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Design of A Clock Generator Based on Embedded Silicon

Oscillator

Student: Chih-Chao Yang Advisor: Dr. Chen-Yi Lee

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

ABSTRACT

With the deep sub-micron CMOS technology continues to scale, the presence of the voltage,
process and temperature variations make the circuit design more difficult. Furthermore, the market
demand for low-cost, lower power consumption-and:higher integration density VLSI systems have
grown exponentially. The quartz crystal (XTAL) ‘oscillator is one of the last components in
electronic systems that have yet to be integrated.-However, the incompatibility in the process results
in extra cost and volume in the board-level integration and, hence, large power is wasted from the

external crystal oscillator.

This thesis proposes an all-digital clock generator based on embedded silicon oscillator. The
proposed all-digital phase-lock-loop (ADPLL) can achieve more accuracy in output frequency of
eCrystal. This ADPLL can ensure the embedded silicon oscillator is able to calibrate the frequency
error without any external component. Moreover, it has lower power consumption which consumes
125uW at 5SMHz. The all-digital pulse-width-control-loop (ADPWCL) with adjustable duty cycle is
adopted to meet the demand for pulse-width-specific, low power consumption and low data rate
communication systems. This ADPWCL provide a wide operation range without look-up-table,
covering from 5MHz to 60MHz operation range. The output clock is not only achieved 50% duty

cycle, but can also be adjusted duty cycle from 10% to 90% in steps of 10%.



2

A ErOoE A 0 gk RRHA P ERRT Y
SRR R T Y A R R {P%%“%%mﬁézﬁ’&ﬂ&%éﬁyﬁ%%$%
Adpsl e @ SI2F S 3 TR R B MR E H R R
PRLRF AR 2 IV ERITE LI e #2 LT P AL R R A S
FEFPRPCHFURBBLEEANICRLAIRET R AL RTAGY L2 -+
EH#HBEIRS ¥ p ket i A TR RGP RITR R R AR
A

¥ 26 BRWTSIZRRE S | AE KRNI APRAT L FFF - § L g I LT
BEMBA HFT - FE - £2¥ M  Fi oz BEGPRIFIRL S
e~ EIpIefe B AT R A S A e o TN AR R S
B ﬁﬂ%m“ﬂikﬁ’%ﬁivﬂ~m?4gﬁ’— ACRMB I H Fehp F oo gt thd R
AP LR FEL C FFE B TR BT v R AR ek Rl e s T
@@‘ﬁ?%‘@§¥mi%’4ﬂ%ﬁﬂ’ﬁﬁmmiﬂiéiﬁi%%i’{?%4$

EA

¥ oo

FliEf o BB R BIFDR BERN DL A B RN B PR T AT S A e
B p@ &a;};@? «g;\,auﬁ@;ﬁg‘ B mq\.%ﬁ% > §P E Z mgf&‘@@ s @@;@gﬁ,ﬁ;,paﬁ-;&

AR L ENmER LT DB R UDE o

W

9 ﬂ‘*““ry F&g NN :’ EE;\fr‘a&iﬁEl’@‘}\E’ﬁ’« ’)}?’F‘j?“ tt;\ ke A i 5‘1:4}; - “,;‘E’ﬁ%«‘;&—
MEFA DR BRI o

W4 7 TEARSIZF&RE



Contents

CHAPTER L INTRODUCTION ... 1
1.1 IV O T I VAT ION e s 1
1.2 THESIS ORGANIZATION .. eteettte et eeeeeeeeeteeaeseeeeeesesstasseasasesessssnssseseessesstsasseeeesreessrnaaseeeeeees 3

CHAPTER 2 THE BASICS OF THE EMBEDDED SILICON OSCILLATOR ....coooeviiii 4
2.1 INTRODUCTION TO EMBEDDED SILICON OSCILLATOR «..eeeiieeeeee e e e e eeeeeteeeeeeeeeeeeesnannn s 4
2.2 DESIGN CHALLENGE ...coeeeeeee it 5558 5555 8 e 1 afi et e e et e e et e e et e e e e et e e e e e e e e e e et e e e e e e e e e e e e eeeeeeeeeeeeeeeees 7
2.3 PN = Lo o i =T = = et 8

CHAPTER 3ALL DIGITAL PLL FOR ECRYSTAL PROCESS CALIBRATION................ 11
3.1 INTRODUCTION TO PHASE LLOCKED LLOOP ..ottt ettt e s e e et s e e eerinneeeens 12
3.2 SYSTEM OVERVIEW ...ttt aeasassessassessssseaessasssssssss s s sssesesssesesseesesneesnnesenesnnees 14
3.3 PN = Lo =T [T = 18
3.4 CIRCUIT DESIGN ..ottt 21

34.1 Digitally Controller OSCHIAtOr ..o 21
3.4.2 Phase FrequenCy DeteCtOr .........ccoveieiieiieie e 24
343 Controller and LOOP FIHEer ... s 25

3.5 SIIMIUL AT ION .ttt ettt e e s e e e s s e s e s s e e e e s e s s s e snseeesnmnnenenenenennnnes 27
3.6 Y = I =YL= N 0 TR 28
3.7 SUMMARY ettt e e e s s s e e s e se s e e s s se s e s s se s s s e e s s s e s s e s e se s s ee s e se e e annennneennnnennnernnennnees 30
CHAPTER 4 ALL DIGITAL PULSE WIDTH CONTROL LOOP ..., 32

v



4.1 INTRODUCTION TO PULSEWIDTH CONTROL LOOP ..ottt eee e 32

4.2 ARCHITECTURE ...cuttiuiiitetetestitsts sttt bese sttt eb sttt b ettt bbbt bbbttt e et 33
4.3 CIRCUIT DESIGN ....ciitiiiiiiiiitiiiiitiestt sttt 37
4.3.1 =] PV =T o T=T g1 (o] S TS 37
4.3.2 Hysteresis Based Delay Cell ... 38
4.3.3 Standard Cell Delay LiNE ........ccviieiieiicie e 42
4.3.4 ONE SNOT......ceee et 44
4.3.5 PUISE GENEIALON ...ttt 44
4.3.6 PVT COMPENSALOL ... .coiiiiiiiiiieitie ettt sbn e be e sen e e nbeesene s 45
4.3.7 MappPiNg Delay LiNE.......ccvoiiiiei et nneas 46
4.3.8 AUto Calibration CIrCUIT .........ooiiiiiee e 47

A4 SIMULATION .c.ctiteteriniiseeteseesaidibeeteneseeeeseseesiniban s oesensssssesesessssssesesee bbb se e s sbebesese e snssesene 48
4.5 SUMMARY L.ooiiiiiiiiiiiiiere e Aot st s st s s bae s 408 ettt ess e be e b e b e bt sn b 54
CHAPTER 5 CONCLUSION AND FUTURE WORK it 56
O.1  CONCLUSION. ...ttt ettt ettt e bbbttt bbbt b e nb e 56
5.2 FUTURE WORK ...ttt itttk b ettt bbbttt 57
BIBLIOGRAPHY ...ttt sttt ettt et e s bt et e e s bt e e be e s neeentee e 59



List of Figures

FIG. 1. THE CONCEPT OF ECRYSTAL OSCILLATOR TO REPLACE THE EXTERNAL COMPONENTS ......ccvvvune. 5
FIG. 2. THE ACCURACY OF ECRYSTAL SYSTEM FOR POSSIBLE DIFFERENT APPLICATIONS ....vvvveeeeeeeeeennnns 5

FIG. 3. DELAY SPREAD OF A DELAY LINE COMPOSED OF 100 BUFFERS CONNECTED IN A SERIES UNDER

AV IRV L [0 ] N J PRSP 7
FIG. 4. SYSTEM ARCHITECTURE OF THE ECRYSTAL OSCILLATOR. .....uvviieeiiiiieeesitieeeeesinneeeessnnnesessnnnnneeens 9
FIG. 5. RELATION BETWEEN THE DELAY OF THE REFERENCE DELAY CELL AND THE DELAY RATIO. ......... 9
FIG. 6. ASIMPLE ECRYSTAL COMMUNICATION SY STEM i, . ifiauurreeeeiiureeeesiinreesaisseseesssssesessssseesssnssens 14
FIG. 7. THE PROPOSED ALL-DIGITAL PHASE LOCKED LOOP FOR PROCESS CALIBRATION .......ccvveeennee.. 15

FIG. 8. THE PROPOSED ALL-DIGITAL PHASE L OCKED-LOOP FOR PROCESS CALIBRATION ARCHITECTURE.18

FIG. 9. ALL-DIGITAL PLL OPERATION MECHANISM L. itiiutieteeiuieesieeeieesieesieesiee et e sieestessiaaesaeesnneesee e 19
FIG. 10. THE TUNING RANGE AND RESOLUTION OF EACH THREE STATE.......ceiutauierireeieesineesieesnneesneenes 20
FIG. 11. ARCHITECTURE OF HDC-BASED DCO......coiiiiiiiiiiiiiee it 22
FIG. 12. SCHEMATIC OF PFD ...ttt 25
FIG. 13. SCHEMATIC OF PULSE AMPLIFIER ....ccttiittteititateesteesteesieeateesteesstessssaabeessnestesssnasssessssesses e 25
FIG. 14. SIMULATED WAVEFORMS OF APDLL FOR ECRYSTAL PROCESS CALIBRATION........cccverireaneenne 28

FIG. 15. TEST SYSTEM FOR SYSTEM VERIFICATION WITH THE ADPLL FOR ECRYSTAL PROCESS

CALIBRATION ...ttt et ettt ettt ettt e st e s e e s s e e be e e s et e bt e e s et e be e e Re e e b e e e as e e beeame e e be e nmneeneeanneenee e 29
FIG. 16. CONFIGURATION OF THE PWECL ...ttt 33
FIG. 17. PROPOSED ADPWCL ..ottt sttt sttt sttt sttt e ene s 34
FIG. 18. THE TIMING DIAGRAM OF THE PROPOSED ARCHITECTURE .....ccuvtitieiiiiaieesiieaiessieessieesineeeee e 36

VI



FIG. 19. THE POWER OF TWO DELAY STAGE BLOCK DIAGRAMS .....cittttittiiiiiieeeteeeesiiiinssssesssessssnnseeeesees 39

FIG. 20. VERY-LARGE-SCALE AND LARGE-SCALE HYSTERESIS DELAY CELL......coviviiiiriiieiiesiieeienne 40
FIG. 21. MEDIUM-SCALE AND SMALL-SCALE HYSTERESIS DELAY CELL.....ccccvoiiiiiieiieiieeiee e 41
FIG. 22. STANDARD CELL DELAY LINE .. ..iiiiiitiiiiieitie ettt sttt ae e et 43
FIG. 23. ARCHITECTURE OF COARSE TUNING STAGE AND FINE TUNING STAGE. ....ccccvtriiierireeieesineeeeenns 43
FIG. 24. ONE-SHOT CIRCUIT ..eittietieiittestiesteestee et e ssteesteessteesbeeasbeesbeeasteesbseenbeesbeeanbeesseaebeesseeensee e 44
FIG. 25. PVT COMPENSATOR BLOCK DIAGRAM .....cciitiiiuiiaiteeateesieeateesseeaseesssessseessnsansesssnsssseessnesssessns 46
FIG. 26. SIMULATED WAVEFORMS OF ADPWCL OPERATION SCENARIO. ....ccvuviaiiaiieaieesieeenieesineeeee s 49

FIG. 27. OUTPUT CLOCK WITH DIFFERENT DUTY CYCLE SETTING CODE UNDER TYPICAL CORNER ....... 50

FIG. 28 OUTPUT CLOCK WITH DIFFERENT DUTY CYCLE SETTING CODE UNDER FAST CORNER............... 50
FIG. 29.0UTPUT CLOCK WITH DIFFERENT DUTY CYCLE SETTING CODE UNDER SLOW CORNER ............ 51
FIG. 30. sHOws THE AREA DISTRIBUTION IN-PROPOSED 'AND PROPOSED Il DESIGNS.........ccceeeeneee.. 52
FIG. 31. sHows THE POWER DISTRIBUTION.IN PROPOSED |'AND PROPOSED |l DESIGNS...........cccu..... 52

VII



List of Tables

TABLE 1: THE COMPARISON OF EACH PROPOSED. ...ueiiitviiiiiiiessiiiessiiesssiiessieesssseesssneessssesssssnssssnessnsnnens 6
TABLE 2: SPECIFICATION OF ADPLL FOR THE ECRYSTAL PROCESS CALIBRATION. ...cccvveeivvreeiveeanene 17
TABLE 3: CONTROLLABLE RANGE AND DELAY RESOLUTION OF DCO.....cccociiiiiiiiiiiniiie e 23
TABLE 4: THE POWER CONSUMPTION IN MINIMUM AND MAXIMUM OUTPUT FREQUENCY ................... 23
TABLE 5: THE TRUTH TABLE OF POLARITY, TREND AND FLOW CHECK SIGNALS.......ccoviviiiiireainnesenes 26
TABLE 6: COMPARISON WITH THE STATE-OF-THE=ART (PLLS) ......ciiiiiiiiiieieiesc e, 30
TABLE 7: THE RELATIONSHIP BETWEEN OPERATION'RANGEAND DELAY CHAIN ...cccvvevivieniiieesiineesenns 37
TABLE 8: RESOURCE COMPARISM BETWEEN PROPOSED F ANDIH 1 ......ccovvveeiiieecee e 48
TABLE 9: COMPARISON WITH THE STATE-OF+THE=ART(PWECLS) .......ccooviiiicie e 53

VI



Chapter 1
Introduction

1.1 Motivation

As the technology continuously scales down; mare and more nonlinear effects make the circuit
design more difficult. The short channel effects and the presence of the voltage, process and
temperature variations make the engineers much-“intractable to handle. As a result, a common
challenge to process engineers and circuit designers who tried to meet the demand for low-cost,
lower power consumption and higher integration density VLSI systems from market has grown

exponentially.

In the synchronous clock system, the quartz crystal oscillator is widely used for computers,
consumers and communication products. The quartz crystal (XTAL) oscillator is one of the last
components in electronic systems that have yet to be integrated [1]. A major reason for using of
quartz crystal oscillators is their high Q factor. A typical Q value for a quartz crystal oscillator
ranges from 10* to 10°, compared with perhaps 10° for an LC oscillator. However, the
disintegrable quartz crystal oscillator occupies large size and more power consuming, also hardly to

be integrated in a SoC. The incompatibility in the process results in extra cost and volume in the



board-level integration, hence, large power consumption is wasted from the external oscillator. As a
result, the patent for the crystal-less oscillator generator has been applied in many countries [31-34].
The eCrystal [35] oscillator has a tunable clock generator which is capable of compensating process,
voltage, and temperature (PVT) variation without using the external crystal or any RC components.
More important is that fully compatible with standard CMOS process, providing a stable frequency
generation under the variations of PVT conditions. To acquire the accurate clock and to ensure the
embedded silicon oscillator of the clock result in the growth of the phase locked loops (PLLS) to
calibrate. In order to generate a free run clock source within small frequency error, the proposed
embedded silicon oscillator namely eCrystal oscillator needs one shot calibration to record the
process dependent parameters (PDPs) into the chip before sale to market. Therefore, an all-digital

phase locked loop (ADPLL) design for the eCrystal process calibration is demanded.

Furthermore, the clock signal is-used to synchronize- different parts of digital system. The
quality of the clock signal which is-based on_frequency, phase, and duty cycle, undoubtedly
influences the system performance. With'the advaneed technology, many digital clocks not only
have low jitter, but also need 50% duty cycle to double the data rate, such as DDR SDRAM. Some
special analog-to-digital (ADC) or digital-to analog (DAC) systems [2] need the clock generators
with programmable duty cycles. Moreover, in the low power and low data rate communication
systems such as Wireless Body Area Network (WBAN) application, the duty cycle control (DCC)
[3-4] reduces the energy requirements for a specified network latency and can provide significantly
improved node availability with reduced communications latency for a specified energy budget. In
order to achieve the adjustable duty cycle, several phase-width control loops (PWCLSs) have been
presented. However, as analog approach, PWCLs require accurate matched analog devices [31-32]
and the capacitors that may occupy a large active area. Owing to the PVT variations, the analog
PWCLs may become unstable if the loop gain is not properly controlled. In addition, for analog

PWCLs, the locked time will be too long [32] to have the desired duty cycle. Therefore, the
2



adjustable duty cycle circuit is proposed in all-digital scheme for more reliability and performance

improvement.

1.2 Thesis Organization

The rest of this thesis is organized as follows. At first, the basic knowledge of the embedded
silicon ( eCrystal ) [35] oscillator will be described in Chapter 2. Then, we propose an all digital
phase locked loop for eCrystal calibration designed in Chapter 3. In Chapter 4, we present an all
digital pulse-width control loop with adjustable duty cycle. Finally, Chapter 5 summarizes our work

and discusses some design topics in the future:



Chapter 2
THE BASICS OF THE EMBEDDED
SILICON OSCILLATOR

Quartz crystal frequency references have long been recognized as the most cost effective
method of maintaining frequency accuracy in signals for wireless communications. In consumer
communications products, such as cellular telephones.and televisions, the cost of the crystal

routinely accounts for no more than of 1% of the-tetal-material cost of the unit [5].

To meet high integration, low power consumption and low cost for computers of consumers
and communication products, an embedded silicon oscillator (eCrystal) [35] is desired to replace
existing crystal and external components. In this chapter, the basic knowledge of the embedded

silicon oscillator is briefly described.

2.1 Introduction to Embedded Silicon Oscillator

FIG. 1 shows the concept of eCrystal oscillator to replace the external components. By the use
of eCrystal oscillator, the external and existing crystal can be eliminated and integrated into a single

4



function chip. A remote reference tone is used to calibrate the initial frequency offset of clock
generator which illustrates in section 3.2. FIG. 2 shows the accuracy of eCrystal system for possible

different applications after calibrated.

3% 50ppm 20ppm Sppm 0.5ppm

Calibration

More Accuracy

FIG. 2. The accuracy of eCrystal system for possible different applications

Several approaches have been proposed to replace the quartz crystal, including Micro Electro

Mechanical Systems (MEMS) oscillator, LC tank oscillator and Ring oscillator. Unfortunately,

(¢, ]



there are many disadvantages in each approach. MEMS [6-7] oscillators have certain disadvantages
which include limited power-handling capability, and special process and package. LC tank
oscillator [8] is suitable for low-noise radio frequency synthesis, but the drawback is high power
consumption, large area on the top layer metal of a die, and poor portability. Ring oscillator [9]
seems to a better solution to chip integration power budget and area, but the disadvantage is the
operational amplifiers in voltage regulator and comparator consume large power. Moreover, when
the CMOS technology scaling to the next advanced generation, the violent frequency variation rate

of ring oscillator is about 60 ~ 70% under the worst case PVT corners in 90nm process. TABLE 1

shows the comparison of state of the arts.

Proposed | Quartz | JSSC'06 | SBCCIO3 | ICECS07
el 1 crystal [9] [10] [11]
with 90nm
CMOS : CMOS | CMOS CMOS
Process | 9onm ﬂsf}'ggt” 0.25um | 0.5um 0.13um
: with 00nm | ..
Approch | RN oscillator | R RC TDC-based
oS Sad os
Frequency | 40MHz 40MHz 7MHz 12.8MHz 10MHz
Area 0.4mm? 1cm? 1.6mm? | 0.185mm? 160um?
Power 237Tuw* 14mW 1.5mW 400uW J0uw
] P SS~ FF
vt | voer V2.4~27 | PSS~FF | PSS~FF
rouT 937 | very wide 5 V3~5 V1.2
9 T0-125 T- T-40~125| TO0~70
40~125
'Iggﬂf;‘c? 3.5% 50ppm 2.6% 5% 6%

TABLE 1: The Comparison of each Proposed.




2.2 Design Challenge

The key challenge of an on-chip oscillator design is to maintain the stability of frequency due
to process, voltage, and temperature (PVT) variations. The bandgap regulator techniques [9-10] are
applied for suppressing the supply voltage variation. The process and temperature variations are
sensed or compensated by carefully refining the transistor configurations. The current limiting
technique [11] is proposed to compensate temperature variation. Nevertheless, these methods are
not easily portable when fabrication process migrates toward deep sub-micron (DSM) scale.
Moreover, there is a design barrier when the:conventional bandgap regulator operates under 1.2-V
supply voltage [12], whereas the all-digital design. approach is power efficient, portable with

process migrations, and easily to be adopted in low supply voltage.

—A— SLOW 100°C
—HB— SLOW 50°C
—6—sLow 0°C
—#— TYPICAL 100°C
—E—TYPICAL 50°C
—©—TYPICAL 0°C
—A— FAST 100°C

D) —B— FAST 50°C
—6—FAST 0°C

Delay (ns)

[ —

=
I
&

FIG. 3. Delay spread of a delay line composed of 100 buffers connected in a series under PVT
variations.



In CMOS process, gate delay is strongly affected by PVT variations and it can be modeled as
a function of PVT described as D(P,V,T). FIG. 3 shows the delay spread of a delay line composed of
100 buffers connected in a series of a 90-nm CMOS process. The delay varies widely from 2.8ns to
7.5ns with different supply voltage and temperature across process corners of SLOW, TYPICAL,
and FAST which are provided by foundry. If the delay line is applied in a free running ring
oscillator, PVT variations make the oscillation frequency unstable. Even if the process variation is
calibrated in a post process testing, the frequency variation is still high and unpredictable due to the

unknown supply voltage and operation temperature.

2.3 Architecture

A simple architecture is shown in-FIG. 4. It1s composed of three blocks, including delay ration
estimator, mapper and digitally controlled oscillator. The-delay ratio estimator calculates the delay
ratio of two different delay cells (DVAR (P.V.T)/ DREF (P.V.T)). The delay ratio of these two delay
cells is aimed to estimate the delay of the reference delay cell. To strengthen the difference of the
delay behavior to PVT conditions in these two delay cells, we adopt NAND gate as the compared
delay cell and BUFFER gate as the reference delay cell. Sweeping the PVT conditions of three
process corners with voltage range from 0.9V to 1.1V and temperature range from 0°C to 75°C, the
delay of the reference delay cell to the delay ratio is plotted in FIG. 6. The curve of the reference

delay can be approximated by D, (P,V,T), which is a second order function of the delay ratio

ref
R(P,V,T), that is D,y (P,V,T)=aR?(P,V,T)+bR(P,V,T)+c ,where a, b, and ¢ are process dependent
parameters (PDPs). Three process corners are fitted by three sets of PDPs. The PDPs can be
obtained by a post-process testing with at least three voltage and temperature conditions in the

curve. The delay of the reference delay cell is estimated. The DCO is based on a ring oscillator with

8



shown in Equation. 1.

1
1:des =
2. [CDref (P1V1T ) + Dextra]

adjustable hysteresis delay cell (HDC) length in the delay line. The desired frequency, f

Equation.1.

des

Process
Dependent
Parameters
Delay Ratio Control Code | | | |
Delay [R(P,V.T) C Digitally | cLK
Ratio ———»| Mapper |——=—» Controlled -
Estimator Oscillator
FIG. 4. System Architecture of the eCrystal oscillator.
160 | | | | |
o
) : : | 1 /
L R R i B
= 1 1 1 e 1
2 100 AT o
% 1 Ny O
- ‘ ‘ A
L .,.-;;,?' ; |  TYPICAL
60 - / fffffffff -ono oo 1|+ FAST
0.9 0.9 0.94 0.96 0.98 1 1.02

Delay Ratio R(P,V,T)

FIG. 5. Relation between the delay of the reference delay cell and the delay ratio.

, dS

From Equation. 1, the extra combinational delay can be neglected, because the variation is far

less than the main delay line in the delay path. We can fix the target frequency, fg., and



according to the locked codeword representing the target frequency, to solve a, b, and ¢ parameters.
These behave like a phase lock loop (PLL) which controls the DCO and compare the CLK
frequency to the external reference frequency. So, we propose an all digital phase lock loop
(ADPLL) to provide an accurate lock code. The details will be illustrated in chapter 3. According to
the delay ratio and process dependent parameters, mapper is able to transfer the control code for
calibrating the PVT variations. The DCO receives the digital control code from the mapper and

generates the target frequency clock without any external components

The quality of the clock signal which is based on frequency, phase, and duty cycle,
undoubtedly influences the system performance. With the advanced technology, many digital
clocks not only have low jitter, but also need 50% duty cycle to double the data rate, such as DDR
SDRAM. Some special analog-to-digital {ADC) or digital-to analog (DAC) systems [2] need the
clock generators with programmable duty. cycles. In order-to achieve a better performance in the
clock system, an all digital pulse width-control'toop (ADPWCL) design will be further discussed in

Chapter 4.

10



Chapter 3
ALL DIGITAL PLL FOR ECRYSTAL
PROCESS CALIBRATION

Phase locked loops (PLLs) are widely used in“modern communication systems and high
performance microprocessors because of their remarkable versatility. PLLs are used to lock or track
input signals in phase and frequency. -The digital-approach has low design complexity for power
minimization, and easy integration in SoC applications.” Also, it achieves fast lock times by using
all-digital PLLs (ADPLLs). The ADPLLs have better testability, programmability, stability, and
portability. Therefore it is suitable to acquire the accurate process dependent parameters (PDPs) for

eCrystal calibration.

In this chapter, a process calibration circuit using an all-digital phase locked loop (ADPLL)
technique is realized in UMC 1P9M 90nm CMOS process. The proposed ADPLL for eCrystal
calibration achieves a capable of calibrating PVT variations. According to the lock code from the
proposed ADPLL, the testing machine will calculate the a, b, ¢ parameters and will be recorded into
a one-time programming (OTP) or register files. The mapper will combine the delay ratio and pick
up PDPs from OTP or register files to calibrate the frequency error without any external

components. In section 3.1, we will simply introduce four kinds of PLL applications, and pick item
11



three (clock generator) which is similar with our system requirement. In section 3.2, we will give
an overall system overview and design specification. The details in ADPLL for eCrystal process

calibration are illustrated in the following sections.

3.1 Introduction to Phase Locked Loop

The APLL (also know as Linear Phase-Lock Loop (LPLL) is a traditional PLL, which was

proposed back in 1930s by French Engineer, H. de Bellescize. The initial ideas started as early as

1919 in the context of synchronization of oscillators. The theory of phase-locked loop was based on

the theory of feedback amplifiers.

A PLL is a circuit which causes a particular system to track with another one. More precisely,
it is a feedback loop which synchronizes an output signal with a reference or input clock in
frequency as well as in phase. In the locked stated, the phase error between the oscillator’s output

and the reference clock is either zero or an arbitrary constant.

Due to the rapid development of integrated circuit (IC’s) since 1970’s, PLLs are widely used
in modern signal processing and communication systems, and it is expected that PLL will
contribute to improvement in performance and reliability of future communication systems. The

main applications of PLL are as follows:

1. Clock recovery: Some data streams, especially high-speed serial data streams, (such as the
raw stream of data from the magnetic head of a disk drive) are sent without an accompanying clock.

The receiver generates a clock from an approximate frequency reference, and then phase-aligns to

12



the transitions in the data stream with a PLL. In order for this scheme to work, the data stream must
have a transition frequently enough to correct any drift in the PLL's oscillator.

2. Deskewing: If a clock is sent in parallel with data, that clock can be used to sample the data.
Because the clock must be received and amplified before it can drive the flip-flops which sample
the data, there will be a finite, and process-, temperature-, and voltage-dependent delay between the
detected clock edge and the received data window. This delay limits the frequency at which data
can be sent. One way of eliminating this delay is to include a de-skew PLL on the receive side, so

that the clock at each data flip-flop is phase-matched to the received clock.

3. Clock generation: Most electronic systems include processors of various sorts that operate
at hundreds of megahertz. Typically, the clocks supplied to these processors come from clock
generator PLLs, which multiply a lower-frequency reference clock (usually 50 or 100 MHz) up to
the operating frequency of the processor. The multiplication-factor can be quite large in cases where
the operating frequency is multiple gigahertzes and-the reference crystal is just tens or hundreds of

megahertz.

4. Spread spectrum: All electronic systems emit some unwanted radio frequency energy.
Various regulatory agencies (such as the FCC in the United States) put limits on this emitted energy
and any interference caused by it. The emitted noise generally appears at sharp spectral peaks
(usually at the operating frequency of the device, and a few harmonics). A system designer can use
a spread-spectrum PLL to reduce interference with high-Q receivers by spreading the energy over a
larger portion of the spectrum. For example, by changing the operating frequency up and down by a
small amount (about 1%), a device running at hundreds of megahertz can spread its interference
evenly over a few megahertz of spectrum, which drastically reduces the amount of noise seen by

FM receivers which have a bandwidth of tens of kilohertz.
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3.2 System Overview

The embedded silicon (eCrystal) communication system is composed of a master node and a
slave node, which is compatible in most of the current communication systems. The slave node in
the eCrystal communication system can eliminate the use of an external quartz crystal oscillator
and replace by an eCrystal oscillator. The eCrystal oscillator applies a standard CMOS process and
can be directly integrated into a single chip. A remote reference tone is used to calibrate the initial

frequency offset of clock generator As a result, the cost of board level integration and external

power consumption are reduced. FIG. 7 shows a simple eCrystal communication system.

Master Node

Baseband
Core

Synthesizer
X Nsyn

"Remote
tone
TE—
| |
-—

|

Slave Node

\V4

® h
Data Comm
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Core

f

)

Synthesizer
X Nsyn

<a—] eCrystal

FIG. 6. A simple eCrystal communication system
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FIG. 7. The proposed all-digital phase locked loop for process calibration

The slave node baseband of the embedded:silicon (eCrystal) oscillator communication system
with proposed all-digital phase locked loop for eCrystal process calibration is depicted at red
sub-area in FIG. 8. The slave node baseband contains an eCrystal including delay ratio estimator,
mapper, and digitally control oscillator (DCO) and PDP. The eCrystal is designed to provide 5MHz

frequency for the baseband clock and radio frequency carrier synthesis.

After a chip is fabricated, the standard logical or functional test will be executed on a testing
machine. Meanwhile, the accurate reference frequency (Fiocal_rer) IS available, and the testing cycle
is adequate for the local reference tracking. The local reference tracker behaves like a phase lock
loop (PLL) which controls the DCO and compare the CLK frequency to the external reference
frequency. After the frequency is locked, the Locked Code is provided along with the Ratio from

delay ratio estimator. Besides, the chip will be tested under different operation corners. Collecting
15



the different corner Locked Code and Ratio data, we are able to calculate the process dependent
parameters (PDPs) which will be recorded into a one-time programming (OTP) device or register

files.

The master node of a communication system provides a reference carrier frequency in the
down-link communication for calibration. The received remote reference frequency is then
down-mixed with the local oscillation signal which is synthesized from the eCrystal oscillator clock.
If the local frequency is exact the same as the remote reference frequency, the residual frequency
error (Ferror) Will be zero. The remote reference tracker needs 2ps resolution of DCO. Otherwise,
the residual frequency error fed to the slave node baseband is tracked by the remote reference
tracker, and it will adjust the DCO until the frequency error shrinks to a tolerable value which

baseband signal processor can handle.

The remote reference tracker is-on the frequency; calibration behavior combined with a
420-430MHz band FSK module. The remote frequency-tracker is a common system block in both
eCrystal FSK solution and eCrystal OFDM-based WiBoC (Wireless & Imaging Business Owners
Consortium) solution and can be applied to both designs. The design challenge is to track and
calibrate the frequency error within 5% which is quite high in a communication system. By
adjusting the DCO, the final calibrated frequency error will be within 0.3%. The calibration time
should be small than 10ms to reduce the communication traffic overhead. The baseband signal
processor including a synchronizer, channel equalizer, and an Orthogonal Frequency Division
Multiplexing (OFDM) modulator and demodulator is developing a synchronizer which can detect
the down-link signal and to synchronize through adjusting the DCO. The signal processor can
tolerate frequency error up to 0.3% and adjust the DCO frequency to below 20ppm. After
synchronization, the up-link communication can transmit data. This block and the remote reference

tracker block target on reducing frequency error between a master node and a slave node.
16



The local reference tracker is to track the reference frequency and provide the locked code
under testing procedure. The power and locked time is less critical due to its operating occasion is
only once. The proposed design will be illustrated in next section. The design specification of local
reference tracker is listed in TABLE 2, including 5MHz reference clock source and 5SMHz target

output Locked Code with 20ppm frequency error.

Reference Clock Source SMHz
Output 19 bits Locked Code@5MHz \V4
Locking Time < 100us
Frequency Error =< 20 ppm

TABLE 2: Specification of ADPL.L for-the eCrystal process calibration.

The DCO adopts the HDC (Hysteresis: Delay-Cell )-based [16-17][36] delay cell which can
achieve an excellent performance on power consumption. However, the most concerned issue on
the HDC-based DCO is the linearity under PVT variations. The hysteresis delay cell has a worse

PVT variation than a typical delay cell, also it has a non-monotonic phenomenon.

The delay ratio estimator along with a mapper will provide an initial control code for DCO
under PVT variations. The design challenge is to estimate the delay ratio within 0.1% and to map
the DCO frequency with as little error as possible. If the error is reduced, the calibration effort will

be relaxed and the overhead in communication is reduced.
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3.3 Architecture

This proposed all-digital phase locked loop for process calibration architecture is shown in
FIG. 9. This all-digital phase locked loop (ADPLL) consists of phase frequency detector (PFD),
hysteresis delay cell based-digitally controlled oscillator (HDC-DCO), control unit (CU) and digital

loop filter (DLF).

Phase Control Digital
P Frequency |- Unit [ Loop HDC-DCO
\XTA}:}—F Detector Filter eCrystal
LCOKCODE

FIG. 8. The proposed all-digital phase.locked loop-for process calibration architecture.

There are two operations in the system; one is used for the embedded silicon oscillator
calibration named calibration mode and the other is used for generating the output clock without
the reference clock source named operation mode. The difference between the operation mode and
the calibration mode is reference clock source. One is for quartz crystal oscillator and the other is

for eCrystal without any reference source.

In the operation mode, by using the power gating cell which can be gated the power
consumption from PFD, CU and DLF, the output clock is generated at 5MHz by the embedded
silicon oscillator which is a small and a highly integrated circuit. In the calibration mode, the output
clock is directly connected to the PFD which detects the difference of frequency and phase between
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the clock of external quartz crystal and HDC-DCO output. Then, it generates an up (UP) and down
(DOWN) signal to indicate CU that adjusts HDC-DCO control codeword to speed up or slow down
the output frequency of HDC-DCO, respectively. According to the developed search algorithm

[14-15], the whole all-digital PLL operation mechanism is illustrated in FIG. 10.
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FIG. 9. All-digital PLL operation mechanism

After the system reset, the CU sets the DCO at the middle of delay path. The initial search step
of DCO is n/4, where n is the number of frequencies provided by the DCO. The binary search will

pass through the three states to converge the output frequency as close as possible to reference
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clock. Each state employs different tuning range and resolution as shown in FIG. 11.
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FIG. 10. The tuning range and resolution of each three state

While the PFD detects from lead to lag, the search step is divided by two, and vice versa [14].

Each time when a new DCO code is calculated, the current DCO and PFD control signals will be

cleared before the DCO is updated. Clearing DCO signal avoids glitches which result from directly

updating DCO codeword. At the same time, clearing PFD signal keeps the coarse-tuning loop from

frequency and phase divergence [16].

When the search step becomes to one, ADPLL finishes frequency and phase acquisition. Then

ADPLL will become the average state which will search the maximum and minimum DCO code to

generate more accuracy average Locked Code. According to polarity, trend and flow signals, the
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digital loop filter (DLF) will detect the maximum and minimum DCO codeword with 2" fine
tuning range during the multi-reference clock cycles, which the output (DCO codeword (max + min)
/2) is the average DCO Locked Code. If the lock-counting signal of the controller is inversed by six
times cumulatively, or time out signal occurs, the clock-in maintenance will be completed. In the
meantime, the lock signal will enable the eCrystal. According to collecting the different corner
Locked Code and Ratio data, mapper will provide an initial control code for DCO under PVT
variations. After the process calibration maintenance is completed, we can remove the reference

clock source to generate the frequency error within 3% accuracy by eCrystal.

3.4 Circuit Design

3.4.1 Digitally Controller-Oscillator

The DCO design follows the circuit topology proposed in [17] with power of two-hysteresis
delay cell (P2-HDC) as the block diagram is shown in FIG. 11. The property of HDC can provide a
large delay with a small amount of gates and in a simple topology compared to conventional
cascaded inverters. In order to preserve the DCO control code resolution and wide operation range
under PVT variations from several tens of nanoseconds to the ten picoseconds scale, the

HDC-based DCO is separated into three tuning stages.
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FIG. 11. Architecture of HDC-based DCO

The power-of-two delay is designed that_every:segment in the delay line has a delay in the
power-of-two descending order. Thus:each segment performs a propagation delay either half of
previous segment or twice of the next one. The P2-Delay is partitioned in a coarse-tuning stage and
first fine-tuning stages. The coarse-tuning stage .contains two circuit forms, LHDC and VLHDC.
The LHDC (or VLHDC) is designed to generate a delay which is several tens (or hundreds) times
larger than a minimum-sized inverter in the same manufacturing process. The fine delay tuning is
achieved by two stages. The first stage is composed of MHDC and SHDC that generate delays
about 0.01~10 times of a minimum sized inverter. The second fine-tuning stage is designed by the

MOS gate capacitance (MGC) for sub-pico-scale delay tuning. Each HDC-based circuit details are

illustrated in section 4.3.1.1.
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Coarse Tune(8 bit) | TTA.0VI25 | FFA.AVI-25 | S5/0.9V/125
range 2.53E-07 6.97E-08 6.34E-07
resolution 9.87E-10 2.72E-10 2.48E-09
max gap 3.5E-09 7.67E-10 6.81E-09
1st Fine Tune(5 hit)

range 2.01E-09 1.58E-09 2.96E-09
resolution 6.29E-11 4.93E-11 9.24E-11
2nd Fine Tune(6 bit)

range 1.3E-10 9.47E-11 2.26E-10
resolution 2.04E-12 1.48E-12 3.54E-12

TABLE 3: Controllable'range‘and delay resolution of DCO

Max Freq 239.2MHz 340.13MHz 150.6MHz
Min Freq 3.89MHz 13.9MHz 1.56MHz
\ TTN.0VI25 | FFA.VI-25 | S8/0.9V/125
Min Freq 3.89MHz 13.9MHz 1.56MHz
Power 5.21uW 17.1uW 2.3uW
Max Freq 239.2MHz 340.13MHz 150.6MHz
Power 75.9uW 119uW 32.1uW

TABLE 4: The power consumption in minimum and maximum output frequency

By post-simulation, the tolerance maximum output frequency of the proposed DCO is
3.89MHz (71.6 ns) and the minimum output frequency of the DCO is 239.2MHz (4.18 ns) under
PVT corners (TT, 1V, 25°C). As a result, total power consumption of the P2-HDC based DCO is

5.21uW and 75.9uW under 1.0V in UMC 90nm CMOS process. TABLE 3 shows that the
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controllable range of each stage is larger than the step of the previous stage, and the DCO power

consumption in minimum and maximum output frequency is shown in TABLE 4.

3.4.2 Phase Frequency Detector

The PFD design follows the circuit topology proposed in [14] and [18] with standard cell
library as the block diagram is shown in FIG. 13. While the feedback clock (FB) which is generated
from DCO leads the input reference clock source (IN), the signal “gd” generates a high pulse until
IN arrives the D filp-flops (DFFs) and triggers_for. “qu”. The generated signal “qu” first goes back
to the reset branch on DFF and then clears thes“qu” and, “qd”. At the same time, “outu” brings
about a low pulse and “outd” remains-high. Finally, the flags UP and DOWN will be triggered by
these signals and be sent to the control*unit (CU).forslowing down the DCO. On the other hand, if

FB lags IN, DOWN becomes high and UP remains low.

The dead zone phenomenon is generally known in PFD, which is caused by the limited
response time of transistors. When the pulse width of “qu” or “qd” is not long enough to turn on the
following circuits, the characteristic of PFD becomes discontinuous. To minimize the dead zone, a
digital pulse amplifier [14] is proposed in FIG. 14. It uses the cascaded two-input AND gates
architecture to enlarge the pulse width of “outu” and “outd”. There is another method to eliminate
the dead zone with an inserted delay buffer in the feedback path of the reset branch. The increasing
response time for DFF would effectively generate a wide enough pulse width to minimize the dead
zone of the PFD, and then the following DFFs can detect it. When the phase error between IN and

FB is less than 8ps in typical case, both UP and DOWN will remain in high, and no trigger signal

24



will be sent to the CU.
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FIG. 13. Schematic of Pulse Amplifier

3.4.3 Controller and Loop Filter

After post simulation of the P2-HDC-DCO, we can create the look-up table for mapping the
DCO control code and frequency. Hardware Description Language (HDL) is used to describe the
ADPLL control unit (CU) and digital loop filter (DLP). We use a logic synthesizer to synthesize

those modules to gate-level circuits with UMC 90nm 1P9M CMOS cell library.
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\ State Description
00 Slow
01 Fast

Trend (2bits)
10 ®
11 Initial
00 Same trend
01 Slow than fast
Polarity (2bits)
10 Fast than slow
11 Initial
00 Underflow
01 Initial
Flow signal (2bits)

10 Normal
11 overflow

TABLE 5: The truth table of polarity; trend and flow check signals.

The PFD will compare the phase and frequency between IN and FB, which generate UP and
DOWN signals to the CU. According to UP and DOWN signals, the CU will generate polarity,
trend and flow check. The truth table is shown in TABLE 5. Each state which compares previous
and present UP and DOWN signals will generate trend and polarity signals. According to trend,
polarity and flow signals indicate whether DCO should be increased or decreased in speed

respectively.

The ADPLL’s close-loop response time is determined by response time of DCO, delay time of
the CU and some wire delay. After n (response time / small tuning step) cycles, the PFD will detect
right angle for CU, and the control code can only update at every n reference cycles. The n is equal
to 16 in our proposed design, because the HDC-DCO have worse jitter performance about 1% of

total period which dominants the ADPLL’s close-loop response time. In search algorithm, we use
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the binary search method proposed in [14]. Every time when polarity signal is inversed, the search
step reduces to ¥ of the previous search step. When polarity transition happens twice, the upper
bound and lower bound for target frequency has been determined. After frequency and phase
acquisition state are finished, only DCO fine-tuning codeword will be changed. DLF will detect the
maximum and minimum DCO codeword into the registers. The average DCO code (CODEwax +

CODEwmn) /2) will enhance the accuracy in the eCrystal.

3.5 Simulation

FIG. 15 shows the transient response, of ‘the proposed ADPLL operation scenario, which the
reference clock ( IN ) is 5SMHz. When the reset is.triggered, the ADPLL starts to track the
frequency and phase of reference clock. The DCO control codeword (codeword [18:0] ) is
converged to desired 5MHz until the lock signal is enabled. By using binary search step in process
calibration state, 1* acquisition and 2nd acquisition state as described in Section 3.3, the ADPLL
can finish the tracking state in 608 (n*(2*log(2") + 6) + s*27 +64) reference clock cycles in this
worst case. Here , n is determined by the closed-loop’s response time; N is control bits of DCO; F
is fine tuning control bits; s is collected of previous UP/DOWN in each tuning stage. The total tap
length of the DLF is 256 cycles. During the tracking time, it is found that RESET_DCO signal is

sent frequently to update the DCO loop to a new delay path to avoid the glitches in the loop.
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FIG. 14. Simulated waveforms"tif APIjI:ﬂT?fog eCrystal process calibration

36 Implementation

This design is implemented in the UMC 90nm 1P9M regular threshold voltage (SPRVT)
CMOS technology. The generated codeword are 19bits at 5MHz output frequency. The lock-in
time is designed within 544 cycles. The delay cell resolutions of 1st ~ 3rd tuning stage in the
HDC-based DCO circuit are 98.7ns, 62.9ps and 2.04ps, respectively. With the scaled 1.0V, the
average total power consumption is 125uW in the calibration mode. The total area of this design
without the DCO circuits is 200 x 135 um?* This is integrated in a test system for system
verification with the ADPLL for eCrystal process calibration, where the chip layout of the ADPLL

for eCrystal process calibration is shown in FIG. 15.
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has the lowest power dissipation compared with other designs. As a result, the proposed ADPLL

indeed has the benefits of better area, high resolution for low power applications.
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e wok | BT [38] [39] [40] [14] [41]
JSSCO3 | ISSCC'O4 | ISCASTS | ISCAS(O 1SSC03 MIRC"06
Control method digital amlog digital amlog digital digital digital
Frooess Anm 013m Anm 015m 0.18m 035m 013%m
0125
Power @5MHz 7 17 15 54 100 29
(mW@MHz) 0205 @240MHz | @520MHz | @378MHz | @I60MHz | @500MHz | @1000MHz
@200MHz
Operation 300~1000
ME) 38239 30-650 | 018600 | 2438 87~50 45-510 (© tioquencies)|
Supply 1 15 1 13 18 33 12
Resolution (ps) 204 N/A N/A DFC N/A 5 20
Control (bits) 19 12 N/A N/A 9 12 11
Area (mm?®) 0135 0182 018 016 0724 071 0012
Lock time WoIst case
oycle) 608 N/A > 150 <75 7 16 15
it 13% 28% 12% 418% 24% - 120ps
et @5MHz | @143MHz | @307MIz | @304AMEz | @160MHz ps @300MHz

TABLE 6: Comparisonwith-the state-of-the-art (PLLS)

3.7 Summary

An ADPLL for embedded silicon oscillator process calibration is presented in this chapter. The
proposed circuits can help the eCrystal to collect the Locked Code under different operation corners.
By collecting the different corner Locked Code and Ratio data from delay estimator, the eCrystal is
able to calculate the process dependent parameters (PDPs) which will be recorded into a one-time
programming (OTP) or register files. Based on this information, it can ensure the embedded silicon
oscillator which is able to compensate the frequency error without any external components.

Therefore, this proposed ADPLL for eCrystal process calibration can provide an accurate Locked
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Code for embedded silicon oscillator which enables more robust and more convenient solutions in

the manufacture of the semiconductor back-end.

At present, our researches still can be improved in many aspects, the locked time is limited by
the response time of each blocks, the average codeword also spends some settle time. It can add
some blocks to improve the locked time such as time to digital convertor (TDC) or new search

algorithm [13]. Hence, it can reduce the calibration time for more systems.
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Chapter 4
All Digital Pulse Width Control Loop

In this chapter, an all-digital pulse width control loop (ADPWCL) with adjustable duty cycle
is proposed in UMC 90nm 1P9M CMOS technology. Based on the proposed circuit, not only the
50% duty cycle of the clock can be generated but also'does not need a look up table. The duty cycle
of the output clock can be adjusted form 10% to 90% in step of 10%. The operation frequency of
each proposed circuit is from the range of 5SMHz to 60MHz. In order to work in a wide operation
range, the hysteresis-delay-cell (HDC)"based have heen adopted to replace a lot of cascading

buffers or inverters [19-20] which can enhance the power efficiency and area efficiency.

4.1 Introduction to Pulsewidth Control Loop

The pulsewidth control loop (PWCL) is a feedback loop [21]. The duty cycle can be kept the
same in input clock and output clock, or be forced to any percentage according to the desired
control code. The configuration of the PWCL is shown in FIG. 17. Assume the CKy has a 50%
duty cycle and it generates Vger for the differential pair amplifier. The CKoyt will have deviation

after passing through the buffer. Therefore, the duty cycle of CKour is converted into a voltage, V.
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The differential pair amplifier is used to produce a final voltage Vcrr that is proportional to the

pulsewidth difference between CK;y and CKour.

We assume that the pulse width of the clock buffer is controllable. It means that when the
pulse width of clock buffer output derivates an offset from a required duty cycle, it should be
possible to adjust the control voltage, so that the offset is removed It implies that the controllable
dynamic range will cover that range of possible offset. The number of stages in the clock buffer
must meet a condition that negative feedback is guaranteed. In order to reduce the control power
and the static current, it is preferable to choose the first stage of the clock buffer as the controllable

stage.
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FIG. 16. Configuration of the PWCL

4.2 Architecture
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This proposed all-digital PWCL is shown in FIG. 18. This ADPWCL consists of a one-shot
circuit, pulse generator, counter, delay generator, P\VT compensator, mapping delay line (MDL) and

auto calibration circuit (ACC).
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FIG. 17. Proposed ADPWCL

The operation of the proposed ADPWCL can be briefly described as follows. The input clock

source is selected from eCrystal or external input clock by “Input Sel” signal. After the system reset,

PVT compensator will send “EN” signal to ACC that will set the path select (MUX) of pulse

generator to choose the minimum delay by “SETDUTY™. At this moment, ACC will be turned off
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for power saving. After passing input clock buffer, the “input clock source” will pass through the
delay chain and one shot 2 to generate the delay sequence, “D.S”. The one shot circuit [22]
generates the internal clock, “SET”, to set the SR-latch. The internal clock, “SET”, will pass
through the minimum delay to generate the minimum delay sequence (Min_D.S). One of the delay
sequences is selected by multiplexer (MUX) of the pulse generator to gate the SR-latch, “GATED”.
While the input clock source passes through the one shot circuit, the SR-latch and output buffer, the
output clock will be generated. The duty cycles of the input and output clocks may be different due

to the distortion caused by the one shot, pulse generator and buffer.

When the “Start” signal active, the counter will generate the signal, “P1”, to enable the PVT
compensator. After “D.S” passes through the MDL, the signal, “Map_ds” will allow the PVT
compensator to receive, and then convertsithe duty cycleat the moment and the period of the output
clock into digital codes by using two-internal counters.: There are two converted codes which are
able to calculate the digital codes of the total period, “period”, and “nowduty”. The digital codes of
the total period represent how many delay cells passed in whole period of the input clock source.
The phase of D.S and output clock are not synchronous due to the propagation delay caused by
pulse generator, one shot circuit, clock buffer and some logical gate. MDL tries to align the phase
between the D.S and output clock that can enhance the accuracy in the value of the digital code.
After searching the total period of the input clock source, the PVT compensator will trigger the
“EN” signal to high level which can wake up the ACC. According to the searched codes and
desired digital codes of the duty cycle, ACC will calculate the signals “SETDUTY” to Counter. The
calculated information is able to choose how many propagations interval delay time to decide if
triggering the signal, “GATED”. The “GATED” signal is used to rest the falling edge of the output
clock without influencing the duty of the input clock. Thus the desired duty cycle can be obtained.

The detail timing diagram of the proposed architecture is shown in FIG. 19.
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4.3 Circuit Design

4.3.1 Delay Generator

To meet power-critical or battery-less systems, a low power delay cell is required. \We propose
two different delay generators; one is using Hysteresis-delay-cell (HDC) [23-25] to replace a lot of
cascading buffers or inverters which can enhance the power efficiency and area efficiency; the
other is using standard cell base delay chain which can improve the non-monotonic effect from

HDC base delay chain and accuracy in duty cycle.

. : . Cover range
Operation range time period Drzlsggl?f ééﬂ}qg Resolgtﬁp)(ermr with delay

’ ° number (ncs)
aM 200ns 160ns 16ns 100
aM~10M 100ns 160ns~80ns 0.8ns 200
alM~20M a0ns 160ns~40ns 0.4ns 400
aM~50M 20ns 160ns~16.7ns 167ps 1000
aM-~60M 16ns 160ns~13.3ns 133ps 1200

TABLE 7: The relationship between operation range and delay chain

Wide operation range we used represents more delay cell we want. There has always been a
trade-off between the power and resolution in the clock systems [19-20][28]. TABLE. 6 shows the
relationship between operation range and the number of the delay. In the same accurate system,
when the resolution is getting higher, the delay chain will also be increased causing longer locked
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time, more area and more power consumption. According to specification of application or type, we
can extend the stage number of each delay stage which may include coarse tune and fine tune

stages.

4.3.2 Hysteresis Based Delay Cell

The hysteresis delay cells (HDCs), or named Schmitt triggers, have been widely used in digital
and analog circuit for waveform shaping under noisy environment. The HDC based delay design
follows the circuit topologies are proposed in [25]. The power-of-two delay is designed that every
segment in the delay line has a delay in the:twice descending order. So, each segment performs a
propagation delay either half of previous segment.or twice of the next one. FIG. 20 illustrates the
architecture of the P2-Delay that is partitioned ina coarse-tuning stage and one fine-tuning stages.
The coarse-tuning stage applies HDC as‘essential delay elements in variant topologies (cascade and
nested). According to the HDC delays that cover a specific range, they are further defined as
very-large-scale HDC (VLHDC), large-scale HDC (LHDC), medium-scale HDC (MHDC), and

small-scale HDC (SHDC), in terms of delays.
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FIG. 19. The power of two delay stage block diagrams

The coarse-tuning stage is compased of VLHDCs.and LHDCs, and multiplexers are used to
determine if a VLHDC or a LHDC is in the signal propagation path or not. Moreover, an AND
logic gate is used to block an input signal transition when'the VLHDC or the LHDC is not selected.
Both the VLHDC and LHDC can be internally sized and concatenated for different delay
generation. The LHDC (or VLHDC) are designed to generate a delay that is several tens (or
hundreds) times larger than a minimum-sized inverter in the same manufacturing process. This is
achieved by increasing output rise-time or fall-time and at the same time avoiding large short
current sink in the next stage to maintain the low power purpose. This is achieved by the use of
Schmitt-trigger cells with the hysteresis phenomenon [25]. The architectures of the VLHDC and
LHDC are shown in FIG. 21. The fine-tuning stage is composed of MHDC and SHDC that generate
delays about 0.01~10 times of a minimum-sized inverter in the same manufacturing technology.
Both the MHDCs and SHDCs are able to switch the propagation delay internally, instead of the use

of multiplexers. The architectures of the MHDC and SHDC are illustrated in FIG. 22.
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The summation of tune range is about 117.56ns to 0.458ns in coarse tune stage in typical
corner cases, the fine tune tuning range is about 0.934ns to 47ps in typical corner by HSPICE

simulation.

4.3.3 Standard Cell Delay Line

The proposed 11 uses cell-based delay cell. The block diagram is shown in FIG. 22. The coarse
tune stage employs cascading structure [26] with path selector to maintain delay linearity and
extend operation range easily. There are 8 bits of coarse tuning control codes for the 256-to-1 path
selector. The difference of the delay time between two.neighbor paths is determined by one coarse
tuning delay cell including one buffer (BUF) and one multiplexer (MUX) as shown in FIG. 23. The
summation of propagation delay is about 1.32ns ih coarse tune stage under PVT conditions (TT, 1V,
25°C); 2.367ns under PVT conditions (SS, 0.9V, 100°C); 0:877ns under PVT conditions (FF, 1.1V 0
‘C) by ULTRASIM simulation. Moreover, the fine tune stage is constructed after the coarse tune
stage to achieve better resolution of the proposed Il delay chain. The circuit topology in the fine
tune stage follows the coarse stage except that the minimum delay resolution is 125ps under PVT
conditions (TT, 1V, 25°C); 222ps under PVT conditions (SS, 0.9V, 100°C); 85.4ps under PVT
conditions (FF, 1.1V 0°C) with 5bits control code. There are 5 bits of fine tuning control code for
the 32-to-1 path selector. In addition, both tuning stage need extra encoders to translate the control

code to each control signal of MUX.
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4.3.4 One Shot

The one-shot circuit [22] is shown in FIG. 24. It produces an internal clock with a fixed pulse
width, and it means fixed duty cycle no matter what the duty cycle of the input clock is. The buffer

delay At decides the width of the pulse output.

Clock In ﬁ’
/ : Pulse out

—

Clock In

| | propagation
™) ey

Pulse out H H H

.

FIG. 24.70One-Shot Circuit

4.3.5 Pulse Generator

The pulse generator is composed of an SR-latch and 2-to-1 multiplex (MUX) shown in FIG.
17. In the compensation periods, the MUX selects the minimum delay from the delay generator by
controlling signal, “SETDUTY”, and the pulse generator produces an internal clock with a fix duty
cycle which is equal to minimum delay from the delay generator. After the compensation period is
finished, according to duty cycle setting code, auto calibrator circuit will decide when to reset the

SR- latch which is able to adjust the duty cycle of the output clock by desired duty cycle.
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4.3.6 PVT Compensator

The main function of PVT compensator is converting the period and duty cycle of the output
clock into a digital code. This design follows the circuit topology proposed in [30]. The block
diagram is shown in FIG. 26. After the enable signal (P1) is activated by the (n+1 bits) counter, the
signal, “Map_ds”, is sequentially generated from the delay generator after passing through the one
shot 2 circuit and MDL to sample the signal. “Map_out” is generated from output clock after
passing through the MDL and one inverter. The sampled output signal “recovery” will be generated
and its duty cycle is equal to an arbitrary as constant K that of the inverse output clock. However,
the frequency of the signal, “recovery”, is much slower than that of the output clock. The counter
designs based on time to digital convertor (FDC) arerused to convert the period and duty cycle of

the signal, “recovery”, into the digital code.

The counters are activated by two signals, “maskmin®* and “maskall”. Following the signal, the
counter will decide whether taking count of once or not in every input clock cycle relatively. Each
series consists of two edge detectors and one SR-latch used to generate the signals including the
“maskmin” and the “maskall”. When the signal “Start” is activated, P1 signal makes the “maskall”
signal remaining high until “recovery” touches the falling edge. Besides, the signal “maskmin”
remains low level until “recovery” touches the rising edge, and following the “recovery” signal
goes down. Both signals will enable two counters to count within a time interval. Both counters
will count the digital code; one is inversed from output clock called “period”, and the other from
internal clock named “nowduty”. Two counting values will represent the duty cycle of the internal

clock and inverse output clock.
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FIG. 25. PVT compensator block diagram

4.3.7 Mapping Delay Line

The mapping delay line (MDL) consists of a few AND gates, MUX and inverters. Timing
diagram is shown in FIG. 17. Due to the propagation delay caused by pulse generator, one shot

circuit, clock buffer and some logical gates, the phase of mismatch causes the duty cycle error from
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time to digital convertor (TDC). Therefore, the proposed MDL is able to align the phase between
the delay sequence (D.S) and output clock as close as possible. In order to balance the two phases,
we use a dummy delay, similar to each propagation delay path. According to the different path
between the D.S and output clock, most of the difference comes from the Pulse Generator and
MUX which is composed of one SR-Latch and a few logical gates. The proposed mapping delay

line uses the similar architecture to generate a same propagation delay.

4.3.8 Auto Calibration Circuit

Hardware Description Language (HDL) is used to describe the auto calibration circuit (ACC).
The ACC is composed of one divider, a few.multipliers and substraters. The ACC will calculate the
desired duty cycle. It will combine the “nowduty” from'the PVT compensator and external duty
cycle setting code as shown in FIG. 17. The digital code “nowduty” denotes how far the current
duty cycle is away from the duty cycle 0of:200%. We can follow the equation, “SETDUTY = desired
duty cycle (%) * nowduty”, to calculate the duty cycle as we need. After four output clock cycles,
ACC will generate the signal “SETDUTY” which chooses how many delay we want from the delay
chain. The SETDUTY is a relative code which represents the desire duty cycle. The delay generator
will be selected from the “SETDUTY” to reset the falling edge of the output clock. The final duty

cycle can be adjusted from 10% to 90% in steps of 10% within a small error.
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4.4  Simulation

This section will show the fully system simulation results. TABLE. 8 shows the results from
proposed | and proposed Il. The main difference of the proposed | and proposed Il designs is delay
generator shown in the red block. The leakage power takes about 6.5% and 4.1% of the total power

consumption in the proposed | and proposed Il designs.

Proposed 1 Proposed 1T
Total Total
Process Cells Area(um?) Power Cells Area(um?) Power
@W) @W)
P2-HDC N/A 1800 17913 None
DELIMIN None 256 768 16013
Encoder 8 to 256 None 323 1039 8806
M"]‘“’]ﬂ“’m 1255 None 383 1620 44820
13 bits Counter | 69 510 81729 69 510 81729
ACC 1774 8995 147444 1774 8995 147444
VT 138 782 30337 138 782 30337
Compensator
Pulsc Generator | 5 17 357 5 17 357

TABLE 8: Resource Comparism between Proposed | and 11
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FIG. 26. Simulated waveforms of ADPWCL operation scenario.

FIG. 26 shows the transient response of the proposed ADPWCL operation scenario, where the
input clock source (clk) is 50MHz at 50% duty cycle, and the desired duty cycle is 70%. The total
locked time is about 23.5us, and the output duty is 68.7% with 1.3% error. FIG. 27 to FIG. 29 show
the output clock with different desire duty cycle from 10% to 90% with input clock at 50MHz

which with 50% duty cycle under different PVT corners.
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FIG. 30 shows the area distributioﬁ:bet\/\_/eenPF(;posed Ir;‘and Proposed Il Design. In the area of
Proposed | and Proposed II, Auto C;iibrati'éh CII‘CUItS takes mainly scale resulting from using
multiplier and divider. In the rest of the area; it maiﬁiy comes from the delay cells because the long
delay line has multiple delay stages to be controlled and it requires lots of circuits to decode the
control signals. FIG. 31 shows the power distribution between Proposed | and Proposed Il Design.
In the power of Proposed | and Proposed 11, a major part comes from an auto calibration circuits.
The second part comes from the 13 bits counter which consumes a lot of power consumption in
many flip-flops (DFFs), because the inverter is to make an edge-triggered DFF out of the two

level-triggered.

51



Area Distribution of Proposed 1

B HDC (power of 2)
13bits

@ 1 3bhits Counter

O Auto cabibration circuif]

OPVT Compensztor

B Pulse Generator

O DELIMIN

B Encoder 8 to 256

O Mulriplexer 25610 1

O 13bits Counter

B Auto calibration crcu]
B PVT Compensator

M Pulse Generator

FIG. 30. shows the Area distributionzin Propdsed | and Proposed Il Designs

Total Power Distribution of Proposed 1

B HDC (power of 2)
13bits

@ | 3hits Counter

O Auto cghbration circult

OPVT Compensator

B Pulse Generator

Total Power Distribution of Proposed I

@ DELIMIN

B Encoder 8 to 256

O Multiplexer 236 10 1

O 13bits Counter

8 Auto calibration circuit
B PVT Compensator

B Pulse Generater

FIG. 31. shows the Power distribution in Proposed | and Proposed Il Designs

52



TABLE 9 lists the overall comparison with the state-of-the-art in the PWCLs. The proposed
ADPWCL has the second power dissipation compared with other designs, and also achieves wide
duty cycle tuning range (x12). As a result, the proposed ADPWCL indeed has the benefits of better

operation and tuning range, without look up table for low power applications.

Proposed I | [19] 20 | e | et
(standard cell) | JSSC2006 | ASSC 2007 06 00 o005
Control method digital digtal digital digital analog analog
Process Nnm 0.35um 0.18um 0.35um 0.35um 0.35um
Power 0.13 20 27 16 70 150
(mW) @ S0MHz @500MHz | @S0MHz | @ 600MHz
Area (mm?) 0.014 0.68 0.054 0.35 0.28 0.141
OMW““‘M 5-60 400600 300-800 400-600 500~1250 | 1000~1270
Synchronous wth
ipat clock NO NO YES NO NO YES
Input ‘1‘;’; Tange 10-90 3070 NA 25775 50 N/A
Need of OP
Aolifir NG NG NG NO YES YES
_ 1090/ 2070/ 16.7-83.2 3570/
Admbl;%‘;“"’ step of 10 stepof 10 < | @300MHz/ 50 35 7?"5 step of 5/
cycle <1% +H0.64% <1% step o £%
Locl 2052 cyeles Sns 800~
3 {worst case) 2 ¢ NiA @ 500MH= 310 s NiA
Control bits 4 4 7 NO 7 N/A
Need look up table NG YES YES NO NG YES

TABLE 9: Comparison with the state-of-the-art (PWCLS)
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4.5 Summary

In this chapter, we introduce low power consumption, small area and wide operation range
all-digital pulse-width control loop (ADPWCL) without the input control codeword modified by
look up table [26-27, 31]. The proposed ADPWCL does not need an operational transconductance
amplifier [31-32]. A PVT compensator utilizes the counter-based time-to-digital conversion
(CB-TDC) to detect the duty cycle and the period of the clock. Moreover, the requirement of the
input clock with 50% duty cycle is eliminated. In proposed | adopting Hysteresis-delay-cell (HDC)
to replace lots of cascading buffers or inverters [19-20] can enhance the power efficiency and area
efficiency. The operation frequency range is from 30MHz to 60MHz. Unfortunately
Hysteresis-delay-cell (HDC) based delay_still ‘has 'some drawbacks such as the non-monotonic
effect and the necessity of covering all-possible-corners due to large PVT variations even if HDC
has a good delay efficiency on the area and power. In the-proposed Il ADPWCL design, it uses
standard cell based delay chain which‘net only enhances the duty cycle error coming from the
non-monotonic effect than Proposed I, but also achieves more wide operation range. The operation
frequency range is from 5MHz to 60MHz. Both the proposed circuits have been designed in a
90nm CMOS process. The simulated duty cycle of the output clock can be adjusted from 10% to
90% in steps of 10% within 5% and 1% duty cycle error in proposed | and proposed Il. The locked
time depends on the input clock frequency and the longest locked time needs 2' cycles. TABLE.

6 shows the relationship between operation range and the number of the delay.

At present, our researches still can be improved in many aspects, A PVT compensator utilizes
the counter-based time-to-digital conversion (CB-TDC) to detect the duty cycle and the period of a
clock, and respectively, the locked time will be longer by using wide operation range. If we can

using some block to detect what input frequency is, according the detected information, it can
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decide different search step which can reduce the locked time.
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Chapter 5
Conclusion and Future Work

5.1 Conclusion

With the continued and aggressivé scaling| of deep sub-micron CMOS technologies to the
65nm node and beyond, the cost of transistors orlogic gates becomes cheaper. Also, in the noisy
SoC (System on a Chip) environment, analog compenent is easily influenced by temperature, and
crosstalk and leakage capacitance voltage. It is quite obvious that some circuits are implemented
with digital approach algorithm. Also with the explosive growth of the wireless communication
industry, more and more circuits can be integrated into a single chip and successfully realized by

the System on a Chip (SoC) design technology.

This thesis consists of two parts: One is an ADPLL for the embedded silicon oscillator PVT
calibration, the other is the ADPWCL with adjustable duty cycles. Although the operations are
different, their basic concepts are similar. By means of this analogy, the design method and the

analysis can refer to each other.

First, to meet high integration, low power consumption and low cost for computer, consumer
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and communication products, an embedded silicon oscillator is desired to replace existing crystal
and external components. An ADPLL for the embedded silicon oscillator calibration to overcome

the variation of process, voltage and temperature (PVT) is proposed in Chapter 3.

Secondly, reducing the energy is also required in the low power and low data rate
communication systems such as WBAN application, duty cycle control (DCC) [3-4]. Some special
analog-to-digital (ADC) or digital-to analog (DAC) systems [2] need the clock generators with
programmable duty cycles. We proposed a low power consumption, low cost and wide operation
range ADPWCL with adjustable duty cycles in chapter 4. In proposed | circuit, we introduced a
Hysteresis-delay-cell (HDC) based delay chain to enhance the power efficiency and area efficiency.
The operation frequency range is from 30MHz to 60MHz. In proposed Il circuit, we use standard
cell base delay chain which can not only.improve the nen-monotonic effect from HDC base delay
chain, but also have more accuracy and widely operation range. The operation frequency range is
from 5MHz to 60MHz. Both proposed-circuits have been designed and simulated in a 90nm CMQOS
process. Moreover, our proposed architecture-does not need look up table. The simulated duty cycle
of the output clock can be adjusted form 10% to 90% in steps of 10%.within 5% and 1% duty cycle
error in each design. The locked time of the proposed ADPWCL depends on the input clock

frequency, and the longest locked time needs 2052 cycles.

5.2 Future Work

In the future, the following work is to replace the discrete components in the hardware
prototype of eCrystal Oscillator by ASIC designs, such as crystal oscillator, resistors and

capacitance. And this eCrystal oscillator can be further integrated into baseband of the receiver
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node. For better performance of wireless communication system, we can figure out a delay cell

which is independent of temperature variation to replace the standard cell.

Through these integrations, we can implement an ultra low power and low cost clock

generator module with frequency and duty cycles tunable capability, which can improve the

reliability and provide the competitiveness in many wireless communication systems.
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