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Abstract

In this thesis, we explore the problems and challenges for a cell-based on-chip
silicon oscillator (CBOCSO) with combination of process, voltage and temperature
(PVT) variations at the same time. The proposed CBOCSO architecture can
estimate the supply voltage and operation temperature at chip run time, and thus, it
can eliminate PVT variations by the proposed methodology. In this way, the
proposed CBOCSO can provide a stable frequency output as the reference clock for

the system.

In this thesis, we introduce various kinds of conventional on-chip silicon
oscillators, and we also -analyze the advantages and disadvantages of each
architecture. Actually, most of the conventional architectures are full-custom analog

approaches, and most of them cannot resist PVT variations at the same time.

The proposed CBOCSO uses a relative reference modeling (RRM), which are
delay ratios among multiple ring oscillators. According to the RRM, we present the
architecture and operation flows to perform automatic voltage and temperature

range selection with two calibration methods: 1.multi-point and 2.four-point.

In this thesis, we have presented a novel fully digital CMOS on-chip silicon
oscillator implemented in 90nm CMOS technology. The CBOCSO can operate with
a 1.0V supply voltage and is very suitable for low-power and low-cost

system-on-a-chip applications.

Keyword: all-digital, oscillator, tolerance PVT variations, low power

-VI -



Acknowledgments

Firstly, I would like -to-express the deepest gratitude to my advisor, Prof.
Ching-Che Chung. Whenever I lost my way, he always took me back on track and

guided me to complete my research.

In addition, I want to thank my partners of Silicon Sensor and System (S3)
Lab of National Chung Chen University. During my 2-year graduate life, they

always try to help me. Therefore, I can successfully complete the studies.

Finally, I would like to thank my family and my girlfriend as well because they
always bring me strength and comfort. This really helps me keep optimistic all the

time!

- VII -



Content

Abstract VI
Content VIII

LIST OF FIQUIES....ociicieec ettt e e X
LISt OF TaBIES.....oie e X111
Chapter 1 INtrodUCTION..........coviiie e 1

1.1 Reference Clock of the SyStem..........coccuieriiiiiiiiiieiieeeeee e 1

1.2 IMOTIVALION ...ttt sttt sttt st ettt e 3

1.3 These OTganizZation ...........ccueeeueerieerieenieeieenteeteeseeebeesseeeseesseessseenseessseenseens 4
Chapter 2 Conventional On-Chip Silicon Oscillator..............cccccoeeveennne. 5

2.1 The Band gap Voltage Reference-Based On-Chip Silicon Oscillator.............. 5

2.2 The Band gap Temperature Sensor-Based On-Chip Silicon Oscillator ........... 6

2.3 The Bias-Based On-Chip Silicon Oscillator...........ccccoveecieenieeiienienieeiieeeen 8

2.4 Relaxation-Based On-Chip Silicon Oscillator...........cccceeeiverieniienieiiieeneens 10

2.5 The Addition-based Current Source On-Chip Silicon Oscillator .................. 12

2.6 The Relative Reference Modeling On-Chip Silicon Oscillator ..................... 14

2.7 The Ring Oscillator and Relative Reference Modeling Analysis................... 17

2.8 Summary.............. .. oy ..o I, .............ooooenneernnnnennneerenenes 20
Chapter 3 Cell-Based On-Chip Silicon Oscillator with Multi-points

Calibration ... i s i 21

3.1 Relative Reference Modeling with Two Delay Ratios............cccecveeiienennee. 21

3.2 Design of Delay Ratio EStimator..........oci i 22

3.3 Design of Digitally Controlled Oscillator............cccceeeiienieeieenieeiieieeenee, 24

3.4 Cell Selection Rules for Delay Ratio Estimator ...........cccccoeeveevieniiieniiennenne. 25

3.5 SyStem ATCRILECTUIE .....couvieiiieiieeiieiee ettt ettt aee e 28

3.6 Experimental RESUILS .........cooviiiiiiiiiiiiieiececeeeeee e 31

3.7 Summary of the Proposed CBOCSO with Multi-Point Calibration............... 33
Chapter 4 Cell-Based On-Chip Silicon Oscillator with Four-point

CAlDIAtION. ... 34

4.1 Design of Delay Ratio EStIMator.........ccccoecvieiiieiieniiiiieeieeicece e 34

4.2 Design of Fine Tune Delay line ..........ccceviiiiiiiiiienieeieeieceeeeeee e 35

4.3 Design of Digital Control OsCillator.............ccceeviieeiiienieiiienieeieeee e 36

4.4 Cell Selection Rules for Delay Ratio EStimator ............ccccceeveerciienieniieeneens 37

4.5 Algorithm of Four-point Calibration............cccceevieriierieeiiienieeieerie e 41

4.6 System ATCRItECTUIE ......cc.eieiieiiieiieeie ettt 49

4.7 Experimental RESUILS .........ccooiiiiiiiiiiiiiieieiece e 53

4.8 Comparison of Proposed Two CBOCSO.........ccccveiieniiiiieiieieeceeeee e, 55

- VIII -



Chapter 5 Circuit Measurement RESUILS.........ccccevvveiiiiiiie e 58

5.1 SPECIHICAIONS ....eiiiiieeiiie ettt et e et e et e e ereeeaaeeennaeeas 58

5.2 MEASUTEIMENL . ....eeiuiiiiiiiiieeiiie ettt ettt ettt ettt e sttt e st e e st e s sateeseateesneeeeas 66

5.3 Comparisons with Recent Research............ccccooeviiieiiiiniiiini e 71
Chapter 6 An Abnormal Temperature Warning Sensor ............c.cccceeu.... 73

6.1 INTrOAUCTION. ...ttt ettt 73

6.2 SyStem ATCRItECTUTE .....veieiiieeiiieeiie ettt ettt e e et esae e e sabeeesaneeens 76

6.3 SIMulation RESUILS ......cociiiiiiiiiiie e 79

6.4 Comparisons Recent Research...........cccooovvieiiiiiiiiiiiiiiceeeeeeeeeee e 85

0.5 SUMMATY .eeeiiiiiieeiieee ettt e et e e e ettt e e e st eeeesataeesesnsbeeeeensaeeesnnnsneeennns 87
Chapter 7 Conclusion and Future Works..........cccccoceeiiieiieeciec e, 88

7.1 CONCIUSION ...ttt ettt ettt et e st e et eaeie 88

7.2 FULUTE WOTKS ...ttt 89
RETEIENCES ... e 91

SIX -



List of Figures

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

1.1: various quartz oscillator.

From the shimmer enterprise website of .............cccccceeiiveinenen. 2
2.1: The architecture of the band gap voltage reference-based

on-chip silicon 0SCHIAtON. .........c.ccoveiiiiee e 5
2.2: The architecture of the band gap temperature

sensor-based on-chip silicon oscillator..............cccoeevevveiiiiiennen, 7
2.3: The architecture of the current comparator on-chip silicon

OSCHIALON. ... 8
2.4: The architecture of the two voltage controlled on-chip

SHICON OSCHIALOY. ... 9
2.5: The two voltage controlled on-chip silicon oscillator

frequency with process and voltage variation. .............c........... 10
2.6: The architecture of conventional RC-oscillator. .............c.......... 11
2.7: The architecture VAF relaxation-oscillator. ..........ccccccoccovvenenne. 12
2.8: Schematic of the addition-based current source..............cceue.... 13
2.9: The simulation results of the addition-based current

source on-chip silicon.oscillator with PVT variations.............. 13
2.10: The architecture the delay.ratio estimator (DRE). .................. 15
2.11: The R(P,V,T), Drpc;-and the.second-order curve modeling

(0 [T To ] =1 1 USSR 15
2.12: The architecture of the Relative Reference Modeling

On-Chip Silicon Oscillator. ..........c.cccceevieieii e, 16
2.13: The simulation result of RRO with PVT variations. ............... 17
2.14: The simulation result of CRO1 with PVT variations. ............. 18
2.15: The simulation result of CRO2 with PVT variations. ............. 18
2.16: Delay ratios R1(V, T) versus RRO’s period (V,T) in

typical ProCeSS COMMEN. ....cccuviieeiiieiie e 19
2.17: Delay ratios R2(V, T) versus RRO’s period (V,T) in

typical ProCeSS COMMEN. ....cccuviieeiiieiie e 19
3.1: The architecture of the delay ratio estimator. ................c.ccco...... 22
3.2: Timing diagram of the delay ratio estimator..............c.c.cccccue.... 22
3.3: The architecture of the DCO.......cccccooviiiiiiiiee e 24
3.4: Timing diagram of the DCO. ........cccccoevii i, 24
3.5: Flow chart of how to choose cells from the cell library............. 25
3.6: Delay ratios R1(V, T) and R2(V,T) versus Prro (V,T) in

typical ProCeSS COMMEN. .....ccuviieeieie e 26

-X -



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.

Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.

Fig.

3.7: System architecture of on-chip oscillator...........c.cccceevvvvvinnnen. 28
3.8: Timing diagram of the System architecture..............cccoccevveenen. 29
3.9: Layout of the teSt Chip. .....cccoovv i 31
3.10: Output frequency with PVT variations (x-axis is voltage). ....32
3.11: Output frequency with PVT variations (x-axis is

TEMPEFATUIE)...cviieiieciic et 32
4.1: The architecture of delay ratio estimator. .........c.cccccoeevvvvvrnrenne. 34
4.2: Timing diagram of the delay ratio estimator..............cccccceeevrnnee. 35
4.4: The architecture of the DCO includes coarse-tuning and

FINE-TUNING STAGES. .vvovvveieeiie e 36
4.5: Timing diagram of the DCO coarse-tuning and fine-tuning

] 2 10 [ TP PR 37
4.6: Flow chart of how to choose cells from the cell library............. 38
4.7: Delay ratios R1(V, T) versus temperature with voltage and

temperate variations in typical process Corner. .............ccecuee... 39
4.8: Delay ratios R2(V, T) versus voltage with voltage and

temperate variations.in typical process corner. ............cccocue.ne.. 39
4.9: The voltage classifier estimates current voltage value with

R14et(V3) and R1ge(V-) intypical process corner...................... 42
4.10: The voltage classifier estimates voltage value R14.(V1) to

R14et(Vo) in typical process COrNEr. ..........ccccevveveeiiesieeieeneennn 43
4.11: The R2(V,T) versus fine_code with voltage variation at

different temperature in typical process corner. ..........c..cco...... 46
4.12: The value R2(V,T) each point connected into lines with

temperature variation at different voltages in typical

PIOCESS CONMNEN . ..cciiiiiiiieeeeiiie et e e ettt et s e e s e e s nnnne s 47
4.13: The linear regression equation with two points measured

AL TWO VOITAQES. ..o 48
4.14: Each line with temperature variations can be obtained at

AIfferent VOItages. .......coovveiie e 48
4.15: System architecture of on-chip oscillator at chip run time.....50
4.16: Timing diagram of the system architecture at run time. ........ 50
4.17: Flow chart of the voltage classifier. ..........cccccvviviviiiinieieenn, 51
4.18: Layout of the test Chip. ... 53
4.19: The simulation results output frequency with PVT

variations (X-axis IS VOItage). .....cccccevvvvieiiesieesee e 54
4.20: The simulation results output frequency with PVT

variations (X-axis is temperature). ........cccoceveeenieereeseeseesnennns 54

- XI -



Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.
Fig.

Fig.
Fig.

Fig.

Fig.

4.21: The simulation results output frequency with PVT

variations (X-axis IS VOItage). .....cccccevveevieiiiesie e 57
4.22: The simulation results output frequency with PVT

variations (X-axis is temperature). ........cccocevveevieerneseeseesnennns 57
5.1: Microphotograph diagram of the CBOCSO.............cccceevvvennen. 58
5.2: Chip floor plan and 1/O plan. ........cccoccvveviivie e 59
5.3: The measurement environment of the CBOCSO. .................... 66
5.4: The Seeeduino ADK Main Board to communicate with the

Chip SChEMALIC. ......eeiieeccee e 67
5.5: Measurement results of output frequency (x-axis is

1YL 7 Vo ) RS ST 68
5.6: Measurement results of output frequency (x-axis is

TEMPEFATUIE)...cviieiie et 68
5.7: The period jitter (a) and cycle-to-cycle jitter (b) of 5SMHz

target FreqQUENCY. ....ooie e 69
5.8: The power spectral density of 5SMHz target frequency............. 69
5.9: The period jitter (a) and cycle-to-cycle jitter (b) of 5SMHz

tArget FrEQUENCY. woueeirereremseessiiinne e enenesinesieeseeeeeesieesseesseeseeenes 70
5.10: The power spectral density of 5MHz target frequency. .......... 70
6.1: Schematic of the PTAT temperature Sensor. ..........cccccevvevvennnnns 73
6.2: The simulation results of PTAT temperature sensor with

voltage variation at all Corners..............cccoccvevceevce e 74
6.3: The accuracy of PTAT temperature sensor with voltage

variations at all COrNers..........cccooove e 75
6.4: The architecture of the delay ratio estimator.................cccccuevee. 76
6.5: The proposed of the ATWS system architecture....................... 77
6.6: Delay ratios R1(V, T) versus temperature and Temp_out

with voltage and temperate variations in typical process

(6101 0 01 SRR PPRPPPR TP 77
6.7: The R2(V,T) versus temperature and Temp_out with VT

variations at typical COrner. ........cccccovvevievie s 78
6.8: Layout of the ATWS. ... 79
6.9: The simulation results of ATWS with process and voltage

V2 L = L 0] 0 TSR OPRTSPS 80
6.10: The accuracy of ATWS with process and voltage

V2 L = L 0] 0 TSR ORRTSOS 81
6.11: The simulation results of PTAT temperature sensor with

four-point calibration at all corner. .........ccccocovevievieiccieceee, 82

- XII -



Fig. 6.12: The accuracy of PTAT temperature sensor with
four-point calibration at all corner. ..........cccoccvevievievce e, 82
Fig. 6.13: The simulation results of PTAT temperature sensor with

interpolation and extrapolation at all corner.............cccccoene..e. 83
Fig. 6.14: The accuracy of PTAT temperature sensor with

interpolation and extrapolation at all corner.............ccccccoenee..e. 84
Fig. 6.15: The simulation results of ATWS with two-points

calibration at all COrners. ... 84
Fig. 6.16: The accuracy of ATWS with two-points calibration at all

(610] @ 01 TP PPPPPR PP 85
List of Tables
Table 4.1: The termsin EQ. 4.19t0 EQ. 4.25.......ccoeievii i 45
Table 4.2: Comparison between MPC and FPC..............cccooeviiiiecinene. 55
Table 4.3: Comparison between FPC and FPCCM.............cccccoevvvinnnee. 56
Table 5.1: The 1/0 PAD information. of CBOCSO. .........c.ccccevvvvivnnnnne. 59
Table 5.2: The serial pin of mode[6:0] information of CBOCSO. .......... 61
Table 5.3: Performance comparisons of CBOCSO. ..........ccccccevveviivinnnne. 72
Table 6.1: Performance comparisens of Temperature Sensors............... 86

- XIII -



Chapter 1

Introduction

1.1 Reference Clock of the System

In recent years, there are more and more complex integrated circuit designs, these
complex circuits should be synchronized. Thus, we need a reference clock to synchronize

between these different timing circuits.

The integrated circuits and the system-on-chip(SoC) all require a reference clock.
However, these circuits often.use an external quartz crystal oscillator as the system

reference clock.

The quartz crystal is a combination of silicon and oxygen atoms, which chemical name
called Silicon Dioxide (SiO2). When the quartz crystal is pressed by a direction of the
electric field, the direction of the quartz crystal may be shocked because of the piezoelectric

effect.

When we grasp the quartz crystal characteristics of piezoelectric effect, we can use
resonance phenomenon to generate precise oscillation frequency, which can be used as the

reference clock for the clock generator.

Fig. 1.1 shows various kinds of quartz crystal oscillators, including the quartz crystal
oscillator (XO), Temperature compensated crystal oscillator (TCXO), Oven-controlled
crystal oscillator (OCXO) and Voltage-controlled crystal oscillator (VCXO). The quartz

oscillators are widely used in the market, such as, motherboards, CPU, and large-scale

-1-



medical equipments. According to different applications, these circuits will choose a
suitable quartz crystal oscillator. In addition, integrated circuit or system-on-chip (SoC)
often use the TCXO, because TCXO can against temperature variations. In these circuits,
price, size, and power consumption are not major consideration, but frequency accuracy is

more important.

Fig. 1.1: various quartz oscillator.

From the shimmer enterprise website of

http://www.shimmer-co.com.tw/quartz_crystal oscillator.htm

Although using the quartz crystal oscillator as a reference clock has a high accurate
frequency output, the volume of quartz crystal oscillator is too large, and has high cost, and

most important is that it cannot be integrated into the COMS process.



1.2 Motivation

In wireless sensor networks and biomedical devices, these systems operate with
batteries and are highly integrated. Timing references are essential parts of these systems.
However, these type circuits usually not require a very precise reference clock, but they are
requested to be low cost, small size and low power. Therefore, we can integrate the

reference clock into the chip for this requirement.

Currently, the external quartz crystal oscillator can be replaced by Micro-Electro
Mechanical Systems (MEMS) [45] or CMOS-compatible on-chip ring oscillator, two main
technologies. The MEMS technology requires extra manufacturing handling and the cost is
higher. In addition, as compare to CMOS-compatible on-chip reference clock, the MEMS

technology is not convenient.

In recent years, many researches had been devoted to develop CMOS-compatible
on-chip oscillators [1]-[35] for replacing off-chip quartz crystal oscillators. When we use
CMOS technology to design the reference clock circuit, the integrated circuit makes the
volume of the system become smaller with lower power consumption and cost reduction.
However, using CMOS technology to design the reference clock circuit has many
challenges with process, voltage and temperature (PVT) variations. In order to overcome
design problems, many approaches have been proposed for on-chip oscillator design to
against process[2]-[4][21][27]-[31][34][39][40], or voltage[7][12]-[15][23] or temperature
[1][6][8]-[11][21][22][24]-[26] variations, respectively. However, when the PVT variations
both exist [16]-[18][27]-[31], these methods are not applicable. In the next section, we will
discuss advantages and disadvantages of these architectures, and to explore some issues can

be improved.



1.3 These Organization

In this thesis, we discuss about the implementations of a cell-based on-chip silicon
oscillator (CBOCSO) in TSMC 90nm CMOS technology. The proposed four-point
calibration methodology can reduce the testing cost of the CBOCSO. The rest of the thesis

is organized as follows.

In chapter 2, we discuss about conventional on-chip silicon oscillator architectures.

Subsequently, we discuss and analyze the relative reference modeling (RRM).

In chapter 3, the first version of proposed CBOCSO with multi-points calibration is
presented. In this chapter, we propose RRM with two delay ratios and explain how to build
this model by the delay ratio estimator (DRE), the digital control oscillator (DCO) and the
CBOCSO controller. In addition, we also propose the cell selection rules to choose the

suitable cells for the delay ratio estimator from the TSMC 90nm standard cell library.

In chapter 4, the second version of the proposed CBOCSO with four-point calibration
is presented. In this version, we improve the resolution of the DCO with fine tuning delay
line and the new CBOCSO controller, and with improve algorithms to reduce the testing

cost in calibration.

In chapter 5, the specifications and measurement results of the CBOCSO with
four-point calibration are discussed. In chapter 6, we use the proposed CBOCSO with minor
modifications for the all-digital temperature sensor application with voltage variations. In
chapter 7, we make a conclusion and describe the further work about some design issues

that can be improved in the near future.



Chapter 2

Conventional On-Chip Silicon Oscillator

2.1 The Band gap Voltage Reference-Based On-Chip Silicon

Oscillator

In the prior researches, most of the on-chip silicon oscillators use an external
temperature sensor or an input reference voltage [1]-[5][34][35] to replace the external
quartz crystal. These type of circuits; we call them band gap voltage reference-based

on-chip silicon oscillator.

Vref _
Comparator — WP/LPE/
v Controller
spl
—I_ Vctrl/
. Control code
requency
|| sensor out clk | VCO/ |
(frequency to voltage | DCO |
converter)

>
out_clk

Fig. 2.1: The architecture of the band gap voltage reference-based on-chip silicon

oscillator.

Fig. 2.1 shows block diagram of a band gap voltage reference-based on-chip silicon
oscillator [4] compensation loop. When this circuit uses analog charge pump, it is composed
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of a comparator, charge pump (CP), loop filter (LPF), a frequency sensor and a voltage
controlled oscillator (VCO). When this circuit uses the digital approach, it is composed of a
comparator, the digital controller, a frequency sensor and a digital controlled oscillator
(DCO). When the VCO/DCO generates the difference frequency (out_clk) by the difference
voltage (V.m) or the difference digital control code, the frequency sensor detects the
VCO/DCO frequency, and the frequency is converted to the voltage value (V) by the

frequency sensor.

When there has an external stable DC voltage reference (Vir). The comparator
compares the difference between Vg, and Vier. When Vi is smaller than Vi, this circuit
will speed up the VCO/DCO by increasing the Vi or digital control code. Similarly, if Vg
is larger than Vi, this circuit will slow down the VCO/DCO by decreasing the V. or
digital control code. Therefore, this compensation mechanism can against process and

temperature variations.

Although, this circuit does not require a reference clock. However, it needs an external
reference voltage (Vi) to eliminate the process and temperature variations. In addition,
when the frequency sensor converts frequency into voltage value, it generates some errors.
However, the band gap reference-based on-chip silicon oscillator cannot against process,

voltage and temperature variations at same time.

2.2 The Band gap Temperature Sensor-Based On-Chip Silicon

Oscillator

Fig. 2.2 shows the block diagram of the temperature sensor-based on-chip silicon

oscillator [21] compensation loop. It is composed of a temperature sensor, a non-linear

-6-



mapper, a divider, a phase detector (PD), loop filter, a digital/voltage controlled oscillator

(DCO/VCO) and an electrothermal filter (ETF)[24] /Oscillator(OSC).

Temperature compensation

Temperature  : non-linear
sensor : mapping
divider

‘P Phase . loop VCO/
ETF/OSC — detector | filter = | DCO

fbcorveo

Fig. 2.2: The architecture of the band gap temperature sensor-based on-chip silicon

oscillator.

Firstly, this circuit uses a temperature sensor to estimate the operating temperature. In
addition, they build a temperature compensation to the DCO control code tables.
Subsequently, they use the PD to compare the phase difference between ETF/OSC and
DCO/VCO. According to the temperature value, the non-linear mapping table can be used
to calculate the control code to the DCO/VCO. Then the frequency of the DCO/VCO can be

adjusted by the control code with temperature variation.

A mobility-based frequency reference [21][22] and thermal diffusivity-based frequency
reference [24]-[26] are based on the band gap temperature sensor-based on-chip silicon
oscillator. They have high accuracy, low power, and they can cover wide temperature range
variations, but they cannot against voltage variation. In addition, they have relatively small
process variations, but their approaches have strong temperature dependency. Thus, they
need accurate temperature sensors to compensate for the output frequency with temperature

variations, and their approaches occupy a large chip area.

-7 -



2.3 The Bias-Based On-Chip Silicon Oscillator

Fig. 2.3 shows block diagram of a bias current compensation mechanism
frequency-locked loop technique of on-chip silicon oscillator [12]. It is composed of a

current comparator, a VCO, an amplifier (AMP), and a digital-to-analog converter(DAC).

The bias circuit generates a bias current (Igjas), and then the AMP will amplify the
difference between Igias and lout into Vour to the VCO, The frequency-to-current converter
converts the frequency of foyr into current Ioyt, and these circuits form a feedback loop.
The current comparator compares the difference between Igias and the converter output
current Ioyt. They will adjust the control voltage (Vour) of the VCO until the Ioyr equal to

Ias in this feedback loop.

This type of architecture [12]-[15][32] improved the band gap voltage reference-based
on-chip silicon oscillator, and this circuit do not require an external reference voltage
[1]-[5][34][35], However, the design challenges of this circuit are the accuracy of the
reference bias circuit with PVT. variations and the conversion error in the

frequency-to-current converter.

Current Comparator

Bias
Circuit

VCO

Frequency-to-Current
Converter

Fig. 2.3: The architecture of the current comparator on-chip silicon oscillator.
-8-



Fig. 2.4 shows block diagram of a two voltages controlled on-chip silicon oscillator
[15]. It is composed of a voltage-swing controller, a bias current controller, and a ring

voltage controlled oscillator (RVCO).

VOltage- meos bias
| Swing L
;| Controller |:

fOUT

Bias- | :
| Current </
.| Controller |:

Vnmos bias

Fig. 2.4: The architecture of the two voltage controlled on-chip silicon oscillator.

This architecture uses on-chip bias-current controller and voltage-swing controller to

compensate for the RVCO frequency with process and voltage variations.

The voltage-swing controller generates the difference voltage to control PMOS and
NMOS of the RVCO, and the bias-current controller generates the different current to

control PMOS and NMOS of the RVCO at the same time.

Fig. 2.5 shows the simulation results of voltage-swing controller and the bias-current
controller different voltage (Vswing) and different current (Ipias) to compensate the RVCO
[15]. According to the Fig. 2.5, we can see that the output frequency of the RVCO remain
stable with process and voltage variations. However, the voltage-swing controller and the
bias-current controller are required to generate the difference voltage to compensate for the
frequency of the RVCO with process and voltage variations. Thus, this circuit requires full
custom design. In addition, this design method is not suitable to against temperature

variations.



—-FF =TT +SS bias -~
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£ Oscillator frequency g
.
<085
=
-
=
'-D
0.75
0.65 ;
0.94 0.96 0.98 1.02 1.04 1.06

!
Normalized supply voltage

Fig. 2.5: The two voltage controlled on-chip silicon escillator frequency with process

and voltage variation.

2.4 Relaxation-Based On-Chip Silicon Oscillator

The Relaxation Oscillator [16]-[20] is an improved design of the RC-oscillator. Fig.
2.6 shows architecture of the conventional RC-oscillator [16]. It is composed of two
comparators, a SR latch, some resistors and some capacitors. The conventional
RC-oscillator runs through a resistor to charge a capacitor from a current source. In this
circuit, the current source I; and I, have flicker noise, and thus when it uses for a long time,
the comparator and other circuit have process, voltage and temperature (PVT) variations

and the accuracy of frequency will be degraded.

In recent years, the relaxation oscillator [16]-[20] wants to reduce the comparator to

output delay time changes (tq) with PVT variations.
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o e

Fig. 2.6: The architecture of conventional RC-oscillator.

Fig. 2.7 shows architecture of voltage averaging feedback (VAF) relaxation oscillator

[16], it is composed of a VAF and a relaxation oscillator.

The relaxation oscillators [16][17] with power averaging feedback can tolerate both
temperature and voltage variations. However, the resistive divider for the voltage reference
requires cancelling of temperature dependency. Thus, a small voltage variations on the
reference voltage (i.e. 2mV) can cause 0.4% frequency error [16], and thus, they are
sensitive to the supply noise and process variations. Relaxation oscillators [16]-[18][20]
requires a bias generator to overcome voltage and temperature variations. However, the bias

generator occupies a large chip area.
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Voltage Averaging Feedback

IBIAS,cmp

gl
eI
-\
LI

Relaxation Oscillator

Fig. 2.7: The architecture VAF relaxation-oscillator.

2.5 The Addition-based Current Source On-Chip Silicon

Oscillator

The addition-based Current Source On-Chip Silicon Oscillator [23] is shown in Fig.
2.8. If we assume W/L ratio of M1 and M3 are the same and they are matched devices.
Hence the current through M1 and M3 will be the same. In this circuit, when the current I,
increase due to process variation, the current I, will decrease. Oppositely, when the current
I; decrease, the current I, will increase. Thus, we can adjust ratio of M1/M3 and M2, which

can get a stable current source by I = I; + I, with process variations.
-12 -



Fig. 2.8: Schematic of the addition-based current source.

We try to build up a ring oscillator with addition-based current source. Fig. 2.9 shows
the simulation results of the addition-based current source on-chip silicon oscillator with
PVT variations. We adjusted W/L of M1 and M3, and the period of the output clock can
remain stable at 1.00V with temperature variations. However, the period of output clock
will drift due to voltage variations. This method can effectively against process and
temperature variations. However, the period drift due to the voltage variations cannot be

overcome.

—257C
~—50C

period(ns)

2.80 i

2.30

0.8 0.85 0.9 0.95 1 1.05 1.1 1.15 1.2
Supply Voltage(V)

Fig. 2.9: The simulation results of the addition-based current source on-chip silicon

oscillator with PVT variations.
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2.6 The Relative Reference Modeling On-Chip Silicon Oscillator

An all-digital on-chip oscillator with the relative reference modeling (RRM) is
proposed in [27]-[31]. The propagation delay time of the logic cells are easily affected by
process, voltage, and temperature (PVT) variations. In RRM, They choose two logic cells
from the standard cell library, and one of them uses as a reference delay cell (RDC), and the
other cells use as the compare delay cell (CDC). With PVT variations, delay time of the
RDC and the CDC will both increase and decrease. However, delay time variations in the
RDC and the CDC are not the same. In RRM, they define the delay ratio between these

logic cells can be expressed as Eq. 2.1.

R(P,V,T) = peoelil)  (Eq.2.1)

where Drpc(P,V,T) and Dcpe(P,V,T) are delay timeof the RDC and CDC, respectively.

The block diagram of the delay ratio estimator (DRE) is shown in Fig. 2.10. In DRE,
two logic cells, RDC and CDC are used to create two ring oscillators, the reference ring
oscillator (RRO) and the compared ring oscillator (CRO), respectively. The output of the
ring oscillator is connected to the counter to record the oscillation cycles of the oscillator.

The value of two counters can be used to calculate the delay ratio R(P,V,T) as Eq. 2.2.

R(P,V,T) = {753 (Eq.2.2)

where CROcnt and RROcnr are the output of the CRO counter and the RRO counter,
respectively. The CRO counter will count from 0 to Nypyg, and then the two ring oscillators
are stopped. The value of Nype is power of two, thus the delay ratio R(P,V,T) can be

computed without a divider.
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Fig. 2.10: The architecture the delay ratio estimator (DRE).

Fig. 2.11 shows the map of the relationship between R(P,V,T) and Dgrpc in typical
corner, where Drpc is the period of the reference ring oscillator. The Dgrpc can be estimated

in terms of R(P,V,T) as expressed in Eq. 2.3.

Drpe(P,V,T) = coefo+ coefi R(P, V. 1)

+coefyR2(P, Vo) + -+ + coe [, RMP,V.T) . (Eq. 2.3)

where coefj to coef, is the coefficients of nth-order curve modeling. In RRM, the high order
of curve modeling results in high cost. As a result, they need to trade-off accuracy and

design cost. Finally, they uses a second-order mapper to implement the Eq.2.3.

15 0C
' ~257C
1.45 Kok
1.4 o
’5:“]'35 =Drpc
313
£1.25
' = 0272410 - 0.2375 *10*R + 0.5211*10-9R?
1.15
1.1
1.05
2.32 2.37 2.42 24% pyv}5? 2.57 2.62 2.67

Fig. 2.11: The R(P,V,T), Drpc, and the second-order curve modeling diagram.
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Fig. 2.12 shows the system architecture of the RRM. It is composed of a delay ratio
estimator (DRE), a mapper and a DCO. The DRE computes the R(P,V,T) at chip run time
with voltage and temperature variations. Firstly, the RRM requires multi point calibration.
In the calibration mode, the DRE estimates the R(P,V,T) and Dgpc at different voltage and
temperature combinations. According to R(P,V,T) and Dgrpc values to build up the
second-order curve modeling diagram as shown in Fig 2.11. The mapper is used to to

replace the second order equation calculatio. Then the mapper outputs control code to the

DCO.
Coeffcient
Delay | Digital
R(P,V,T
Ratio AL Mapper Lol Controlled CLK
Estimatot . Oscillator

Fig. 2.12: The architecture of the Relative Reference Modeling On-Chip Silicon

Oscillator.

The digital approach of the RRM makes it easy to design the on-chip oscillator.
However, a high order polynomial is required to minimize the modeling error, and thus, a
mapper is required to reduce the area cost. In addition, in RRM, multi-points calibration is

required. The high testing cost make it is not suitable for mass production.
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2.7 The Ring Oscillator and Relative Reference
Modeling Analysis

In section 2.6, we discuss an all-digital on-chip oscillator with the relative reference
modeling (RRM). The RRM uses a delay ratio can be reduced output frequency error of the
oscillator with PVT variation. In this these, we use two delay ratios of RRM. In this section,
we analyze the characteristics of the ring oscillator and RRM and shows the relationship

between the frequency of the ring oscillator and RRM.

Figs. 2.13, 2.14, and 2.15 show the periods of three ring oscillators with PVT
variations. These three ring oscillators are the reference ring oscillator (RRO), the compared
ring oscillator 1 (CRO1), and the compared ring oscillator 2 (CRO2). The period of RRO,
CRO1 and CRO2 can be divided into different groups in different process corners. In
different process corners, the period variationsrof RRO, CRO1 and CRO2 like nth-order
polynomial curve with voltage variations. However, the period variations of RRO, CROI1
and CRO2 are linear change with temperature variations. In addition, under process or
voltage or temperature variations, the period variations of these oscillators will not be the

same.

in
temperature, /)

=
L")
variation

A
I
I
I
I

I

I

I

——
o -—
oltage vuri:m'(;'r. -

RRO period(ns)

0.9 0.95 1 1.05 1.1
Voltage(V)

Fig. 2.13: The simulation result of RRO with PVT variations.
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Fig. 2.14: The simulation result of CRO1 with PVT variations.
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CRO?2 period(ns)
o

0.9 0.95 1 1.05 1.1
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Fig. 2.15: The simulation result of CRO2 with PVT variations.

The relative reference modeling (RRM) can build up the relationship of these
oscillators. Since the period of the oscillator is changed with voltage and temperature
variations, the ratio method of the RRM can cancel some of period wariations. Thus, the

RRM method can reduce the amounts of period variations.
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Fig. 2.16: Delay ratios R1(V, T) versus RRO’s period (V,T) in typical process corner.
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Fig. 2.17: Delay ratios R2(V, T) versus RRO’s period (V,T) in typical process corner.

Fig. 2.16 shows the delay ratios R1(V, T) versus RRO’s period (V,T) in typical process
corner. In this figure, the R1(V, T) is a delay ratio between the period of RRO and CRO1.
The temperature coefficient of RRO and CROI are similar, and the ratio method would
reduce the temperature coefficient between RRO and CRO1. Thus, with different supply
voltages the R1(V, T) value are quite close with temperature variation. Similarly, Fig. 2.17

shows the delay ratios R2(V, T) versus RRO (V,T) in typical process corner. In this figure,
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the R2(V, T) is a delay ratio between period of RRO and CRO2, the voltage coefficient of
RRO and CRO2 are similar, and the ratio method would reduce the voltage coefficient
between RRO and CRO2. Thus, in different operating temperature values, the R2(V, T)
value are quite close with voltage variations. As a result, we can use the delay ratios R1(V,T)

and R2(V,T) to estimate the current temperature and current voltage of the chip at run time.

2.8 Summary

Most of the conventional on-chip ring oscillators require an external band gap
reference. In addition, the bias circuit and other current compensation circuit are full-custom.

Also, these circuits cannot resist PVT variation at the same time.

In this thesis, we design a CBOCSO circuit without an external band gap reference.
The proposed design also uses the relative modeling to build up the on-chip oscillator. A
voltage and temperature classifier is proposed to reduce the modeling error of the RRM

[27]-[31] achieve a better accuracy of the output frequency.

In addition, to make our design more suitable for mass production, the proposed
four-point calibration methodology can effective reduce the testing cost of the CBOCSO

during calibration.
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Chapter 3
Cell-Based On-Chip Silicon Oscillator with

Multi-points Calibration

3.1 Relative Reference Modeling with Two Delay

Ratios

The propagation delay time of the logic cells are easily affected by process, voltage,
and temperature (PVT) variations. If we choose any three logic cells from the standard cell
library. One of them uses as a reference delay;cell (RDC), and the other cells use as the
compare delay cell 1 (CDC1) and the compared delay cell 2 (CD2).The delay ratio between

these logic cells can be expressed as Eq. 3.1 and Eq. 3.2.

R1(P.V,T) = BepocBV.T) (g 3 1)

Dopoi{PV.T)

R2(P,V,T) = 2roclPVD)  qq 39y

Depe2(PV.T)

where Drpc(P,V,T), Dcpei(P,V,T), and Depea(P,V,T) are the delay time of the RDC, CDCl,

and CDC2, respectively.

For a fixed supply voltage (V) and certain process corner (P), Drpc(P,V,T) and
Dcpci(P,V,T) are both increased and decreased with temperature variations. Thus, the range

of R1(P,V,T) means the temperature coefficients difference between RDC and CDCI1.

Therefore, if there exists a RDC and CDC1 pair, which the range of the R1(P,V,T) at all
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process corners with different voltages are not overlapped. Then, R1(P,V,T) can be used to
roughly determine the current supply voltage of the chip. Similarly, for a fixed temperature
(T) and certain process corner (P), Drpc(P,V,T) and Dcpca(P,V,T) are both increased and
decreased with voltage variations. Thus, if there exists a RDC and CDC2 pair, which the
range of the R2(P,V,T) at all process corners with different temperatures are not overlapped.

Then, R2(P,V,T) can be used to roughly determine the current temperature of the chip.

In this method, the R1(P,V,T) and R2(P,V,T) are used by the proposed voltage and
temperature classifier, and the output frequency accuracy of the on-chip ring oscillator can

be significantly improved.

3.2 Design of Delay Ratio Estimator

CRO! Lpm o - } cRO1

COUNTER | CROT s RI1(P, V,T)

N

/J
RRO Ly RRO
ENABLE >D’ COUNTER m E«'—NTIME
/]
cro2 L]

I CDC1 [ RDC []CDC2

|J

77

.| CRO2 | R2(P, V,T)
COUNTER | CRO2enr

Fig. 3.1: The architecture of the delay ratio estimator.

RESET _/ \
RRO_CLK
CRO1_CLK

CRO2_CLK
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CROTent 0 XX XX XX XX -
CRO2eny 0 XX XX XX & XX

Fig. 3.2: Timing diagram of the delay ratio estimator.
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The block diagram of the proposed delay ratio estimator (DRE) is shown in Fig. 3.1
[46]. Fig. 3.2 shows the timing diagram of the DRE. In DRE, three logic cells, RDC, CDCl,
CDC2 are used to create three ring oscillators, the reference ring oscillator (RRO), the
compared ring oscillator 1 (CRO1), and the compared ring oscillator 2 (CRO2),

respectively.

The output of the ring oscillator is connected to the counter to record the oscillation
cycles of the oscillator. The value of these counters can be used to calculate the delay ratio

R1(P,V,T) and R2(P,V,T) as follows Eq. 3.3 and Eq. 3.4.

RUPV.T) = Froger  (Ba.33)

R2(P,V,T) = SGaedt  (Eq.3.4)

where CRO1cnt, CRO2¢nt and RROgent are the output of the CRO1 counter, the CRO2
counter, and the RRO counter, respectively. The RRO counter will count from 0 to Nypvg,

and then these three ring oscillators are stopped.

The value of Ny is set to 2047, thus the delay ratio R1(P,V,T) and R2(P,V,T) can be
computed without divider circuits. When the value of Nppve is equal to 2047, the
RRO CLK will gating three cycles, then the CROlI CLK and CRO2 CLK latch the
CROlcnt and CRO2¢nt as R1 and R2, respectively. Thus, the values of R1 and R2 may

occur *1 error due to the asynchronous in three oscillators.
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3.3 Design of Digitally Controlled Oscillator

T T T

I rDC osc_enable
DCO
COUNTER
DCOoi| | |
reset D Q »

—%” = ‘
DCO_CODE OUT_CLK

Fig. 3.3: The architecture of the DCO.

RRO_CLK
RROGcyr
DCO_CODE ! 9 !
OUT_CLK ' s I I D

Fig. 3.4: Timing diagram of the DCO.

The proposed DCO architecture is shown in Fig. 3.3 [46] and Fig. 3.4 shows the timing
diagram of the DCO. The output of the RRO triggers the DCO counter, and when the output
value of the DCO counter equals to the input control code (DCO_CODE), a pulse is
generated, and then the DCO counter is reset. To generate the output clock with a 50% duty
cycle, a divided-by-2 circuit is added before output. The output frequency of the DCO can

be expressed as follows by Eq. 3.5.

_ 1 1
Fpeo = 5 * Prorv~poocops  (Eq.3.5)
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where Prro(P,V,T) is the period of the RRO, and Fpco is the output frequency of the DCO.
The period of RRO is easily affected by PVT variations, thus the input control code

(DCO_CODE) can be used to adjust the output frequency with PVT variations.

3.4 Cell Selection Rules for Delay Ratio Estimator

Choose three cells from the cell library
to build up the delay ratio estimator (DRE)
(RDC, CDC1, CDC2)

v
Perform SPICE simulation of DRE with PVT variations
to obtain R1(P, V, T), R2(P, V, T), Gg1, Sri1, Gr» and Sy,

I
Choose best cell combination for RDC, CDC1 and CDC2
based on ClRl, SRI) GR2 and SR2

Fig. 3.5: Flow chart of how to choose cells from the cell library.

Fig. 3.5 shows the cell selection flow chart for RDC, CDCI1, and CDC2. At first, any
three logic cells are selected from the standard cell library to build up the delay ratio

estimator DRE shown in Fig.3.1.

Subsequently, we need to perform SPICE simulation of the DRE with PVT variations
to obtain delay ratios, R1(P,V,T) and R2(P,V,T). In this chapter, the voltage varies from V,
to Vs (V1=0.90V, V,=0.95V, V5=1.00V, V4=1.05V, and Vs=1.10V), and temperature varies

from T to Ty, (T,=0°C, T,=25°C, T3=50°C, and T4=75°C).

In addition, the process variations include typical process corner (TT), best process
corner (FF), and worst process corner (SS). Therefore, it needs to simulate the DRE in

totally 60=(3*5*4) different P,V,T combinations.
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Fig. 3.6: Delay ratios R1(V, T) and R2(V,T) versus Prro (V,T) in typical process corner.

Fig. 3.6 shows the delay ratios RI(V,T) and R2 (V,T) versus the period of the RRO,
Prro(V,T) in typical process corner. In Fig. 3.6(a), with a fixed voltage value, the delay ratio

R1 varies with temperature variations.

ATTgrn of Eq. 3.6 means the spacing between the R1 delay ratio curves with voltage
V. and voltage V4 in typical process corner. In Fig. 3.6(c), with a fixed temperature value,
the delay ratio R2 varies with voltage variations. ATTgy; of Eq. 3.7 means the spacing
between the R2 delay ratio curves with temperature T; and temperature Tj+; in typical

Process corner.

The values of ATTr1, and ATTro; should be greater than zero, so that the delay ratios
R1(V,T) and R2(V,T) can be used to roughly estimate the supply voltage and operation
temperature at chip run time. Therefore, if the DRE fails to meet this requirement, the
current cell combinations are dropped, and then, we need to choose other cell combinations

and repeat the SPICE simulation of the DRE again.
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ATTp1, = MIN(RUTT, Vi1, T)) — MAX(RI(TT.V,.T)) (Eq.3.6)

ATTgy; = MIN(R2TT,V.T; 1)) — MAX(R2(TT,V,T;)) (Eq.3.7)
S = ATTr, (Eq.3.8)

S =ATTgry; (Eq.3.9)

Gri = ATTpi + ASSp + AFFp  (Eq. 3.10)
Gro = ATTpy + ASSps + AFFpy  (Eq.3.11)
Spr = Std(ATTyy, ASSp1, AFFy) (Eq. 3.12)
Spy = Std(ATTry, NSSra, AFFrs) (Eq. 3.13)

The DRE should be simulated with different process corners. In Eq. 3.10, Gg; of the
current DRE is defined as the summation of AT Tgi; ASSri, and AFFR;, where ATTg;, ASSgj,
and AFFgR; are the summation of the R1(V,T) curve spacing in typical process corner, worst

process corner, and best process corner, respectively.

Similarly, Gg, of the current DRE is defined as the summation of ATTg,, ASSg,, and
AFFRr», where ATTra, ASSr2, and AFFg; are the summation of the R2(V,T) curve spacing in
typical process corner, worst process corner, and best process corner, respectively. In Eq.
3.12, Sgi is the standard deviation of ATTRri, ASSr1, and AFFg;, and Sg, is the standard

deviation of ATTRQ, ASSRz, and AFFRQ.

We need to compute Grj, Gra, Sri, and Sg; all possible cell combinations, and the cell
combination with largest values of Ggr; and Gg», and smallest values of Sgj, Sr» is the best
choice for design the DRE. However, if we cannot find this best choice, the cell
combination with a larger Ggrvalue and smaller Sgr; value is a better choice. In this chapter,

we use a 90nm cell library to implement the DRE, and the best cell combination is
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(AND3X1, NAND4XL, DLY1X1) for (RDC, CDC1, CDC2).

3.5 System Architecture

The proposed on-chip ring oscillator architecture which uses the relative reference
modeling is shown in Fig. 3.7 [46], and Fig. 3.8 shows the timing diagram of this system
architecture. It is composed of a delay ratio estimator (DRE), a voltage classifier, a
temperature classifier, a linear calculator, and a digitally controlled oscillator (DCO). The

DRE estimates the R1(V,T) and the R2(V,T) at chip run time under voltage and temperature

variations.

In this chapter, we need to measure the values of R1(V,T), R2(V,T), and Prro(V,T)
with five different voltages (V; to Vs) and four different temperatures (T, to T4). Therefore,

it needs to measure the values of RI(V,T), R2(V,T), and Prro(V,T) in totally 20 different

(V,T) cases.

e . e . gl Off-Chip + + =+ v v v v e e e e s
P Linear Regression and R1, R2 Range Calculation
> Veope = a(Vy) x R2(V,, T) + b(Vy)
Teope = ¢(Ty) x R1(V, Ty) + d(Ty)
Coefficients :
RInmaxmm(Vn) R2yaxmm(Th) a(Vy), b(Vy), c(Ty), d(T,) -
A
RI(V.T) Voltage
~® Classifier Linear
R2VT) ™ Temperature Calculator
Classifier DCO|CODE
Delay OUT CLK Digitally
Ratio <«— Controlled |«
Estimator Oscillator

Fig. 3.7: System architecture of on-chip oscillator.
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Fig. 3.8: Timing diagram of the System architecture.

The maximum value and minimum value-of R1(V,, T).at voltage V,, with temperature
variations (T; to T4) will be found in the off-chip process, and are stored as R1yax(Vy) and
R1yvin(Vn), where V;, is V| to Vs. Similarly; the maximum value and minimum value of
R2(V, T,) at temperature T, with voltage variations (V; to Vs) will be found in the off-chip

process, and are stored as R2yax(Tyn) and R2yn(T,), where T, is T to Ta.

In the off-chip process, we perform the linear regression on the R2(V,, T) versus
DCO_CODE at voltage V, to obtain the coefficients a(V,) and b(V,), where V, is V| to Vs.
In addition, we also perform the linear regression on the R1(V, T,) versus DCO_CODE at
temperature T, to obtain the coefficients ¢(T,) and d(T,), where T, is T; to T4. Thus there
are totally 18 coefficients stored in the linear calculator for further voltage and temperature

compensation at chip run time.

When the values of RIMAx(Vn), RIMIN(VH), R2MAX(Tn), and R2M1N(Tn), a(Vn), b(Vn),

¢(Ty), and d(T,) for V; to Vs and T, to T4 are determined in the off-chip process, the
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proposed on-chip oscillator are now ready for generating the required target frequency

(Fpco).

At chip run time, the DRE estimates R1(V,T) and R2(V,T) with an unknown supply
voltage (V) and an unknown operation temperature (T). The voltage classifier uses the
R1yax(Vn) and R1yn(Vy) to roughly estimate the unknown supply voltage. For example, if
R1(V,T) is smaller than RIpax(V2) but is larger than R1yn(V2), and then, the current
supply voltage can be estimated as V,. The temperature classifier uses the R2yax(T,) and
R2yn(Ty) to roughly estimate the unknown operation temperature. For example, if R2(V,T)
is smaller than R2yax(T3) but is larger than R2yn(T3), and then, the current operation
temperature can be estimated as Ts. Then, the linear calculator uses Eq. 3.14 and Eq. 3.15 to
calculate two DCO control codes (Vcope and Teepg). Finally, the DCO control code for the

DCO is the average of the Vcope and Teopg as follows Eq. 3.16.

Veopp = 5 % — * = = alVa) « B2(V,, T) + b(V,) (Eq.3.14)

Fpco — Prro(PVT

Teope = 3 * Fcho * PRROEP,V:T) = a(T,) « RL(V,T,) + d(T,,) (Eq.3.15)

DCO CODE = M (Eq. 3.16)

In some special cases, for example, if R1(V,T) is smaller than R1yn(V3) but is larger
than R1max(V2), the voltage classifier can only determine the unknown supply voltage is
between V, and V3. In this case, the Vcopg can be expressed as Eq. 3.17. Similarly, if the
temperature classifier determines the unknown operation temperature is between T, and T3,

the Tcopg can be expressed as Eq. 3.18.

Veopr = “W21eM) o po(y, 1) + M) gy 3 17

Toopr = L2 RI(V, T) + 2D gy 318
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3.6 Experimental Results

The proposed on-chip oscillator circuit is implemented in a standard 90nm 1P9M
CMOS process. The operating voltage ranges from 0.90V to 1.10V, and temperature range
is from 0°C to 75°C. The layout of the test chip is shown in Fig. 3.9. The active area is

180pmx180pum, and chip area including I/O pads is 830pmx830um.

Calculator
|

Fig. 3.9: Layout of the test chip.

Figs. 3.10 and 3.11 show the output frequency of the proposed on-chip oscillator with
PVT variations. The target frequency is SMHz. The frequency error of the proposed on-chip
oscillator with temperature variations is 0.21% in typical process corner. The maximum
frequency error of the proposed design with voltage variations is 0.97% in typical process
corner. The maximum output frequency error with PVT variations ranges from -2.83% to
+2.49%.
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Fig. 3.10: Output frequen: variations (x-axis is voltage).
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Fig. 3.11: Output frequency with PVT variations (x-axis is temperature).
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3.7 Summary of the Proposed CBOCSO with
Multi-Point Calibration

In this chapter, a SMHz cell-based on-chip silicon oscillator is presented. The
maximum frequency error with temperature and voltage variations are 0.21% and 0.97%,

respectively.

The proposed on-chip oscillator with a relative modeling uses the voltage and
temperature classifier to roughly estimate the supply voltage and operation temperature at

chip run time.

Therefore, the frequency error can be significant reduced by a linear equation-based
compensation approach. The proposed design can be implemented by standard cells, and we
also propose the cell selection rules to choose the cells for.the delay ratio estimator. As a
result, the proposed design provides a systematic way to automatically generate the on-chip
oscillator with PVT variations tolerance. Thus the proposed design can operate with a low
supply voltage, and is very suitable for low-power and low-cost system-on-a-chip

application.

However, in this version, we need to perform multi-point calibration after chip
fabrication. Thus in the chapter 4, we proposed a new version design with only four-point

calibration to reduce the testing cost.

-33 -



Chapter 4
Cell-Based On-Chip Silicon Osci

Four-point calibration

llator with

4.1 Design of Delay Ratio Estimator

The block diagram of the proposed delay ratio estimator (DRE) is shown in Fig. 4.1

and 4.2 show the timing diagram of the DRE. In chapter 3, the frequency of RRO, CRO1

and CRO2 of DRE are set to 1.0 GHz and the value of NtpvE is

set to 2047. In this chapter,

the frequencies of RRO, CRO1'and CRO2 of DRE are slow down to about 200MHz for

reducing power consumption and the value of Ny 1s set to 1023.

CROI L-'-'-‘—-'-——— A SRy
— COUNTER [ CROTon RI(P,V.T)
A $
RRO Lot - R0 |
ENABLE ¥ COUNTER [RRom E"l_ N = 1023
M
cro2 Lt cron | A
- COUNTER | CRO2enr
I CDC1 I RDC [ ]CDC2
Fig. 4.1: The architecture of delay ratio estimator.
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Fig. 4.2: Timing diagram of the delay ratio estimator.

4.2 Design of Fine Tune Delay line

In chapter 3, the frequency error of the period cell-based on-chip silicon oscillator

(CBOCSO) with multi-points calibration is from -2.83% to +2.49%.

cde inD fine code[0]
enable_n

fine code[0]

D: Dummy Cell '

cde_out )

Fig. 4.3: The proposed fine delay line.

In order to decrease the output frequency error of the CBOCSO, it is necessary to
improve the digitally controlled oscillator (DCO) resolution. Thus, we propose a fine-tuning
circuit [36] which is design with standard cells as shown in Fig. 4.3 and add it to the
proposed DCO. This fine-tuning circuit consists of 512 lattice delay unit (LDU). The LDU

is composed with four NAND-gates, and this LDU can achieve the same function with one
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NAND-gate and one inverted-multiplexer. With this approach, the fine-tuning resolution
can enhance to two NAND-gates delay time, and the intrinsic delay is three NAND-gates
delay time. In addition, the NAND-gate transition time is very small because it can be
composed with only four transistors. This technique can make the DCO output frequency

becomes more linearly.

4.3 Design of Digital Control Oscillator

The modified DCO architecture is shown in Fig. 4.4, and Fig. 4.5 shows the timing
diagram of the DCO. The output of the CRO2 triggers the DCO counter, and when the
output value of the DCO counter equals to the input control code (COARSE CODE), the
signal cdc_in of fine tune circuit will set to high. According to the fine code (0 to 511), the
fine tune delay circuit can insert different delay between cdc_in and cdc_out. After the fine
tune delay circuit, the cdc_out pulse will trigger a D flip-flop, a pulse is generated, and then

the DCO counter.

Osc_enable—

DCO S D
COUNTER Q Q OUT_CLK

-
DCOCNT N reset ‘

COARSE_CODE, \

:E,%*:’: .- :’M
|:| CDC2 - LDU Fine Fine Fine

code[0] code[0] code[511]

-

Fig. 4.4: The architecture of the DCO includes coarse-tuning and fine-tuning stages.
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Fig. 4.5: Timing diagram of the DCO coarse-tuning and fine-tuning stages.

To generate the output clock with a 50% duty cycle, a divided-by-2 circuit is added

before output. The output frequency of the DCQO can be expressed as follows by Eq. 4.1.

1 1 p
Fpco = 3 ¥ 202D V.T)xCOARSE_CODEe+t Fine_codex P oy (P,V.1) tintrinsic delay (Eq.4.1)

where Pcro2(P,V,T) is the period of the CRO2, Pipy(P,V.T) is the delay time of the two
NANDs delay cell which is fine tuning resolution, intrinsic delay is delay time of the three
NANDs delay cell, and Fpco is the output frequency of the DCO. The period of CRO2 and
fine tuning delay circuit are easily affected by PVT variations with a fixed
COARSE_CODE. Thus, the input control code (Fine code) can be used to adjust the output

frequency with PVT variations.

4.4 Cell Selection Rules for Delay Ratio Estimator

Fig. 4.6 shows the cell selection flow chart for RDC, CDC1, and CDC2. At first, any
three logic cells are selected from the standard cell library to build up the delay ratio

estimator.
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Choose three cells from the cell library
to build up the delay ratio estimator (DRE)
(RDC, CDC1, CDC2)

[—

Perform SPIC E simulation of DRE with PVT variations
to obtain R1(P, V, T), R2(P, V, T), Gri, Sr1, Gro and Sg,

i

At different process corner, R1(P, V, T) values has to be
monotonically increasing or decreasing with temperature
variations at different voltages.

}
Choose best cell combination for RDC, CDC1 and CDC2
based on GR], SRI, GR2 and SRZ

Fig. 4.6: Flow chart of how to choose cells from the cell library.

Subsequently, we need to perform SPICE simulation of the DRE with PVT variations
to obtain the delay ratios, R1(P,V,T) and R2(P,V,T). In this chapter, the voltage varies from
Vi to Vo (V1=0.900V, V,=0.925V, V3=0.950V; V,=0.975V, Vs=1.000V, V=1.025V,
V:=1.050V, Vg=1.075V, and Vo=1.100V), and temperature varies from T, to T4, (T,=0°C,
T,=25°C, T5=50°C, and T4=75°C). In addition, the process variations include typical process
corner (TT), best process corner (FF), and worst process corner (SS). Therefore, it needs to

simulate the DRE in totally 108=(3*9*4) different P,V,T combinations.

The cell selection rule is different from section 3.4 and we add a rule for cell selection.
The new rule is that the R1(P,V,T) values is required to be monotonically increasing or
decreasing with temperature variations at different voltages. With temperature variations,
the R1(P,V,T) curves may have overlap region at different voltages. In order to solve this
problem, we can narrow down the temperature range, but we will not do it. Instead, we
improve the cell selection rules. Thus we can use the estimated temperature to estimate

the supply voltage.
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Fig. 4.7: Delay ratios R1(V, T) versus temperature with voltage and temperate variations

1n typical process corner.
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Fig. 4.8: Delay ratios R2(V, T) versus voltage with voltage and temperate variations in

typical process corner.
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Fig. 4.7 shows the delay ratios R1(V,T) versus temperature at different voltage in
typical process. ATTr;, of Eq. 4.2 means the spacing between the delay ratio R1 curves
with voltage V,, and voltage V. in typical process corner. If the delay ratios R1(V, T) is not
monotonically increasing with temperature variation at different voltage, the delay ratio R1

cell combination can be dropped.

Fig. 4.8 shows the delay ratios R2(V,T) versus voltage at different temperature in
typical process. In Fig. 4.8, with a fixed temperature value, the delay ratio R2 varies with
voltage variations. ATTry; of Eq. 4.3 means the spacing between the R2 delay ratio curves
with temperature T; and temperature Tj+; in typical process corner. The values of ATTrin
and ATTro; should be greater than zero, so that the delay ratios R1(V,T) and R2(V,T) can be
used to roughly estimate the supply voltage and operation temperature at chip run time.
Therefore, if the DRE fails to meet this requirement, the current cell combinations are
dropped, and then, we need to choose other cell combinations and repeat the SPICE

simulation of the DRE again.
ATTmy, = RUTT, Vor, Ty) — RL(IT.V,,T1) (Eq.4.2)

ATTys; = MIN(RATT.V.Tys1)) — MAX(RXATT.V.T))) (Eq. 43)
S =ATThy, (Eq.44)

S =ATTgy; (Eq.4.5)
Gri = ATTg + ASSp + AFFr,  (Eq.4.6)
Gry = ATTgy + ASSgy + AFFgpy  (Eq.4.7)
Spy = Std(ATTgr1, ASSri, AFFry) (Eq. 4.8)

SRQ = Std(ATTRQ, ASSRQ, AFFRQ) (Eq 49)
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The DRE should be simulated with different process corners. In Eq. 4.6, Ggr; of the
current DRE is defined as the summation of ATTgr;, ASSg1, and AFFRr;, where ATTr;, ASSg1,
and AFFg, are the summation of the R1(V,T) curve spacing in typical process corner, worst

process corner, and best process corner, respectively.

Similarly, Gg, of the current DRE is defined as the summation of ATTg,, ASSg,, and
AFFRr», where ATTra, ASSr2, and AFFg; are the summation of the R2(V,T) curve spacing in
typical process corner, worst process corner, and best process corner, respectively. In Eq. 4.8,
Sri is the standard deviation of ATTgr;, ASSr1, and AFFg,, and Sk, is the standard deviation
of ATTra, ASSg2, and AFFgr,. We need to compute Gri, Gra, Sri1, and Sg, of all possible cell
combinations, and the cell combination with largest values of Gg; and Ggrz, and smallest
values of Sgrj, Sg» is the best choice for design the DRE. However, if we cannot find this
best choice, the cell combination with a larger Ggrjvalue and smaller Sg; value is a better
choice. In this chapter, we use a 90nm cell library to implement the DRE, and the best cell

combination is (MXI4X2, NOR4BBX1,NAND3BXL) for (RDC, CDC1, CDC2).

4.5 Algorithm of Four-point Calibration

In this section, the voltage varies from V; to Vg (V;=0.900V, V,=0.925V, V3=0.950V,
V4=0.975V, Vs=1.000V, V=1.025V, V;=1.050V, Vs=1.075V, and V,=1.100V), and
temperature varies from T; to Ts, (T,=0°C, T,=25°C, T3=50°C, and T4=75°C). The DRE
estimates the R1(V,T) and the R2(V,T) at chip run time under voltage and temperature
variations. The voltage classifier will compare R1(V,T) and R14.(V,) to determine which
R14e(Vh) is close to R1(V,T). For example, if the R14.(V3) is closed to R1(V,T), the voltage
classifier estimates supply voltage is V3. Similarly, The temperature classifier will compare
R2(V,T) and R24c(Ty), to determine which R24.(Th) is close to R2(V,T). For example, if the

R24e¢(T)) is closed to R2(V,T), the operating classifier estimates operating temperature is T;.
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When the supply voltage and the operating temperature are determined, the linear calculator
uses coefficient a(V,) and b(V,) to calculate the DCO control code (FINE CODE).
Therefore, we need these values at chip run time (R14el(Vy), R24e¢(Th), a(Vy), and b(Vy)). In
the following section, we will introduce how to automatically calculate these values with

four-point calibration.

In the calibration mode, we need to measure the values of R1(V,T), R2(V,T), and the
period of the OUT CLK with different two voltages and four different temperatures (V3,T,),
(V3,T4), (V7,T1), (V7,T3). Therefore, it needs to measure the values of R1(V,T), R2(V,T), and
the period of the OUT CLK in totally four different (V,T) cases. The on-chip oscillator
needs to against voltage variations from V; (0.90V) to Vo (1.10V). If the calibration point is
Vs (1.00V), the voltage variation range is 10%. However, if we choose calibration points at

V3 (0.95V) and V5 (1.05V), the range of voltage variation can be reduced to 5%.

Fig. 4.9 shows the delay ratios RI(V,T) versus temperature at different voltage in
typical process, and in this example, we explain how to estimate the threshold value

R14e(V3) and R1ge(V7).

TT_Voltage_0.9~1.1(step 0.025)

75 —

/ f / —0.9V

——0.925V
50 /’ 0.95V

/ n n —0.975V
Rl;del 3) R del(v?) —1V

25
f / —1.025V

Temperature(°C)

1.05Vv

990 1000 1010 1020 1030 1040 10s0 —1.075V
R1(V,T) —_1.1V

Fig. 4.9: The voltage classifier estimates current voltage value with R14.(V3) and

R14.(V7) in typical process corner.
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In the calibration mode, we measure the value of R1(V,T), R2(V,T), and the period of
OUT_CLK at totally 4 different (V,T) cases (V3,T2), (V3,T4), (V7,T1), (V7,T3). Then the

R14:(V3) and R14e(V7) can be estimated as Eq. 4.10 and Eq. 4.11.

Rlyes (V) = round(BLBLHR Y go 4 10)

Rluet (V) = round(BVRII KT (o 411y

Fig. 4.10 shows the delay ratios R1(V,T) versus temperature at different voltage in

typical process corner, and in this example, we explain how to estimate threshold voltage

value R14e(V1) to R1g4ed(Vo).

TT_Voltage_0.9~1.1(step 0.025)
75
—0.9V
o —0.925V
T 0.95V
% ] " n = o —0.975V
g}}ldet(\f{) [ ] | Rlge(\odav
2 —1.025V
| | 1.05V
09‘;)0 10b0 1010 10.20 1030 104I0 1050 _1075V
R1(V,T) 1.1V

Fig. 4.10: The voltage classifier estimates voltage value R14.¢(V1) to R14e(Vy) in typical

process corner.

After computation of Rlge(V3) and Rl1ge(V7), the Rlge(Vi) to Rlge(Vo) can be

calculated by interpolation and extrapolation method. The R14.(V1) to Rlg4(Vo) can be

expressed as Eq. 4.12 to Eq. 4.18.
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Rlger(Vi) = Rl gep (V) — et a0 g 4,12

Rlger(Va) = Rl geg (V) — Hraccllalt Rlaesll) g g 13

R1gei(Vi) = Rlep(V3) + el Bl g 4,14

Rlyet(Vs) = Rl geg(V3) + Haerllsl Rlaall) = g g 15

Rlge(Ve) = Rlge(Vy) — Blaella-Maal) - g 4 16

Rlgeg(Ve) = Rlgey(Vy) + Ll Blaall) - g 4 17y

Rlyer(Va) = Rlge(Vy) 4 BacBtFall®) g 4 1g)

Then Rl14(V,) has been .calculated. At chip run time, the voltage classifier will
compare R1(V,T) and R14.(V,) and determines which Rlg.(V,) is closed to R1(V,T). For
example, if the R1g4(Vs) is closed to RI1(V,T), the voltage classifier estimates supply

voltage is Vs.

We need to measure the DCO period of OUT CLK at two fine codes: 0 and 511 with
coarse code(Acode) to obtain coarse-tuning resolution of the DCO at (V3,T2), (V3,T4),
(V7,T1), (V7,T3). The period of OUT_CLK with fine tune delay circuit set to maximum

and minimum delay can be expressed as Eq. 4.19 and Eq. 4.20.

MIN _Poyr ok = FINE; y7+
Fine_code(0) * FIN Erps + ACcops * Cres (Eq. 4.19)

MAX _Foyy crx = FINE N+

Fine_code(511) x FIN Epgs + ACcopg * Cres (Eq. 4.20)
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Table 4.1: The terms in Eq. 4.19 to Eq. 4.25.

name

description

FINEREs

fine tuning resolution

FINEmT

intrinsic delay of the fine-tuning

circuit

CrEs

coarse tuning resolution

ACcopk

coarse code by simulation

Ccope

coarse code by calculation

MAX _Pour crx

period with max fine tuning control

code

MIN_Pour crx

Period with min fine tuning control

code

Table 4.1 shows the terms used in Eq. 4.19 to Eq. 4.25. When we have the maximum
period and the minimum period of OUT _CLK with coarse code(Aco de), we can calculate
the corresponding on-chip oscillater control code (Fine code). The control code can be
expressed as Eq. 4.21 to Eq. 4.25. ' We can use the maximum period and the minimum period
of OUT_CLK to calculate the fine tuning resolution. In Eq. 4.21, the fine tuning resolution
is two NAND delay time as indicated in Fig. 4.3. In Eq. 4.22, we use the simulation coarse
code (ACcope) to calculate the coarse tuning resolution. The intrinsic delay of the
fine-tuning circuit is three NAND delay fine as indicated in Fig.4.3. Thus, the intrinsic
delay of fine-tuning circuit can be expressed as Eq. 4.23. In Eq. 4.24, the coarse code

(Ccopg) calculation will produce decimal point. Thus, we will eliminate the decimal point

by Gaussian function.

T 1AX 7 oLk —MIN T O
FINERps = MAX_Pour g —MIN_Pour crk

— ZWHV_POUT_CLK*F[NEINT

511 (Eq. 4.21)

Cres

F[Z\/YE]NT:F[NERES x 1.5

ACcope
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J\/[IN_POUT_CLK—FINT-Fine_COd(’B(O)*FHES
CrEs

Ceope = | | =1 (Bq.4.24)

1 1 I
5 * - C x Crps — FINEN
Foco CODE RES INT

Fine_code = = FINEris (Eq. 4.25)

In Eq. 4.25 Fpco is the output frequency of the DCO shown in Fig. 4.4. In this thesis, we
expected the output frequency is SMHz (200ns). When we fix a coarse code, the input

control code (Fine code) can be used to adjust the output frequency with PVT variations.

Fig. 4.11 shows R2(V,T) versus fine code with voltage variations at different
temperature values in typical process corner, and the temperature classifier estimates the
threshold value R24(T;) to R24¢(T4). We measure the value of R2(V,T) at (V3,T2), (V3,T4),
(V4,T1), and (V7,T3) as R24e(T1), R24et(T2), R24et(T3), and R24.(T4), respectively. At this
time, R24.(T,) has been determined. At chip run time, The temperature classifier will
compare R2(V,T) and R24(Th).to determine which R24(T,) is close to R2(V,T). For
example, if the R24.(T3) is closed to R2(V,T), the temperature classifier estimates operating

temperature is Ts.

TT_Case_Temperature
——( —f=25 S0 wmiiem}S

430

380 R2,4.(T,)
@D 330
b ® R2(T>)
Ul 280
g
£ 2
= \ R24e(T5)

180

dect(Tl)
130
80
980 985 990 995 1000 1005 1010 1015 1020 1025 1030 1035
R2(V,T)

Fig. 4.11: The R2(V,T) versus fine code with voltage variation at different temperature

in typical process corner.
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If we connect the points with the same voltage, we can redraw Fig. 4.11 as Fig. 4.12.
However, since we only perform four-point calibration, Fig.4.13 shows the linear regression
equation with two points measured at two voltages. In the off-chip process, we perform the
two linear regression at the two voltages V3 and V5. First, we perform a linear regression of
R2(V3, T,) and R2(V3, T4) versus fine code to obtain the coefficients a(V;) and b(Vs),
similarly, we perform a linear regression of R2(V,, T;) and R2(V5, T3) versus fine code to

obtain the coefficients a(V7) and b(V>).
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&

@
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80 - . . :
980 990 1000 1010 1020 1030

R2(V,T)

Fig. 4.12: The value R2(V,T) each point connected into lines with temperature variation

at different voltages in typical process corner.
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Fig. 4.13: The linear regression equation with two points measured at two voltages.

Fig. 4.14 shows each line.with temperature variations at different voltage can be

obtained by interpolation and extrapolation method.
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Fig. 4.14: Each line with temperature variations can be obtained at different voltages.
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After computation of the coefficients a(V3), b(V3), a(V7) and b(V5), the coefficients of
a(Vy) to a(Vy) and b(V)) to b(Vy) can be calculated by interpolation and extrapolation
method. The coefficients of a(V;) to a(Vy) and b(V;) to b(Vy) can be calculated as Eq. 4.26

to Eq. 4.32.

aVi) = a(Vy) — 202200

a0y (Eq.4.26
b(Vi) = b(V3) — 2 t05) (Eq. 4.26)

a(V3) = a(Vp) — 2 08)
b(V3) = (V) — HYDbS) (Eq. 4.27)

a(Vy) = a(Vy) + 2ol

(V) —b(V; Eq. 4.28
b(Vy) = b(Vy) + Honben) - (EQ-4.28)

a(Vs) = a(Vs) 4 L¥r—alts)

b(V3) = b(V5) + bvo-ton  (EQ 4.29)
a(Vg) = (V) = 2z s)
b(17) —di(VA) - Micbiy, (Ed- 4.30)

4

a(Vs ) =a( Ve savs)
bvi—os)  (Eq. 4.31)

b(Vi) = b{i7) +
a(Ve) = V) elialoells)
b(Vy) = b(Ve) + 210

2

(Eq. 4.32)

4.6 System Architecture

The proposed on-chip ring oscillator architecture which uses the relative reference
modeling with four-point calibration is shown in Fig. 4.15, and Fig. 4.16 shows the timing
diagram of this system architecture. It is composed of a delay ratio estimator (DRE), a
voltage classifier, a temperature classifier, a linear calculator, and a digitally controlled
oscillator (DCO). The DRE estimates the R1(V,T) and the R2(V,T) at chip run time under

voltage and temperature variations.
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Fig. 4.15: System architecture of on-chip oscillator at chip run time.
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Fig. 4.16: Timing diagram of the system architecture at run time.

When the values of R14e(Vn), R24e(Tj), a(Vy), and b(V,) for Vi to Vg and T to T4 are
determined in the off-chip process, the proposed on-chip oscillator are now ready for

generating the target frequency (Fpco) at SMHz.

At chip run time, the DRE estimates R1(V,T) and R2(V,T) with a unknown supply
voltage (V) and a unknown operation temperature (T). The voltage classifier uses the
R14e(Vy) to roughly estimate the supply voltage. The temperature classifier uses the R24.(Tj)

to roughly estimate the operation temperature. When the voltage classifier and temperature
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classifier determine the current supply voltage and operation temperature, the linear
calculator uses Eq. 4.33 to calculate DCO control codes (fine code). Than the DCO are
controlled by the coarse code and the fine code to output the required frequency with

voltage and temperature variations.
fine code = a(V,,) * R2(V,T) + b(V,,) (Eq. 4.33)

Fig. 4.17 shows the flow chart of the voltage classifier. The R1(V,T) curves maybe
overlap at (Vy,,T3) and (Vyut1,To). Thus, it cause voltage estimation problem. However, from
R2(V,T) curve, we can roughly estimate the operation temperature and in the cell selection
rules, R1(V, T) should have a monotonic response. Then with the estimated temperature
information, we can solve the problem when RI1(V,T) curves overlap at (V,,T3) and

(Vint1,Tp). Thus, the supply voltage can be estimated more accurately.

If the distance between RL(V, T) and R14.(Vy) 1s shorter than the distance between
R1(V, T) and R14e(Vy+1) as shown in Fig 4.11, the current supply voltage can be estimated
as V,. Similarly, if the distance between RI(V, T) and R14(Vyn:+1) is shorter than the
distance between R1(V, T) and R14.(Vy), the current supply voltage can be estimated as

Vn+l .

At chip run time, After 4-point cAlibration,
the DRE generates we can get
R1(V,T) and R2(V,T) R14e(Va) and R24(T))

=0 to 9)
++ If( R1ge(Va) - RI(V,T)) >0

True

A

R2(V,T) - (R24e(Ts) )

operation
temperature =T,

operation

temperature = T, ((R24(Ty) - R2(V,T))

‘ Coarse Supply voltage =V,

operation
temperature =
TrorTs

(RI(V,T) - (R1ged( V1) )

(Rlgee(Va) - R1(V,T)

A 4 A4 A 4

Supply voltage =|
Supply voltage =V, (\l,"lzl}; V.) /gz Supply voltage=V,

Supply voltage =

Supply voltage =|
Vit V.

Fig. 4.17: Flow chart of the voltage classifier.
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In addition, if the distance between R1(V, T) and R14.(Vy) is equal to the distance
between R1(V, T) and R14e(Vni1), we need to use R2(V,T) value to determine the current
supply voltage. In this case, if the temperature classifier estimates current operation
temperature is Ti, the current supply voltage can be estimated as V,. However, if the
temperature classifier estimates current operation temperature is Ty, the current supply
voltage can be estimated as Vy:;. In some special cases, if the temperature classifier
estimates current operation temperature is T2(25°CO0 to T3(50 °C), the current supply voltage

can be estimated as Eq. 4.34 and the fine _code can be expressed as Eq. 4.35.

current supply voltage = % x (Vo + Viy1) (Eq. 4.34)
fine code = w « R2(V,T) + Mﬁ;u"“) (Eq. 4.35)

For example, if the distance between R1(V, T) and R14.(Vs) is equal to the distance
between RI(V, T) and Rl4(Ve), and temperature classifier estimates current operation
temperature is T4(75°C, the current supply voltage can be estimated as Vs. Under the same
conditions, if the temperature classifier estimates current operation temperature is 0°C, the
current supply voltage can be estimated as Vs, if the temperature classifier estimates current
operation temperature is T(25°C0 to T3(50 °C), the current supply voltage can be estimated

as Eq. 4.36 and the fine_code can be expressed as Eq. 4.37

current supply voltage = % * (Vs + Vi) (Eq. 4.36)

fine code = w « R2(V,T) + w (Eq. 4.37)
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4.7 Experimental Results

The proposed on-chip oscillator circuit is implemented in a standard 90nm 1P9M
CMOS process. The operating voltage ranges from 0.90V to 1.10V, and the temperature
ranges from 0°C to 75°C. The layout of the test chip is shown in Fig. 4.18. The active area is

250pmx*200pum, and chip area including I/O pads is 815pmx765um.

Fig. 4.18: Layout of the test chip.

Figs. 4.19 and 4.20 show the simulation results of the output frequency of the proposed
on-chip oscillator with PVT variations. The target output frequency is SMHz. The frequency
error of the proposed on-chip oscillator with temperature variations is 0.28% in typical
process corner. The maximum frequency error of the proposed design with voltage
variations is 0.56% in typical process corner. The maximum output frequency error with

PVT variations ranges from -1.36% to +0.91%.
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Fig. 4.20: The simulation results output frequency with PVT variations (x-axis is

temperature).
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4.8 Comparison of Proposed Two CBOCSO

In chapter 3 and chapter 4, the proposed CBOCSO with multi-points calibration and
with four-point calibration are introduced, respectively. In this section, we summarize the

difference between them.

In proposed CBOCSO with multi-points calibration (MPC) and the CBOCSO with
four-point calibration (FPC), three are both composed of a delay ratio estimator (DRE), a

voltage classifier, a temperature classifier, a linear calculator, and a digitally controlled

oscillator (DCO).
Table 4.2: Comparison between MPC and FPC
with multi-points calibration with four-point calibration
Item (MPC) (FPC)
Only coarse delay line Coarse and fine delay line
Oscillator type (cyclic DCO) Combination
Frequency of DRE MPC > FPC
Power Consumption MPC > FPC
Area MPC < FPC
Calibration costs MPC > FPC
Frequency Error MPC > FPC

Table 4.1 shows the comparisons between MPC and FPC. In the DRE circuit, if the
frequency of RRO, CRO1 and CRO2 runs too fast, the power consumption of the DRE will
be very large. In the MPC, we use a DCO with only a coarse delay line. In order to make the
DCO has a fine resolution, the frequency of RRO should be at high frequency. However,
when the frequency goes up, the power consumption is also increased. In the FPC, we slow
down the frequency of RRO, CRO1 and CRO2, and thus the power consumption of DRE
can be greatly reduced. However, the resolution of DCO will be worse. Thus, we spend
extra area in the DCO circuit by adding the fine tune delay circuit, so that DCO has a better
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resolution.

In the MPC, we need to measure many voltage and temperature points, and thus the
cost of calibration is too high. In the FPC, we proposed a four-point calibration with
interpolation and extrapolation, the cost of calibration can be greatly reduced. In addition,
we have improved the algorithm of voltage classifier and the temperature classifier, the
voltage and temperature can be determined more accurately. So even with four-point

calibration, the frequency error of the FPC is better than the MPC.

IF we perform multi-point calibration in the FPC and named is as FPCCM. Figs. 4.21
and 4.22 show the output frequency of the FPCCM with PVT variations. With the same
setting with FPC, the frequency error of the FPCCM with temperature variations can be
reduced to 0.18% in typical process corner. The maximum frequency error of the FPCCM
with voltage variations can be.also reduced to 0.39% in. typical process corner. The
maximum output frequency error of the FPCCM with PVT variations ranges from -0.92%

to +0.85%.

Table 4.3: Comparison between FPC and FPCCM

Parameter FPC FPCCM
Temp. Range 0~75
Vari. with Temp. | 0.28% 0.18%
VDD Range 0.9~1.1

Vari. with VDD 0.56% 0.39%
Max error % 1.36% 0.92%

Table 4.3 shows the comparisons between FPC and FPCCM. In the FPCCM, although
we increase the calibration point but the frequency error is not greatly reduced. The DRE
circuit calculates values of RI(V,T) and R2(V,T), these two values may generate *1
calculation error. Temperature variations is not very linear, the linear calculator uses

multi-point or two-point linear regression results would be similar. The FPCCM or the FPC
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will cause some error by calculation. Thus, when the voltage classifier estimates a correct
voltage, the error in FPCCM and FPC are not so different. In addition, the testing cost for

FPCCM is too much, thus we didn’t use this architecture.
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Fig. 4.22: The simulation results output frequency with PVT variations (x-axis is

temperature).
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Chapter 5

Circuit Measurement Results

5.1 Specifications

Fig. 5.1: Microphotograph diagram of the CBOCSO.

The proposed on-chip oscillator circuit with four-point calibration is fabricated in a
standard 90nm 1P9M CMOS process. The operating voltage ranges from 0.90V to 1.10V,
and temperature range is from 0°C to 75°C. The microphotograph of the test chip is shown
in Fig. 5.1. The chip is consisted of a coefficient register, a delay ratio estimator (DRE), a
voltage classifier, a temperature classifier, a linear calculator, and a digitally controlled
oscillator (DCO).The active area is 180umx180um, and chip area including I/O pads is

830umx=830um. The gate count is about 11396.
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Fig. 5.2 shows the chip floor plan and I/O plan of the proposed CBOCSO with
four-point calibration, and the pad description is shown in Table 5.1. The input pad
I RESET will reset the system pin. The I OUT CLK 0 is the CBOCSO DCO output pin,

which output frequency should be kept at the SMHz with PVT variations.
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<@l VDDCO
<]
<@l VSSP2

I_RESET
I_MODE_0

@l VSSCO
<1
@@ VDDP2
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@ VDDP3
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VSsP3 D> S| % <1 1.G_IN_2
a%||of
| MODE 2 [ g qllg @ Coefficient Register | |l<gll VSSP1
- _ ESES
2" g
=) jzd
I_MODE_3 g £ <17 1ent
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VDDP4 ﬁ Circuit %2 I.G_IN_O
— VDDP1
I_MODE_4 Linear <
Calculator DCO Circuit
I_MODE_5 [ > Circuit <mm ' GOUT3
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3 2 5 & S o o&g o
n = a a X n n [
D 2 - n % 2
> OI g g © > > OI
O] = O]
| 2 |
Z 3 Z
_
Fig. 5.2: Chip floor plan and /O plan.
Table 5.1: The I/O PAD information of CBOCSO.
Pin Number Pin Name Input/Output Information
1 I G IN 1 Input Input value pin[1]
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2 VSSP1 Input Pad Power

3 I GIN 2 Input Input value pin[2]

4 I GIN 3 Input Input value pin[3]

5 VDDP2 Input Pad Power

6 I MODE 0 Input Input / output Mode select [0]
7 VSSCO Input Core Power

8 VSSP2 Input Pad Power

9 I EXT REF CLK Input External CLK

10 VDDCO Input Core Power

11 VDDP3 Input Pad Power

12 I RESET Input Chip Reset Pin

13 I MODE 1 Input Input / output Mode select [1]
14 VSSP3 Input Pad Power

15 I MODE 2 Input Input / output Mode select [2]
16 I MODE 3 Input Input / output Mode select [3]
17 VDDP4 Input Pad Power

18 I MODE 4 Input Input / output Mode select [4]
19 I MODE 5 Input Input / output Mode select [5]
20 I MODE 6 Input Input / output Mode select [6]
21 VSSP4 Input Pad Power

22 I G OUT 0 Output output value pin[0]

23 VDDCI1 Input Core Power

24 VDDPO Input Pad Power

25 I OUT CLK 0 Output DCO output clock

26 VSSCl1 Input Core Power
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27 VSSPO Input Pad Power
28 I G OUT 1 Output output value pin[1]
29 I G OUT 2 Output output value pin[2]
30 I G OUT 3 Output output value pin[3]
31 VDDPI1 Input Pad Power
32 I GINO Input Input value pin[3]

In addition, the input Pad I G IN 0toI G IN 3 are the coefficient register input pins,

and the output Pad I G OUT 0toI G OUT 3 are the coefficient register output pins. The

input pad I MODE 0 to I MODE 6 represents the input mode, and the input mode can be

0 to 127. We use different code of mode[6:0] to input different value through G_IN[3:0].

The G_OUT][3:0] used as a debug register value in different mode.

The Table 5.2 shows the“corresponding inputs and outputs in each mode, which

including the coefficients of the linear calculator. There are totally 102 modes can be used.

The input pad I EXT REF CLK is an external reference clock. The circuit input

coefficients required a reference clock: When the coefficients have been input, the circuit

starts operation, the input pad I EXT REF CLK is not required.

Table 5.2: The serial pin of mode[6:0] information of CBOCSO.

mode[6:0] G_INJ[3:0] G _OUTI3:0]
1 G _IN[3:0] input to Coefficient A 0.900V[11:8] None
2 G _IN[3:0] input to Coefficient A 0.900V[7:4] |G_OUT][3:0] print Coefficient A 0.900V[11:8]
3 G _IN[3:0] input to Coefficient A 0.900V[3:0] |G_OUT][3:0] print Coefficient A 0.900V[7:4]
4 G _IN[3:0] input to Coefficient A 0.925V[11:8] |G_OUT[3:0] print Coefficient A 0.900V[3:0]
5 G _IN[3:0] input to Coefficient A 0.925V[7:4] |G_OUT][3:0] print Coefficient A 0.925V[11:8]
6 G _IN[3:0] input to Coefficient A 0.925V[3:0] |G_OUT[3:0] print Coefficient A 0.925V[7:4]
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G_IN[3:0] input to Coefficient A 0.950V[11:8]

G_OUT][3:0] print Coefficient A 0.925V[3:0]

G_IN[3:0] input to Coefficient A 0.950V[7:4]

G_OUT]3:0] print Coefficient A 0.950V[11:8]

G_IN[3:0] input to Coefficient A 0.950V[3:0]

G_OUT]([3:0] print Coefficient A 0.950V[7:4]

10

G _IN[3:0] input to Coefficient A 0.975V[11:8]

G _OUT]3:0] print Coefficient A 0.950V[3:0]

11

G_IN[3:0] input to Coefficient A 0.975V[7:4]

G_OUT][3:0] print Coefficient A 0.975V[11:8]

12

G _IN[3:0] input to Coefficient A 0.975V[3:0]

G _OUT]3:0] print Coefficient A 0.975V[7:4]

13

G _IN[3:0] input to Coefficient A 1.000V[11:8]

G_OUT][3:0] print Coefficient A 0.975V[3:0]

14

G_IN[3:0] input to Coefficient A 1.000V[7:4]

G_OUT][3:0] print Coefficient A 1.000V[11:8]

15

G_IN[3:0] input to Coefficient A 1.000V[3:0]

G_OUT][3:0] print Coefficient A 1.000V[7:4]

16

G _IN[3:0] input to Coefficient A 1.025V[11:8]

G_OUT][3:0] print Coefficient A 1.000V[3:0]

17

G _IN[3:0] input to Coefficient A 1.025V[7:4]

G _OUT]3:0] print Coefficient A 1.025V[11:8]

18

G _IN[3:0] input to Coefficient A 1.025V[3:0]

G.OUT][3:0] print Coefficient A 1.025V[7:4]

19

G_IN[3:0] input to Coefficient A 1.050V[11:8]

G OUT[3:0] print Coefficient A 1.025V[3:0]

20

G_IN[3:0] input to Coefficient A 1.050V[7:4]

G_OUT]3:0] print Coefficient A 1.050V[11:8]

21

G_IN[3:0] input to Coefficient A 1.050V[3:0]

G OUT][3:0] print Coefficient A 1.050V[7:4]

22

G _IN[3:0] input to Coefficient A 1.075V[11:8]

G _OUT]3:0] print Coefficient A 1.050V[3:0]

23

G _IN[3:0] input to Coefficient A 1.075V[7:4]

G_OUT][3:0] print Coefficient A 1.075V[11:8]

24

G _IN[3:0] input to Coefficient A 1.075V[3:0]

G _OUT]3:0] print Coefficient A 1.075V[7:4]

25

G _IN[3:0] input to Coefficient A 1.100V[11:8]

G_OUT][3:0] print Coefficient A 1.075V[3:0]

26

G_IN[3:0] input to Coefficient A 1.100V[7:4]

G_OUT][3:0] print Coefficient A 1.100V[11:8]

27

G_IN[3:0] input to Coefficient A 1.100V[3:0]

G_OUT][3:0] print Coefficient A 1.100V[7:4]

28

G _IN[3:0] input to Coefficient B 0.900V[11:8]

G_OUT][3:0] print Coefficient A 1.100V[3:0]

29

G _IN[3:0] input to Coefficient B 0.900V|[7:4]

G_OUT]3:0] print Coefficient B 0.900V[11:8]

30

G _IN[3:0] input to Coefficient B _0.900V[3:0]

G_OUT][3:0] print Coefficient B_0.900V[7:4]

31

G_IN[3:0] input to Coefficient B _0.925V[11:8]

G_OUT][3:0] print Coefficient B _0.900V[3:0]
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32

G_IN[3:0] input to Coefficient B 0.925V[7:4]

G_OUT][3:0] print Coefficient B 0.925V[11:8]

33

G_IN[3:0] input to Coefficient B 0.925V][3:0]

G_OUT][3:0] print Coefficient B 0.925V[7:4]

34

G_IN[3:0] input to Coefficient B _0.950V[11:8]

G_OUT][3:0] print Coefficient B _0.925V[3:0]

35

G _IN[3:0] input to Coefficient B 0.950V[7:4]

G _OUT]3:0] print Coefficient B 0.950V[11:8]

36

G _IN[3:0] input to Coefficient B _0.950V[3:0]

G_OUT][3:0] print Coefficient B _0.950V[7:4]

37

G _IN[3:0] input to Coefficient B 0.975V[11:8]

G_OUT]3:0] print Coefficient B 0.950V[3:0]

38

G _IN[3:0] input to Coefficient B 0.975V[7:4]

G_OUT]3:0] print Coefficient B 0.975V[11:8]

39

G _IN[3:0] input to Coefficient B _0.975V[3:0]

G_OUT][3:0] print Coefficient B _0.975V[7:4]

40

G _IN[3:0] input to Coefficient B _1.000V[11:8]

G_OUT][3:0] print Coefficient B 0.975V[3:0]

41

G _IN[3:0] input to Coefficient B _1.000V[7:4]

G_OUT][3:0] print Coefficient B _1.000V[11:8]

42

G_IN[3:0] input to Coefficient B 1.000V[3:0]

G_OUT]3:0] print Coefficient B 1.000V[7:4]

43

G _IN[3:0] input to Coefficient B 1.025V[11:8]

G.OUT][3:0] print Coefficient B _1.000V[3:0]

44

G_IN[3:0] input to Coefficient B..1.025V[7:4]

G OUT][3:0] print Coefficient B 1.025V[11:8]

45

G _IN[3:0] input to Coefficient B 1.025V[3:0]

G_OUT|[3:0] print Coefficient B 1.025V[7:4]

46

G_IN[3:0] input to Coefficient B 1.050V[11:8]

G OUT][3:0] print Coefficient B 1.025V[3:0]

47

G _IN[3:0] input to Coefficient B 1.050V[7:4]

G_OUT]3:0] print Coefficient B 1.050V[11:8]

48

G_IN[3:0] input to Coefficient B 1.050V[3:0]

G_OUT][3:0] print Coefficient B _1.050V[7:4]

49

G _IN[3:0] input to Coefficient B 1.075V[11:8]

G_OUT]3:0] print Coefficient B 1.050V[3:0]

50

G _IN[3:0] input to Coefficient B 1.075V[7:4]

G_OUT]3:0] print Coefficient B 1.075V[11:8]

51

G _IN[3:0] input to Coefficient B _1.075V[3:0]

G_OUT][3:0] print Coefficient B _1.075V[7:4]

52

G _IN[3:0] input to Coefficient B 1.100V[11:8]

G_OUT][3:0] print Coefficient B 1.075V[3:0]

53

G _IN[3:0] input to Coefficient B _1.100V[7:4]

G_OUT][3:0] print Coefficient B 1.100V[11:8]

54

G_IN[3:0] input to Coefficient B 1.100V[3:0]

G_OUT]3:0] print Coefficient B 1.100V[7:4]

55

G _IN[2:0] input to index R1 0.900V[10:8]

G_OUT][3:0] print Coefficient B _1.100V[3:0]

56

G_IN[3:0] input to index R1 0.900V[7:4]

G_OUT][3:0] print index R1_0.900V[10:8]
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57 G_IN[3:0] input to index_R1 0.900V[3:0] G_OUT][3:0] print index R1 0.900V[7:4]
58 G _IN[2:0] input to index R1 0.925V[10:8] G_OUT][3:0] print index R1_0.900V[3:0]
59 G_IN[3:0] input to index R1 0.925V[7:4] G_OUT][3:0] print index R1 0.925V[10:8]
60 G_IN[3:0] input to index R1 0.925V[3:0] G_OUT([3:0] print index R1 0.925V[7:4]
61 G _IN[2:0] input to index R1 0.950V[10:8] G_OUT][3:0] print index R1 0.925V[3:0]
62 G_IN[3:0] input to index R1 0.950V[7:4] G_OUT](3:0] print index R1 0.950V[10:8]
63 G _IN[3:0] input to index R1 0.950V[3:0] G _OUT][3:0] print index R1_0.950V[7:4]
64 G_IN[2:0] input to index R1 0.975V[10:8] G_OUT][3:0] print index R1 0.950V[3:0]
65 G _IN[3:0] input to index R1 0.975V[7:4] G_OUT][3:0] print index R1 _0.975V[10:8]
66 G _IN[3:0] input to index R1 0.975V[3:0] G _OUT][3:0] print index R1 _0.975V[7:4]
67 G_IN[2:0] input to index R1 1.000V[10:8] G_OUT](3:0] print index R1 0.975V[3:0]
68 G _IN[3:0] input to index R1 1.000V[7:4] G.OUT[3:0] print index R1 1.000V[10:8]
69 G _IN[3:0] input to index R1 1.000V[3:0] G OUT[3:0] print index R1 1.000V[7:4]
70 G _IN[2:0] input to index R1 1.025V[10:8] G_OUT][3:0] print index R1_1.000V[3:0]
71 G_IN[3:0] input to index R1 1.025V[7:4] G OUT][3:0] print index R1 1.025V[10:8]
72 G_IN[3:0] input to index R1 1.025V[3:0] G_OUT([3:0] print index R1 1.025V[7:4]
73 G _IN[2:0] input to index R1 1.050V[10:8] G _OUT][3:0] print index R1 1.025V][3:0]
74 G_IN[3:0] input to index R1 1.050V[7:4] G_OUT](3:0] print index R1 1.050V[10:8]
75 G _IN[3:0] input to index R1 1.050V[3:0] G _OUT][3:0] print index R1 _1.050V[7:4]
76 G_IN[2:0] input to index R1 1.075V[10:8] G_OUT][3:0] print index R1 1.050V[3:0]
77 G _IN[3:0] input to index R1 1.075V[7:4] G _OUT][3:0] print index R1 1.075V[10:8]
78 G _IN[3:0] input to index R1 1.075V[3:0] G _OUT][3:0] print index R1 1.075V[7:4]
79 G_IN[2:0] input to index R1 1.100V[10:8] G_OUT](3:0] print index R1 1.075V[3:0]
80 G _IN[3:0] input to index R1 1.100V[7:4] G _OUT][3:0] print index R1 1.100V[10:8]
81 G _IN[3:0] input to index R1 1.100V[3:0] G_OUT][3:0] print index R1 1.100V[7:4]
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82 G_IN[2:0] input to index R2 00T[10:8] G_OUT][3:0] print index R1 1.100V[3:0]
83 G _IN[3:0] input to index R2 00T[7:4] G_OUT][3:0] print index R2 00T[10:8]
84 G_IN[3:0] input to index R2 00T[3:0] G_OUT][3:0] print index R2 00T[7:4]
85 G_IN[2:0] input to index R2 25T[10:8] G_OUT](3:0] print index R2 00T[3:0]
86 G _IN[3:0] input to index R2 25T[7:4] G_OUT][3:0] print index R2 25T[10:8]
87 G _IN[3:0] input to index R2 25T[3:0] G _OUT]3:0] print index R2 25T[7:4]
88 G_IN[2:0] input to index R2 50T[10:8] G_OUT][3:0] print index R2 25T[3:0]
89 G_IN[3:0] input to index R2 50T[7:4] G_OUT][3:0] print index R2 50T[10:8]
90 G_IN[3:0] input to index R2 50T[3:0] G_OUT][3:0] print index R2 50T[7:4]
91 G_IN[2:0] input to index R2 75T[10:8] G_OUT][3:0] print index R2 50T[3:0]
92 G_IN[3:0] input to index R2 75T[7:4] G_OUT](3:0] print index R2 75T[10:8]
93 G_IN[3:0] input to index_R2 75T[3:0] G.OUTJ3:0] print index R2 75T[7:4]
G _IN[3] inputto T75 enable
G _IN[2] inputto TOO enable
G _OUT][3:0] print index R2 75T[3:0]
G _IN[1] input to Half enable
94 G _IN[0] input to DRE enable
G _OUT[3] print T75 enable
G_OUT[2] print TOO enable
G _OUT[1] print Half enable
95 G_IN[3:0] input to DCO Coarse code G _OUT[0] print DRE enable
96 None G_OUT][3:0] print DCO Coarse code
97 None G _OUT]2:0] print DRE Estimate R1[10:8]
98 None G_OUT][3:0] print DRE Estimate R1[7:4]
99 None G _OUT]3:0] print DRE Estimate R1[3:0]
100 None G_OUT][2:0] print DRE Estimate R2[10:8]
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101 None G_OUT][3:0] print DRE Estimate R2[7:4]

102 None G_OUT][3:0] print DRE Estimate R2[3:0]

5.2 Measurement

Fig. 5.3 shows the measurement environment of the CBOCSO test chip. There are a
power supply (Agilent E3600), a signal generator (Agilent 81134A), an oscilloscope
(Agilent 8000 Series), a seeeduino ADK main board, a chip and a test board. The power
supply provides the Core power and Pad power for CBOCSO, and the Core power is 0.90V
to 1.10V and the Pad power is 3.3V. The signal generator generates the external input clock
for the reference clock. The oscilloscope is used for monitoring the frequency of DCO

output clock waveform.

Seeeduino ADK Main Board Oscilloscope

Signal
Generator |

Power
Supply

Chip
And
Test board

Thermostat

Fig. 5.3: The measurement environment of the CBOCSO.

Fig 5.4 shows the Seeeduino ADK Main Board to communicate with the test board.
Seeeduino ADK Main Board is an Android Open Accessory Development Kit(ADK), with

general purpose I/O (GPIO) function. The GPIO function can generate digital or analog
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pluses. The GPIO function of the seeeduino, which providing 3.3V and 5V mode for users.
We can use the GPIO function of the seeduino, produce a continuous input signal through

test board and input to our chips. These input data are shown in Table 5.2.

' Chip and eeeduino ADK

Test board Main Board
...........................

N

D N XY

Fig. 5.4: The Seeeduino ADK Main Board to communicate with the chip schematic.

Figs. 5.5 and 5.6 show the measurement results of three chips, the target frequency is
5SMHz. After four-point calibration mode, the maximum output frequency error with voltage
and temperature variations ranges from -1.47% to +1.31%. The voltage is from 0.90V to
1.10V, which step is 0.25V. The temperature is from 0°C to 75°C, which step is 25°C. The
simulation result of output frequency error is -1.36% to +0.91% with PVT variations. We
can compare the measurement results and simulation results, there are very close between
the two results. Thus, we can prove that the CBOCSO with four-point calibration method is

highly effective.
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Fig. 5.6: Measurement results of output frequency (x-axis is temperature).
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Fig. 5.7(a) shows the simulation period jitter of on-chip oscillator at 1.00V and 25°C in
typical corner. The target frequency of this on-chip oscillator is SMHz. The Pk-Pk period
jitter is 190ps. Fig. 5.7(b) shows the Pk-Pk cycle-to-cycle jitter with the same setting is
170ps. Fig. 5.8 shows the power spectral density with the same setting is -82.20 dBc/Hz at

1MHz distance from the carrier frequency.

Means 200,03 ns(S.00MH2) FMS=28 25 ps, Pk-Pke190.00 ps Cycho-to-Cycle RMS=15.07 ps. Pk-Pk=170.00 ps

3000 3000
2500 | 2500
2000 2000 -
3 00| 3 1500
1000 | 1000
500 | l 500
n_d_._.--ll.. IlI I I..._ u——--ll Il ______
40 20 00 -80 60 -a0 .20 [ 20 a0 & -80 -60 -a0 -20 [ 20 a0 &0 8 100
Pariod Jtor(ps) Cycle-to-Cycle Jfier (ps)
(@) (b)

Fig. 5.7: The period jitter (a) and cycle-to-cycle jitter (b) of SMHz target frequency.

Phase Noise = -82.20 dBc/Hz @1MHz

-50 E |

B0 : ; _

70| i

-B0 -

Power Spectral Density (dB/Hz)

Frequency (Hz)

Fig. 5.8: The power spectral density of SMHz target frequency.
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Fig. 5.9 shows the measurement period jitter of on-chip oscillator at 1.00V and 25°C.
The target frequency of this on-chip oscillator is SMHz. The Pk-Pk period jitter is 153.4ps.
Fig. 5.10 shows the Pk-Pk cycle-to-cycle jitter with the same setting is 149.66ps.

File Confrol Setup Measure Analyze Utilites Help 2:35FPM
isition is s F

1.0

'+ ooz

Measurements|| Markers NTREWEUN Scales
Measurement Period(1) 5543857 ns Median 199.5542 ns  Hits 5.020 khits
Y Scale 9 hits/ 5 ! 3 Mode 199.5490 ns Peak 36 hits
Y Offset 0 hits g -p 153.4 ps
x scale 50.0 ps/ 20 5% in 199.4771 ns
% position 199.5539 ns 199, 6305 ns

Measurements | Markers JIEEGWET Scales

Measurement Cyc-cyc jitr(l) Mean -397. 1 160 fs Hits 4.143 khits
Y Scale 3 hits/ Std Dev 22, 4: ode 3.53 ps Peak 13 hits
Y Offset 0O hits Htla ] -p 149.66
x scale 50.00 ps/ 2 . T% in -71.58 ps

x position 3.29 ps T L x 78.08 ps

Fig. 5.10: The power spectral density of SMHz target frequency.
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5.3 Comparisons with Recent Research

Table 5.3 shows the comparisons with the state-of-the-art designs. The power
consumption when the calibration circuit turns on is 0.61mW. The power consumption of
the free running DCO is 0.21mW. The calculation circuit can be turned off after calibration.
This circuit only has a free run DCO. Thus, the average power consumption with 10%
operation duty cycle can be calculated as 0.61 * 0.1 + 0.21 * 0.9 = 0.25(mW). The
measurement frequency error of the proposed on-chip oscillator with temperature variations
is 0.60%, which is smaller than [12][16][27]. Although [21][24] has a better accuracy with
temperature variation, but [21] and [24] both cannot against process and voltage variations.
A full-custom ring oscillator [1] has a very better accuracy, but it requires a band gap
voltage reference to against process and voltage variations. Although [24] has a smaller
temperature variations, it does.not toleratesthe voltage variations. The measurement
maximum frequency error of the proposed design with voltage variations is 0.72%.
Relaxation oscillators [16], can achieve relatively small voltage variations. However, a
small voltage variations on the reference voltage (i.e. 2mV) can cause 0.4% frequency error
[1][16], and thus, they are sensitive to the supply noise. The measured maximum output
frequency error for three chips ranges from -1.47% to +1.31%. In addition, most of the prior
researches are analog type design [1][8][12][16][24],which need full-custom design and are
not suitable for design automation with poor portability. As compared to [27][46] which
requires multi-point calibration, we not only reduce the calibration points, but also reduce

the frequency error.
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Table 5.3: Performance comparisons of CBOCSO.

Parameter FPC [46]ISCAS’13 [21]ISSC’11 [24]3SSC’12 | [8]JSSC’09 [[12]ESSCIRC’09| [16]JSSC’10 | [1]VLSIC’09 |[27]TVLSI’12
Thermal-diffusivi ring Osc.,band
Mobility ,band Real. need a
Osc. Type ring oscillator ring oscillator ty, band gap V RC VCO gap voltage | ring oscillator
gap temp. sensor current source
reference reference
Technology(nm) 90 90 65 160 65 350 180 180 90
Frequency(MHz) 5 5 0.15 16 6 30 14 10 5
Temp. Range 0~75 0~75 -55~125 -55~125 0~120 -20~ 100 -40 ~ 125 -20~ 100 0~75
Vari. with Temp. 0.60% 0.21% 0.50% 0.10% 0.60% 0.70% 0.75% 0.40% 1%
VDD Range 0.9~1.1 0.9~1.1 fixed 1.2v fixed 1.8v fixed 1.2v fixed 1.8v 1.7~1.9 1.2~3.0 0.9~1.1
Vari. with VDD 0.72% 0.97% N/A N/A N/A N/A 0.16% 0.05% 1%
Max error % 1.36% 2.83% N/A N/A N/A N/A 0.91% 0.45% 2.30%
power(mW) 0.25 1.42 0.051 F | 0.066 0.18 0.045 0.08 0.65
area(mm®) 0.05 0.0324 N/A 0.5 0.03 0.08 0.04 0.09 0.04
Design Approach cell-based cell-based full=custom full-custom full-custom full-custom full-custom full-custom cell-based
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Chapter 6

An Abnormal Temperature Warning Sensor

6.1 Introduction

PTAT Pulse Generator

LD@-D_D@—{» PRO ‘ ’
5 L » - COUNTER i
Osc_enable— PRO_oiut — D Q— Taos
: DCO(‘NT$ rese ;
cycle time Di’_» :
<« 1DC TDC pulse -
COUNTER :
PTATCODE 4——!—
REF_CLK
TDC

Fig. 6.1: Schematic of the PTAT temperature sensor.

Fig.6.1 shows the block diagram of a proportional to absolute temperature (PTAT)
temperature sensor [48]. It is composed of a PTAT pulse generator and a time to digital
converter (TDC). When the PTAT ring oscillator generates a pulse (PRO_out), the pulse
triggers the PTAT ring oscillator counter (PRO COUNTER). When the output value of the
PTAT ring oscillator counter is equal to the input cycle value (cycle time), the Tqosc pulse is
generated. The reference clock and Tges pulse connect a AND logic gate to generates a

pulse (TDC pulse), then triggers the TDC counter. In this TDC circuit, the PTATcopg is the
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quantization result of the Ty s pulse.

Fig. 6.2 shows the simulation results of PTAT temperature sensor with voltage
variation at all corners, and this result has two points calibration at 40°C and 70°C with

1.00V. The PTAT temperature sensor output can be expressed as Eq.6.1.

PTATOODE __ Period of logic gate(P,V.T)x(214 1) (Eq 61)

period of reference clk

The PTAT ring oscillator is composed of 20 logic gates (INVX3) in series, where the
period of logic gate(P,V,T) is period of the PTAT ring oscillator and, the cycle time is set to

16363 (2'*-1), and the period of reference clock is set to 2ns.

PTAT PVT(INVX3)

400 =ii=FF 0.9V
0 i -— - ol —— - —il =TT 0.9V
i - - @S5 0.9V
——
e ——————— L
=TT 1V

- @ g e i g = g -9 @SS 1V

Sensor Output(C)
S
(=1

—  W=FF 11V
100 & 4 A — = - ; &TT 1.1V
- =SS 1.1V

-200
40 45 50 55 60 65 70 75

Temperature(C)

Fig. 6.2: The simulation results of PTAT temperature sensor with voltage variation at all

corners.
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PTAT_PVT(INVX3)
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Fig. 6.3: The accuracy of PTAT temperature sensor with voltage variations at all

Ccorners.

For this PTAT temperature sensor, we perform two-point calibration with a 1.00V
supply in different process corners. The temperature error of the PTAT temperature sensor is
from -1.69°C to +1.00°C at 1.00V with process variations. However, when the PTAT
temperature sensor suffers from voltage variations, the temperature error of the PTAT
temperature sensor can be as large as -268.4C to +175.3°C at all process corners. Therefore,
the PTAT has a good resolution and accuracy at a fixed voltage, but its cannot against

voltage variations [37][47][48].

In this chapter, we propose an abnormal temperature warning sensor system (ATWS)
which can tolerate process and voltage variations. The proposed design also uses the PTAT
to build up the temperature sensor. However, a voltage classifier is proposed to estimate

supply voltage to improve the accuracy of the temperature sensor with voltage variations.
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6.2 System Architecture

The block diagram of the proposed delay ratio estimator (DRE) for temperature sensor
application is shown in Fig. 6.4. In section 4.1, the value of Nrpvg is set to 1023. In this
temperature sensor, we require a high resolution for this temperature sensor circuit. Thus,
in the DRE circuit, the value of Nrpvg is changed to 16383, which greatly increases the
bit number of the delay ratios R1(P,V,T) and R2(P,V,T). However, the higher Nyyg value
also means that the temperature sensor calculation time will become longer. Finally, the
temperature sensor calculation time is about 200,000 ns to achieve a sampling rate higher

than 1k sample/seL.

crol Lmommm-mmmm— ||| croo o+
COUNTER | CRO1cnr[14:0] TR](P, V,T)
.
RRO - -] RRO

ENABLE }’ COUNTER [~ * E‘?’— Ny =21 1(16383)
N RROCNT[13ZO]

]
cro2 L e } ol | R(P, V.T)

COUNTER | cRO2 \([14:0]

aa

B CDC1 [l RDC []1CDC2

Fig. 6.4: The architecture of the delay ratio estimator.

Fig. 6.5 shows block diagram of the proposed ATWS. It is composed of a delay ratio
estimator (DRE), a voltage classifier, and a temperature calculator. The DRE estimates the
R1(V,T) and the R2(V,T) at chip run time under voltage and temperature variations. We
need to measure the values of R1(V,T), R2(V,T) with two different voltages (V, and V) and
four different temperatures (T;, T, Ts, and T5). In this chapter, the voltage varies from V; to
Vs (V1=0.900V, V,=0.950V, and V3=1.000V, V,=1.050V, Vs=1.100V), and temperature
varies from T; to Ty, (T,=40°C, T,=45°C, T5=50°C, T4=55°C, Ts=60°C T=65°C, and

T,=75°C)
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Rlg (V) $ * Coefficients

a(Vy), b(Vy)

Delay Rl(ViiTi) Voltage Coeff,, Temperamre
Ratio Classifier Ca lculator
Estimator (Slope Selector)
7 | Temp out
R1 (Vi,Tj)i $R2(V1,Tj) R, Ty * p_
warning | Overheating
Calibration need to sensor code

measure

Fig. 6.5: The proposed of the ATWS system architecture.

Fig. 6.6 shows the delay ratios R1(V,T) versus temperature at different voltage in

typical process. After calibration mode, we obtain value of R1(V,T) and R2(V,T) at (V,,T)),

(V2,T6), (Va4,T2), (V4,T7) in totally 4 different (V,T) cases, and then the R14e(V1) to R14ed(Vs)

can be automatically calculated by interpolation and extrapolation method. This method is

the same as we explain in Eq. 4.10 to Eq. 4:18.

——0.90V —tr— .95V e 1.00V =é=1.05V
——1.10V B Measuring points O det_point
70 r 13000
(V-I:T?)
65 12500
o (V2. Te)
% 60 - - 12000
E E
I
& 55 Rl Vi Rlg(Vs) 11500 E-
2 Rle(V liel(V2)  \R1g(Vi) S
g 50 + - 11000
= Vi, I
45 Vo) - 10500
Vo, T
40 - Valh), - 10000
16800 16900 17000 17100 17200 17300 17400 17500 17600
R1(V,T)

Fig. 6.6: Delay ratios R1(V, T) versus temperature and Temp out with voltage and

temperate variations in typical process corner.
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Fig. 6.7 shows the R2(V,T) versus Temp out with PVT variations. The temperature
sensor output (temp_out) can be expressed as Eq. 6.2. In the off-chip process, we perform
the two linear regression at the two voltages V, and V.. Firstly, we perform a linear
regression of R2(V,, T;) and R2(V,, Ts) versus temp out to obtain the coefficients a(V,)
and b(V,). Similarly, we perform a linear regression of R2(Vy, T,) and R2(V4, T7) versus
temp_out to obtain the coefficients a(V4) and b(V4). After calculation of the coefficients of
a(Vs), b(V2), a(V4) and b(V4), the coefficients of a(V;) to a(Vs) and b(Vs) to b(Vs) can be
calculated by interpolation and extrapolation method. This method is the same as we

explain Eq. 4.26 to Eq. 4.32.

Temp_out = a(Vy,) * R2(V,T) + b(V,,) (Eq. 6.2)
—&-TT 0.9V ——TT IV —e—TT LIV

75 13500

70 13000
_ 65 12500
&)
< 60 - 12000 _
ERR 11500 3|
[+ (=9
S 50 - 11000 £
=3 =
£ 45 10500
=

40 - 10000

35 - L 9500

30 : . : . : . 9000

17200 17250 17300 17350 17400 17450 17500
R2(V,T)

Fig. 6.7: The R2(V,T) versus temperature and Temp out with VT variations at typical

corner.

At chip run time, the DRE estimates R1(V,T) and R2(V,T) with a unknown supply
voltage (V) and a operation temperature (T). The voltage classifier uses the R1gel( V)

roughly estimate the unknown supply voltage. When the voltage classifier estimates current
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supply voltage, then the temperature calculator uses Eq. 6.2 to calculate temperature sensor
output code (temp out). When the output a code (temp out) is greater than 40°C, the
warning code (overheating code) is output warning message to the system. For example, if
the temperature sensor output code (temp out) is greater than 40°C, the warning code
(overheating code) is 3’b001, if the temperature sensor output code (temp out) is greater
than 50°C, the warning code (overheating code) is 3’b011. If the temperature sensor output
code (temp out) is smaller than 40°C, the warning code (overheating code) is 3’b000.
Finally, if the temperature sensor output code (temp_out) is latger than 70°C, the warning

code (overheating code) is 3’b111.

6.3 Simulation Results

Voltzflg(;é
Classific

(T,

Fig. 6.8: Layout of the ATWS.
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The proposed ATWS circuit is implemented in a standard 90nm 1P9M CMOS process.
The layout of the ATWS is shown in Fig. 6.8. The ATWS operating voltage ranges from
0.90V to 1.10V, and temperature range is from 0°C to 70°C. The chip consists of a
coefficient register, a delay ratio estimator (DRE), a voltage classifier, and a temperature
calculator. The active area is 250umx250pum, and the chip area including I/O pads is
815umx*815um. In addition, the chip area is the larger than the on-chip oscillator in chapter
4, because this temperature sensor requires higher accuracy. Thus, the high bit number in

the coefficient register and the DRE make the chip area become larger.
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Fig. 6.9: The simulation results of ATWS with process and voltage variations.
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Fig. 6.10: The accuracy of ATWS with process and voltage variations.

After four-point calibration, Fig. 6.9 shows the simulation results of ATWS with
process and voltage variations. The y-axis represents the temperature sensor output (°C) and
the corresponding digital code (Temp_out). Thus, we can convert the digital code(Temp out)
into degree Celsius(°C). In Fig. 6.9, the line IDEL is ideal temperature sensor output. In
different process corner and different voltage, the other lines are very close to the ideal line.
Fig. 6.10 shows the temperature error of the ATWS with process and voltage variations. The
maximum output temperature error with process and voltage variations ranges from -3.42°C
to +3.66°C. Although each lines have some inaccuracy, proposed ATWS can be used as an
abnormal temperature warning sensor for the SoC system. Even with the process and

voltage variations, the inaccuracy of the proposed ATWS is still acceptable.
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Fig. 6.11: The simulation results of PTAT temperature sensor with four-point calibration

at all corner.
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Fig. 6.12: The accuracy of PTAT temperature sensor with four-point calibration at all

corner.

We also use four-point calibration method for the PTAT architecture. We have taken
40°C and 70°C as calibration points with two voltages, 0.95V and 1.05V, respectively. Fig.

6.11 shows the simulation results of PTAT temperature sensor. Fig. 6.12 shows the accuracy
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of PTAT temperature sensor with four-point calibration at all corner. The maximum output
temperature error with process and voltage variations ranges from -1.36 °C to +1.86 °C if
we know the current operating voltage. After calibration at different voltages, the
temperature sensor accuracy can be improved. However, we can use the same method with
ATWS. In different voltage, we can calculate the slope and intercept by interpolation and
extrapolation. Fig. 6.13 shows the simulation results of PTAT temperature sensor. Fig 6.14
shows the accuracy of PTAT temperature sensor with interpolation and extrapolation at all
corner. If assume the PTAT can estimate current supply voltage, then we use interpolation
and extrapolation get other coefficient a(V,) to b(V,) with different voltage. We follow Eq.
6.2 to calculate Temp_ out with voltage variations. After calculation, the maximum output
temperature error with process and voltage variations ranges from -82°C to +307 °C.
Therefore, the method of interpolation and extrapolation is not applicable to the PTAT
architecture. In the DRE circuit,.it is based on relative reference modeling (RRM), the RRM
can build up the relationship of these oscillators, since the period of the oscillator is changed
with voltage and temperature variations at the same time. When we choose two cells, which

their voltage coefficient is very close, and these cells have the characteristics of PTAT.
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Fig. 6.13: The simulation results of PTAT temperature sensor with interpolation and

extrapolation at all corner.
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Fig. 6.14: The accuracy of PTAT temperature sensor with interpolation and extrapolation

Fig. 6.15 show simulation results of ATWS. Fig. 6.16 shows the accuracy of ATWS
with two-points calibration at all.corners. In this case, we only have taken 40°C and 70°C as
calibration points with 1.00V supply. However, the maximum output ATWS error with
process and voltage variations ranges from =6.52°C to +6.55 °C due to less calibrations

points. In addition, in different voltage, the accuracy of ATWS has high accuracy as

PTAT PVT(INVX3)

350
300 & =" o i L = Y
250
F - - - = -l -
R — i & .u ; A
—~ 150 @& o o < —g @ o
2
E 100 Q= o - o ~ —
E
=50
0 dd————— kb tab —a b ———td
-50 ——— i ———
e fat—————hatt -t — i
-100
-150
40 45 50 55 60 65 70
Temperature('C)

=#=FF 0.9V

=TT 0.9V

=55 0.9V

-o=FF 1V

=TT 1V

=355 1V

-eFF L1V

o TT 1.1V

=-S5 11V

75

at all corner.

compared with the PTAT architecture.
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Fig. 6.15: The simulation results of ATWS with two-points calibration at all corners.
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Fig. 6.16: The accuracy of ATWS with two-points calibration at all corners.

6.4 Comparisons Recent Research

Table 6.1 shows the comparisons table of the ATWS with recent smart temperature
sensors. The proposed ATWS is not only an all-digital design, but also the only one can
against voltages variations. The other recent temperature sensors [38][47][48][50][52]
cannot against voltages variations. The temperature error of the proposed ATWS with
process and voltage variations is -3.42°C to +3.66°C, which is smaller than prior researches
[38][47][49][51]. In PTAT architecture [48], their temperature error is very small only with
a fixed voltage. If the PTAT architecture [48] operates with voltage variations. Fig. 6.12
shows the accuracy of PTAT temperature sensor with voltage variations, and the
temperature error becomes very large with voltage variations. Although the accuracy of
dual-DLL-based [52] temperature sensor is very well, and they need only one
temperature-point calibration. However, it can only work under a fixed voltage. In addition,
the power consumption and chip area are too large in the design. Thus, it is not suitable for

system-on-a-chip application.
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In addition, in [49] and [51], they have provided the error of temperature sensor with

voltage variations. The temperature error of [49] with voltage variations is -90°C to +90°C.

The temperature error of [51] with voltage variations is -10°C to +10°C. With voltage

variations, the accuracy of these architectures becomes very worse. Thus, these

architectures are not suitable for used as a on-chip temperature sensor with voltage

variations.
Table 6.1: Performance comparisons of Temperature Sensors.
[38] [47] [48] [49] [50] [51] [52]
Parameter proposed
TCASII'12 | ISCAS'10 | TCASI'11 | TVLSI'12 VLSI'12 JSSC'10 | ISSCC'09
three ring two ring two delay
PTAT PTAT PTAT Dual DLL Dual DLL
Type oscillator oscillator line
(all-digital) | (all-digital) | (FPGA) | (full-custom) (all-digital)
(all-digital) (full-custom) | (all-digital)
Resolution(°C) 0.168 0.139 0.143 0.133 0.78 0.34 0.0918 0.66
-3.42~3.66
Error(°C) with -5.1~34 | ~10~+10 | -0.7~0.6 -4~4 -2.8~2.9 -0.25~0.35| -1.8~2.3
variation
Calibration
_ 4 1 2 1 1 1 2 1
Point
530 W@
Power (uW) Lo 150 uW 55uW 175 uW 1200 uW 400 uW 36.7uW | 12000 uW
.0V
Area(mmz) 0.0625 0.01 0.01 N/A 0.12 0.0013 0.6 0.16
Conversion
4k 10k 10k 1k 5k 366k 0.002k Sk
Rate(samples/s)
Range (°C) 40~70 0~60 0~100 0~100 0~100 -40~110 0~90 0~100
Technology(nm) 90 65 65 220 130 65 350 130
VDD Range 0.9~1.1 | fixed 1.0V | fixed 1.0V | fixed 2.5V | fixed 1.2V fixed 1.2V | fixed 3.3V | fixed 1.2V
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6.5 Summary

In this chapter, we propose an abnormal temperature warning sensor system (ATWS)
with process and voltage variations. The proposed design can be implemented by standard
cells. In addition, we also propose the four-point calibration method to against voltage
variations and process variations. The proposed design can operate with a low supply

voltage, and is very suitable for low-power and low-cost system-on-a-chip application.
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Chapter 7

Conclusion and Future Works

7.1 Conclusion

In this thesis, we propose an efficient method to build up a cell-based on-chip silicon
oscillator (CBOCSO) for frequency compensation with PVT variations. We proposed two
versions of CBOCSO with multi-points calibration (MPC) and four-point calibration (FPC),

respectively.

The proposed two CBOCSOs use a relative modeling and they use the voltage and
temperature classifier to roughly estimate-the supply voltage and operation temperature at
chip run time. The CBOCSO with MPC requires many calibration points, and thus, its
testing cost is high. In the CBOCSO with FPC; we make a change on the cell selection rules
to choose the cells of the delay ratio estimator. With this method, the CBOCSO with FPC
not only can reduce the calibration points but also improves the accuracy of the output

frequency.

These two CBOCSOs are both designed with standard cells. Therefore, the proposed
CBOCSOs provide a systematic way to automatically generate the on-chip oscillator with
PVT variations. The proposed design can operate with a low supply voltage, and is very

suitable for low-power and low-cost system-on-a-chip applications.
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7.2 Future Works

In this thesis, the CBOCSO with FPC has improved some disadvantages of the
CBOCSO with FPC. However, the CBOCSO with FPC still has some drawbacks. In our
proposed of delay ratio estimator (DRE) in section 4.1, it is composed of three oscillators.
The frequency of these three oscillators will affect the performance of CBOCSO. If the
frequency of these three oscillators is faster, the voltage classifier of CBOCSO need to have
a higher calculation speed, but the power consumption will become larger. Thus, there
exists a tradeoff between the power consumption and the performance. We must consider
the power consumption with SoC design. Thus, the frequency of these three oscillators can

not be too fast.

When the integrated circuit at the run time, there exists immediate voltage variation,
the immediate voltage change 1s called the dynamic supply noise. However, the proposed
CBOCSO requires a longer computation time, and thus, it cannot against dynamic supply
noise. If we can provide a faster method of calculating, the issue of dynamic supply noise
can be also compensated, and then the CBOCSO will become more stable. In addition,
many researches design to against static voltage variations [7][12]-[15][23]. Only the ring
VCO oscillator [15] can against dynamic supply noise, however, it only has 1% dynamic
supply noise, most of the static voltage variations [7][12]-[15][23] has 5% to 20% drift
amount. Thus, in most of research discusses about 5% to 20% drift amount of static voltage
variations. Therefore, in this thesis has -10% to +10% drift amount of static voltage

variations.

In section 4.8, we summarize the difference between MPC and FPC, although we have
reduced the testing costs, however, the FPC is still has too many in off-chip process. The

FPC requires calculate two-point linear regression, interpolation, extrapolation, coarse code
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and fine code. However, the two-point linear regression, interpolation and extrapolation can
be integrated into the circuit automatically calculated. The coarse code and fine code require
calculate coarse and fine resolution, these require more decimal arithmetic. Thus, the coarse
code and fine code require calculating in off-chip. Therefore, if we want to reduce testing

cost, we can only calculate coarse code and fine code in off-chip.

In chapter 6, although the proposed abnormal temperature warning sensor (ATWS) can
work with different voltages, but the accuracy of temperature sensor is not good enough.
However, the accuracy of the PTAT architecture is good with a fixed voltage. Thus, if we
can combine the PTAT architecture and the circuit of voltage classifier, the accuracy of

temperature sensor may become better.
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