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A Wide-Range All-Digital Duty-Cycle Corrector with

Output Clock Phase Alignment in 65nm Technology

Student: Sung-En Shen Adpvisor: Dr. Ching-Che Chung
Department of Computer Science and Information Engineering,

National Chung Cheng University

Abstract

A Wide-Range All-Digital Duty-Cycle Corrector (ADDCC) with Output Clock
Phase Alignment in 65nm Technology is presented in this dissertation. In high speed
data transmitter application, such as double data rate (DDR) SDRAM and double
sampling analog-to-digital converter /(45)6‘) \Thg positive edge and the negative edge

| |--\.

of system clock are utilized- fof samphng the data T‘hus theses systems require an

T
e L ,,,

exact 50% duty-cycle of sys\tle,;n c].ock |I\Ie\7'ert'heless system clock is affected by the

unbalanced rise time and fall ﬁime of the clock buffers with process, voltage and
temperature (PVT) variations, wll-)g] caqsie#e__rr_orﬁ%@ latching when clock duty-cycle
is not equal to 50%. We summarize some researches and architectures in prior years,
moreover, discuss these differences and how to improve them. In this thesis, we use
all-digital control method not only speed-up locking time than voltage control method,
but also solve the leakage current problem of the voltage charge-pump control.
Besides, we presented the novel high resolution ADDCC which can solve the
restricted resolution of time-to-digital converter (TDC). The half-cycle delay line
(HCDL) generates output clock signal by another mirror circuit will cause mismatch
problem in nano-meter CMOS process when there has on-chip variations (OCVs).

The proposed ADDCC is implemented on a standard performance (SP) 65nm CMOS

process with standard cell library, and verify the performance of the proposed circuit.
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Abbreviation

ADC Analog-to-Digital Converter
ADDCC All-Digital Duty-Cycle Corrector
DCCP Digital-Controlled Charge Pump
DCD Duty-Cycle Detector
DCDL Digital-Controlled Delay Line
DDCC Digital-controlled Duty-Cycle Correction
DDR Double Data Rate
DFF D flip-flop

T
DLL Delay Lockeg Léqp\\\
HCDL Hal;:__c__ycl‘e'"ﬁe_;a{yj_ Line o B
OCVs Onéglearlat@s — ;f
PD Phase I;?ete(;f(;-r_\:__;_’ o \‘|

PVT variations

| /
w7 N —
Process, L-‘}/Zgltagc_and_"[em__ rature variations

PWCL Pulse-Width Control Loop

QDR Quadrature Data Rate

SBDCD Sampled-Based Duty-Cycle Detector

SBPD Sampled-Based Phase Detector

SDRAM Synchronous Dynamic Random Access Memory
SP Standard Performance

TDC Time-to-Digital Converter
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Chapter 1 Introduction

1.1 Motivation

In high-speed devices, such as double data rate (DDR) SDRAM, double
sampling analog-to-digital converter (ADC) and System-on-Chip (SoC) applications.
The positive edge and the negative edge of clock are utilized for sampling the input
data. Thus, these systems require an exact 50% duty-cycle of input clock which also
ensure the system can operate on a right frequency. However, the clock signal is
distributed over the chip using clock buffers, and thus, the duty-cycle of the clock is
affected by the unbalanced rise time arllg;flall time of the clock buffers with process,
voltage and temperature (PVT) ngripq‘f{ongl'_jl.n\;r\d@rx io overcome such problem, many
approaches have been propfé'_&;i/. to adjiiéf-.fh;\'-elockzﬁﬁs—cycle to 50% to meet the
system requirements, such é% analog] pl!ilse-w1dth jcontrol loop (PWCL) [1-5],
all-digital PWCL [6-9], and alL dlﬁlta} duty—cycle qorrector (ADDCC) [10-14]. In
some applications, the DCC is cdﬁafblned with dei%@-‘lbcked loop (DLL) and located at

the output side [15-20]. We will discuss these architectures in following sections.



Fig. 1.1 shows the block diagram of data latching. The CLK IN’s positive edge
is utilized to trigger the DFF1, and latched the DATA IN to Ql. After the
Combination Circuit operation outputs the DATA OUT. The CLK IN passed through
the Clock Tree and becomes the CLK TREE. Because the CLK IN is distributed
over the chip by clock buffers, therefore, the duty-cycle of CLK IN is affected by the
unbalanced rise time and fall time of the clock buffers (Clock Tree or Wire Load) with
PVT variations. Thus, the CLK_TREE’s duty-cycle will be less or over 50%. When
the CLK TREE’s negative edge is utilized to trigger the DFF2, it might happen to
sample the incorrect DATA OUT. Fig. 1.2 shows the DFF2 latched the incorrect

DATA_OUT by CLK_TREE.

Combination \DATA_OUT
Circuit

DATA_ IN—D Q D QLY.

DFF1 DFF2
2 —<
|_|_|—|_CLK IN Clock Tree |_u_|—
Wire Load) /CLK_TREE
{-L_/”,': A _ -

Fig. 1.1 Block Diagram of Data Latching

s e B R B S B B
N W (N 5N R I
| | | | | | | | |
pataour | | w X 20 X @ ) o X s ¥
| | | | | | | | |
CLK_IN [j

CLK_TREE AE I_|i I_|i I_|! I_|!

Fig. 1.2 Timing Diagram of Data Latching



1.2 Introduction to Duty Cycle
Corrector

1.2.1 The Conventional Analog DCC

\ CLK OUT
H Odd Number Buffers -
L cpr h
|

CLK_IN

""""""""

|—| >o—| >o—| >o-|— P2

.......
_______________

Ring Oscillator

i H i H

Fig. 1.3 Convenhonaﬂzﬁéa‘]}Lg\PWCL Architecture [1]

oo

AT TN
Fig. 1.3 shows the con&*’\é{nﬁionaj.-ahd}og\PWCL areh}ﬁécture [1]. The conventional

PWCL changes the feedback %ontrol voltdge to adjgét the duty-cycle of the input
clock. Based on the archltecturegregulrement:v, it reqyures a ring oscillator to produce
50% duty-cycle reference clock*’énd the operating’range and the acceptable input
duty-cycle error are very restricted in this architecture [1]. In recent year, the
operating range of the PWCL can be improved by the linear control stage and the
digitally controlled charge pump (DCCP) [4], the low-voltage designed PWCL can
solve the power consumption [2] [5], and the fast-locking PWCL can speed-up the
lock-in time [3]. However, these methods take long lock-in time, need for 50%
duty-cycle reference clock and the leakage current problem of the charge-pump makes

it not suitable for the nano-meter CMOS process.



1.2.2 The Half-Cycle Delay Line Based DCC

B CLK
CLK IN MDL > S SRQ —> OUT

Full Delay Line

|
| = |
|
| Mirror Delay Line —|—> C

Fig. 1.4 Block Diaﬁﬁgm of HCDL [12]

1SN
Fig. 1.4 shows the block diag{e{m of the\half-cycle delay line (HCDL) based

DCC [12]. The HCDL- base\ald ~BCC 1s tons1s”cm_§.,,7 o}:HCDL and match delay line

(MDL). In the HCDL which 1§\cor151sted of a hﬂl delfa’y line and a mirror delay line.

The full delay line is used to deti.‘ectIz the CLK IN 'S pquod information, and the mirror
y:

delay line is used to generatél’r dhalf éyc[é ' delay" time according to the period

information. Therefore, the 50% duty-cycle clock is generated by SR Latch [6] [7]

[10-13]. However, the two delay lines architecture has the mismatch problem

especially in the nano-meter CMOS process with on-chip variations (OCVs).



1.2.3 The Time-to-Digital Converter Based DCC

Period[M-1:0] TDC Encoder

I_DQ

DFF DFF |  eeeees DFF DFF

L
> |—> > |:> |—>

Fig. 1.5 Block Diagram of TDC [35]

w

CLK_IN—D [

Fig. 1.5 shows the block diagram of TDC [35]. The TDC-based DCC [10] [11]
[13- 14] [16] [20] [21] quantizes the CLK IN period information into M-bit digital
code (Period[M-1:0]), and the TDC’s resolution is restricted by D buffer delay time
and the dead-zone of DFFs. Then th/e/S{)%J &hﬁx cycle clock is generated by the half

quantified digital code Perl.od[M l: 1] fwhlch rlght erfted one bit. Nevertheless, the

[

TDC frequency range is II\IlQIted by tlhe “deiay llne ;Ength and the output 50%
S

duty-cycle error is restricted by the r_eSQ_l_l_ltlon of TDC. In recent years, the TDC
\ /. e L

resolution is improved [22-24], b{%fhe h_ighhgqsol\éstign TDC is not suitable for a wide

frequency range. If the high resolution TDC is designed for wide-range, the delay line

length, power consumption and chip area are also increasing.



1.3 DCC for DDR SDRAM Interface

The data transmit I/O speed goes higher in recent years, such as quadrature data
rate (QDR) I/O [25] and DDR SDRAM [26-31]. The transmitter and receiver
operation are restricted by clock phase-error and duty-cycle, therefore, the clock
phase-error can be de-skewed by the DLL, and duty-cycle error can be corrected by
the DCC. In this thesis, the proposed ADDCC is combined with the DCC and the
DLL. The frequency range covers all of the DDR2/3 1/O bus clock rate specification.
Table 1.1 shows the DDR2/3 I/O bus clock rate specification defined by the Joint

Electron Devices Engineering Council (JEDEC) which is from 200MHz to 1066MHz.

L

o 51“
Table 1.1 The S dai_rL 6£DDR2/3 IO Bus

Standard name Memory VO Bus
clock rate(MHz) clock rate(MHz)

DDR2-400B/C L 00 200
DDR2-533B/C Cooaky 266
DDR2-667C/D V166 333
DDR2-800C/D/E YE 00 W 400
DDR2-1066E/F 266 533
DDR3-800D/E 100 400
DDR3-1066E/F/G 133 533
DDR3-1333F/G/H/J 166 667
DDR3-1600G/H/J/K 200 800
DDR3-1866J/K/L/M 233 933
DDR3-2133K/L/M/N 266 1066




1.4 Thesis Organization

In this thesis, we design a wide-range all-digital duty-cycle corrector Ver.1 and
Ver.2 with output clock phase alignment in 65nm technology.

In chapter 2, the critical modules of the proposed ADDCC architecture are
discussed. We will discuss the dead-zone of the phase detector (PD) and duty-cycle
detector (DCD), and the resolution of the digital-controlled delay line (DCDL) and
digital-controlled duty-cycle correction (DDCC). In chapter 3, the proposed ADDCC
Ver.1 and Ver.2 are presented. The architecture and the controller design are discussed.
In chapter 4, we will show the ADDCC Ver.1 and the ADDCC Ver.2 experimental

& [ .
results including the simulation and the i{ﬁ‘qa\surement results. Finally, we make a
. '\

..//
conclusion of this thesis and describe some improvement issues in the further work.
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Chapter 2 Critical Modules in
ADDCC Architecture

2.1 Design of Digitally Controlled Delay
Line

The Digital-Controlled Delay Line (DCDL) is the critical component in the
proposed All-Digital Duty-Cycle Corrector (ADDCC). Because of the proposed
ADDCC is combined with a Delay-Locked Loop (DLL). The DCDL is the most

critical component in the DLL. For this reason, we should design a wide frequency

I

range and high resolution DCDL }n thJ f)}aposed ADDCC. Thus the proposed

|- -

"-\

ADDCC can improve the phase ahgnment aqcuracy

el - et -;
AL 4
: 'y
_,f
2.1.1 MUX-Type DCD\L Structure y
s o
' /0 N\
n+l
k+1 +> coarse_dcdl[n:0]
DCDL_CODE[k:0] —/—» EDCI:IL
ncoder +> fine dedl[m:0]

m+1
coarse coarse coarse coarse
fine_dcdl |_dedl[0] _dedlf1] - _dedl|n-1] _dcdl|n]
[m:0]
m+l) /) 1 1 1
. Fine |
Signal_Out -——— pepL
0 0 0 0
Signal _In *DJ—D]—D~
Coarse DCDL

Fig. 2.1 MUX-Type Coarse-tuning Component of the proposed DCDL

Fig. 2.1 shows the MUX-Type DCDL architecture, which combined with the



coarse-tuning component Coarse DCDL and the fine-tuning component Fine DCDL.
The circuit operating path is from Signal In to Signal Out which is selected by
control code coarse dcdl[X] (X is integer, from 0 to n). The Coarse DCDL has n+1
coarse-tuning delay cells, and for each one coarse-tuning delay cell is combined with
a buffer and a multiplexer. Therefore, the Coarse DCDL can provide n+1 kinds of
delay time and easily cover a wide frequency range. Nevertheless, the coarse-tuning
component resolution is not good enough for our proposed ADDCC. For this reason,

we combined the fine-tuning component to achieve a high resolution DCDL.

Furthermore, the DCDL is controlled by many digitally enable signals. In order
to simplify DCDL’s controller design, we combined a DCDL Encoder to encode

-'I' |
DCDL_CODE[k:0] into coarse_decdl[n+}1] i%ﬁ{kﬁne_dcdl[mﬂ].
/ N Y

e [

fine_dcdl
[m:0]

Jbrm+1 o0} - foro-

o Fiﬂe e :> E—w -
DCDL DCV DCV

cell cell

o] oH-
fine_dedI[4*B + 0] ——_)O~
fine dedl[4*B + 1] ——_)O~
[ T o-

fine_dcdI[4*B + 2] —

fine dedI[4*B + 3] —_)0=

Fig. 2.2 Fine-tuning component of the proposed DCDL
Fig. 2.2 shows the fine-tuning component Fine DCDL which is based on
digital-controlled varactors (DCVs) [32] architecture. For each one DCV cell is

combined with four NAND gates which is controlled by control code fine dcdI[Y] (Y



is integer, from 0 to m). Therefore, the Fine DCDL can provide m+1 kinds of delay
time by each NAND delay cells. When control bit is enabled, the capacitance at
inverter’s output node is changed, and the delay time is increased. Therefore the DCV

delay cell can increase the resolution of the DCDL.

2.1.2 Simulation Result

The proposed ADDCC operation frequency range is from 200MHz (period:
5000ps) to 1066MHz (period: 938ps) and the acceptable input duty-cycle range from
20% to 80%. Fig. 2.3 shows the scenario which is 20% duty-cycle input clock at
200MHz. Thus the proposed DCDL neelds5 to provide the delay time from 4000ps

S
(=5000ps*80%) to 750.4ps (=93 8ps*/8@°2)'_Lt st.

oo

e o

il T b,

I I | | |
| S000(s) | [ | | |
|_ |

Signal_ 55 0. || (| || .. !
In 9% !
| 1 . l
.q_...l 158
| 4000 (ps) | I | aligned l
| | | | | g |
Signal_ | | S | |
Out | I | ! I
— | I = — —
| I I |
| | | |

Fig. 2.3 DCDL Timing Diagram at Lowest Frequency Scenario

The MUX-Type DCDL is simulated by HSPICE. At each corner, the simulation
parameters are process, voltage and temperature (PVT), respectively. The TT corner is
1.0V, 25°C. The FF corner is 1.1V, 0°C, and the SS corner is 0.9V, 125°C. Table 2.1
shows the Coarse DCDL delay range and the one coarse-tuning step delay time. Table

2.2 shows the Fine DCDL delay range and the one fine-tuning delay step.
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Table 2.1 Properties of the DCDL Coarse-tuning Component

Coarse-Tuning Component Control Code : 0 to 116
Mode |Max Delay (ps) | Min Delay (ps) Step (ps)
TT Corner 6334 448 51
FF Corner 4564 322 37
SS Corner 9741 717 78
Table 2.2 Properties of the DCDL Fine-tuning Component
Fine-Tuning Component Control Code : 0 to 31
Mode Range (ps) Step (ps)
TT Corner 88 2.75
FF Corner 42 1.31
SS Corner 95 2.96

The DCDL is designed in a cascaded architecture; therefore, the Fine DCDL
delay range needs to overlap one Coarse CDL band delay, and to make sure that
there is no dead-zone delay in the/ DCDL\Nevertheless overlapping method is

- .
causing the other non-mon@i@m{: prob-fe-m H.‘ence\ we pempensate a fixed code when
the Coarse DCDL crosses to ‘a\?dlfféreqt dela}J ba.lnd /ﬂwn the Fine DCDL’s control
code will add a fixed compensa‘@on code The ﬁxed J,ﬂcompensatlon code can reduced
the delay difference when the Ggarse DCDL e} s-band. The fixed compensation

code is determined by simulation result with PVT variations.

We can get the compensation code in each PVT variation. In the TT corner, the
compensation code is 14 ((88-51)/2.75=14). In the FF corner, the compensation code
is 4 ((42-37)/1.31=4). In the SS corner, the compensation code is 6 ((95-78)/2.96 =6).
Nevertheless, in the FF corner, if the compensation code 14 is determined by the TT
corner that will cause dead-zone delay. For this reason, the compensation code should
be determined by the minimum code from each PVT variations. As the result, the
compensation code is 4 determined by FF corner. Fig. 2.4 shows the compensation

result in FF corner.
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Fig. 2.4 Comparison between original and compensated in DCDL

2.2 Design of Dlglt/amh( Controlled
Duty-Cycle Correcthn Delay Line

Errme T

N
The Digital-controlled Dlgy-Cyclep Cbrrector (DbCC) Delay Line is another
critical component in the propps?d ADDCC Thqf DDCC is one of the DCC’s
| &
components; hence, the DDCC‘V’i.é«*sign'alr pulse=width adjusting which also named

duty-cycle adjusting. Therefore, we should design a wide range and a high resolution

DDCC delay line in the proposed ADDCC.
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2.2.1 AND-OR-Type DDCC Structure

i+1
h+1 DDCC +h- coarse_ddec[i:0]

DDCC_CODE[h:0] =y ' i+

Encoder £+ fine_ddec[j:0]

fine_ddee(j:0]
i+l

Fine
DDCC

Signal_Out

Dummy Delay
Signal_In > )_

coarse coarse coarse coarse
_ddee[0] _ddece[1] ~ddec[i-1] ddec[i]

Coarse DDCC

Fig. 2.5 AND-OR-Type Coarse-u/l‘r}in component of the proposed DDCC
IS
Fig. 2.5 shows the AND-OR-I\/I/)e DDCC\qrqhitecture, which is combined with
- .-./.--’ I.___ r-—-- 5\\.___ )
the coarse-tuning componéj%lt_':__(;_par/se:"_ QDP@C ':an\d Ighe:;;ﬁne-tuning component Fine

DDCC. The circuit operating ath |1s' frgm Sglllal_lnt/e{ Signal Out which is selected
by enable code coarse ddcc[A] I(\A }s 1nte\:ger,from 0 ;0 1). The Coarse DDCC has i+1
’ :

coarse-tuning delay cells, and foi{’ge;ch oh’é\ébarse-e‘y}r'hing delay cell is combined with
an AND cell and an OR cell. The AND cell also can save power consumption of the
unused delay cells. Therefore, the Coarse DDCC can provide i+1 kinds of pulse-width
adjusting time and easily cover the wide pulse-width range. Nevertheless, the Coarse
DDCC resolution is not good enough. For this reason, we combines the fine-tuning
component to increase the DDCC resolution.

Furthermore, the DDCC is also controlled by many enable control signals,

therefore, we also designed a DDCC Encoder to encode DDCC_CODE[h:0] into

coarse_ddcc[i:0] and fine ddcclj:0].
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fine ddcc[4*C + 2]

fine ddcc[4*C + 3] =

Fig. 2.6 Fine-tuning compbr]lqnt of the proposed DDCC
Fig. 2.6 shows the Fine DDC/C fine- tuﬁ.mg component which is based on
digital-controlled Varactors-EQDC/;/ S). [32]—arc\hltecture\:safme as the Fine DCDL. Each
one DCV cell is combined w“l{lg four NAND gates \;/hlch are controlled by enable

code fine ddcc[B] (B is integer, ﬁfro;n 0 to 7). The ﬁn@ -tuning component has j+1 kind
¢

of delay cells. When the ﬂne_ddé’czienabl"ed, 1tis clia‘r'iged the capacitance of inverter’s
output node, and also increased the delay time. Furthermore, an OR gate is connected
after of the DCV output and Dummy Delay output. The Dummy Delay is used to
reduce the DCV’s intrinsic delay.

The proposed ADDCC is designed with standard performance 65nm cell library.
In standard cell library, it is supports many kinds of standard cells for clock signal
which has well balanced rising-time and falling-time. The well balanced rising-time
and falling-time are good for the pulse-width adjusting, and therefore, we will choose
these kinds of standard cells. Nevertheless, some common logic gates are not

supported for clock signal. For this reason, we need to use the available standard cells

for clock signal to create other logic cells. The OR gate in our design is an example,
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we integrate three clock’s NAND gates into an OR gate.

2.2.2 Simulation Results

The proposed ADDCC operation frequency range is from 200MHz (period is

5000ps) to 1066MHz (period is 938ps) and the acceptable input duty-cycle range

from 20% to 80%. Fig. 2.7 shows the scenario which input duty-cycle 20% at lowest

frequency 200MHz. Thus the DDCC at least to provide pulse-width adjusting time

from 1500ps (=5000ps*30%) to 281.4ps (=938ps*30%).

| 5000 (ps) |
|
Signal_ |30
In Yol Yo |
— 1
| 1500(gs) |
b
. I |
Signal_ |
Out : [
|

Fig. 2.7 DDCC timié%i%iiagr_amh_a}t_ loikt\§§£ frequency scenario

.

Phase
aligned

|
|
|
I+
|
|
|

The AND-OR-Type DDCC is simulated by HSPICE. At each corner, the

simulation parameters are process, voltage and temperature (PVT), respectively. The

TT corner is 1.0V, 25°C. The FF corner is 1.1V, 0°C, and the SS corner is 0.9V, 125°C.

Table 2.3 shows the DDCC pulse-width adjusting range and the one coarse-tuning

pulse-width adjusting time step in each corner. Table 2.4 shows the Fine DDCC cover

range and the one fine-tuning pulse-width adjusting time step.

15



Table 2.3 Properties of the DDCC Coarse-tuning Component

Coarse-Tuning Component Control Code : 0 to 47
Mode Max Pulse-Width (ps) | Min Pulse-Width (ps) Step (ps)
TT Corner 2272 16 47
FF Corner 1541 5 32
SS Corner 3624 24 75
Table 2.4 Properties of the DDCC Fine-tuning Component
Fine-Tuning Component Control Code : 0 to 31
il | Pu.lse-Width Step (ps)
Adjusting Range (ps)

TT Corner 56 1.75

FF Corner 39 1.22

SS Corner 78 2.44

The DDCC is designed in a cascaded architecture; therefore, Fine DDCC delay

range needs to overlap one Coarse DDCC lbahd\ delay, and to make sure that there is

no dead-zone delay in the DDCC delay lme Neve?thel-gss overlapping method is

E"'-. T
- &

causing the other non- monot})mc pirqblé—n_l Hen|ce\we c-g’rxnpensated a fixed code when
Coarse DDCC controlled cod?P crosses_ to” dllffereﬂt band, then the Fine DDCC
controlled code will add a ﬁxjed/ comp,,ensatlo}&code that can reduce the delay
difference when Coarse DDCC cross-band. The fixed compensation code is
determined by simulation result in each PVT variations.

We can get the compensation code in each PVT variations. In TT corner, the
compensation code is 5 ((56-47)/1.75=5). In FF corner, the compensation code is 6
((39-32)/1.22=6). In the SS corner, the compensation code is 1 ((78-75)/2.44=1).
Nevertheless, in SS corner, if the compensation code is 5 by TT corner that will cause
dead-zone pulse-width adjusting. Therefore, the compensation code should be
determined by the minimum code from each PVT variations. As the result, the

compensation code is 1 determined by SS corner. Fig. 2.8 shows the compensation

result in SS corner.
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Fig. 2.8 Comparison between original and compensated in DDCC

2.3 Design of Phase Detector and Duty

N
Cycle Detector -~ - ..
.si-'-.__H I =Y \5 -:_:'_,.:'~
. gLl ol
2.3.1 Designed Structure - -~ -~ ~
VO e 0/
AR
PD_ - BASE PD_
COI\"'P b 0 DOWN_2 Wi Yoo UP_2
DFF < A PD_UP_I
BASE >—=p g S > PD_DOWN_I
} X =l » LOCK
7 =D 0 =
DFF
BASE ||l COMP
(a) (b)

Fig. 2.9 The Proposed Phase Detector (PD)
(a) Sampled-based PD, (b) Sense-amplifier-based PD [33]
The proposed Phase Detector (PD) detects the positive phase error between
COMP and BASE. The proposed PD is composed of a sampled-based PD (SBPD)

and a sense-amplifier-based PD [33], as shown in Fig. 2.9. In order to improve the
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detectable phase error, a sense-amplifier-based PD which can detect a phase error
larger than 1ps in 65nm TT corner simulation is applied in the PD design.

The sense-amplifier-based PD seems to be good enough to detect phase error.
Nevertheless, when the phase error is too large between COMP and BASE in FF
corner simulation, the sense-amplifier-based PD has incorrect detecting result. For
this reason, we used the SBPD to detect large phase error in the beginning. Although
the SBPD does not have tiny dead-zone due to the dead-zone of the D-Flip/Flops, but
the SBPD is easily designed and can be created with standard cells. It also can prevent
the sense-amplifier-based PD incorrect detecting situation which mentioned before.

First of all, the PD controller receives the SBPD’s outputs (PD UP 1 and
PD DOWN 1). After the SBPD is locked, rt}e PD controller will switch to receive the

N
sense-amplifier-based PD’s outputs (1/3D UP 2\and PD DOWN 2). As a result, the

.
proposed PD can correctly &eteet a t;ny _pl_‘lase error betheH COMP and BASE.

pco. BASE  pcp_
COMP =D 0 DOWN_2 Yoo Yoo yp_2
DFF ¢ " —== DCD_UP_1
BASE e E £ > DCD_DOWN I
&2
= LOCK
': ~ —-
7 =D Q 2
DFF
9 BASE COMP
@) (b)

Fig. 2.10 The Proposed Duty-Cycle Detector (DCD)

(a) Sampled-based DCD, (b) Tiny dead-zone DCD
The proposed duty-cycle detector (DCD) architecture is similar to the proposed
PD. It is also consisted of Sample-base DCD (SBDCD) and tiny dead-zone DCD,
shows on Fig. 2.10. However, the proposed DCD detects the negative phase error
between COMP and BASE. Thus in the proposed DCD, there are two inverters in

front of PD’s inputs (COMP and BASE). Then the PD can easily transform into the
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proposed DCD and the operation behavior is same to the proposed PD.

In the beginning, the DCD controller is received the SBDCD’s outputs
(DCD_UP_1 and DCD DOWN 1). After the SBDCD locked, the DCD controller
switch to receive the tiny dead-zone DCD’s outputs (DCD UP 2 and
DCD _DOWN 2). As a result, the proposed DCD can detect a tiny phase error

between COMP and BASE.

2.3.2 Simulation Results

PD_UP_1

PD_DOWN_1

LOCK

~ T 10

Fig. 2.11 Simulation result of the proposed PD

Fig. 2.11 shows the simulation result of the proposed PD with UltraSim SPICE
mode. In the beginning, the positive phase error is detected by SBPD. Until the SBPD
locked, then switch to the sense-amplifier-based PD’s outputs (PD_UP 2 and

PD DOWN 2).
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Fig. 2.12 Simulation result of the proposed DCD

Fig. 2.12 shows the simulation result of the proposed DCD with UltraSIM
SPICE mode. In the beginning, the positive phase error is detected by SBDCD. Until
the SBDCD locked, then switch to the tljx dead-zone DCD’s outputs (DCD _UP 2

and DCD_DOWN 2). N
e oo . oy

PR s

.s-»-. — ot PSR ML

N

24 Summary \? LI )

The proposed ADDCC is ccpn;;}sted of the I&L and the DCC. Furthermore, the
Ve

proposed PD and DCDL are critical components in the DLL. The proposed DCD and

DDCC are also the critical components in the DCC. We verify each of components

functional and simulate by HSPICE. Therefore, we ensure that these components can

correctly operating with each PVT variation.
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Chapter 3 All-Digital Duty-Cycle
Corrector Design

3.1 The Proposed ADDCC Ver.1 with
High Resolution Delay Line

3.1.1 Design of Controller

CLK_IN CLK_fOUT
System // : J [ System
Start ' - |_Finish
+ .f»':_:_-';:j /____.-'I A, . _.;%_:'\
DLL N o YES
Positive phase 4—\\? ¥ JJ
aligning IIH i

Is positive

DCC
—
—»| Duty-Cycle
o —
adjusting

Signal Selector

WIDE_SIGNAL <= CLK_IN
NARROW SIGNAL <=DLL CLK

duty-cycle is}

Over 50%

NARROW_SIGNAL <= CLK_IN
WIDE_SIGNAL <=DLL_CLK

P
Under 50%

Fig. 3.1 Operation Flowchart of the ADDCC Ver.1
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Fig. 3.1 shows the operation flowchart of the proposed ADDCC Ver.1. In the
beginning when system starts, the DLL operates positive phase alignment. Until the
positive phase aligned, two clocks (i.e. CLK IN and DLL CLK) with the
complementary duty cycles are generated. At that time, the Signal Selector is
determined that the CLK IN’s duty-cycle is under 50% or over 50%; moreover, it
assigns the duty-cycle over 50% to WIDE SIGNAL and the duty-cycle under 50% to
NARROW_SIGNAL. These two signals are sent to DCC, NARROW_SIGNAL is
compensated the duty-cycle until to the negative phase aligned to WIDE SIGNAL’s

negative phase. Then the CLK OUT is generated, and the system is locked.

3.1.2 Architecture m
y 1N
/ i b
! o o
PD Fine
up o »{Coarse DDCC pDCC|DPCC cLK
PD DLL_CTRL »[E| sicrar’
PD_ =)
DCC DOWN I DLL_ z BeD. 12 /DDCC_CODE
r —T LOCK g up
RESET cow_cone 12 : Speoll 2 pCC_cTRL
N WIDE_ DCD._
LK IN B || SIGNAL DOWN T 12} DDCC_CODE -
- Coarse Fine PLL_ LOCK LOCK
DCDL | DCDL [pir,
CLK
CLK_IN Half | Half
- | Coarse | Fine ——»
DLL ppcc [ppcc| CLK_OUT

Fig. 3.2 The proposed ADDCC Ver.1 with high resolution delay line
Fig. 3.2 shows the block diagram of the proposed ADDCC Ver.l with high
resolution delay line. It is composed of an all-digital delay-locked loop (DLL), a
signal selector and an all-digital duty-cycle corrector (DCC). The all-digital DLL
consists of a phase detector (PD), a coarse-tuning digitally controlled delay line
(Coarse DCDL), a fine-tuning digital controlled delay line (Fine DCDL) and a DLL

controller (DLL_CTRL). The all-digital DCC consists of a duty-cycle detector (DCD),
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a coarse-tuning Digitally-controlled Duty-Cycle Correction (Coarse DDCC), a
fine-tuning DDCC delay line (Fine DDCC), a half coarse-tuning DDCC delay line
(Half Coarse DDCC), a half fine-tuning DDCC delay line (Half Fine DDCC) and a
DCC controller (DCC_CTRL).

The inverted input clock (CLK IN B) passes through the delay line of the DLL,
then the DLL’s output signal (DLL CLK) is compared with the input clock (CLK IN)
to align the positive edge of DLL CLK and CLK IN. The PD of the DLL detects the
positive phase error between CLK IN and DLL CLK which are the PD’s BASE
input and COMP input. Then outputs PD_UP/PD DOWN control signals to the
DLL CTRL. Subsequently, the DLL CTRL adjusts the delay line control code
(DCDL_CODE) to compensate the phaje\ error. When the positive phase error

1N
between CLK IN and DLL CLK isfejlimiﬁated}.the DLL is locked. Thus, two clocks
ST - e

— y . S
(i.e. CLK _IN and DLL_C[K\n)l_w{th the:_’_c_"cv_r_np\l'erpegtagy;c,}i}i;y cycles are generated.

— 1L
DCC_ .“| L R
RESET 1 | | | | |
| [
coen BT T~ LA ]
— o —
cxns | ] L)~ L]\ L
[ | | | | |
[ \| N [ |
DLL CLK :‘ . B J U ‘ B, J
| | | Positive | | |
| | | hase aligned| | |
DLL LOCK | | | | I
| | | | |

Fig. 3.3 Timing Diagram of DLL in ADDDC Ver.1
Fig. 3.3 shows the timing diagram of the DLL. The period of CLK IN is T. If the
duty-cycle of CLK IN is A/T and the duty-cycle of DLL. CLK is B/T, the period T is
equal to (A+B). After the DLL is locked, the positive edge of CLK IN and

DLL CLK are phase aligned with complementary duty cycles. The signal selector
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detects the pulse widths of these two clocks, and the clock with wider pulse width is
outputted as WIDE SIGNAL. Oppositely, the clock with shorter pulse width is

outputted as NARROW_SIGNAL.

WIDE i [
SIGNAL B| o L i |_

|

_ -
et el | I I AR
- U

I
080 Y - X 22 X 2c4 X 2C3
|

I
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|
|
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phase aligned

—

JT’

DDCC CLK
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|

|
DDCC_CODE?( 040
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Fig. 3.4 Tlmlng Dlagra?rn of DCC in ADDDC Ver.1
' | | | l."
Fig. 3.4 shows the tlmmg\;dlagranlrof Th‘e DCQ After the DLL is locked, the

-1

DDCC LOCK| |
|

P e __r e -

n, b

proposed all-digital DCC starts tq cp,mpensate the&u{y-cycle error of the output clock
(CLK_OUT). The NARROW _ SIéNAL passes through the Coarse DDCC and the
Fine DDCC to increase the pulse-width then outputs as DDCC CLK. The DCD
detects the negative phase error between WIDE SIGNAL and DDCC_CLK which are
the DCD’s BASE input and COMP input. Then outputs DCD UP/DCD DOWN
control signals to DCC_CTRL. Subsequently, DCC _CTRL adjusts the duty-cycle
correction delay line control code (DDCC_CODE) to increase the output pulse width
of DDCC _CLK. When the negative phase error is eliminated between the
WIDE SIGNAL and DDCC_CLK, then DCC is locked.

The pulse-width of NARROW _SIGNAL is increased by AE, and AE is equal to

(B-A). Since the period of CLK IN is T, (A + AE/2) is equal to T/2 (= A+ (B-A)/2 =

24



(A+B)/2). Therefore, the proposed DCC utilizes Half Coarse DDCC and Half Fine
DDCC to increase the pulse width of CLK IN by AE/2. As a result, after the DCC is

locked, the duty-cycle of CLK _OUT is 50%.

3.1.3 Summary of the Proposed ADDCC Ver.1

The proposed ADDCC Ver.1 uses the sequential search with the high resolution
delay line, which can improve the accuracy of 50% duty-cycle. However, the ADDCC
Ver.1 is used the HDCL, this architecture has the mismatch problem especially in the
nano-meter CMOS process with on-chip variations (OCVs). Thus, we proposed the
novel duty-cycle corrector method in the fpr?posed ADDCC Ver.2 which can improve

N
the ADDCC Ver.1 performance and s?lé t_llehi@match problem.
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3.2 The Proposed ADDCC Ver.2 without
Half Delay Line

3.2.1 Design of Controller

System Start System Finish
PHASE_SELECT defaultis “0” DLL keep phase tracking of]
DUTY_SELECT default is_“0” CLK_OUT and CLK_IN

A

NO

Set PHASE SELECT =1

DLL - ) DLL phase aligned again
2 ositive phase 1
—> Posfqve .phase aligned ? ) T NO\
aligning ~ | \\\
- . DCC
2nd time lock Duty-Cycle
L adjusting
|| Set DUTY_SELECT = 1 [ egative phas¢
DLL phase aligned again LY B aligned ? v
A . n -— i " DLL
1 time l(if_k - Positive phase
1 . \\ ,_ aligning
_ o el _\____‘B\q_; /
Input clock Duty-Cycle

Over SO%W Under 50% adjusting

Fig. 3.5 Operation Flowchart of the ADDCC Ver.2
Fig. 3.5 shows the operation flowchart of the proposed ADDCC Ver.2. In the
beginning, the DLL operates positive phase alignment. When the DLL is at first time
lock, the DCC is determined whether the CLK IN’s duty-cycle is under 50% or over
50%. If the CLK IN’s duty-cycle is under 50%, then it goes to the DCC duty-cycle
adjusting. Otherwise, the DCC set DUTY SELECT to “1” and back to the DLL phase
align until second time lock. When DLL phase aligned, start the DCC duty-cycle

adjusting. In the first cycle, the DCC extends the pulse-width of the X signal. Then, in
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the next cycle, the positive edge of the Y signal will lag behind the positive edge of
the X signal due to the pulse extension in the previous cycle. Thus in the second cycle,
the DLL aligns the positive edges of X and Y. The same process will be repeated until
that both the positive edge and negative edge of X and Y are phase aligned, and then
the DCC is locked. After the DCC lock, the DLL set PHASE SELECT to “1” and
keep tracking phase aligned between the output clock (CLK OUT) and the input

clock (CLK_IN).

3.2.2 Architecture
PHASEfSEJLECT
0
.')/ IIr
T + T,
DCC P |- DLL =
UP | - _Up
DCD DCC CTRL| PP L IDLL CTRL
DCC - DLL.
DOWN ] : [ DOWN
DDCQCODE,’]\@ l i T __x'DC%LgCO A3 l
ipury | L7/ | PHASE_
'SELECT [|., .-~ ! SELECT
CLK_IN SYSTEM y e f\ )
Coarse Fine ‘ :|> Coarse Fine
DDCC IDDCC| | DCDL DCDL
1O N X LX CLK_OUT
DUTY_SELECT
DCC DLL

DUTY SELECT
Fig. 3.6 The Proposed ADDCC Ver.2 without Half Delay Line

Fig. 3.6 shows the block diagram of the proposed ADDCC Ver.2 without half
delay line. It is composed of an all-digital duty-cycle corrector (DCC) and an
all-digital delay-locked loop (DLL). The all-digital DCC consists of a duty-cycle
detector (DCD), a coarse-tuning digital controlled duty-cycle correction delay line
(Coarse DDCC), a fine-tuning digital controlled duty-cycle correction delay line (Fine
DDCC), and a DCC controller (DCC_CTRL). The all-digital DLL consists of a phase

detector (PD), a coarse-tuning digitally controlled delay line (Coarse DCDL), a
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fine-tuning digital controlled delay line (Fine DCDL), and a DLL controller

(DLL_CTRL).
T
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Fig. 3.7 Tlmlng DTagram—of DLL mQDDDC Ver.2

Fig. 3.7 shows the tlmlhg ﬁdlagram—f?)r the DLL opﬁratlon After system is reset,

| | | l."

L—arld the PH@KSE SELECT signal is also set

the DUTY_ SELECT signal is §$t to. “0’
to “0”. The input clock (CLK _LII)P) is passed Q{Gugh the DCC’s delay line and
outputted as X signal. Subsequentf/, the 1nverted 51gna1 is then passed through the
DLL’s delay line and outputted as Y signal. The phase detector (PD) of the DLL
compares the phase error between the positive edges of X and Y, and then it outputs
DLL UP/DLL DOWN control signals to the DLL. CTRL. The DLL CTRL adjusts
the delay line control code (DCDL_CODE) to compensate for the phase error. When
the phase error between X and Y is eliminated, the DLL is locked. After that, two
clocks (i.e. X and Y) with complementary duty cycles are generated. Thus, if the

period of the input clock (CLK IN) is T, and the duty-cycle of X and Y is A/T and

B/T, respectively, the period T is equal to (A+B).
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Fig. 3.8 Timing Diagram of DCC in ADDDC Ver.2
After the DLL is locked, the proposed all-digital DCC starts to compensate for
the duty-cycle error of the output clo O IE\QUT) The duty-cycle detector (DCD)

T,
detects the phase error betweeri/ the neg,atwe edges 6f X and Y, and then it outputs

Errme T

DCC _UP/DCC_DOWN con?fgl s1gnals |to ti're—DCC Cﬁ{L The DCC_CTRL adjusts
the duty-cycle correction delaykl?tne contrz)l ;:;)de (DD}CC CODE) to enlarge the pulse
width of the X signal according ﬂ/ é‘fﬁe ou’;puts of“ﬁge DCD. Fig. 3.8 shows the timing
diagram for the DCC operation.

In the first cycle, the DCC extends the pulse width of the X signal. Then, in the
next cycle, the positive edge of the Y signal will lag behind the positive edge of the X
signal due to the pulse extension in the previous cycle. Thus in the second cycle, the
DCDL _CODE is decreased to align the positive edges of X and Y. The same process
will be repeated until that both the positive edge and negative edge of X and Y are
phase aligned, and then the DCC is locked.

The pulse width of the X signal is increased by AE, and AE is equal to (B-A)/2.
Since the period of input clock (CLK IN) is T, (A+AE) is equal to T/2 (=A+(B-A)/2=

(A+B)/2). As a result, after the DCC is locked, the duty-cycle of the CLK OUT is
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50%. Once the DCC is locked, PHASE SELECT signal is set to “1”. The inputs of
the DLL’s PD are switched to the CLK IN and the CLK _OUT. Then, the DLL will
adjust the DCDL_CODE to compensate for the phase error between the CLK IN and
the CLK_OUT. Therefore, the output clock (CLK OUT) can be phase aligned with
the input clock (CLK IN).

Fig. 3.9 shows the DLL timing diagram when input clock duty-cycle over 50%.
After the DLL is locked, if the negative edge of the X signal lags behind the negative
edge of the Y signal, which means the duty-cycle of the input clock is larger than 50%.
Then, the DUTY_ SELECT signal is set to “1”, and therefore, the input clock is
switched to the inverted CLK IN (I CLK IN) to guarantee the duty-cycle of X signal

is always smaller than 50%. In addition, theI routput clock is switched to the inverted Y

||
(I Y) signal, and the DLL will alsol/glimi'ﬁate ﬁgeﬁphase error between the CLK IN
._./ _,.'“r_____:-.". T,

- . _
and the CLK_OUT. | el )
A £ 1\ 4

I 1 !
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Fig. 3.9 DLL Timing Diagram when Input Clock Duty-Cycle Over 50%
Fig. 3.9 shows the DLL timing diagram when input clock duty-cycle over 50%.
In this case of input clock (CLK IN) duty-cycle is over 50%. When X and Y are

positive phases aligned in first time (1*) by DLL. The DCC controller (DCC_CTRL)
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detects the negative edge of Y, which is lead or lag to the negative edge of X. If the
negative edge of Y is lead to X, then the DCC_CTRL will make sure that the
duty-cycle of Y is less than X. Thus if the CLK IN’s duty-cycle is over 50%, the
DUTY _SELECT control bit will switch to “1”. Until X’s and Y’s positive phases are

aligned in second time (2"*), and DLL is locked.

T

1) | 1
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|

CLK_OUT

PHASE_
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I

R T

| I
DDCC
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_cope A%

DCDL VA
1C3 X—=" 1BF X 1BB-- OF1 X 0F0 X 0E8 Y 0E0 - X 084 X o083
,CODE | 1 1 1 i Il l l i 1
I | (I || — 1 —T—1

— } |

DCC_LOCK
B e I (I I

S~ _—

B N

DCC duty-cycle Output clock
adjusting phase aligned

to input clock
| /ﬂ," \\\

Fig. 3.10 DCC Timing Didggam when Tnput-Clock Duty-Cycle Over 50%

Fig. 3.10 shows the DCC timing diagram when input clock duty-cycle over 50%.
After the DLL locked, the DCC starts to correct duty-cycle. Before the DCC is locked,
the correcting action is the same to the input clock duty-cycle under 50%.
Nevertheless, the positive edge of CLK OUT is not aligning to the positive edge of
CLK IN. Therefore, we selected the I 'Y becomes CLK OUT signal. Because the
positive edge of inverted Y lags to CLK OUT. Thus the DLL is just reduced
DCDL _CODE which is also reduced the DCDL length. Until the positive edge

between CLK IN and CLK OUT is aligned.

31



3.3 Comparison Summary of Ver.1 and
Ver.2

In previous sections the proposed ADDCC Ver.1 and Ver.2 are introduced. In this
section, we summarize the difference between them we also discuss the good and bad
point between Ver.1 and Ver.2.

The proposed ADDCC Ver.1 is with the high resolution phase tracking method
which can increase the accuracy of 50% duty-cycle correction. However, the
duty-cycle detection is used by the full delay line and the output clock is compensated
by the half delay line. The duty-cycle compensation code from the full delay line to
the half delay line has shifted one bit. Thus’ the half delay line has reduced the correct

]
precision and decreased the resolu_tvi_& two timég. Moreover, if the detect circuit and

— o r T-- --.-. e 5\\‘--_ -
the output circuit are not kﬁ'{%ﬁl;ggme/.ong’jha}'- W@qld_._(;ﬁl}ﬁé delay mismatch problem,

especially in the nano-meter CB{Oé\[Ijhrpqgssil__._:-'; : jf

Therefore, the output clocl% dl}t__y.-.t:;é_'lé'.é:r;o‘r is Iﬁomes from DCDL’s resolution,

, :

PD’s dead-zone, two times DDC%Iéélreso'lﬁt:\i“(Sn, BQD"”S dead-zone. The intrinsic delay
from input clock to output clock which is comes from the Signal Selector and the Half
DDCC.

In the proposed ADDCC Ver.1, the 50% duty-cycle error is comes from DLL’s
PD dead-zone, DCDL’s resolution, DCC’s DCD dead-zone, DDCC'’s resolution and
the two times resolution of half DDCC.

The proposed ADDCC Ver.2 also uses the high resolution phase tracking method,
but it improved the half delay line mismatch problem and two times DDCC’s
resolution problem. Therefore, the output clock duty-cycle error is comes from

DCDVL’s resolution, PD’s dead-zone, DDCC'’s resolution, and DCD’s dead-zone. For

this reason, the ADDCC Ver.2 can improve the accuracy of 50% duty-cycle correction
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better than the ADDCC Ver.2. Besides, after the 50% duty-cycle correction, the
proposed ADDCC Ver.2 can keep tracking the phase error between the external clock
and the output clock. Thus the output clock can de-skew the phase error and reduce
the circuit intrinsic delay.

In the proposed ADDCC Ver.2, the 50% duty-cycle error is comes from DLL’s
PD dead-zone, DCDL’s resolution, DCC’s DCD dead-zone and DDCC'’s resolution.

Table 3.1 Comparison between Ver.1 and Ver.2 by Theoretical Discussion

Item ADDCC Ver.1| ADDCC Ver.2
Mismatch Problem Yes No
Output with Intrinsic Delay No Yes
Output Duty-Cycle Error Ver.1 > Ver.2
Power Consumption . Ver.1 > Ver.2
Lock-in Time i K\ Ver.1 <Ver.2

&
Table 3.1 shows the comparlson between “\(erl and Ver.2 by theoretical

E"'-. T

discussion. In the proposed AJ_)DCIC Ve“'[ and IVe“r 2 are-fﬁsed the binary search which
the time complexity is O(log\én)) Therefore -the x,ADDCC Ver.1 lock-in time is
Kilog(n), and the ADDCC Ver. 5] loérk-ln tlme Ki{qu(n) the K; and the K, are integer
variables, n is the operation fre;feﬂl?lcy and input duty-cycle error. Nevertheless, the
Ver.2 duty-cycle correction algorithm has two steps positive and negative phase
alignment, and the Ver.1 duty-cycle correction algorithm only has one step negative

phase alignment. For this reason, the Ver.2’s K, is larger than the Ver.1’s K, thus the

locking time of Ver.2 is longer than Ver.1.
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Chapter 4 Circuit Implementation
and Measurement Results

4.1 Test Circuit Implementation

The test chip is fabricated by UMC 65nm 1P10M standard performance (SP)
CMOS process and the input frequency range from 250MHz to 1GHz. Because of the
input and output frequency are restricted by the /O pad max operation frequency
which is approximate less than 300MHz. For this reason, the test circuit needs to
provide the several kinds of high frequency clock and to generate the various
duty-cycle clock inputs. Furthermore, /i«f; FF\GQ)}:tput clock frequency is higher than

& .
300MHz, it should be divided into-fow frequency to-transmit the signal output.
:-_._ L .__r 4 - -..\. '._‘I ._--.-:I.

TEST
system cLk| ADDCC
INPUT_CLK — CHIP — OUTPUT_CLK
CIRCUIT
CIRCUIT
- S DUTY TESTCHIP
FREQ_SELECT SELECT TESTCHIP_ FREQ CLK N TESTCHIP
I4 ,1'3 HFQ(‘LKP‘—‘ ‘ |—‘0R|ch<
TEST
TEST RESET——]
16 #FREQ_CODE L , OUT SELECT DIV_FOUR
a 12/DUTY_CODE oIV oreN) —>9

OUT_SELECT
(DCO_START) "9 DCO

DUTY_DELAY_GEN | B

DCO_

SYSTEM
, ¥ _CIK

INPUT
_CLK

WIDE_ OUT_
SELECT SELECT

Fig. 4.1 Block Diagram of Test Chip

Fig. 4.1 shows block diagram of test chip. The test chip is combined with the test
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mode control circuit (TEST MODE CTRL), digitally controlled oscillator (DCO),
duty-cycle generator delay line (DUTY DELAY GEN) and a divider circuit
(DIV_FOUR).

The input FREQ SELECT is encoded into the FREQ CODE which determined
the DCO operation range. The DCO is designed in MUX-Type DCO and frequency
range from 242MHz to 1094MHz by TT corner HSPICE simulation result. The input
DUTY_SELECT is encoded into the DUTY_ CODE which determined the delay time
from A to B, then OR the two signals (A and B) into C. Thus the C’s duty-cycle is
over 50%, and inverted the C into the I C which duty-cycle is under 50%. The
duty-cycle range is from 15% to 85% by TT corner HSPICE simulation result. The
ADDCC input clock (SYSTEM_CI:/I?) ‘5\‘1\5\ the external low frequency clock

i

(INPUT _CLK) or the internal high ,f?equehcy ¢lock (DCO_CLK) which determined
./"J-" o —- - o T,

by the OUT SELECT. e @ = Sl
W am N
I [ OPER —
5 o 5 o ) CLK N
I CLK_IN —> >
CLR E CLR §.

%& RESET RESET
DIV

Ls=oLh lp=hes I )-cik p
- > >

CLR Q CLR Q

RESET RESET C[))IIDEI:I DO )—ORIG_CLK

Fig. 4.2 Block Diagram of DIV_FOUR Circuit

CLK IN

The output clock frequency is restricted by the I/O pad speed so the internal

DCO high frequency clock is divided by four into low frequency clock. Fig 4.2 shows
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the block diagram of DIV_FOUR circuit which is designed with two divide-four
circuit. The two dividers have two kinds of trigger signals CLK _IN (SYSTEM_CLK)
and I CLK IN. CLK P is triggered by CLK IN’s positive edge, CLK N is triggered

by CLK IN’s negative edge.

T | | | | |
I I | I | |
RESET | I | I I I I
|
axnf [T T T T
I | | I | |
I | & i TID I P |
CLK P | I I I I Il |
i I | I | | U |
I I:H' i } I |94|_
CLK N | IA I I | 1A |
- | I: | | f i [
I} | | | k

Al B
Fig. 4.3 Timing D/i,ag{axII ‘HQIV FOUR Circuit

|- .

Fig. 4.3 shows the tmarng dlagraem of\the DIV\FOUR circuit. The CLK_IN’s

E"'-. T

period is T, the CLK IN’s du{y—cycle 1s A/T—and the (;iK P’s (CLK_N’s) period is
\’? _ F
TD (=4*T). The time dlfference between CLK PI’S positive edge and CLK N’s
/
positive edge is A which also Iytﬁe CLK INE«\pulse width. Then the CLK IN’s
duty-cycle is A/T (=A/(TD/4)). Besides, the enable-blt DIV_OPEN (OUT_SELECT)
which is controlled the output gating for saving power. If the DIV_OPEN set to “0”,
the CLK P and the CLK N are gated then the ORIG CLK is enabled output. If the
DIV_OPEN set to “1”, the ORIG _CLK is gated then the CLK P and CLK N are

enabled output.
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4.2 The Proposed ADDCC Ver.1

4.2.1 Specifications

644pum

100um

Fig. 4.4 Microphotograph of the ADDCC Ver.1
The proposed ADDCC Ver.1 is fabricated on UMC 65nm 1P10M standard
performance (SP) CMOS process. Fig. 4.4 shows the microphotograph of the ADDCC
Ver.1. The area of the core chip is 100 X 100 um? and the area with I/O pads is 644 X
644 pm?. The chip is consisted of a Test Circuit, a DLL and a DCC. The gate count is

about 3748 (= 5398/1.44(1.44 is one NAND gate area)).
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Fig. 4.5 Chip Floorplanning ngd{ /O Plannlngaf the Proposed ADDCC Ver.1

Fig. 4.5 shows the proposed ADDCC Ver.1 ch1p floorplanning and I/O planning

which are 20 I/O Pads and 12 power Pads. Table 4.1 shows the I/O pads information

of the proposed ADDCC Ver.2.

TESTCHIP FREQ CLK P and TESTCHIP FREQ CLK N which are the

ADDCC Ver.1 input clock divide by DIV_FOUR circuit. DCC_FREQ CLK P and

DCC _FREQ CLK N which are the ADDCC Ver.l output clock divide by

DIV_FOUR circuit.
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Table 4.1 The I/O Pads Information of ADDCC Ver.1

Pin Number Pin Name Input/Output Information
Duty Error Select
3~1 DUTY_ SELECT[2:0] Input Uty BITOESeiee
(15%~85%, step 5%)
4 VDDP4 Input Pad Power
Divided by FREQ CLK
5 TESTCHIP FREQ CLK P|  Output i -
- - - Positive edge
6 VSSP4 Input Pad Power
7 VSSCO0 Input Core Power
8 INPUT CLK Input External CLK
9 VDDCO Input Core Power
10 DCO RESET Input DCO Reset
11 DCC RESET Input DCC Reset
Internal or External
12 OUT _SELECT Input
- clock select
13 VDDPO 4|, Input Pad Power
S Divided by CLK_OUT
14 DCC_FREQ CLK/P éutput O
LT T D Positive edge
15 VSSPO | Tnput— Pad Power
Wl —
ek o LB LS Frequency select
19~16 FREQ SELE 3:07 —| " “Input;
Q @,-ﬂ ]._ Wl s Pik (250MHz~1GHz)
k¢ < !
20 VDDP1 | // Input Pad Power
{v-"{::_,- o i . ..
21 DCC_ORIG_CLK Output Without Divided
ADDCC clock out
22 VSSP1 Input Pad Power
Divided by FREQ CLK
23 TESTCHIP FREQ CLK N| Output ,
- - - Negative edge
24 VDDP2 Input Pad Power
25 PD LOCK Output DLL Lock
26 DCD LOCK Output DCC Lock
27 VSSP2 Input Pad Power
Divided by CLK_OUT
28 DCC _FREQ CLK N Output IGea DY A=A
Negative edge
29 VDDP3 Input Pad Power
30 TESTCHIP ORIG CLK Output Without Divider
31 VSSP3 Input Pad Power
Duty Wide Select
32 WIDE SELECT Input
- (over 50% or under 50%)
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4.2.2 Simulation Results
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Fig. 4.6 Simulation Results of the Proposed ADDCC Ver.1
Fig. 4.6 summarized the simulatign’f;%; Its of the proposed ADDCC Ver.1. It is
simulated by UltraSIM SPICE mode/m Téll" Qorrler \T\Qe frequency range of the input

clock is from 250MHz to IGHZ and thuty-cytle range of the input clock is from
b —

r

20% to 80%. Besides, the suﬁply voltla'ge Is” 10V,{{he power consumption of the
proposed ADDCC Ver.1 is 3. ISmW/Q@lGHz) and.is 6 79mW (@250MHz).
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Moo w2 d ;oW
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Fig. 4.7 Simulation Waveform of the Proposed ADDCC Ver.1
(a) 80% duty-cycle input clock at 250MHz, (b) 20% duty-cycle input clock at
250MHz, (c) 80% duty-cycle input clock at 1GHz, (d) 20% duty-cycle input clock at
1GHz
Fig. 4.7 shows the simulation waveform of the proposed ADDCC Ver.1 under
different input frequencies and duty-cycle errors. Fig. 4.7(a) shows the input 80%

duty-cycle clock at 250MHz, Fig. 4.7(b) shows the input 20% duty-cycle clock at
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250MHz, Fig. 4.7(c) shows the input 80% duty-cycle clock at 1GHz, and Fig. 4.7(d)

shows the input 20% duty-cycle clock at IGHz.
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Fig. 4.8 Operation Waveform of the Proposed ADDCC Ver.1

(a) 20% duty-cycle input clock at 1GHz, (b) 80% duty-cycle input clock at S00MHz
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Fig. 4.8 shows the operation waveform of the proposed ADDCC Ver.l at the
1GHz input 20% duty-cycle clock at Fig. 4.8(a) and the 500MHz input 80%
duty-cycle clock at Fig. 4.8(b). It is simulated by UltraSim SPICE mode TT corner is
1.0V, 25°C. First, the DLL is generated the two complementary signals by positive
phase aligned. Second, the DCC is adjusted the DCDL CLK'’s duty-cycle to align the

WIDE SIGNAL’s negative phase. Finally, the CLK _OUT is 50% duty-cycle.
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4.2.3 Measurement Results

Oscilloscope

Generator

Power L8 P
Supply No.1 ‘

Power
Supply No.2

/

L
/0 N
Fig. 4.9 Measurement Efrﬁt'rronrh’éﬁ’mf the, ADDCC Ver.1 Test Chip

Fig. 4.9 shows the measurement environment of the ADDCC Ver.1 test chip.
There have two power supplies (Agilent E3631A), one signal generator (Agilent
81134A) and one oscilloscope (Agilent 54855A DSO). The one power supply is used
for the Core power the other power supply is used for the Pad power. Furthermore, the
Core power is 1.2V and the Pad power is 2.0V. The signal generator is supplied to the

external input clock. The oscilloscope is used for sampling output clock waveform.
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Table 4.2 Properties of the TEST CHIP Internal Clock Generator

Output Output
FREQ SELECT | (WIDE_SELECT, DUTY SELECT)
- - Frequency | Duty-Cycle
(1,011) 14%
(1, 010) 26%
(1,001) 43%
0000 1020MHz
(0, 001) 57%
(0, 010) 74%
(0,011) 86%
(1, 100) 20%
1,011 30%
(1,011)
(1,001) 42%
0101 442MHz
(0, 001) 58%
(0,011) 70%
(0, 101)\, 82%
(111 15%
aT (LI0D L e 26%
U oo 36%
i ) = I T
W (Ldon o 46%
1011 (RO 2 262MHz -
L (0,001) ! 54%
10,011 63%
“0,101) ¥ 74%
0, 111) 85%

Table 4.2 shows the properties of the TEST CHIP internal clock frequency and
duty-cycle. The DCO can output frequency ranges from 262MHz to 1020MHz. The

duty-cycle generator can output duty-cycle ranges from 15% to 85%.

45



- -1 - 1020MHz — A& -442MHz —6—262MHz

52.00
51.50
51.00
50.50
50.00 -
49.50
49.00
48.50
48.00

Output Duty Cycle (%)

10 15 20 25 30 35 40 45 S0 55 60 65 70 75 80 85 90
Input Duty Cycle (%)

Fig. 4.10 Measurement Results of the Proposed ADDCC Ver.1
Fig. 4.10 summarized the measurement results of the proposed ADDCC Ver.1.
The frequency range of the input clock is from 262MHz to 1020MHz, and the

duty-cycle range of the input clock is from 15% to 85%. Besides, the core power

-'I' |

supply voltage is 1.2V and the p:/a,d’{)d &\Qupply voltage is 2.0V. The power

consumption of the proposed( ADDCC Nerl 1s“101=nW (@978MHz), 5.6mW

E"'-. T

(@428MHz) and 3 4mW (@2§9MHz) = —| ' f
b Sfadian” g
| . |
v )
| A '
{'v_,.é:j__ B _}E\é
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Table 4.3 Jitter Measurement Results of DCC Input Clock and Output Clock

Positive edge Negative edge
Signal Type |Frequency| rms Jitter p-p Jitter rms Jitter p-p Jitter
(ps) (ps) (ps) (ps)
262MHz 9.18 100 12.21 78.18
DCC
442MHz 5.6 65.45 5.09 49.09
Input Clock
1020MHz 3.66 25.45 431 29.09
262MHz 8.85 85.46 8.16 81.82
DCC
442MHz 5.58 45.45 4.82 41.82
Output Clock
1020MHz 3.22 23.64 3.01 23.64

Table 4.3 shows the jitter measurement results of the DCC input clock (the test
chip DCO clock generator) and DCC output clock. The frequency range from
262MHz to 1020MHz and the measurement objects are rms (root-mean-square) jitter

1
and p-p (peak-to-peak) jitter. In order/g/ 1;142\1‘314{6 the clock duty-cycle that is the delta
time between positive edge ,and-negatlye eﬂge For - this reason, the duty-cycle error is

E"'-. T ""'

concerned about positive edéé Jltter and negamfle edge JL( ter.

\? — \
| e |
v "/
i’gi— e —j\__\B\:s
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Fig. 4.11 Duty-Cycle Measurement Results of the Proposed ADDCC Ver.1

(a) The Duty-Cycle Measurement Results at 262MHz
(b) The Duty-Cycle Measurement Results at 1020MHz
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Fig. 4.12 Jitter Histogram of the Proposed ADDCC Ver.1

(a) The Jitter Histogram of the proposed ADDCC Ver.1 at 262MHz
(b) The Jitter Histogram of the proposed ADDCC Ver.1 at 1021MHz
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Fig. 4.11 shows the duty-cycle measurement results of the proposed ADDCC
Ver.1 at 1020MHz and 262MHz. In the Fig 4.11, the signal No.1 is divided signal
which triggered by positive edge and the signal No.4 is divided signal which triggered
by negative edge. The measurement method is shown in Fig. 4.3. Fig. 4.11 (a) shows
the delta time between signal No.l positive phase and signal No.4 positive edge is
1.898 (ns). Hence the duty-cycle is 49.8% (=(1.898/(15.241/4))*100%). Fig 4.11 (b)
shows the delta time between signal No.l positive phase and signal No.4 positive
edge is 0.4847 (ns). Hence the duty-cycle is 49.4% (=(0.4847/(3.92/4))*100%).

Fig. 4.12 shows the jitter histogram of the proposed ADDCC Ver.1 at 1021MHz
and 262MHz. In Fig. 4.12(a), the signal mean period is 3.916 (ns), due to the output
signal frequency is divided by four. So;tT@ actual on chip frequency is 1021MHz

]
(=1/(3.916/4)). In Fig. 4.12(b), the slfgnal mean ‘period is 15.17 (ns), so the actual on
Al TR T

chip frequency is 263MHz éﬁi{_@js.lj/a)_y_- - f
Wl - i
b S 4
| S |
Voo Y
|2 '
{'v_,.é:j__ ol _}E\é
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Fig. 4.13 shows the phase- é(rror between Input cl\‘ck and output clock. The signal

[ 3
-

No.1 is the external 20% du\tly-cyqlq 1n]i>ut d‘ozpk and t!ae 51gna1 No.2 is the ADDCC

output. The phase error between 51gna1 Np 1 and 51gnal No.2 is about 400 (ps) which
b

caused by the ADDCC intrinsic; %?fay (S;gnal S‘éiector and Half DDCC). Fig. 4.14

shows the block diagram of intrinsic delay from CLK_IN to CLK_OUT.

@
L o]
= .
a Coarse DDCC
:
Y 2 DCC_CTRI
CLK_IN_B ) -
o |-§
= Half | Half
CLK_IN DLL Coarse | Fine PCLK OUT
DDCC DDCC -
DCC

Fig. 4.14 Block Diagram of Intrinsic Delay from CLK IN to CLK OUT
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4.3 The Proposed ADDCC Ver.2

4.3.1 Specifications

Fig. 4.15 Layout Diagram of the ADDCC Ver.2

The proposed ADDCC Ver.2 is implemented on UMC 65nm 1P10M standard
performance (SP) CMOS process. Fig. 4.15 shows the layout diagram of the ADDCC
Ver.2. The area of the core chip is 100 X 100 pm? and the area with /O pads is 644 X
644 um?. The chip is consisted of a Test Circuit, a DLL and a DCC. The chip gate

count is about 4149 (= 5975/1.44(1.44 is one NAND gate area)).
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Fig. 4.16 Chip Floorplannin%aé’é /O Plg_n_nir_lfg\g)\f; the Proposed ADDCC Ver.1

Fig. 4.16 shows the proposed ADDCC Ver.2 chip floorplanning and I/O planning

which are 20 I/O Pads and 12 power Pads. Table 4.4 shows the I/O pads information

of the proposed ADDCC Ver.2.

TEST CLK P and TEST CLK N which are the ADDCC Ver.2 input clock

divide by DIV_FOUR circuit. DCC CLK P and DCC CLK N which are the

ADDCC Ver.2 output clock divide by DIV_FOUR circuit.
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Table 4.4 The I/O Pads Information of ADDCC Ver.2

Pin Number Pin Name Input/Output Information
1 VDDC 0 Input Core Power
2 TEST RESET Input TEST CHIP Reset
3 ADDCC_RESET Input ADDCC Reset
Internal or External
4 OUT SELECT Input piemhal of Eaiemd
- clock select
5 VDDP 0 Input Pad Power
Divided by CLK OUT
6 DCC CLK P Output O
- - Positive edge
7 VSSP 0 Input Pad Power
F lect
8~11 FREQ SELECT Input requency sefee
- (200MHz~1066MHz)
12 VDDP 1 Input Pad Power
Original System
13 DCC_CLK_ORIG Output
- B Ak CLK _OUT
14 vssP 1 1] Input Pad Power
7 n
sl S - - Divided by TEST CLK
15 TEST GLKAN | Output ™| =007 1220
fom e, | A B Negative edge
16 vDDP'2 | /| Tmputt [ Pad Power
17 PHASE_SEL\ECI o flnpﬁl;-' i DLL Phase Select
18 DCC_LOCK | “Output | System DCC Lock
19 VSSP 2 | /s Input:,_ Pad Power
Y& 17 =% | Divided by CLK OUT
20 DCC CLK N Output _
- - Negative edge
21 VDDP 3 Input Pad Power
Without divided
22 TEST CLK ORIG Output
- - TEST CLK
23 VSSP 3 Input Pad Power
Duty Wide Select
24 WIDE_SELECT Input
- (over 50% or under 50%)
Duty E Select
25-27 DUTY SELECT Input Ly BITOT SEee
- (15%~85%, step 5%)
28 VDDP 4 Input VDD Pad Power
Divided by TEST CLK
29 TEST CLK P Output .
- - Positive edge
30 VSSP 4 Input Pad Power
31 VSSC 0 Input Core Power
32 INPUT CLK Input External CLK
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4.3.2 Post-Layout Simulation Results

51.5
_/_-5\ 51 B
< 505
< 50 F
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;".
E
g 85T —e—2350MHz
E 8T - & - S00MHz
' 4-25 | _‘_IGHZ
_l-f L L L L L ]
20 30 40 60 70 80

Input duty cycle (%o)
Fig. 4.17 Simulation Results‘o'f\the Proposed ADDCC Ver.2
Fig. 4.17 summarized the simuléfion I'rjesult\s of the proposed ADDCC Ver.2. It is
simulated by UltraSim SPIGE ;od§ 1nfTT coi'ner T;ﬁ’;fjnequency range of the input
clock is from 250MHz to lG z, and the dﬁty-cycle rp%ge of the input clock is from
20% to 80%. Besides, the supply Voltage is 1 OV,,fthe power consumption of the

I/

\
proposed ADDCC Ver.2 is 5.83WC@IGH2) andds*1.52mW (@250MHz).
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Fig. 4.18 Slmulat{DwWayefom of tha Propﬁsgd ADDCC Ver.2
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(b) 20% dpty-cycle 1nput clock at 1IGHz
¢
Fig. 4.18 shows the simulaf*li’@(n'wa\'iefdi‘m of the proposed ADDCC Ver.2 under
different input frequencies and duty-cycle errors. Fig. 4.18(a) shows the input 80%

duty-cycle clock at 250MHz and Fig. 4.18(b) shows the input 20% duty-cycle clock at

1GHz.
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Fig. 4.19 Operation Waveform of the Proposed ADDCC Ver.2

(a) 20% duty-cycle input clock at 1GHz, (b) 80% duty-cycle input clock at S00MHz

Fig. 4.19 shows the operation waveform of the proposed ADDCC Ver.2 at the
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1GHz input 20% duty-cycle clock at Fig. 4.19(a) and the 500MHz input 80%
duty-cycle clock at Fig. 4.19(b). It is simulated by UltraSim SPICE mode TT corner is
1.0V, 25°C. In the beginning, the DLL is generated the two complementary signals by
positive phase aligned. Second, the DCC is adjusted the CLK _OUT duty-cycle to
50% by negative phase aligned. Finally, the DLL keeps phase tracking of CLK IN

and CLK_ OUT to de-skew the instinct delay.

Aib
A \\.
S
B SRR )
-_\.. I_. [ | - | lIn'
b Nl 4
| e |
Vo o/
| /4 ;
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4.4 Comparisons of Recent Research

Table 4.5 Performance Comparisons

Parameter Ver.1 Ver2 JSSC'06 |TCAS-II'07] JSSC'09 | VLSI'l1 EL'08 JSSC'05
i i [7] [14] [18] [10] [25] [8]
Sequential Sequential Digital Analog
Type Search/HCDL|  Search TDe e TDC/HEDL | TDCHCDL | py PWCL
Process 65nm 65nm 0.35um 0.18um 0.18pm 0.18um 0.18um 0.35pm
Sgﬁggj 1.0V 1.0V 33V 1.8V 1.8V 1.8V 1.8V 33V
Max.
Frequency 1020 1066 600 1200 1500 2000 1250 1270
(MHz)
Min.
Frequency 262 200 400 800 440 400 800 1000
(MHz)
10%~90%
Input Duty " oro oV ome . I 40%~60% | @400MHz 0 o
Cycle Range 14%~86% 20%~80% 30%~70% 40%~60% @1.5GHz 30%-80% 40%~60% N/A
@2GHz
-0.4%~0.6% | -0.9%~0.4% o
Output 50% | @262MHz | @250MHz f +1%
-1.6%~0.8% | -0.6%~0.9% [ -23%~1.4% o @400MHz o 2%
Duty Cycle | o povmz | @soomnz i/g‘@{ : %xGHz £1.8% 3.5 =0.6% | @1.256Hz
Error -1.4%~0.4% | -1.0%~1.0% | i - — @1GHz
@1.02GHz @1GHz_.“| ; . 4
Duty Cycle e B ==
Corrector 3.5ps 175ps | 12095 78:1ps* | 17.75ps** 78. 1% N/A N/A
Resolution P R N i
: : - = - — 7
llzlljlgtnc‘f:é}li Yes Yes \r \"Ygs \ Yes ! Yes No Yes No
u L g
1.96mW 1.52mW i o
@262MHz | @250MHz |/ _ . 1.76mW
Power 2.68mW 3.03mW re:;,zomw--" T smWe | 43mW @400MHz 16mW 150mW
consumption | @442MHz | @500MHz | “‘@S500MHz @1GH @1.5GHz 3.6mW @I1GHz | @1.25GHz
6.5mW 5.83mW @2GHz
@1.02GHz | @IGHz
. 23.64ps 16.7ps 12.9ps Tps 28.45 19.6ps
p-p Jitter | &7 076z N/A @500MHz | @1GHz @1.5GHz @1GHz N/A @1.25GHz
Area(mm®) 0.01 0.01 0.68 023 0.053 0.025 0.09 0.141
Experlmental Measurement | Simulation | Measurement | Measurement | Measurement | Measurement | Simulation | Measurement
Results Type
u

* . 1250ps / 16 = 78.1ps (@800MHz)

Kk .

T=2272.7ps / 16 = 142ps (@440MHz)

resolution is 7 * 0.125 =142 * 0.125 = 17.75ps
**% . 2500ps / 32 =78.1 (w400MHz)

Table 4.5 shows the performance comparison with the prior studies. In [7, 10, 14,

18], the TDC-based all-digital DCC architecture must have a high resolution TDC to

minimize the duty-cycle error. However, it is not easy to design a wide-range high

resolution TDC. Therefore, they are not suitable for wide frequency range operation.
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In [8, 25], the analog and digital PWCL has precisely 50% duty-cycle output, but the
power consumption is large and frequency range is restricted. Compared to prior
studies, the proposed ADDCC not only has a wider frequency range, but also has a

wider input duty-cycle range.

4.5 Summary

In this chapter, we have shown the proposed ADDCC simulation results and
measurement results. The ADDCC Ver.1 can achieve wide-range operation with input
frequency ranges from 262MHz to 1020MHz and input duty-cycle ranges from 14%
to 86% by measurement result. The ADDCC Ver.2 can achieve wide-range operation

-"' |
with input frequency ranges from ZOOMHF‘ iq\l 066MHz and input duty-cycle ranges
/ N Y

from 20% to 80% by simulatior__l  result. - =
5?5_‘:_—:.__ /_____'I Y \.._H __.-::::_','-r;l
oL |t N !
) N o
| R |
Voo Y
| 2 [
{',-21__ L :\\5\’
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Chapter 5 Conclusion and Future
Works

In this thesis, we propose two kinds of all-digital duty-cycle corrector (ADDCC).
One is the ADDCC Ver.1 with high resolution delay line; the other is the ADDCC
Ver.2 without half delay line. The ADDCC Ver.1 solves the duty-cycle corrected to
50% precise problem, and the lock time is faster than the analog method. The
ADDCC Ver.2 uses a novel correction method without half delay which can solves the
half delay resolution problem and the delay mismatch problem in nano-meter CMOS
process. The proposed ADDCC architectures can achieve wide frequency range and
wide input duty-cycle error range. Ayf;i‘;’e@lt, it is very suitable for duty-cycle

..//
correction applications in DDR2/3* O bus apphcﬁﬂo-tk

In some applications, Etnﬁe Te- conecﬁon duty“cycIe ,rhlechamsm is requested. The
' | |

ADDCC Ver.1 tracking metho&*;ls fastelr“than ‘the an;ffog method, but is slower than
the TDC method. For this reasonl W,e can use the\\]ﬁC method to substitute for DLL
phase tracking step. {’ei; TN

The ADDCC Ver.1 and Ver.2 use the cascaded delay line structure. This kind of
delay line has non-monotonic problem when crosses sub-band. In chapter 2, we have
compensated a fixed code by simulation result. However, the delay line performance
and accuracy are affected by the process, voltage and temperature (PVT) variations.
The compensation code is determined by TT corner simulation result, but if the chip
works on SS corner or FF corner. The compensation code will cause the delay

dead-zone or the duty-cycle error. From the above problem, we can use the

interpolation-type delay line to solve the non-monotonic problem.
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