure 5.5 Counter-based frequency comparator timing state machine
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Figure 5.5 shows the counter-based frequency comparator timing state machine.
We can take the full comparison process into four states. StateO and statel perform the
counter count state. State2 stop counter count and hold the count value. State3 reset

counter and then update the DCO control value.

Figure 5.6 shows the adder and subtractor architecture. This architecture adopted
10bits binary ripple carry adder and subtractor. This architecture can be seen in
general logic design books. Figure 5.7 shows the gain register circuit. Gain register
and DCO control register are all composed of register. Gain register is a shift register
that can shift its stored bits when certain “shift” pulses occur. Figure 5.8 shows the
DCO control register circuit. DCO control register is mainly used to store the control
bits after adder / subtractor operation. Figure 5.9 shows the anchor circuit and
function table. The function table shows the system is suited at frequency acquisition
mode, phase acquisition mode or.’phase/frequency maintenance mode when input

control signal is different.

Add/Sub
9 8 7 2 1 0 select
af af aI af af af
| Ful fl Full [ Ful | ___ ]| Ful [] Ful [ Ful
Adder |.ol Adder |.gl Adder 1.4 c3L-Adder 1., L _Adder lc1l Adder
s9 s8 s7 s2 s1 sO
Figure 5.6 Binary ripple carry adder/subtractor circuit
b9 ja_ b7 b6 b3 _bli b1 bo
Gnd QJ—D o-p QJ—D Q —p QJ—D o=-p OJ-D el
X § X U B b X i X
shitt > >e [ T i

Figure 5.7 Gain register circuit
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Figure 5.8 DCO control register circuit
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Figure 5.9 Anchor circuit and function table
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5.4 System Behavior Simulation

Owning to the ADPLL system simulation with SPICE takes a lot of time, we use
MATLAB SIMULINK to analyze the loop behavior and verify the lock function.
Functional verification of the ADPLL is performed effectively at the first design step,
which improves turn around time of ADPLL design. Figure 5.10 shows the behavior
modeling of ADPLL system. Figure 5.11 shows the functional verification result of
the ADPLL. The ADPLL operates like the flowchart of figure 5.2, 5.3, and 5.4. Figure
5.12 shows the output clock jitter simulation result. The jitter performance is about
45ps.
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Figure 5.10 Behavior Simulation of the proposed ADPLL by SIMULINK
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Figure 5.12 Output clock jitter simulation using SIMULINK
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Figure 5.13 shows the eye diagrams with different resolution and its
corresponding jitter. From simulation results and comparison, we take 0.5ps as our
DCO resolution which makes system output clock jitter acceptable.

resolution=0.51ps resolution=1.02ps

-~ [itter~95ps=0.12UI

1 2 3

resolution=1.53ps N E resolution=2.05ps

Mitter~180ps=0.23UI\

1 2 3

itter~130ps=0.16UlI

1 2 3 4

Figure 5.13 Eye diagram jitter with different resolution

Generally, reference-clock frequency drift induced by voltage or temperature
variations requires that the ADPLL has the capability of changing the baseline
frequency to re-lock. Our phase/frequency maintenance mode provides such means by
updating the anchor register. Figure 5.14 shows the system re-lock simulation when
reference clock drift to 158.75MHz. Figure 5.15 shows the system re-lock simulation
when reference clock drift to 153.75MHz. From simulation results, our system can
still provide stable output frequency signal even if input signal frequency drift occurs.
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9.5

System Circuit Level Simulation

Simulations of a behavior-level of the ADPLL completing phase lock require

about 10 minutes. By contrast, the same simulation in SPICE requires in excess one

day on a PC but the results are more precise. Figure 5.16 shows the eye diagram jitter

with different count number using SPICE simulator. From simulation results, the jitter

performance is better than others when count number is set to four. Thus, the ADPLL

increments or decrements the values in the anchor register when four consecutive

cycles without a change in phase polarity via frequency maintenance algorithm.

Count no.=8

itter~86ps=0.106U

Count no.=6

Jitter~77ps=0.09UI

itter~70ps=0.087UI

Count no.=2

itter~90ps=0.11UI

Figure 5.16 Eye diagram jitter with different count number
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Figure 5.17 shows the system at lock state situation. “lead/lag” signal point out
the system lead or lag information. When four consecutive cycles without a change in
phase polarity, “detect4” signal will send a pulse. At the same time, the ADPLL
increments or decrements the value in the anchor register. When a change in phase
polarity occurs, the ADPLL “load” the anchor register contents to the DCO control
register, restoring the baseline frequency as figure 5.17 shown. Figure 5.18 shows the
eye diagram jitter with ground bounce (pre-sim). The output jitter is about 77ps.
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Figure 5.18 Eye diagram jitter with ground bounce (pre-sim)

-59 —



Chapter5 ADPLL System Design

Figure 5.19 shows the eye diagram jitter with ground bounce (post-sim). Figure
5.20 shows the eight-phases output eye diagram through output buffer.
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Figure 5.19 Eye diagram jitte“rivy”ith“grolljnd bounce (post-sim)

ph1

WVoltages (lin)
=

[=T=

20;]1: ‘UIUP
Passans (lin) (time1)

Voltages (lin)
=

200p

[=2=

400p 600p 800p
Pagarns (Lin) (tinel)

Voltages (lin)
&

T
200p

=

T
400p 600p 800p
Pavarns (Lin) (timel)

Voltages (lin)
o

0 200p 400p 600p 200p
Persns (lin) (time1)

Figure 5.20 Eight-phases output eye diagram
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5.6 Layout

The proposed ADPLL will send to National Chip Implement Center (CIC) with
T18-95A. The chip area is 0.88mm*0.73mm as shown in Figure 5.21. The post-layout

simulation result summary is shown in Table 5-1.

:E!I ' g

Chip area= 880 x 73;{ m

Core area= 394 x 304 ; m?

Figure 5.21 Layoutof the proposed ADPLL

Table 5-1 Summary of the ADPLL chip

Function ADPLL
Technology 0.18 x m 1P6M CMOS
Supply Voltage 1.8V

Chip Area 880 x 730 gz m?
Core Area 394 x 304 pm?
Transistor/Gate Count 4584/2240
Target Frequency 1.25GHz
Output phases 8
Frequency Range 1.03GHz~1.56GHz
DCO Resolution ~0.5ps

Jitter (pk-pk) ~104ps

Power Consumption

24.49mW@1.25GHz
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5.7 Comparisons and Summary

Table 5-2 shows the comparisons among different ADPLLs. The proposed
ADPLL has multi-phase output than others. The proposed ADPLL has smaller area
than [12],[17],[18] and has lower power consumption than [12],[14],[17]. Besides, we
have smaller resolution than others. Jitter performance is also better than [14],[18].

In this Chapter, an ADPLL is presented. The ADPLL is implemented in 0.18um
1P6M TSMC CMOS process and can be operate from 1.03GHz to 1.56GHz. The
peak to peak jitter of the output clock is about 104ps and the power consumption is

24.49mW. The proposed ADPLL has multi-phase output, fine resolution, lower power

and small silicon area suitable for high-speed serial link applications.

Table 5-2 ADPRLL performance comparison

Type Proposed ISCAS 05[18] | IEICE O5[17] | JSSC 04[14] | JSSC 03[12]
Process 0.18 xm 0.18 ym 0.18 ym 0.35um 0.35um
CMOS CMOs CMOS CMOs CMOsS
Supply 1.8V 1.8V 1.8V 3V 3.3V
Voltage
Core Area 394*304 4 m? 0.1mm? 6007450 t m? | 260*260 ym? | 840*840 i m?
Frequency 1.03GHz~ 140MHz~ 500MHz~ 152MHz~ 45MHz~
Range 1.56GHz 1.03GHz 1.5GHz 366MHz 510MHz
Power 24.49mW N/A 27TmwW 24mw 100mwW
(@1.25GHz) (@670MHz) (@366MHz) (@500MHz)
Power/MHz 19.59uW N/A 40.29uW 65.5TuW 200uwW
LSB 0.5ps 22ps 1.2ps 10ps 5ps
Resolution
Output Jitter 104ps 143ps 70ps 775ps 70ps
(0.13U1) (0.137UlI) (0.05U1) {0.248UI) (0.03U1)
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Chapter 6

Conclusions

This thesis describes the data serializer in the transmitter and the all digital
phase-locked loop in 0.18um 1P6M CMOS process. The role of both building blocks
is located at high-speed serial link front-end. To integrate overall system easily, these
two building blocks designed in an all-digital way.

In transmitter design, data serializer is composed of a 4-stage PLL, a
shift-register type parallel-in-serial-out (PISO) multiplexer, and a LVDS differential
output driver. The circuit is capable of 125Mbps data serialization, which results in
1.25Gbps data transmitting. The .corresponding transmitter has been implemented in
TSMC digital 0.18um 1P6M CMOS technology. The measurement results show that
peak-to-peak jitter of PLL is 45.56ps:“The jitter .of transmitter differential output
eye-diagram is about 66ps and the eye-amplitude*is about 500mV. Its measurement
performance meets our design goal for IEEE802.3ah physical layer specification.

In ADPLL design, we propose a new fine-tuning method to change the DCO
oscillating frequency slightly. The DCO resolution can be improved to about 0.5ps by
adding fine-tuning delay stage. The frequency ranges are about 1.03GHz-1.56GHz by
HSPICE circuit simulation. We also take MATLAB simulink to perform system
function verification. According to post-layout simulation, we know that the ADPLL
search algorithms are working correctly. After post-layout simulation, the output clock
jitter is about 104ps at 1.25GHz and power consumption is about 24.49mW. Layout
area of ADPLL core is about 394 x 304um?.The ADPLL chip will be implemented
using 0.18um 1P6M TSMC CMOS technology. In conclusion, the proposed ADPLL
has multi-phase output, fine resolution, lower power and small silicon area suitable

for high-speed serial link applications.
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