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The study of Wideband, Cell-based Digital Controlled

Oscillator and its Implementations

Student: Jung-Chin, Lai Advisor: Dr. Terng-Yin Hsu

Degree Program of Applied Science and Technology

National Chiao Tung University

ABSTRACT
The thesis is based on All-digital-Phase-Locked- Loops (ADPLL).. We will

discuss wide band, cell-based digital controlled oscillator (DCO) in this thesis. In our
design, there is a wide bandwidth DCO. The frequency is from 0.66~ 460MHz step by
2.16ns. It is designed by Digital-to-Time (DTC) scheme. We also use AOI and OAI as
Fine-tune cells. The best resolution of this design is 0.01 pico-seconds. We use UMC
90nm standard cell AOI to get this performance. In another way, we put current mirror
in DCO for reduction of bounce noise. That will effectively reduce jitter caused by
ground bounce. The wide bandwidth DCO use DTC to do the internal count for
different bandwidth. That is a double loops scheme. AQI cell is the standard cell for
fine tune solution. When we change the control bits of AOI, it change the capacitance
of additional capacitor. The resolution of 0.01 pico-seconds is a good performance for
DCO design. The output jitter is another issue. When the design is working, the
transient current will make a serious ground bounce. It is the major source of jitter.
How to reduce the ground bounce and jitter is the important topic for DCO design.

Here we use current mirror to reduce the ground bounce and make the clean signal.
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CHAPTER 1
INTRODUCTION

1.1 Thesis Background

In modern SoC design, the clock quality is very important, including frequency,
phase, duty cycle and jitter. Phase Locked Loops (PLL) and Delay-Locked Loops
(DLL) are good solutions for clock quality and widely utilized for clock circuit.
Precise duty cycle and low jitter are required for high-speed and low-power circuit
design. We can integrate PLL or DLL circuit into systems for many applications -LCD
driver, tuner of the digital TV, synchronous DRAM, wireless system, video player,
etc.

Phase Locked Loops ( PLL) and Delay-Locked Loops (DLL) circuits are often
used as clock generator, frequency synthesizers, clock de-skewing and clock data
recovery for microprocessors. PLL is used to multiply the clock frequency and then
align the edges of the distributed output clock to the received clock. It is basically a
closed loop frequency control system, which is based on the phase sensitive detection
of phase difference between the input and output signals of the controlled oscillator.
The PLL accomplishes this task by adjusting the frequency of a voltage-controlled
oscillator (VCO) or digital-controlled oscillator (DCO) which drives the output clock
so that the distributed clock, once divided in half and fed back to the PLL, matches
frequency and lines up with the received clock. This simple application requires
certain features in the PLL, like the ability to accept a feedback clock and the ability
to multiply the input frequency.

The good design of PLL-based clock generator considers high frequency/phase
resolution, fast lock-in time, low jitter performance, low power consumptionh, low
area cost. It is a trade-off and it is not easy to meet all consideration we need. Design
time is also a significant issue. How to quickly finish the design task and tape out is
very important. For the purpose to meet many applications, wide bandwidth is another
request. But bandwidth need more area cost and power consumption.

In System-on-a-Chip (SoC) design, the cell can be reusable and process is a good
way to reduce design time. Design time is very important for time-to-market. Most
PLL design use mixed signal and integrated with digital design. That will spend long
time to do full customized design. How to develop a All-digital-Phase-Locked-Loops
(ADPLL) become a more and more important task. ADPLL can be easily
implemented in different process generation with few ultra tasks.



1.2 Thesis Motivation

The thesis is based on All-digital-Phase-Locked-Loops (ADPLL). There are
several advantages for ADPLL design over their analog counterparts [1]. The
advantages include lower power consumption [2], easy to change with scaling in
different process and no DC offset issue as analog design [3].

There are an ever-increasing number of portable applications requiring low
power design concept. For example, notebook, cellular phone, PDA , digital camera,
full-motion video and audio. etc. There are three major sources of power dissipation
in CMOS circuit in the equation below,

Ptotal = pt(CL - V - Vvdd - fclk) + Isc - Vdd + lleakage - Vdd (1.1)

The first term is the switching component of power, pt is the probability that a
power-consuming transition occurs. The second term is direct-path short current. The
third term is leakage current arise from substrate injection and subthreshold effects. In
the “well-designed” circuit, the dominant term is switching component. We can
minimize pt, CL, Vdd to meet our low power target.

For time-to-market propose, it can reduce both design time and design
complexity by using Verilog hardware-description language. And it is easy to
implemented by auto placing and routing (APR) tools. For different process migration,
it is not necessary to change behavior of digital with scaling, the only effort is to
synthesize with new library and put it to layout by APR. If we use analog design, we
need to re-design the circuit and implement to layout by manual. It will spend much
time to do a good analog circuit.

The supply voltage is usually decreased when the technology is migrated to more
advanced CMOS processes. So that the voltage headroom and signal swing of
transistor is also decreased. This will suffer the performance of analog design.

All digital cell-based approach is preferred to SoC design due to these reasons.

To develop a high resolution, wide bandwidth and low jitter ADPLL is the motivation
of this thesis.

1.3 Thesis Contribution

In this thesis, we will introduce the scheme to gain high resolution and wide
bandwidth for ADPLL design. We also use some analog scheme to reduce jitter and
gain better performance.

e Use Digital-to-Time converter (DTC) to gain wide bandwidth

DTC is the design for wide bandwidth DCO. Our design provide the wide
bandwidth from 0.66~460MHz. The wide-bandwidth can be used in more modules.



e AOI/OAI as fine tune cell to gain the high resolution.

We use AOI/OAI gate as additional capacitor. The resolution of AOI-based cell is
0.01ps. And that is 0.05ps for OAIl-based cell. AOI and OAI are both standard cell and
easy to implement in design.

e Add current mirror to DCO ground source for reducing ground bouncing
noise and reducing jitter

For high resolution ADPLL, the clear power source is necessary for Digital-
Controlled-Oscillator (DCO). Current mirror is an effective method to reduce
power/ground noise. But the current mirror is an analog design and it is not easy to
integrate into digital design.

1.4 Thesis Organization

In chapterl, we introduce the application of Phase-Locked-Loop (PLL), the
significance. of PLL .We also introduce the  advantage  of
All-Digital-Phase-Locked-Loop (ADPLL) and why we prefer digital-based cell than
analog-based cell. Finally, we introduce the contribution and the organization in this
thesis.

In chapter2, we will give an overview of Digital-Controlled-Oscillator (DCO).
DCO is the core of ADPLL. It is consist of Coarse-tune cell and Fine-tune Cell. Here
we will introduce the overview of Coarse-tune cell and Fine-tune cell.

In chapter3, we will introduce the proposed DCO. We use Digital-to-Time
converter (DTC) for wide bandwidth control. The bandwidth we provide in our design
is from 0.66~460MHz. It is really wide bandwidth scheme. We have one Coarse-tune
cell and four Fine-tune cells for frequency adjustment. Coarse-tune cell is consist of
inverter and NAND delay chain and controlled by multiplex. We have for Fine-tune
cells. The first cell is consist of two parallel NAND gate. The second cell is only one
NAND gate. The third cell is OAI standard cell. The fourth cell is AOI standard cell.
We use Fine-tune cell as additional capacitor in the delay line. We adjust the
additional capacitance by control bits.

In chapter4, conclusion will be derived here from this research. Finally, we
describe some design issue for future work here.



CHAPTER 2
BASIC CONCEPT OF DCO
IMPLEMENTATIONS

In this chapter, we will introduce the basic concept of Digital-Controlled
oscillator. First, we introduce the basic concept of ADPLL. Then, we will introduce
DCO. That is the major topic we discuss in this thesis

2.1 All-Digital-Phase-Locked-Loop (ADPLL)

All-Digital-Phase-Locked-Loop (ADPLL) is designed with digital design
technology. It is scalable with different process generations. The diagram block is
show as Fig.2.2 [4][5][6]. The frequency/phase detector detect the frequency/phase
difference between reference clock(REF_CK) and divided output clock(CK_divM).
The frequency-gain register and phase-gain register provide operands to the adder and
subtracter. And the phase-gain register also provides data to the anchor circuit. The
anchor register stores the baseline frequency. Finally, DCO controller provides the
control bits to DCO and generates expected output clock (DCO_ CK). In addition,
frequency divider here is to divide the output frequency into the reference frequency.

REF_CK
i Phase detect  —m TPhase gain
™ T i
TL PLL Centroller DCO | DCO_CK
L% (AdderiSubiAn *| controller [ DCO >
. chor register)
Frequency detect—m Frequency gain |1
——T~] 1

CE_divM

Frequency divider

F 3

M

Fig.2.1 ADPLL block diagram



2.2 The Basic Concept of Digital-Controlled
Oscillator (DCO)

Digital-Controlled Oscillator is the heart of ADPLL, the resolution of fine-search
is the key factor of jitter performance. We will introduce the high resolution DCO in
the next chapter. Here we just introduce the basic concept of DCO.

The Basic concept of DCO is show as Fig.2.2.[7][8][9]. The DCO include
Coarse-tune unit(CTU) and Fine-tune unit(FTU). The total loop delay (7 _bco) is
show as eq. (2.1),where 7 _rruis the total gate delay of fine-tune stage, ¢ _ctuis the
total gate delay of CTU and t _inwinsic is the intrinsic delay of data path and
multiplexer . When N Coarse-tune stages are switched on, the 7 _ctu is described as
(2.2), where ¢ _c is the timing delay of one coarse-tune stage. The maximum period
of DCOis 2+ 7 _pco andthe minimum period of DCOis 2+ (7 _FTu+ T _intrinsic)

when all of Coarse-tune cells are turn off. The frequency range of operation is fmin to
fmax. fmin is the reciprocal of minimum period described as eq. (2.3) and fmax is the
reciprocal of maximum period described as eq.(2.4). We can get the frequency
between fmin and fmax due to different controlled bits. The set of controlled bits is
decided by ADPLL controller.

T _DCO = 2-(T _CTU + T _FTU + T _intrinsic) (2.1)
T _CTU=N°* T _C (2.2)
fmax = 1/ [2 * (T _FTU+ T _intrinsic) ] (2.3)

fmin = 1/ [2 ° (T_CTU + T _FTU + T _intrinsic)] (2.4)

Fing-tune wnit
DCOCLE

Fig.2.2 bagic concept of DCO architecture



2.2.1 Coarse-tune unit

The most used Coarse-tune unit is based on inverter delay chain [10][11][12][13]
[14] [17]as Fig.2.3. The unit coarse delay time ¢ _cis consist of one inverter rise time
and one inverter fall time as eq.(2.5). The rise time is the charge time through PMOS
as eq.(2.6). Rp is the resistance of PMOS channel and Cg is the capacitance of inverter
gate. The fall time is the discharge time through NMOS as eq.(2.7). RN is the
resistance of NMOS channel. We can adjust the W/L of inverter to decide the unit
coarse delay time 7 _c.

T_c = t_rise + ¢ _fall (2.5)
r_rise = RP - Cg (2.6)
r_fall = RN - Cg (2.7)

Coarse-delay cell

Fig.2.3 Inverter chain as coarse-tune cell

Furthermore, we use nand as Coarse-tune cell for power saving design as Fig.2.4.
In this scheme, the non-used delay chain is turn off to avoid transient power
consumption.

This scheme is implemented in our design and will be introduced in next chapter.

Coarse-delay cell Coarss-delay cell Coarse-delay cell Coars-delay cell

0M 0 0 M
Dlﬁ{ M i o L
1 X 1 X 1 X

1 1 — 1

Fig.2.4 Inverter and nand chain as coarse-tune cell



2.2.2 Fine-tune unit

The resolution of Fine-tune unit is regarded to the performance of DCO clock.
How to improve the fine tune resolution is the important way to reduce the jitter. It is
difficult to reduce the jitter if the fine tune resolution is not as good as low jitter
requirement.

The well-known Fine-tune unit is described as Fig.2.5.[6][15][16][17]. The
Fine-tune unit has two transistors turn-on to be the loading of inverter. There are
several transistor pairs controlled by fine tune control bits. Through the control of
these bits, we adjust the loading of inverter and get the different delay time.

For example, we have 4 bits to control the fine tune delay. Assume the loading of
control bits set (f1:4)=(0000) is RL. The loading of control bits set (f1:f4)= (1111) will
be 5 R. We have 5 steps delay time when (f1:f4)=(0000)/(0001)/(0011)
/(0111)/(1111).

T
.

Fig.2.5 Current-starved ring oscillator as fine-tune cell

The other method of Fine-tune unit is to add the additional capacitor in the delay
chain as Fig.2.6.[1].

oo

A RN
L T T T

Fig.2.6 Fine-tune umt with additional capacitor

~



Each capacitor provide the additional capacitance AC .We can change the
amount of connected capacitors and adjust the delay time through the control bits. We
can have inverter gate or one pair of transistors (PMOS & NMOQOS) to be the additional
capacitor as Fig.2.7. Nor gate and Nand gate are also the good solutions for better fine
tune resolution. We will introduce OAI and AOI as additional capacitor in next
chapter. The AC of them is much smaller than others so we can have the best
resolution as delay time step.

T o LJd L
VY VY

I
Fig.2.7 mverter gate ag additional capacitor Fig.2.8 nor gate ag additional capacitor

The third method of fine-tune unit is phase-mixer as Fig.2.9.[18][19]. Through
mixing early and late signals as different phase, we can get the different fine tune
steps. The design constraint of the phase-blender circuit is that all paths through the
circuit must provide precisely the same loading and delay time to make sure the phase
difference of ¢ A and¢e is the same as Wa andWs. The phase-mixer can have
multiple cascaded stages for further resolution and more fine-tune steps.

P,

YWY VY

Fig.2.9 Fine-tune unit with phase mixer



CHAPTER 3
PROPOSED
DIGITAL-CONTROLLED-OSCILLAT
OR (DCO) AND SIMULATION
RESULT

In analog PLL, Voltage-Controlled-Oscillator (VCO) is used to generate the
phase-locked clock. As the same function of VCO, DCO is implemented to
All-Digital-Phase-Locked-Loop (ADPLL) for clock generation as Fig.3.1. DCO
accept the digital signals from controller and transfer the digital signals to time delay.
The delay time will decide the phase and frequency of oscillator. That is, ADPLL
controls the DCO by changes the control words. Arithmetically incrementing or
decrementing the DCO control words will modulate the DCO frequency and phase.

Here we also provide the wide bandwidth DCO. Digital- to-Time Converter
(DTC) is applied to decide wide bandwidth frequency. Through digital signals control,
wide bandwidth application is available. In this chapter, we introduce the overview
structure of Digital-Controlled Oscillator (DCO), coarse- search cell, fine-search cell
and the new scheme to get better fine search resolution. In next section, we will
introduce Digital-to-Time Converter (DTC) and wide bandwidth oscillator scheme. In
addition, how to reduce jitter from DCO scheme is the other important topic that we
will discuss.

DCO buffer DCO
e o] CLE0] —— —
setting[27:0] setting[ 27 '19]_4’ Digital-to-Tine converter
DCO > setﬁllg[IS:IB]M Coarse-tune cell
controller :

setﬁng[ll:lO]M,
setting[9:5] M

Fine-tune cell
setting[4:3] M,
setting[2:0] M

Fig.3.1 DCO digital controller

3.1 Overview of the proposed Digital-Controlled
Oscillator



The DCO block of ADPLL consists of Digital-to-Time converter (DTC),
Coarse-search cell and Fine-search cell as Fig.3.2 (a).

DTC is designed for wide bandwidth application. Coarse-search cell is designed
for coarse search that search step is large. Fine-search cell is designed for fine search
that search step is small. When the clock signal rise, the delay path through DTC,
Coarse-search cell and cell make the delay time as period of duty cycle “high”(TH).
In the other hand, the clock signal falls, the delay path makes the delay time as period
of duty cycle “low”(TL). The consistent of duty cycle “high” and duty cycle “low”
make the whole clock cycle. The period of clock(T) is sum of the period of duty cycle
“high” and duty cycle “low”. As show in Fig.3.2(b), T = TL + TH.. The frequency f is
1 divide T, that is, 1/T. For example, if TL=0.5 ns and TH=0.5ns, T=TL + TH = 1ns,
the frequency is 1/1ns = 1GHz.

| DTC for wide band | Coarse-search | Fine-search
width tuning up Cell Cell

¥
b

Clock out ‘ ‘ ‘ ‘ ‘

Fig.3.2(a) DCO block

T=1/f
A >
TH
e
PR,
_ /2 f
- -
_ —\— \——\— 2t
T/4
S RRRRLEREES >
B

JUudiududdy gy L s

Fig.3.2(b) clock period in different frequency

The basic concept of oscillator is show as Fig.3.3(a). There is intrinsic delay
exists in m1, m2 and m3. The intrinsic delay caused by resistance in MOS channel
and capacitance in loading capacitor. Fig.3.3(b) shows intrinsic delay of inverter.

10



When signal rise, current come from VDD and charge loading capacitor. The time
delay 7 rise =" Rp + Cg”. On the other way, current discharge from loading

capacitor to ground when signal falls, the time delay ¢ _fall="Rn -+ Cg”.

r_rise = Rp « Cg (3.2)

7 _fall Rn - Cg (3.2)

The oscillator consists of 3 ( or odd) inverters . We replace one inverter with
nand cell for the implementation of “Clock_EN”. The signal enable oscillator to
work. At the moment when “Clock_OUT” signal rises, the time is t_r. After intrinsic
delay time d1 of m1, “N1” signal falls to the inverse phase. After more m2 intrinsic
delay time d2 , “N2” signal will rises to “H”. More time delay d3 is contributed from
m3 . Finally, “Clock_OQUT” falls at the time t f="t r + d1 + d2 +d3”. “Clock_OUT”
spend the time “d1 + d2 + d3” to travel on signal “H”. This is the period of clock duty
“H”. 1t will travel on signal “L” at the same way and that will be the period of clock
duty “L”. The balance of duty “H” and duty “L” is very important. It will significally
influence the performance of DCO.

Intrinsic delay: d1 Intrinsic delay: d2 Intringic delay: d3

Clock_EN N
I — Clock_OUT

oot | L L [
i I e
W I s N S N

dld2 d3  Fig 3 3(a) clock period in different frequency

In this oscillator scheme, the period of duty “H” is contributed from two parts.
One is fall delay of m1 and m3. The other one is rise delay of m2. On the other hand,
the period of duty “L” is also contributed from two parts. One is rise delay of m1 and
m3. The other one is fall delay of m2. How to get the same delay time at rising edge
and falling edge is the serious topic in oscillator design.

TH=17 _fall_ml+ 7 _rise_m2+ ¢ _fall_m3 (3.3)

TL=7 _rise_ ml+ 7 _fall. m2+ ¢ _rise_m3 (3.4)
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Fig.3.3(c) clock period in different frequency with
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We can add the additional gate capacitor in the delay chain. For example, we add
a NMOS capacitor at net :”N1” as show in Fig 3.3(c). It spends more rise and fall time
to charge the additional capacitor. The delay time d1 will be more than the original
scheme. We can make several schematic by add different additional capacitor to get
the different delay time. This will make the different frequency clocks. If the
additional capacitance is large, it is the Coarse-search cell. If the additional
capacitance is small, it is the Fine-search cell. Coarse-search cell is easy to implement,
but the Fine-search cell is dependent on how much small the capacitance is. The most
small step delay time is the best resolution in this design.

NMOS capacitance for different gate voltage is show in Fig.3.4. There are three
regions in this plot.
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UMC 90nm NMOS W/L=0.33um/0.08um

(1) Accumulation occurs when Vg < Vfb, the negative charge on the gate attracts
holes from the substrate to the oxide-semiconductor interface.

(2) Depletion occurs when Vb < Vg < Vth, the positive charge on the gate pushes the
mobile holes into the substrate. Therefore, the semiconductor is depleted of
mobile carriers at the interface and a negative charge, due to the ionized acceptor
ions, is left in the space charge region.

(3) Inversion occurs when Vg > Vth, there exists a negatively charged inversion layer
at he oxide-semiconductor interface. The inversion layer is caused by minority
carriers, which are attracted to the interface by the positive gate voltage.

From the plot we find that the capacitance is different at VN1=0v and VN1=1v.
At VN1=0v, the NMOS capacitance is in depletion region. But at VN1=1v, the NMOS
capacitance is in inversion region. That is, the rise delay is different from the fall delay.
In the circuit design, we usually add another PMOS to get the better performance for
time delay. In the DCO design proposed here, the delay cell for search steps are
Inverter, NAND and OAI. The gate capacitors of these cells both have NMOS and
PMOS. NOR and AOI are also the good delay cells for search steps.

3.2 The proposed DCO architecture

There are 28 control bits (setting [27:0] ) for DCO frequency adjustment.
Through the DCO buffer, the control bits are divided 4 groups. The control bits of
setting [27:19] are designed for wide bandwidth control, setting [18:13] are designed
for coarse tune and setting [12:0] are designed for fine tune. In the scheme we provide,
the best resolution is 0.01 pico-seconds. For high resolution DCO design, how to
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reduce jitter is another important topic. We will discuss the scheme integrated with
analog design for reducing later.

As the diagram show in Fig.3.5, DCO receives the control bits from DCO
controller and generate the output clock. The frequency of this clock will be divided
and compare with the reference clock. The result of comparison will make a new
setting of control bits and generate a new DCO clock until both the phase and
frequency is locked in.

Control signal | i Clock out

000011011....1011] M
DCO [ I ipco

controller .

Fig 3.5 DCO controlled by digital signal

The proposed DCO architecture is show as Fig.3.6. There are three major blocks
in this scheme. The first block is Digital-to-Time converter for wide bandwidth
control. The second block is Coarse-tune cell consists of inverter and NAND. The six
control bits are decoded to 64 stages. The stage starts at CO [5:0] = [000000] (en[30:0]
= [00000...000]) and ends at CO [5:0] = [111111] ( en[30:0] = [11111...111]). The
delay time of each stage is 30 pico-seconds. The third block is Fine-tune cell. This cell
includes four sub-cell and controlled by 13 bits. The first sub-cell is controlled by 3
bits and decoded to 8 stages. The stage starts at F1 [6:0] = [0000000] and ends at F1
[6:0]=[11111111]. The delay time of each stage is 4 pico-seconds. The second sub-cell
is controlled by 5 bits and decode to 32 stages. The stage starts at F2 [ 30:0] =
[00000...000] and ends at F2 [30:0] = [11111...111]. The delay time of each stage is
0.15 pico-seconds. The third sub-cell is controlled by 2 bits and decoded to 4 stages.
The stages are F3 [2:0] = [000], [001],[011] and [111]. The delay time of each stage is
0.05 pico-seconds. The last sub-cell is controlled by 3 bits and decoded to 8 stages.
The stage starts at F4[6:0]=[0000000] and ends at F4[6:0]=[1111111].

table.3.1
Coarse-search Fine-search
First Second Third Fourth
sub-cell sub-cell sub-cell sub-cell
Inverter and
Cell name NAND NAND NAND OAl AOl
Control bits 6 3 5 2 3
stages 64 8 32 4 8
resolution 30ps 4ps 0.15ps 0.05ps 0.01ps

14



DCOCLE] w 1dth(( 66-460M JHZ] CLKC1 | Coarse-tune cell totql 64 CLKC0
| stages, each stage 30ps i

I |

! . _RESET

; Fine-tune cell

| elet {>c Dc fl 2 {>Q*2 moet DCOELK __

i_..--——--""'"_; - FIMI-E32
> i —D’ %D} mmmmJjD

| |FiD-FiE] |
1
——'DD :?: : P2[30 0] [00 Cl] [11...1] Total
:ﬁ:}} 32 stages, each stage 0.15ps
FA(OI-Fa(5) i

F1[&:01:[0000000] F4[&:0][0000000]  F3[1:0]:[00]-[11]
~[1111111]Tetal 8 ~[1111111] Total 8 Total 4 stages,each
stages, each stage stages, each stage stage 0.05ps

|

|

|

|

|

|

|

|

|

1

|

i .

| | FLDMRS |
| ; .
|

]

|

|

|

|

i Aps 0.01f
|

|

e o — ——— ——— ——— — —— ———_—_—_— ———_— —— — —— — ——_—— —_—_—_——_———— e =k

Fig.3.6 proposed DCO architecture

3.3 Cell-based Digital Controlled Oscillator

3.3.1 Digital to time converter (DTC)

DTC consist of internal CLK generator, counter and multiplex show as Fig.3.7.
CLK generator is used to generate internal clock for timing counter. The “in” signal is
come from “DCOCLK?” as show in Fig.3.6. This signal is opposite to signal “out_reg”
when it travels through all DCO delay cells. In this time, signal “EN” will go “H” and
enable CLK generator. Counter begin to work . When the counter ends its work at the
time that counter_reg [8:0] = C1 [8:0], signal “out_reg” will inverse to be the same as

in” through multiplex and continue to its next trip. The description above is the
process about half cycle of clock. C1[8:0] decide the count number and clock period.
When C1[8:0] add one, the clock period will add multiple of internal clock period
1.513ns. The minimum clock period is 2.16ns when C1[8:0]=0. The maximum clock
period is 15148.5ns when C1[8:0]=511. That is, the frequency range is from 0.66MHz
to 460MHz step by 3.026ns. The simulation result of variable clock period controlled
by C1[8:0] is show as Fig.3.8(a) and that of minimum/maximum clock period is show
in Fig.3.8(b).
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Fig.3.8(c) mmimum clock period 2.16ns is consist of DTC, Coarse-tune cell and Fine-tune
cell intrinsic delay time. Clock period is 2.16ns + 2 * C1[8:0]* (internal clock period)

The minimum clock period 2.16ns is consist of DTC, Coarse-tune and Fine-tune
cell intrinsic delay when C1[8:0]=0. As C1[8:0] increase, the DCO clock period will
increase 3.026ns by step (2 x internal clock period). As show in Fig.3.8(c), TDCO =
2.16ns + (2 x 2 x 1.513ns) when C1[8:0] = 2 and TDCO = 2.16ns + (3 X 2 X 1.513ns)
when C1[8:0]=3. DTC decide the frequency range and coarse-tune/fine-tune get the
final frequency with high resolution. Here we can make our design have 0.01ps
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resolution. Wide bandwidth and high resolution is our design target. The advantage of
DTC wide bandwidth is to overcome the variation of PVT.

3.3.2 Coarse-tune cell

The Coarse-tune cell is show as Fig.3.7. The delay chain consists of inverter and
NAND. The delay time is selected by multiplex and controlled by CO[5:0]. There is a
power saving scheme here. That is, we disable unused delay chain by en [30:0]. This
scheme saves transient current. It will save current consumption and reduce the noise
due to transient current. So it is a power saving and low jitter design.

Coarse-tune cell CO[5:0]

o wire 110) wire_IL_[1] wire 11 (2] i
. @*— - - wire_1[3] wire_L1_[61] wire_1L_[62] .
' E : o T - - wire_I1_[63] '
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{1 vir B0 ] v @) [ ] winlem vim BB vie .01 :
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u !
i (6311 X i
o)

~ Fig3.8(d) Coarse-tunecell

From Fig.3.7 we can see that when mux[5:0]=[000000], the selected one is
wire_I1_[0], the delay time is intrinsic delay due to 6 multiplexers and one inverter.
When mux[5:0]=[000001], the selected one is inv_[1], the total delay time is one
inverter and one Nand gate delay plus intrinsic delay. When mux[5:0]=[000010], the
selected one is wire_I1_[2], the delay time is two Nand gate delay. The time delay
from wire_I1_[0] to inv_[1] is 30ps and that from inv_[1] to wire_I1_[2] is also 30ps.
That is, each stage delay time is 30ps. We have total 64 stages controlled by 6 bits.
The first stage is intrinsic delay 450ps. The second stage delay is 480ps and the last
stage delay is 450ps plus 1.89ns. The simulation result of coarse tune is as Fig.3.8.
The minimum delay time of coarse is 450ps when mux[5:0]=[000000] and the
maximum delay time is 450ps plus 1.89ns when mux[5:0]=[111111].
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Fig.3.8(¢e) Coarse-tune simulation

3.3.3 Fine-tune cell

We use four fine-tune cells, the advantage of this scheme is that it need fewer cell
units. Because the coarse-tune cell resolution is 30ps, we need 3000 Fine-tune cell
units that the resolution is 0.01ps for good work. In our scheme, we just need 48
Fine-tune cell units to meet our target as show in table3.2. This scheme will save more
chip area. We need 12 control bits from DCO controller if we use 3000 F4 cell units.
We need 13 control bits for our scheme because we have more tolerance in each stage
for process, voltage and temperature variation. This penalty is a good deal for saving
more Fine-tune unit cells.

table.3.2
Fine-search
First sub-cell |Second sub-cell| Third sub-cell | Fourth sub-cell
cell units number 7 31 3 7

start control set | F1[0000000] | F2[000...000] |  F3[000] F4[0000000]

second control set | F1[0000001] | F2[000...001] F3[001] F4[0000001]

(n-1)th control set | F1[0111111] | F2[011...111] |  F3[011] F4[0111111]

last control set | F1[1111111] | F2[111...111] |  F3[111] F4[1111111]

stages 8 32 4 8

resolution 4ps 0.15ps 0.05ps 0.01ps
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We have 2-NAND (F1), NAND (F2), OAI (F3) and AOI (F4) as Fine-tune cell.
We decide the capacitance by controlling the switches. The switches are controlled by
control bits of F1 [6:0], F2 [30:0], F3 [2:0] and F4 [6:0]. As described above, the
change of capacitance means the change of delay time. By switching control bits, we
can adjust the delay time to meet the target of frequency and phase. This is fine tune
to meet DCO clock. As show in Fig.3.9., we can see F1, F2, F3 and F4 Fine-tune cell
as addition capacitors. By controlling the switches, we adjust the capacitance to
decide the delay time. NAND gate as F1 and F2 Fine-tune cell by adjustment of AC
and AR. OAl as F3 Fine-tune cell and AOI as F4 Fine-tune cell by adjustment of A C,

ARand Al

N Doy | | | — OUT
&Ci &Ci - &C.‘% &C.‘% &C.‘%
IN o ouT
Fl \_—D
ECDD
IN >0 ouT
o — IN o oUT
IN >0 ouT i i
i iYe Cg
B L L

N >0 ouUT
-
F4 —@

Fig.3.9 Fme-tune cell as capacitance adjustment by control the switches. F1, F2, F3 and F4
Fine-tune cell as capacitors and capacitance is adjusted by switches.

F1 Fine-tune cell is consist of two parallel NAND gate, the channel width and
length (W/L) of first NAND gate is equivalent to PMOS : W/L = 3.36u/0.08u and
NMOS : W/L = 2.4u/0.08u. The channel width and length (W/L) of second NAND
gate is equivalent to PMOS : W/L = 1.26u/0.08u and NMOS : W/L = 0.9u/0.08u.As
Fig 3.10(a), each step of Fine-tune delay is 4 pico-seconds. From F1[6:0]=[0000000]
to F1[6:0]=[0000001], the delay time will add 4 pico-seconds. From F1[6:0]=[00000
00] to F1[6:0]=[11111111], the delay time will add 28 pico-seconds. For the next
increasing step, Coarse-tune will add one step of delay time that is 30 pico-seconds
and F[6:0] reset to F1[0000000]. Here we have some tolerance for process, voltage
and temperature variation. Our design for F1 Fine-tune cell can support Coarse-tune
delay time by step 32 pico-seconds. We consider PVT issuse to have tolerance about
80%~90% for Coarse-tune cell and Fine-tune cell.
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Fig.3.10(a) F1 Fine-tune cell simulation result. Each step of Fine-tune delay time is 4ps.

F2 Fine-tune cell is a NAND gate which channel width and length is PMOS :
W/L = 0.36u/0.08u and NMOS : W/L = 0.24u/0.08u. The simulation result is show as
Fig.3.10(b). Each step of F2 Fine-tune cell is 0.15 pico-seconds. Here we get
waveform every 4 steps, that is 0.6 pico-seconds. From F2[30:0]=[000...000] to
F2[30:0]=[111...111], total 32 stages. The delay time add 4.65 pico-seconds. This is
more than F1 Fine-tune cell time delay 4 pico-seconds by step. This is also the
consideration of PVT tolerance.

Fig.3.10(b) F2 Fine-tune cell simulation result. Each step of Fine-tune delay time is 0.15ps.
Here we get waveform every 4 steps, that is 0.6ps.

We use OAI as Fine-tune cell that show in Fig.3.11. There are 4 pairs of
PMOS/NMOS in this OAI cell. Net “A2” is connected to delay line, net “B” is forced
to “H” and net “C” is forced to “L”. We switch the net “Al1” from “L” to “H” and
delay time will add 0.05 pico-seconds.
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Fig.3.11 OAI as Fine-tune cell

The simulation result of F3 Fine-tune cell is show in Fig.3.12(a). Each step of F3
Fine-tune cell is 0.05 pico-seconds. There are total 4 stages from F3[2:0]=[000] to
F3[2:0]=[111]. The time delay from F3[000] to F3[001] is 0.015 pico-seconds and the
time delay from F3[000] to F3[111] is 0.015 pico-seconds. For the next increasing
step, F2 Fine-tune cell will add 0.15ps by one step. Here we also consider PVT
variation and have more tolerance.

Fig.3.12 F3 Fine-tune cell simulation result. Each step of Fine-tune delay time is 0.05ps.

We use AOI as F4 Fine-tune cell that show in Fig.3.13. There are 4 pairs of
PMOS/NMOS in this cell. Net “Al1” is connected to delay line, net “B” is forced to
“L” and net “C” is forced to “H”. When we switch the signal of net “A2” from ‘L” to
‘H”, the delay time will add 0.01ps. This is the best resolution we find in the cell of
AOI and OAL.
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Fig.3.13 AOI as Fine-tune cell

The simulation result of F4 Fine-tune cell is show as Fig.3.14. Each step of delay
cell is 0.01 pico-seconds. From the simulation waveform and measurement result, we
can see the delay time is steadily increase 0.01 pico-seconds by step. This is reliable
performance of Fine-tune cell. This also mean the jitter of this design can be reduced
to be under 0.01 pico-seconds. From F4[6:0]=[0000000] to [0000001], the delay time
add 0.01 pico-seconds. From F4[6:0]=[0000000] to [1111111], the delay time add
0.07 ps, this is more than F3 Fine-tune cell resolution 0.05ps. Here is also the
consideration of PVT tolerance.
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Fig.3.14 F4 Fine-tune cell simulation result. Each step of Fine-tune delay time is 0.01Lps.

It is a interesting work to use AOI and OAIl as Fine-tune cell. From the
simulation result, we can find the reliable performance as table.3.3 It is reliable to use
these cells as Fine-tune units. We also find that AOI have variable resolution for
(A2,B,C) from (001) to (101) and (000) to (101). We can have different resolution just
change the switching net from net “A2” to become net”A2” and net “C”.Its advantage
is more flexible for our design.
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Table. 3.3 The resolution of AOI/OAI as Fine-tune cell for different switching

AOI (001)--->(101) (000)--->(101) (101--->111)
(A2,B,C) 0.01ps 0.026ps
Al,B,C 0.05ps
OAl ( ) P
(A1,A2,C) 0.032ps

3.3.4 Performance comparison with other work

From the performance comparison as table.3.4 [1][8][20][5], we can find the
performance of our design in bandwidth and LSB resolution is much better than other
work. In the comparison of these work, we find the best bandwidth except our work is
45~450MHz. It is not so good as our design 0.66~460MHz (i.e.2.16ns ~ 15148.5 ns).

The best resolution of other design is 5 pico-seconds for Fine-tune cell. Our
design is 0.01 pico-seconds. That is much better than others work. The Fine-tune
resolution is related to jitter performance. The much better resolution will make good
jitter performance. The other advantage of our design is low power, the power
consumption is 1.15mW at 460MHz.

table 3.4 Performance comparison with other work

This work TCSII '05 ISQED '02 ISSCC'03 JSSC'03

0.09um @ 1V 0.35um @ 3.3V |0.5um @ 1.65V  |0.6um @ 5V 0.35um @ 3.3V

DCO word length |28 bits 15bits 8 bits 10bits 12bits
LSB resolution 0.01 ps 1.55 ps 40 ps 10 ps 5 ps
DCO output range  [0.66~460MHz 18~214MHz 150MHz 10~12.5MHz 45~450MHz

Power Consumption|1.15mW @ 460 MHz|18mW @ 200 MHz |1ImW @ 150 MHz | 164mW @ 100 MHz |100mW @ 450 MHz

3.4 Current mirror for jitter reduction

There is a model to simulate the jitter induced by ground bounce due to transient
current. We assume there is a 400MHz transient current induced by other 2000
inverters of ADPLL and make the bounce noise 0.44V. In our experiment, we have a
current mirror sinking 10 mA in our DCO scheme and reduce bounce noise to
0.187V.

The experiment is show as Fig.3.15. We consider the RLC effect from package.

The transient current will make power and ground bounce. That is the major source of
jitter.
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Fig.3.15 DCO with current mirror

We can find the simulation result in Fig.3.16. The power and ground bounce
influence the period of clock. That will be the major source of jitter. If we apply
current mirror for DCO., the bounce will be reduced. We find the internal clock of
DTC will be improved when current mirror is applied. The internal clock of DTC is
the clock of timer counter. The jitter will influence the DCO output clock.

The jitter of internal clock is show as Fig.3.17. The RMS of internal clock is
0.1448ns and peak-to peak is 0.418ns if current mirror is not applied. Our target
period is 1.513ns. The peak-to peak shows the jitter is serious in this experiment. If
we apply current mirror, the RMS will be 0.0094ns and peak-to-peak will reduce to
0.035ns. This experiment shows the performance of current mirror. By adjusting the
bias current, we can get the best performance of jitter.
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Fig.3.16 The simulation result of DCO. The ground bounce is from 0.44V reduced
to 0.187V and internal_clock of DTC is improved after the current mirror is applied.

25



0.1ns) {0.1ns)

Fig.3.17 The period of DTC internal_clock. For the experunent without current
mirror, RMS=0.1448ns and peak_to_peak 1s 0.418ns. For the experiment using
current mirror, RMS=0.0094ns and peak to peak i1s 0.035ns.
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CHAPTER 4
DISCUSSION AND FUTURE WORK

4.1 Discussion

We have introduced basic DCO concept and the proposed DCO scheme in this
thesis. DCO is the core of ADPLL. The performance of DCO is concerned by ADPLL
design. We have to design a wide bandwidth, high resolution and low jitter DCO for
high efficiency ADPLL.

In our design, there is a wide bandwidth DCO. The frequency is from 0.66~
460MHz step by 2.16ns. It is designed by Digital-to-Time (DTC) scheme. We can
choose the frequency by the control of digital signal. The period of clock is decided
by the counter loops which is controlled by C1[8:0]. When C1[8:0]=0, the period of
clock is 2.16ns (460MHz), which is just the intrinsic delay of Coarse-tune cell and
Fine-tune cell. When C1[8:0]= 511, the counter run 511 loops and the period of clock
is 15148.5ns (0.66MHz). which is the minimum frequency of this design. When the
frequency is decided, how to get the better resolution is the important topic.

In our design, we use NAND gate, OAI and AOI as Fine-tune cells. There are
four Fine-tune cells. F1[6:0] is consist of two NAND gate in parallel, the resolution is
4 pico-seconds by steps. F2[30:0] is consist of one NAND gate, the resolution is 0.15
pico-seconds by steps. F3[2:0] is consist of OAI, the resolution is 0.05 pico-seconds
by step. F4[6:0] is consist of AOI, the resolution is 0.01 pico- seconds.

It is particular to use AOI and OAI as Fine-tune cells. We can get different
resolution by the setting of AOI/OAI input pins. For example, AOI resolution is 0.01
pico-seconds by setting (A2,B,C) from (001) to (101). It also has resolution of 0.026
pico-seconds by setting (A2,B,C) from (000) to (101). This character will make more
design flexibility.

The best resolution of this design is 0.01 pico-seconds. We use UMC 90nm
standard cell AOI to get this performance. For the design of 1GHz frequency, the

period error of 0.01 pico-seconds is just 1/100000. It is small for most design. For our
design of 460MHz, 0.01 pico-seconds is of course a high resolution.

4.2 Future work

In the future, we have several works proposed to improve our design, the
proposed work is as following,
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(1) We have wide bandwidth in this design. The bandwidth is 0.66~460MHz.
The higher frequency is our next work. The maximum frequency 460MHz(2.16ns) is
decided by intrinsic delay time. If we can reduce the intrinsic delay in our Coarse-
tune/Fine-tune cell, the faster speed will come true.

(2) We have high resolution DCO in our design. The resolution is 0.01
pico-seconds. But the jitter induced by power bouncing noise is much more than 0.01
pico-seconds. How to reduce the jitter induced by power bounce is more important
than higher resolution. This is analog scheme added to DCO for reducing the jitter and
get better DCO performance. The future work is to find the solution for better jitter
performance by adjusting bias current of current mirror or other methods.

(3) To complete the layout is our next work. We will have the layout by APR and
save much time. We also want to implement current mirror by manual. That is analog
design for current mirror implementation. We just need two NMOS to completed our
work.
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