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ABSTRACT

This thesis uses standard CMOS 0.18pm process technique to design and
realize a stable voltage referenceé which does.not change with temperature. In the
recent years, battery-operated systems are used extensively. Along with this
tendency, we demand low-power, small-area, and high performance when
designing circuits. Many analog circuits need a stable voltage reference, so the
thesis shows a low-power and small-area voltage reference to apply in
battery-operated systems. Proposed circuits work in weak inverse region to
replace the bipolar devices in conventional circuit and using proposed circuits
realize CMOS voltage reference which does not change with temperature. Its
power consumption only has several hundred nano-Watt and its area is only
several hundred squre nanometer. In addition, the voltage derivation only has
several dozens milli-Volt when temperature range is from -80C to 165TC.
Therefore, proposed architectures can supply a stable voltage reference in
battery-operated systems.
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CHAPTER

Introduction

This chapter will introduce battery-operated system and illustrate motivation.
Then, we show that voltage reference is an'important circuit in analog circuits and

voltage reference needs to becomeismall.area and low-power.

1.1 Overview of Battery-Operated System

In recently these years, battery-operated systems are used widely. For example,
cell phone, PDA, GPS, digital watch, notebook, etc, see Figure 1.1. Those give people
convenient and support, and those machines will be more and more widespread.
Therefore we know that battery-operated system is inseparable with the humanity.
Because battery-operated system is already a trend, we should understand
battery-operated system. Roughly, battery-operated system has fundamental
characteristics which are battery-operated, small-area, portable, and multi-function.
Beside, battery-operated systems have a very serious issue which is hot. Now, we will

discuss every characteristics in the below parts individually.

1. Battery

Battery-operated systems use battery to supply it working. Battery-operated systems
are requested to reach low-power, so the batteries can use longer and save more power.
It is good for consumers, because no one want to bring a lot of batteries on body.
Therefore designers should take the low power as the goal to design circuit

architectures for battery-operated systems.
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2. Portable Function

Portable function is convenient for people. Because people can bring powerful
electronic products on body and use them anytime and anywhere. Therefore,
electronic products want to have portable function, designers should notice that using
small-area to design circuit architecture. Using small area and achieving high

performance is already a trend at battery-operated systems.

Battery Supply

Portable
Multi-Function
Small

Figure 1.1: Feature and Examples of Battery-Operated System

3. Multi-Function

Multi-function means that providing the most functions in a finite area. In other words,
multi-function implies system integration and small area. It is very efficient to
accomplish in battery-operated system. Therefore, we need to treasure every area by
system integration and small circuit architectures which also request high

performance.

4. Thermal Issue

Nowadays, battery-operated systems are quite small, and the situation will cause
thermal issue. Because a lot of circuit architectures integrate in finite and small area,
the heat will increase quickly and be not easy to radiate heat. Therefore

battery-operated systems must need smart temperature sensors which can sense
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temperature and admonish system. Smart temperature sensors need two voltages
which are Vprar and Vggr to compare. And a stable Vggr is our goal at
battery-operated system.

In the above introduction, we know that battery-operated systems have some key
point which are low-power and small-area and need to solve thermal issue. In the next
section, we will explain the motivation of voltage reference at battery-operated
system.

1.2 Motivation

Voltage reference is a key element in many circuit architectures. For example,
PLL, oscillator, data converter, voltage regulator, DRAM(Dynamic Random Access
Menory), flash, and temperature sensor, etc. Those circuit architectures are important
and conventional circuit architectures in analog systems. If those want to have high
performance, they must need a stable voltage reference which is independent strongly
with temperature, process variation, and.supply voltage. Therefore, we should not
ignore the importance of voltage reference.

Battery-Operated System

Energy Source Power Management Circuit
(Battery)

Power Converters

Analog Part Digital Part RF Part Interfacing Part

Figure 1.2: Block Diagram of Battery-Operated System
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It is block diagram of battery-operated system in Figure 1.2. We can know that
those above circuits are always used at analog part, power converter, and power
management circuit. So, those circuits are designed in battery-operated system, they
must need an adaptable voltage reference. It means that a low-power, small-area, and

high performance voltage reference is needed in battery-operated systems.

1.3 Organization

Chapter 2 begins with introduction of conventional voltage reference, and three
bandgap references are shown and discussed. Then bandgap reference and CMOS
voltage reference are compared. Finally, we assort five voltage references of MOS

and advance that voltage mode of Vprar and Verar is as our excogitative architecture.

Chapter 3 shows that Verar is produced by MOS transistor which works in
subthreshold region and Vprar is produced by Verar. Then proposed design
architectures are implemented and described.in detail. Comparison with proposed

design architectures and researche$ is presented finally.
In Chapter 4, measured method and measuremient environment are presented.
Experimental results for the voltage references fabricated in a standard 0.18-pum

CMOS technology are reported and discussed in this chapter.

The conclusions of this work are given in Chapter 5.



Chapter 2 Review of Voltage Reference

CHAPTER

Review of Voltage Reference

First, this chapter introduces general method of voltage reference. Conventional
bandgap references are presented and illustrated. Comparison with bandgap reference
and CMOS (Complementary MQS) voltage reference is shown after understanding
conventional bandgap references. Then CMOS woltage reference is chosen because it
is better than bandgap reference at our design goal. And, CMOS voltage reference is
assorted five types at many researches: Finally, choosing voltage mode of Vprar and

Verar 1s the better adaptable desigh architecture of voltage reference.

2.1 Background

Nowadays, voltage reference has developed maturely. We can know how to
produce voltage reference in many books and researches. And Figure 2.2.1 is block
diagram of voltage reference which shows that a stable voltage is produced by two
different voltages. In Figure 2.1.2, a traditional Vgrgr which does not change with
temperature is added by Vprar and Verar. If Vprar and Verar are high linearity, Vigr
will be a stable voltage. The method is suitable for voltage reference of BJT (Bipolar
transistor) or MOS because Vcrar can be produced easily by characteristic of BJT or
MOS, and Vprar is produced by Verar. Underside will show what Vprar and Verar
are?
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Vprar

Generator

VREF

Verar
Generator

Figure 2.1.1: Block Diagram of'Conyventional Voltage Reference

Voltage

Temperature

Figure 2.1.2: The Curvature of Vrgr Formed by Vprar and Verar
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If analog circuits want to have a stable voltage reference, two important elements
which are Vprar and Verar are needed. CTAT is complementary to absolute
temperature. It means that a voltage decreases with temperature. Vcrar 1s used to
compensate Vprar, S0 Vrer Will not change with temperature. It is always produced by
Vg of BJT or Vgs of MOS which work in subthreshold region. In addition, Vcrar is
also used to produce Vprar by two different Verar which subtract each other.

Therefore, the linearity of Vcrar is important at circuits of voltage reference.

PTAT is proportional to absolute temperature. It means that a voltage increases
with temperature. The above paragraph has said that Vprar is always produced by two
different Vcrar. This is a significant issue how to reach high linearity of Vprar in
circuits of voltage reference, because it will affect Vrgr directly. Vprar is always used
to another purpose which is as a compared voltage in smart temperature sensor. First
stage of smart temperature sensor needs two voltages to compare, and the result is an
authority of temperature difference which delivers to second stage of smart
temperature sensor. Usually, Vprar is compared with Vggr. By this, smart temperature
sensor can have an accurate temperatufe 'difference. But, premise is that smart

temperature sensor needs high precise Vrgpand Vppar.

After knowing the producéd method of voltage reference, we need to notice three
issues which relate very much to voltage reference. There are supply voltage variation,
temperature variation, and process variation. If we can overcome the three issues, a

stable voltage reference is produced.

The above principle is often used to produce voltage references, but the principle
can derive many different circuits of voltage reference. The traditional voltage
reference is designed by BJT, and it is called bandgap reference. In the next section,

bandgap reference will be introduced and illustrated.

2.2 Conventional Bandgap Reference

This section will illustrate bandgap reference and show bandgap reference’s
architectures. Then a comparison with BJT and MOS is shown and explained.
Finally, we choose MOS to design voltage reference because MOS is more suitable

to apply in battery-operated system.
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2.2.1 Bandgap Reference

VDD

|\/|1_3 iI M2 i M3

r N

lpraT
AMP

—O
lpTaT Vbg
s |R s R2
Q1 Q2 Q3
—KI Ae —[IA m O

Figure 2.2.1: Conventional Bandgap Reference

In Figure 2.2.1, bandgap-referencehas been shown. M1~M2, Q1~Q2, and
operational amplifier is used to produce Iprar. By mirroring from M2 to M3, we have

the function which is shown as follows,

Vi =Verar +Verar = AVge +Vee (2-12)

. =

And AV,. =2V In(n (2-13)
BE R T

1

A\Vgg is a voltage of positive TC, and Vpg is a voltage of negative TC. Then, Vgrgr
will be independent of temperature by adding /\Vgg and Vgg.

After bandgap reference has been illustrated, we will be curious that the
difference of voltage reference which use MOS or BJT to design. Why are researches
of CMOS voltage reference more and more? What are they advantages and

disadvantages? In the next section, we will compare CMOS voltage reference and
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bandgap reference. Finding out the advantages and disadvantages of voltage
references which are designed by MOS and BJT is very important. Why do we use

MOS to design voltage reference, not BJIT? The answer will explain afterward.

2.2.2 BJT and MOS comparison

We have understood bandgap reference how to produce in the above section.
Now, the focus is that bandgap reference compares with CMOS voltage reference. We
list some key points which more important when designing voltage reference. The
comparison of voltage references which use MOS or BJT to design is shown in Table
2.1.

Table 2.1: The Comparison between MOS and BJT

MOS BJT
Advantages 1. V=045V 1. Low process variation
2. Small area 2. Low supply voltage variation
3. Vrer<l1.21V, low-voltage
Disadvantages 1. Process variation 1. Vg=0.6V
2. Supply voltage variation 2. Large area
3. Vbg=1.21V

Let’s see the advantages of MOS which are also the disadvantages of BJT. First,
V1 of MOS is lower than Vg of BJT. We know that MOS operates in subthreshold
region is like Vgg which is a voltage of negative TC. It means that Vs has the inverse
ratio with the temperature when Vgs < Vrg(about 0.45V in TSMC 0.18um process).
Therefore, the same circuit architecture of voltage reference, MOS’s supply voltage is
lower than BJT’s supply voltage. In the recent years, a lot of architectures are
demanded for low-power, low-voltage, and small-area. The trend is ineluctability and
more and more attention, and voltage reference is also following the trend. Therefore,
CMOS voltage reference is more ascendant than bandgap reference in low-power
architectures.

Second, area of MOS is smaller than area of BJT in the standard CMOS process
and the same conditions. So area of voltage reference will decrease when using MOS

to design it. The excellence is very useful to design in battery-operated system,

9.
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because battery-operated systems usually have some characteristics which are light,
small, and portable. Therefore, MOS is easy to reach system integration and decrease
the area.

Third, curvature compensation techniques are often used at bandgap reference.
Because the linearity of Vg is not very good at overall temperature range, it needs
additional circuit which means curvature compensation techniques to compensate the
linearity of Vpg. On the other hand, Vg of MOS has superior linearity, and MOS does
not need curvature compensation technique at wide temperature range. Therefore, the
area of voltage reference circuit can be reduced. But, the performance is still good or
even better.

Even if MOS has a lot of advantages which is very adaptable in battery-operated
system, we still need to attend to process variation when we want to design CMOS
voltage reference. Process variation of MOS is more serious than that of BJT, but it
can be got over by every corner simulation. We need to run every corner and limit

corners at an acceptive range when we simulate voltage reference.

In the above comparison, we know that MOS s better than BJT when designing
voltage reference in battery-opérated system, so we decide that using MOS to design
voltage reference. Before design, weshouldireview researches of MOS voltage
reference in the recent six years. Because we.can understand how to design CMOS
voltage reference by reviewing researches. And it is important to find out advantages
and disadvantages from every circuit architectures of voltage reference in researches.
The introduction of CMOS voltage reference will be presented in the next section. In
addition, we will compare five circuit architectures of voltage reference and choose
the best adaptable architecture to discuss in depth.

2.3 CMOS Voltage References

Bandgap reference is a traditional voltage reference. It is formed by Vgg of BJT.
VgE 1s a voltage of negative temperature coefficient, and two different Vg subtract to
produce Vprar which is a voltage of positive temperature coefficient. So, a stable
voltage reference which is not change with temperature, supply voltage, and process
is produced by Vprar and Verar. As the process advances, voltage references request

more and more seriously for low power and small area. But, BJT is hard to accord

-10-
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with the goal at the present age. Therefore, BJT was replaced by MOS when
designing voltage reference. The source had been illustrated them in the above

sections.

Near present year, someone discover MOS work in subthreshold region has a
characteristic which is analogous to BJT. It means that Vgs of MOS which works in
subthreshold region is a voltage of negative temperature coefficient. So voltage
reference starts to use MOS. In the above sections, we know that MOS has two main
advantages. First, it is low voltage, because Vgs is lower than Vgg. Second, MOS’s
area is small. Because having the two advantages, researches of CMOS voltage

references are increasing in the recent six years.

In the recent six years, a lot of researches of CMOS voltage references are
designed. CMOS can be assorted five types by those researches. The classified basis
is produced method of voltage reference. All types have advantages and disadvantages
by themselves. In the following sections, we will illustrate and discuss. Now, the five
types are shown below.

1. Voltage Mode of Vprar and.Verar:
CMOS voltage reference is-produced by Iprar and Verar(Vas).

2. Current Mode of Vprar and Vepar:
CMOS voltage reference is produced that Iprar and Ictar. Irgr multiplies resistor

to produce Vggr.

3. Voltage Reference Uses Parallel Voltages:
The circuit uses that two Vgs which have the same slope to subtract, then CMOS

voltage reference is produced.

4. Zero Temperature Coefficient Point (ZTC):
When MOS work at a fixed point, the Vgs and Ip will not change with
temperature. The point is called zero temperature coefficient point. So Vgs can

be designed as voltage reference.
5. Voltage Reference Uses Non-standard Process:

CMOS voltage reference which does not use standard CMOS process technique

is designed.

-11-
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The five types will be showed in the below sections. In addition, I choose five
researches to illustrate the five types and list the performance of five types. Then the
comparison of researches will be shown and discussed. We will illustrate that voltage
mode of VPTAT and VCTAT is more suitable than other architectures to design

voltage reference in battery-operated system.

2.3.1 Voltage Mode of Vpyrar and Verar

VDD
R1 IPTAT
Q ¢ Q— Q3 — Qs
—_l ) M

- -
Qo — — Qu

- GND ¥

Figure 2.3.1: Circuit Architecture for Voltage Mode of Vprar and Verar (REF[2])

In the last few years, CMOS voltage reference’s circuits can work under 1V. But,
those circuits present a high level of complexity. It may cause undesirable behavior
and a high quiescent current. Consequently, efforts have been made to develop a
simple circuit of voltage reference which has a power supply lower than the bandgap
voltage.

The circuit refers to Ref [2]: A CMOS Voltage Reference Based on Threshold Voltage
for Ultra Low-Voltage and Ultra Low-Power. It is assorted to voltage mode of Vprar
and Vcrar. Voltage reference uses only resistors and transistors working in weak

inversion, without any bipolar transistors. The circuit was implemented in a standard
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0.35um TSMC CMOS process. Vggr 1s 514mV for a power supply of 900mYV, and
temperature coefficient is 39 ppm/°C for temperature range from 0°C to 100°C. (Ref:
[2])

The derivative is as follows:
All MOS operate in subthreshold region, and the function is (2-14) (2-15),

IDS(T): Is (ﬂjexp VGS (T)_Vth (T) (2-14)

(2-15)

Using two Vgs to produce /\Vgs! which:is propertional to absolute temperature
(PTAT), see (2-16),

o (W)
S AL

Deciding the slope of /\Vgs is feasible by adjusting (W/L). And, we can know Iprar is
AVGS / R], see (2-17),

AVGS = VGSI _VGSS =n (2-16)

AV

I = 2-17
PTAT R, ( )

Igs 1s M*Ipar, beside Vgs 1s complementary to absolute temperature (CTAT). So,
voltage reference (Vggr) is the function of (2-18),
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M*1
- PTAT
Veer = Vese +

2

o))

Ra(T 0)(LJ
> In

ool ) |(O)

Veer (T) = Vos(T ) + n(k—TJ

q

(2-18)

The architecture of CMOS voltage reference has some advantages:

1.  Low power and low supply voltage: All MOS operate in subthreshold region.

The power and voltage will be very low.

2. Small area: Resistors of the above architecture occupies a half above area. If the
resistors can be decreased or deleted, area will be very small. It is conform to
design in battery-operated system.

3. Simple: It uses no curvature compensation technique, but it has high

performance. The circuit has only three current paths

down.

, so the power can scale

Those advantages are very powerful _help. for. designing voltage reference in

battery-operated system. In Table 2.2, it shows researches for voltage mode of Vprar

and Vcrar. The power can scale down to.several dozens nano-Amp and the area can

reach pm®. Under comparison, ‘the performance certainly does not lose to bandgap

reference.

Table 2.2: Researches for Voltage Mode of Vprar and Verar

PAPER | VDD |Temperature/TemperatureVREF|Tech. AREAPSRRIPOWER

(year) \%) Range Coefficient | (mV) |(um)|(mm?®)| (dB) | (W)
(C) (ppm/C)

Voltage Mode of Vprar and Verar

*[1]2004| 4.5~5 25~90 347 1320 | 0.18

*[2]12005| 0.9 0~100 39 514 (035 0.12 | 22 780n
*[3]12005] 2 0~70 62 579 10.3510.126 | 84 4.6u
*[4] 2006| 0.9~4 0~80 10 670 | 0.3510.045| 40 63n
[5]2004 |1.1~2.2 -10~70 85 504 |0.18 176u
[6]2005| 3.3 0~150 26 711 10.35
[7]12006| 1.3 -50~130 9 546 |0.18 100 80u
[8]2006| 0.5 -40~100 2.2 319 |{0.13 10.0002| 14 40n
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2.3.2 Current Mode of Vprar and Verar

The circuit refers to Ref [10]: A Simple Subthreshold CMOS Voltage Reference
Circuit With Channel-Length Modulation Compensation. It is assorted to current
mode of Vprar and Verar. The circuit uses MOS works in subthreshold region to
produce a reference voltage of 221mV at supply voltage of 0.85V. The power
consumption has only 3.3uW at room temperature uses TSMC 0.18um technology.
The area of proposed circuit is less than 0.0238 mm? and the reference voltage
variation is 2mV/V for supply voltage from 0.9 to 2.5V. Beside, the temperature
variation is 6mV in the range from -20°C~120°C. (Ref: [10])

T

Ml Ml M6

—

M7

E_ E_ M10

Tprar
M2 q E M11

M4 I/\ ll(‘T\T
f— A ms
M3 :!

CTAT PTAT
-

AAA
v

AA
\A4
el
—

Figure 2.3.2: Circuit Architecture for Current Mode of VPTAT and VCTAT (REF[10])

The circuit is a typical current mode of Vprar and Verar, and it is divided into
three parts.
1. CTAT part: It is made of transistors M1 to M5 and resistor R1. To analyze the
circuit, M3 operates in subthreshold region. Vg3 is negative-temperature voltage.
So, we can know that (2-19).

V
Gs3 R~ I (2-19)
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Ic i1s used to compensate channel-length modulation. Ig is a current of

negative-temperature coefficient, so Ictar 1s produced in this part.

2. PTAT part: A general Iprar generator is made of transistors M6 to M9 and
resistor R2. Transistors M8 and M9 operate in subthreshold region, and the
function is as follows : (2-20)

IA — (VGS8 _VGS9) — A\/GS (2_20)
RZ R2

AVgs is positive-temperature voltage, so I is positive-temperature current. Therefore
Iprar 1s produced in the part.
3. Vggr part: Using transistors M10 to M11 and resistor R3, we can get Vrgr, The

function of Vggr is as follows : (2-21)

(L, )

Vege = e |*R, (2-21)
L/ L/

Although, those circuit can be desighed in low voltage architecture, but they
always need resistors. It must cause bigarea;so it is not easy to accord with our goal
which is design in battery-operateéd system. Besides, resistors have more variation in
standard CMOS process. It may decrease the accuracy of voltage reference. Further,
voltage reference is the currents to multiply the resistor. If Vrgr needs a higher value,
the currents and resistor must be large enough to reach the value. Therefore, power is

hard to decrease.

In Table 2.3, it shows researches for current mode of Vprar and Verar. We can
discover that temperature coefficient of current mode is not better than voltage mode.
Because current mode of Vprar and Verar needs current mirror and resistors, they will
cause deviation of voltage reference. Therefore, temperature coefficient is difficult to
scale down. The power is hard to scale down, too. Those issues have been illustrated

in the above section.
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Table 2.3: Researches for Current Mode of Vprar and Verat
PAPER | VDD |Temperature|TemperatureVREF|Tech. AREA|PSRR|POWER
(year) V) Range Coefficient | (mV) |(pm)|(mm?)| (dB) | (W)
() (ppm/C)
Current Mode of Vprar and Verar
*[912003| 1.2 -25~125 119 295 | 1.2 | 0.23 | 40 | 4.32u
*[10]2006| 0.85 -20~120 194 221 | 0.18 {0.0238 3.3u
[1172003| 0.6 -40~100 93 400 | 0.13
[12]12003| 1.5 -40~125 37.88 800 | 0.13 120u
[13]2003(0.6~1.8 0~80 80 405 | 0.18 | 0.1 82 25u
[14]2004| 3~5 -60~100 4 11654 1.2 | 0.18 30u
[15]12004| 1 -20~80 200 400 |0.35 3u
[16]2004| 0.8 0~100 33 592 |1 0.6 | 0.05 | 50 | 0.88u
[17]12005| 1 -40~125 66.7 225 | 0.5 4u
[18]2005| 1.8 0~70 32.5 615.10.18 | 0.1 35 1.6u
[19]2006| 1.2 -20~90 61.64 718 |0.09 1.6u
[20] 2006 (0.8~2.6| -20~120 64.2 278 |0.18 | 0.04 5.4u
2.3.3 Voltage Reference Uses Parallel Voltages
Start-up Circuit L;:;g:tcau“;if
VDD
MS; " M2 Ms Wle
- : B B
M Reference
Core circuit
MSs; | VP
Ji -
R, 3 VREF
MS; [
3 s I | B
/ " - - N
§
GND

Figure 2.3.3: Circuit Architecture of Parallel Voltages (REF[21])
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A voltage reference is necessary for LDO design, and it provides a
low-supply-dependence and low-temperature-drift reference voltage to define the
LDO output voltage. The circuit refers to Ref[21]: A CMOS Voltage Reference Based
On Weighted AVgs For CMOS Low-Dropout Linear Regulators. It is assorted to
parallel voltages. A CMOS voltage reference been implemented in a standard 0.6pum
CNOS technology. The area is 0.055mm? and the lowest supply voltage is 1.4V. A
typical temperature coefficient is 36.9 ppm/C. (Ref: [21])

The proposed CMOS voltage reference is based on the different temperature
dependencies of the threshold voltages of an NMOS and a PMOS. See Fig 2.3.3, it
can be divided into three parts.

1. Start-up circuit: It is formed by MS1-MS3. It uses to trigger this circuit, when
the circuit operates in wrong state.

2. Low-voltage bias circuit: It is formed by M1-M4 and Rp. It provides a stable
bias current.

3. Reference core circuit: It is formed by M5, MP, MN, R; and R,. Its function of
Vrer 1s showed as follows: (2-22)

R
Veer = Ll + R_I)VGSn - ’VGSp‘ (2-22)
2

Using two parallel voltages which mean two Vgs to subtract is a method to
produce voltage reference. But, the architecture has two disadvantages. First, two
slopes of VGS is not parallel, because the two MOS is not in the same situation which
means different Vpg and different MOS type. This will cause inexactitude voltage
reference. See Table 2.4, we discover temperature coefficient of the architecture is not
bad, but they almost do not have good temperature range. Second, these circuits have
a disadvantage which is resistors. Because we need most current (M*Ig) run through
MP and MN, resistors R; and R, must be large enough. This causes the resistor

derivation to increase.
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Table 2.4: Researches of Voltage Reference of Parallel Voltages

PAPER | VDD |Temperature|TemperatureVREF|Tech. AREA|PSRR|POWER

(year) V) Range Coefficient | (mV) |(um)|(mm?)| (dB) | (W)
() (ppm/C)

Voltage Reference Uses Parallel Voltages

*[21]2003| 1.4 0~100 36.9 309 | 0.6 [0.055| 20 | 13.58u

*[22]2004| 5 -10~80 32 2670 | 0.5 10.0936 970u

*[23]2005| 1.5 0~80 25 168 {035 0.08 | 59 3.6u

*[24]12006(1.5~4.3 0~80 12 891.110.35]0.015| 59 300n

[25]12005(0.6~1.8 0~75 70 332 | 0.18

[26] 2006 (0.9~3.3| -40~100 33 181 |0.35 I.1u

2.3.4 Zero Temperature Coefficient Point (ZTC)

The circuit refers to Ref[27]: Mutual Compensation of Mobility and Threshold
Voltage Temperature Effects with Applications ;in CMOS Circuits. It is assorted to

ZTC. Mutual compensation of mobility,and threshold voltage temperature variations

may result in a ZTC (zero temperature coetficient) bias point of a MOS transistor. The

circuit can be applied in voltage reference €ircuits and temperature sensors with linear

dependence of voltage versus temperature. (Ref: [27])

R>

N
_

Ip1 %
<

R

Q1|._,_'
[

Vour

Figure 2.3.4: Circuit Architecture of ZTC (REF[26])
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See Figure 2.3.4, Q1 operates on ZTC point. To use feedback to stabilize MOS
QI1, so variations will decrease. In the circuit, for transistor Q1 the following design
relationship should be satisfied

(2-23)

ID1 = IDF :VGSI :VGSF

The values of Ipr = 192pA and Vgsr = 869mV were considered as the parameters of
the ZTC bias point at T=T;=300°K.

But ZTC has a problem that Vgrgr is hard to be designed in ultra low voltage.
That is because MOS has no ZTC point in ultra low voltage. In Table 2.5, Vgrgr can’t
be lower than 600mV, even if supply voltage scales down 1V. Therefore, the
architecture is hard to apply in battery-operated system.

Table 2.5: Researches of ZTC
PAPER |VDD |Temperature Temperature|.YREF |Tech. AREAPSRRIPOWER
(year) | (V) Range Coefficient. | (mV) |(pm)|(mm?)| (dB) | (W)

(C) (ppm/C)
ZTC
*[27]2001|3~3.3|  -20~100 15 799 | 0.35 |0.0204
[28]2004 | 1 -50~150 4 640 |0.18
[29]2005 | 3.3 | -50~120 50 821 |0.35

36.3u

1264

2.3.5 Voltage Reference Uses Non-standard Process

The circuit refers to Ref [30]: CMOS Voltage Reference Based on Gate Work
Function Differences in Poly-Si Controlled by Conductivity Type and Impurity
Concentration. It is assorted to special process. A new CMOS reference circuit
consisting of two pairs of transistors is presented. One pair exhibits a threshold
voltage difference with a negative temperature coefficient, while the other exhibits a

positive temperature coefficient. (Ref: [30])
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VDD
M1 _é M5 M3
V1
—o
R1 EE VREF
V2
M2 4
S Vnn
Vpn R2 g E_
GND

Figure 2.3.5: Circuit Architecture of Non-standard Process (REF[30])

For a pair of MOS transistors with “gates. of different conductivity types or
different impurity concentrations, it will produce Vprar or Verar, see Figure 2.3.6.

(a) (b)

Vpn(V)
Vnn(V)

Temperature(°C)

Temperature(°C)
Figure 2.3.6: (a) Vpn and (b) Vnn as a Function of Temperature

In Figure 2.3.5, we can know

v,y __R

— _ vV 2-24
R+R, ' R+R, ™ (2-24)

Vpn 1S Verar, and Vi, is Verat. Veer can be shown
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RZ
R +R,

Vigr = Vo +

nn

(2-25)

pn

We just adjust R; and R,, so Vggr can be designed very well.

Although, special process needs not only standard CMOS process technique, so
it may want to have special or additional process. This will cause more cost and
resource, but we don’t hope to see. In Table 2.6, it is researches of Non-standard
Process. Some researches use floating-gate to design voltage reference, and it is also

Non-standard Process.

Table 2.6: Researches of Voltage Reference of Non-standard Process

PAPER | VDD |Temperature Temperature, VREF |Tech. AREAPSRR|IPOWER
(year) \%) Range Coefficient (mV) |(um)|(mm?)| dB) | (W)
() (ppm/C)

Voltage Reference Uses Non-standard Process

*[30]2003| 1 -50~100 80 410 0.6u

*[31]2004|2.8~5.5| -20~100 54.6 0.8~L5 | 0.5 |0.081 | 80 500u

*[32]2005| 4.5~9 -40~85 1 1250~5000{ 1.5 | 1.6 67 3.15u

*[33]2006| 1.2 -60~140 130 400 0.35]0.0022 40u
2.3.6 Comparison of Voltage Reference

See Table 2.7, it is comparison of the above five circuit architectures. Our goal is
to design voltage reference in battery-operated systems which demand low-power and
small-area. Because there is no ZTC in ultra low voltage, ZTC architecture does not
match with our goal. On the other hand, current mode of PTAT and CTAT architecture
and parallel voltages architecture always need resistances which occupy the bigger
area and cause more derivation, so they do not match our goal, too. Special process
always needs additional process steps which will increase cost that we do not want to

S€C.
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Table 2.7: Comparison for Five Kinds of CMOS Voltage References

Comparison

Voltage Mode of V... and V. p.; 1. Can no resistor
2. Power arrives to nano-Watt

Current Mode of V.. and Vip.; 1. Resistor and current trade off
'Voltage Reference Uses Parallel Voltagesy 1. Need resistors
ZTC 1. No ZTC in ultra low voltage
Voltage Reference Uses Non-standard 1. No apply in standard process
Process

See Table 2.8, it is researches for CMOS voltage reference, and five circuit
architectures has been assorted. We can discover that performance of voltage mode is
better than performance of other architectures. First, temperature coefficient is low
generally at voltage mode of Vprar and Verar, and temperature range is wide enough.
Second, power of voltage mode of Vprar and Verar can scale down to several dozens
nW. It is very beneficial to design voltage reference in battery-operated system. Third,
small area is achieved at voltage mode of Vprir and Verar. We can see that area is
several hundred ].Lmz, and no other architectures.are batter than voltage mode of Vprar
and Vcrar. Although, special proeess has the same. small area, it needs additional

rocess steps which will increase costs. Fherefore, we don’t consider special process.
b

Table 2.8: Researches for All CMOS Voltage Reference

PAPER | VDD |Temperature Temperature, VREF |Tech.AREAPSRR|IPOWER
(year) \%) Range Coefficient (mV) |(um)|(mm?)| dB) | (W)
() (ppm/C)
Voltage Mode of Vprar and Verar * is that research has experimental result
*[1]2004 | 4.5~5 25~90 347 1320 0.18
*[2]2005| 0.9 0~100 39 514 035 0.12 | 22 780n
*[3]2005 2 0~70 62 579 0.35]0.126 | &4 4.6u
*[4]2006 | 0.9~4 0~80 10 670 0.35(0.045| 40 63n
[5]2004 |1.1~2.2 -10~70 85 504 0.18 176u
[6] 2005 | 3.3 0~150 26 711 0.35
[7]12006 | 1.3 -50~130 9 546 0.18 100 80u
(812006 | 0.5 -40~100 2.2 319 0.13 (0.0002| 14 40n
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Current Mode of Vprar and Verar

*[9]2003 | 1.2 -25~125 119 295 1.2 |1 023 | 40 4.32u
*[10]2006| 0.85 -20~120 194 221 0.18 {0.0238 3.3u
[11]2003| 0.6 -40~100 93 400 0.13

[12]2003| 1.5 -40~125 37.88 800 0.13 120u
[13] 2003 (0.6~1.8 0~80 80 405 0.18 | 0.1 82 25u
[14]2004| 3~5 -60~100 4 1165.4 1.2 ] 0.18 30u
[15]2004| 1 -20~80 200 400 0.35 3u
[16]2004| 0.8 0~100 33 592 0.6 | 0.05 | 50 0.88u
[17]12005| 1 -40~125 66.7 225 0.5 4u
[18]2005| 1.8 0~70 325 615.1 |0.18| 0.1 35 1.6u
[19]2006| 1.2 -20~90 61.64 718 0.09 1.6u
[20] 2006 (0.8~2.6| -20~120 64.2 278 0.18 | 0.04 5.4u
Voltage Reference Uses Parallel Voltages

*[21]2003| 1.4 0~100 36.9 309 0.6 {0.055| 20 | 13.58u
*[22]2004| 5 -10~80 32 2670 0.5 10.0936 970u
*[23]2005| 1.5 0~80 25 168 0.35] 0.08 | 59 3.6u
*[24]2006|1.5~4.3 0~80 12 &9l [0.35]10.015| 59 300n
[25] 2005 (0.6~1.8 0~75 70 332 0.18

[26] 2006 (0.9~3.3| -40~100 23 181 0.35 l.1u
771C

*[27]2001| 3~3.3 -20~100 15 799 0.35 {0.0204

[28]2004| 1 -50~150 4 640 0.18

[29] 2005 3.3 -50~120 50 821 0.35

1264 36.3u

Voltage Reference Uses Non-standard Process
*[30]2003| 1 -50~100 80 410 0.6u
*[31]2004|2.8~5.5| -20~100 54.6 0.8~1.5 | 0.5 [0.081| 80 500u
*[32]2005| 4.5~9 -40~85 1 1250~5000{ 1.5 | 1.6 67 3.15u
*[33]2006| 1.2 -60~140 130 400 0.35 ({0.0022 40u

In researches for voltage mode of Vprar and Verar, Ref [2] is good to discuss in
depth, because it has several characteristics.
1. Low power: In researches for voltage mode of Vprar and Verar, Ref[2] is sole
circuit architecture at which all MOS work in subthreshold region. It is very
worth to investigate in depth, because MOS work in subthreshold region can

reach the least power consumption.
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2. Small area: The area of circuit architecture which is Ref[2] is (400*300)pm2,
and we find that resistors occupy a lot of area. Therefore, we try to delete the
resistors, and we will save very big area to reach the goal of small area.

3. Simple: Circuit architectures will demand simple and high performance in the
future. Simple doesn’t produce needless performance which effect accuracy, and

simple circuit can decrease power consumption.

Choosing voltage mode of Vprar and Vcerar architecture as our design
architecture is possible to implement our goal. Because of no resistances, the area can
diminish largely and decrease resistor’s error. Besides, MOS which works in

subthreshold region is adaptable to design in low-power architectures.

2.3.7 Summary

In this chapter, we know that voltage references are produced by Vprar and Verar.
Introducing bandgap references, and.comparing BJT and MOS. Making sure that
MOS is better than BJT under our'requests..Afterward we introduce five architectures
of voltage references and understand how they work: Finally, comparison is shown in
the last section. After comparison, we choosé voltage:mode of Vprar and Verar as our

design architecture.
In the next chapter, two propose design architectures will be shown carefully. We

will introduce principle, derivation, and simulation gradually, and my propose

architectures compare with researches which is presented in the recent six years.

-25-



Chapter 3 Circuitry Architecture

CHAPTER

Circuitry Architecture

In this chapter, proposed architectures will be shown and implemented. Before
this, we should define specification explicitly. At least, proposed design can work in
battery-operated system, and it still hasthigh performance. Then, we start to find out
Verar which must be produced by MOS,.and.using Vcrar produces Vprar if it could
be implemented. When having® Vcrar and: Vppar, 'we can design voltage reference
stage by stage. Two proposed:architectures will be: shown and simulated, and we
discuss their advantages and problems: Finally, two proposed architectures compare to
researches, and explain that proposed architectures are better then researches in the

recent six years.

3.1 Design Process

First, we introduce two papers, and those are source of my proposed
architectures. So we need to understand the two reference papers step by step. Then

we will be clear to know how proposed architectures are designed.

3.1.1 Reference Paper

In Figure 3.1.1, all MOS work in subthreshold region, so Vgs is Verar. See M8, Vs is
Vb and Vgsg 18 Verar, so we can know that Vsg will be Vprar. But the current which
pass through M7 and M8 changes Vgss by the current function, so Vgg becomes Vggr.
We can design the bias circuit which produces Vprar by this principle. In next section,

the bias circuit will be presented and illustrated.
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Verar = Voo =Verar (3-1)
VDD VPTAT=VDD-VCTAT

M1

— g—M2< fe—Ms

1Vv12l
1Vv10l

- B gl Ve

M3

M5_a B B- M7

L

Figure 3.1.1:Circuit Architecture of REF[§]

1Vv10l

3.1.2  Vprar (Proportional to Absolute Temperature)
VDD

. L 1.
1|2

M1 _a M2

VPTAT

IPTAT 1 R

Figure 3.1.2: Conventional Vprar Circuit Architecture

o GND
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The conventional method which produces Vprar is shown Figure 3.1.2. The
circuit composes of four MOS (M1~M4) and a resistor (R). M1 and M2 work in
subthreshold region, and M3 and M4 work in saturation region. R is stable value
which doesn’t change with temperature. The derivation is as follows:

Because M1 and M2 work in subthreshold region, the function is (3-2)

VGS<T>=vm(T>+n%T1n os(T) (3-2)

(1)

and Vgs; =Vgs, +Vorar (3-3)

Using (3-2) into (3-3) can be shown as follows:

KT s, (T kT I
VTH(T)+n?1n |Df{’5/j) =VTH(T)+n?1n |DE\2’§” +Vorar (3-4)
° L 1 > L 2
,then we get the function of (3-5)
0
KT . |1 L
Vorar = N—In| B3 2 3-5
prar = N q n ™ (Wj (3-5)
L 1

Iosi * Tosa = g3  Ipsy » SO TI-T2:T3-T4

The function of (3-5) can be written as (3-6)
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Vorar = n?ln (3-6)

Because In is a positive value, Vprar 1S in positive proportion to

temperature. And Vprar=1,*R, we can know that I,=Iprar. Therefore, we get Vprar and

IPTAT-

Although, the circuit is better than bandgap reference. But, it has some
disadvantages. First, supply voltage.is (difficult below 1V. The minimum Vpp =
Vgsa(saturation) + Vgsi(subthreshiold) +.Vegar, afid Vgss > Vr, Vast < Vg, Verar
should have a value. V1y is abont 0.45V at TSMC 0.18um process. Therefore, we can
know that supply voltage will be more 1V. Second, resistor must be used, and it will
cause additional inaccuracy and-more aréa./Bécause Vprar must reach a fixed value,
the R and Iprar should large enough. It means thatarea and power must choose one. In
addition, someone change resistor to MOS which work in triode region as a resistor.
Indeed, the method could decrease a lot of area. But the method needs additional
circuits, the power is possible to increase. So, I propose a simple circuit to solve those

problems. I will explain proposed circuit of Vprar in the next section.
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VDD

lpraT

M1 _a_: VpraT E_ M2

GND
Figure 3.1.3: The Vpar Proposed Architecture

See Figure 3.1.3, it is propesed circuit of Vprar. The circuit is composed of three
NMOS (M1~M3). All MOS work in subthreéshold region, so Vgs is Verar which is a
voltage of negative temperature coefficientAnd, Vpp is a stable value. Therefore,

VpraT 18 as follows:

VPTAT :VGSI :VDD _VCTAT :VDD _VGS3 (3-7)

Vprar is gotten by two MOS which work in subthreshold region. The supply voltage
of proposed circuit can be lower than 1V because it stacks two MOS which are about
0.8V. And, the area of proposed circuit is very small because it has only two MOS. So,

the proposed circuit could have advantages of both small area and low supply voltage.
In the next section, the two proposed circuit of voltage reference is shown. We

will discuss principle, derivation, simulation, and problem. The relationship of

proposed architectures will be illustrated.
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3.2 Al NMOSFET Voltage Reference (ANVR)

When we present new bias-circuit, the first proposed architecture can be shown.
Its abbreviation is ANVR which means All NMOSFET Voltage Reference. The

proposed architecture will introduce principle, derivation, and simulation in the next

section.
VDD=0.8V
M3 .|. fe— M4
2R
lpraT
o —]
VRer
M1 _a E_ M2
Verat
- -
Figure 3.2.1: Architecture of ANVR
M1 M2 M3 M4 R(ohm)
W(um) 0.5 0.5 0.9 0.9
L(pm) 0.6 0.6 0.6 0.6 4.976k
m 6 6 6 6

3.2.1 Principle of ANVR

See Figure 3.2.1, the proposed architecture is composed of four NMOS (M1~M4)
and one resistor. All MOS work in subthreshold region. M1 and M3 are Vprar
produced circuit which has been introduced in the above section, and it produces a
stable Vprar to mirror to next stage. M2 and M4 are Vgrgr produced circuit. We use

VGS4 to be VCTAT, and IPTAT multiple R to pI‘OdU.CC VPTAT~ Then, VCTAT and VPTAT trade
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off. By this, a stable Vrgr will be produced. Because we hope that ANVR can operate
under 1V, we choose Vty of MOS around 0.48V. Besides, we hope that proposed
architecture’s power can be lower than the power of PAPER [2]. Therefore, we decide
that supply voltage is 0.8V and total current is about 500nA. The each current of
ANVR is 250nA which is the same current at the architecture of PAPER [2]. Finally,
we can know the size of MOS and the derivation can be shown in the next section.

3.2.2 Derivation of ANVR

The section will derivate Vggr and illustrate every parameters. First, bias-circuit
derivation is shown, and Vggp-circuit derivation will be shown by bias-circuit

derivation later. Therefore we can decide (W/L) and resistor by the derivation.

A. Bias-circuit derivation

First, the function of Vgg; 1s shown as
VGSI(T):VDD _VGS3(T) (3-8)

Using the current function 6f MOS works in weak inversion, the function of (3-8)

can be written as

Vesi =Vop — {Vth3(T)+ nV; In ID3—(T)}}

- (3-9)
=Vpp — {VthS (T ) +nV; ln{g +Ves (T ) ~Vini (T )}

3

Pis (W/L), V is thermal voltage, and n is subthreshold slope factor. The function

of (3-9) become as

P
VGSI (T ) = %VDD _%nVT ln{#} _%[Vthl (T )_VthS (T )] (3'10)

3

Therefore the bias-circuit derivation is done, and Vgs1 will be used latter.
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B. Vger-circuit derivation

VrEer can be written as the function
Vier :VDD_[VGS4(T)+ IDz(T)X R] (3-11)

Using the current function of MOS works in weak inversion, the function of (3-11)

can be written as

sta

Veer =Vpp — {vth4(T)+ nv, ln{IILS-)} + 15, (T)x R}

| s P2 exp{VGSZ (T ) _Vthz (T )

=Vpp —| Ve (T)+ 0V, In } +15,(T)xR (3-12)

P
:VDD - nVT IH{FZ}'FVG&(T)‘F IDz(T)>< R +Vth4(T)_Vth2(T):|

4

the function of (3-12) can become as (3-13) by the function of (3-10)

P 1 1 P 1
VREF = VDD - |:an ln|:Pz:| + {ZVDD o E nVT ln{l;} 7 Ewthl (T ) _Vth3 (T )]} +1 D2 (T )>< R +Vth4 (T )_Vthz (T)

4 3

1 P 1 P 1 1
= EVDD - nVT ln|:Pz} + E nVT ln|:Pl} -1 D2 (T )X R+ Evthl (T ) - EVIhS (T )_Vth4 (T ) +Vth2 (T )

(3-13)

If we want Vrgr which does not change with temperature, dVrgr/dT should be

Z€10.

daT q dT 20 dT dT dT daT

Vier _ nkln{[&}{pl}%}RdIDz(T)Jrl[thm(T) de(T)}{thhz(T)_ thM(T)} 0

(3-14)
n is subthreshold slope factor , P is (W/L), and % =8.6x107" e%< . The function

of Vu(T) is shown as
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Vi, (T) =V, (T,)+ (KT1+ KT2xVbS)(Tl—1J (3-15)
0

And its differentiation is written as

dv, (T

#z(KTHKTZme) (3-16)

KT1 is temperature coefficient of the threshold voltage and KT2 is bulk-bias
coefficient of the threshold voltage’s temperature dependence. dVy(T)/dT can been
decided when (W/L) had been decided. Therefore, dVrer(T)/dT can be zero by
designing P;~P4. When we decide the power, the current will be decided. Then, (W/L)

is decided by the current. Finally, resistor can be chosen.

ANVR has many advantages. Firstjall MOS are NMOS. This method saves a lot
area, because we don’t use the area of PMOS.. Second, supply voltage is 0.8V which
reaches below 1V. The circuit-has only two ' NMOS to stack, and MOS work in
subthreshold region which means Vg <0:45V. Therefore, we can decrease much
power in the proposed architecture. Third)the performance is not bad, and it will be

shown in next section.

3.2.3 Post-Layout Simulation of ANVR

The layout of ANVR is shown in Figure 3.2.3. ANVR uses no PMOS, so the
layout does not need PMOS region. It is good to decrease area. M1 and M2 are
alternate permutation, so it can decrease mismatch. Iprar will mirror to M2 very well.
Because a resistor has larger derivation, we divide a resistor into eight resistors. The
method can decrease resistor derivation. In addition, dummy technique has been used
in the layout, and it is also used to decrease process variation. Figure 3.2.2 shows
presim of ANVR, and we can compare with Figure 3.2.3 which shows postsim of
ANVR. They are almost the same.

The post-layout simulation is shown in Table 3.3. The five corners are shown

from Figure 3.2.4 to Figure 3.2.8, and all corners are shown in Table 3.4. Those

figures are curve of Vggr and temperature, and temperature range is wide enough to
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reach -80°C~165°C. The inaccuracy is only =1.5mV at Figure 3.2.3 when the corner is
TT and TT RES. In Table 3.3, temperature coefficient is lower than 166ppm/°C in the
worst case when temperature range is -80°C~165°C. We try to adjust the corners of

proposed architecture, so temperature coefficient of the worst case can lower than 200

ppm/C.
Temperature VS.Vref (TSMC 0.18um CMOS technology)
358
357.5
357
Z 356.5
£
o
S 356
355.5
355 ‘ ‘ !
354200 50 0 50 100 150 200
Temperature=-80-to 165 DEC-C
Figure'3.2.2: Presim of ANVR
Table 3.1: Post-Layout Simulation of ANVR
PAPER |VDD|Temperature TemperatureVREF|Tech., AREA PSRR |[POWER
(year) V) Range Coefficient | (mV) |(pm)| (mm?) (dB) W)
(€) (ppm/C)
ANVR 0.8 -80~165 34.4 356 [ 0.18 | 0.00108 75
(TT,TT_RES) -40~125 27.7 356.7 (30*36)um’ ' 403.2n
- @100kHz
0~100 16.7 356.7
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Figure 3.2.3: Layout of ANV.Rin TSMC 0.18um CMOS Technique
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Figure 3.2.4: TTTT
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150

100

50
-80 to 165 DEC-C

0
Temperature

-50

Temperature VS.Vref (TSMC 0.18um CMOS technology)

-100

AW (1)J2IA

Figure 3.2.5: FE FT1RES.Corner of ANVR

Temperature \/S.Vref (TSMC 0.18um CMOS technology)

1mV

- __ ' ___+r_____‘_____'_-____/

360.
150

-80 to 165 DEC-C

J
50 100

\
0
Temperature

50

AW (1)JIN

~ RES Corner of ANVR

Figure 3.2.6: SSTT
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Temperature VS.Vref (TSMC 0.18um CMOS technology)

V

360.4m

355.1m

/-

Aw (L)J8IA

355

100 150

50
-80 to 165 DEC-C

-50

-100

Temperature

Figure 3.2.7: SE FTI RES,Corner of ANVR

Temperature VS.Vref (TSMC. 0.18um CMOS technology)

o

-354.8m\V - -~

V

3531~

Aw (1)J8IA

100 150

50
-80 to 165 DEC-C

0
Temperature
Figure 3.2.8: FS TT RES Corner of ANVR

-50

00
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B. Post-Layout Simulation Results (Vgrgr):
Table 3.2: Corners of ANVR Post-Layout Simulation (Vrgr)

Corner | Resistance | Temperature | Temperature | Temperature | Temperature
Corner Coefficient Coefficient Coefficient Coefficient
(ppm/C) (ppm/C) (ppm/C) (ppm/C)
(0°C~100°C) | (-40°C~125C) | (-75C~165C) | (-80°C~165°C)
TT TT 16.7(0.6) 28(1.65) 32.7(2.8) 34.4(3)
FF 23.7(0.85) 33.1(1.95) 36.8(3.15) 38.4(3.35)
SS 22.4(0.8) 30.6(1.8) 373.2) 36.7(3.2)
FF TT 153.1(5.4) 137.9(8) 137(11.5) 134.2(11.5)
FF 113.5(4) 103.4(6) 103.7(8.7) 101.1(8.7)
SS 193.5(6.5) 169.5(9.8) 170.5(14.1) 165.3(14.1)
SS TT 72.5(2.5) 72.8(4.3) 66.4(5.6) 67.4(6)
FF 75.3(2.8) 76.2(4.5) 50.1(6.1) 73.1(6.4)
SS 64.2(2.4) 67.8(4) 63(5) 61.8(5.4)
SF TT 64(2.2) 64.2(3.8) 59.3(5) 60.5(5.3)
FF 69.5(2.5) 71(4.2) 66.3(5.6) 67.3(5.9)
SS 55.7(2) 57.5(3.4) 54.7(4.6) 56(4.9)
FS TT 167.7(4) 103.4(6) 103.4(8.8) 102.5(8.8)
FF 79.1(2.9) 73.8(4:3) 76.9(6.6) 76.6(6.6)
SS 141.8(10.9) 131.3(7.6) 132.5(11.1) 129.8(11.1)

() is derivation of voltage reference; and its unit ismV.

3.24

Discussion of ANVR

The performance of proposed architecture is good, but PSRR is lower than the

most researches. Vrgr will shake easily when supply voltage shakes. And ANVR has

used resistors which have a derivation. Besides, the circuit needs to have a stable

mechanism which can stabilize bias circuit. The three issues deserve to discuss, and

we need to find solutions. In the next section, NPVR is presented to solve the above

1ssues.
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3.3 NMOSFET and PMOSFET Voltage Reference

(NPVR)

When we advance problem from ANVR, the second proposed architecture can be
shown to solve the problem. Its abbreviation is NPVR which means 3.3
NMOSFET and PMOSFET Voltage Reference. The proposed architecture will

introduce principle, derivation, and simulation in the next section.

VDD

M6—3 M5 E— M7

*M

lpTA

*
M*lprat

—
M4 N3
_a VeraT E_ VREF

M2 —4 mi | fe—wms

GND
Figure 3.3.1: Architecture of NPVR

M1 M2 | M3 | M4 | M5 | M6 | M7 | M8

Wum) | 1 1 1 1 1 1 05 | 092

L(um) | 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2
m 8 8 8 8 16 16 8 8

3.3.1 Principle of NPVR

The circuit is composed of NMOS and PMOS. M1~M4, M7, and M8 are NMOS,
and M5~M6 are PMOS. All MOS work in subthreshold region. The principle is like
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ANVR. We use Vgsp of M6 to produce Verar, and Vpp subtract Verar to produce
Vprar. Verar 18 Vgss. Therefore, the current Iprar is mirrored from M3 to M7. Beside,
Vgss 18 Verar. Finally, M*Ipmar and Vgss trade-off, and a stable Vggr is produced.
Because we hope that NPVR can operate under 1.5V, we choose Vy of MOS around
0.49V. Besides, we hope that proposed architecture’s power can be lower than the
power of PAPER [2]. Therefore, we decide that supply voltage is 0.8V and total
current is about 105nA. The each current of NPVR is about 35nA which is the same
current at the architecture of PAPER [8]. Finally, we can know the size of MOS and
the derivation can be shown in the next section.

3.3.2 Derivation of NPVR

The section will derivate Vggr and illustrate every parameters. First, bias-circuit
derivation is shown, and Vggp-circuit derivation will be shown by bias-circuit

derivation later. Therefore we can decide (W/L) and resistor by the derivation.

A. Bias-circuit simulation
M1~M6 are bias-circuit, and-it is used to produce Vprar. The function can be

written as
VGS(T):VGSI(T)+VGSS(T) (3-17)

Using the current function of MOS works in weak inversion, the function of (3-17)

can be written as

Ves(T) :Vthl(T)+Vth3(T)+ nV; ln{%x I|D(|-3r )}

r - eXp{VSGG(T)— Vans (T )q 1P, exp{VSGG(T)_ Mo )q

nV; y nV;

=V (T) + Vs (T) + V1 In I.P I.P,

P P

1V ()00 B e ) (Vo))

(3-18)
Because of Vg, (T)=Vpp —Ve,(T), the function of (3-18) can be written as
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B.

1 3

P, P
Ve (T)=nv, h{—w—é}zvm N (1) Vi (T ) Vo () 2N T)

(3-19)
2 1 P P 1
=2V, +—nV, In —6x—6}+—{\/h (T)+Vys (T) = 2V, (T )}
3DD3T|:PlP33t1 th3 t6)|
Therefore the bias-circuit derivation is done, and Vg3 will be used latter.
Vrer-circuit derivation
Vrer can be written as the function
15,(T)
Vess(T ) =Veer :VthS(T )+ nV; In P (3-20)
S'8
Because |,,(T)= 1P, exp{VG”(T )= Va (T )} (3-21)
nV;
Therefore the function of Vggr can bewritten-as
| . P7 explivem (Trz\; Vth7 (T )}

VGSS(T):VthS(T)+nVT In P !

o (3-22)

I:)7
:VthS(T)+ nV; In F +VGS7(T)_VIh7(T)
8
We know Ve, (T )=Vg3(T)—=Vege » s0 the function of (3-22) is written as
1 1 P, 1
Vaer (T) = Vo (T )+ Vs Il == Vo (T) Vo (T)] (3-23)
8

So we can bring (3-19) into (3-23), then the function of (3-24) will be shown.
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2

Vier =1<§VDD 3nv h{zxE};{vtm(T)+vm(T)—2Mh6(T}}>+;an ln{z}—;[\/thg(T)—Vw(T)]

Ly (T) =V, (T)]

P P 1 | P
- VDD+ nV In {Pﬁ P6}+6{vtm(T)+vm(T)—2 th6(TX}+5an 1{7}—2

1 3 PS

P PR R, 6 2 2

%p 15
=Ly nv, mﬂp e }va(mlvm<T>—;Mh6<Tx+lvmm—lvmm

(3-24)

If we want Vrgr which does not change with temperature, dVrgr/dT should be

Z€10.

P R

aT g P, dT dT dT dT dT

Yoo 14
dvREF_nkln{{a a} H }+é[dvthl<T>+dvm(T)_zdvm(T)Hdvm<T>_3dvm(T>}0

(3-25)
n is subthreshold slope factors, P is (W/L),’and % =8.6x107" e%< . The function

of Vru(T) is shown as

V,, (T) =V, (T,)+ (KT1+ KT 2 xV,, )(TL_IJ (3-26)

0

And its differentiation is written as

dV, (T) = (KT 1+KT2xV,,) (3-27)

KT1 is temperature coefficient of the threshold voltage and KT2 is bulk-bias
coefficient of the threshold voltage’s temperature dependence. dVy(T)/dT can been
decided when (W/L) had been decided. Therefore, dVrer(T)/dT can be zero by
designing P~Ps.
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3.3.3 Post-Layout Simulation of NPVR

The layout of NPVR is shown in Figure 3.3.3. The bias circuit is alternate
permutation, so it can decrease mismatch. Iprar will mirror from M3 to M7. NPVR
has not used resistors, so it will be no resistor derivation. Because no resistors, the
area is lower than (37*24)um’. In addition, dummy technique has been used in the
layout, and it is also used to decrease process variation. Figure 3.3.2 shows presim of
ANVR, and we can compare with Figure 3.3.3 which shows postsim of ANVR. They

are almost the same.

All corners are shown from Figure 3.3.4 to Figure 3.3.8, and Table 3.3 shows
Corner Post-layout Simulation Results of Vrgr. The inaccuracy of Vgrgr can be lower
than 0.5mV at TT corner, and temperature coefficient is 8.6 ppm/°C at -80°C~1657C.
Beside, the inaccuracy of Vggr can be lower than 0.ImV at TT corner, and
temperature coefficient is 1.5 ppm/°C at 0°C~100°C. The temperature coefficient of
worst case is lower than 84 ppm/°C at -80°C~165°C in FS corner. See Table 3.4, it is
specification of NPVR. Indeed, it reaches'my goal.

Temperature VS.Vref (TSMC+0.18um-CMOS technology)

238.3--------- N Fooootit gooTodn - pmmm ‘
l l l l l l
| | | | | |
| | | | | |

23820 -------- qmmmm--- Fommmm -  EEEEEEEE ERREEEEE - :

l l l l

| | | |

| | | |

2381 - N\ - e 1

| |

l l

| |

> 238--------N--“"-"-“"---- - !
£ ) :
£ | |
= S —— L P O Y A SIR—— ‘

> 237.97237.93MV-1- -\~ i o

2378 - N

237.7--------

| |

| |

| |

| |

1 1

| | | |

| | | |

| | | |

| | | |
| | | |

237—' 00 -50 0 50 100 150 200
Temperature=-80 to 165 DEC-C

Figure 3.3.2: Presim of NPVR
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Table 3.3: Post-Layout Simulation of NPVR
PAPER|VDD|Temperature| Temperature VREF|Tech., AREA PSRR [POWER
(year) | (V) Range Coefficient | (mV) |(um)| (mm?) (dB) W)
(C) (ppm/C)
NPVR | 0.8 -80~165 8.6 237.910.18 | 0.000888 18
-40~125 6.3 237.9 (37%24)um’ 83n
@10MHz
0~100 3.7 237.9

Figure 3.3.3: Layout of NPVR in TSMC 0.18um CMOS Technique
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A. Post-layout Simulation Results (VREF):

Temperature VS Vref (TSMC 0.18um CMOS technology)

L =L
238. 8mv____—-7
23,1 [eeem R e /
e e e /
- 237.93mv
E ......................... ]
E ool T .
2
>
2378
e 237.68mN
237-%0 -50 a 50 100 150 200
Temperature=-80 to 165 DEC-C
Figure 3:3.4: TT Corner of NPVR
Temperature VS.Vref (TSMC 0.18um CMOS technology)
= i i i ] i
\\--.253.8mv
25838
253
E 2525

E 252.35mv

2518

251

2606
B 150 200

o a0 100
Temperature=-80 to 165 DEC-C

Figure 3.3.5: FF Corner of NPVR
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22358

223

iy

222

A

Vref(T) mv

22058

220

2195

219

221

Temperature VS.Vref (TSMC 0.18um CMOS technology)

2185

-100 50

585

268

575

247

Vref(T) mv

255

2846

264

2535
-100 -50

2565

256

2555

| | ]
100 180 200

1) a0
Temperature=-80 to 165 DEC-C

Figure 3.3.6:4ES/Corner of NPVR

Temperature VS.Vref (TSMC 0.18um CMOS technology)

100 180 200

Temperature=-80 to 165 DEC-C

Figure 3.3.7: SF Corner of NPVR
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Temperature VS Vref (TSMC 0.18um CMOS technology)

2

| | | 226.2MV |
S | | |

255 T /

\

£ s

Vref(T)

22 L
K[ 50

100 150 200

o a0
Temperature=-80 to 165 DEC-C

Figure 3.3.8:4SS/Corner of NPVR

B. Post-Layout Simulation Results (VREF):
Table 3.4: Corners of NPVR Post-Layout Simulation (Vger)

Corner | Temperature Range | Temperature Coefficient
(©) (ppm/C)
TT -80~165 8.6(0.5)
-40~125 6.3(0.25)
0~100 3.7(0.09)
FF -80~165 46.9(1.8)
-40~125 48.1(2)
0~100 43.7(1.2)
SS -80~165 69.13.4)
-40~125 48.5(1.8)
0~100 51.1(1.2)
SF -80~165 75(4.4)
-40~125 63.9(2.7)
0~100 62.4(1.6)
FS -80~165 83.14.3)
-40~125 85.1(3.1)
0~100 81.6(1.9)

() 1s derivation of voltage reference, and its unit is mV.
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3.3.4 Discussion of NPVR

NPVR reaches three goals. First, double mirror is used to stabilize Vprar
produced circuit. Second, PSRR arise from 6.5dB to 10dB. NPVR has three MOS
stack, and Vprar 1s produced from M3. By this, Vggr can resist the shake from Vpp.
Third, the area of NPVR decreases a little because we do not use resistors. Therefore,
the performance of NPVR is better than ANVR. In Table 3.6, temperature coefficient,

area, PSRR, and power consumption become better in NPVR.
Although NPVR has not bad performance, it still has two problems. First,

start-up circuit is needed. Second, PSRR should improve. In next section, we will

discuss the two problems carefully.

Table 3.5: Comparison between ANVR and NPVR

PAPER|VDD|Temperature| TemperatureVREF|Tech., AREA PSRR |[POWER
(year) | (V) Range Coefficient!| (mV),|(um)| (mm?) (dB) W)
(©) (ppm/C)
NPVR | 0.8 -80~165 8.6 237.910.18 | 0.000888 18
-40~125 6.3 237.9 (37%24)um’ 83n
@10MHz
0~100 - ) 2379
ANVR | 0.8 -80~165 344 356:-1:0.18 | 0.00108 -
-40~125 27.7 356.7 (30*36)um’ ' 403.2n
@100kHZ
0~100 16.7 356.7
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3.4 NMOS PMOS and Capacitor Voltage Reference

(NPCVR)

When we advance problem from NPVR, the second proposed architecture can be
shown to solve the problem. Its abbreviation is NPCVR which means voltage
reference with NMOS, PMOS, and capatitor. The proposed architecture will introduce

principle, derivation, and simulation in the next section.

VDD
M5 M6 M7
s o
—— C1 lpTAT2
- VRer
M3 —4 P4 -
Verat -2

M1—4 M2 [ fe—ms

GND
Figure 3.4.1: Voltage Reference uses NMOS, PMOS, and Capacitor (NPCVR)

M1 M2 M3 M4 M5 Mo M7 M8 C1 C2

W(um) 1 1 1 1 1 1 1 1.4 IpF 4pF
L(pm) 0.2
m 16

3.4.1 Start-up Circuit of NPCVR

In the Chapter 4, the measurement result of NPVR can discover that we can not
measure Vggr sometimes. It means that NPVR needs start-up circuit. Therefore, we

use C1 to be start-up circuit. When supply voltage is zero, voltage of all points is zero.
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Then supply voltage becomes 0.8V, M5 is PMOS and it will turn on. The current
flows through M5, so Vps and Vgs will be high. M5 turns off, but the current flows
through C1 and Vg4 become high which means that M4 turns on. Therefore, proposed

architecture will keep working.

3.4.2 Power Supply Reject Ratio (PSRR)

1/gmg ;
VDD e gm 5V955 gm7VgS7 lo7
Vs, Vs
-

loa

gmaVgsa O
VRer
>3

fo2 @ 1/gmg

gmzvgsz

Figure 3.4.2: Small Signal of NPCVR

In Figure 3.4.2, it is small signal of NPCVR. If we want to know PSRR, we should
derivate the value of V .t/ Vaa. The derivation is shown as follow.
V.t can be shown as the function of (3-28).

Vref = L gm7vgs7 +rL(Vdd _Vref )

m8 07

= Iy (Vg7 _Vref )+Lvdd _Lvref

gm8 gm8r07 gm8 r07 (3-28)
1 1+9,,",
g7 + Vdd - —

ng m8r07 gm8r07

— gm7V

ref

r 1
— gm7 07 V97 + Vdd
1+gm8r07 +gm7r07 1—’_gm8ro7 +gm7ro7

V,7 can be shown as the function of (3-29).
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9 + 9 1
Vyr = (WJ{_ OimsVgss +r_(vdd —Vyr )}

05

Omi + 9ms || 1+ sl 1
:( gl g 3]|: r : 5Vdd _r_vg7_gmsvgs}
mlIm3 05

05

(3-29)
2 [ 1+0,s0, 1
=_|:#Vdd __Vg7 - gmsvgs}
gml r

05 05
_2+2gm5r05v _ 2ngrOS
- dd g5
2+ Qs 24+ 0mls

Vs can be shown as the function of (3-30).
1

V.=V, -——1|g,.V +-:!$L-
g5 dd gm6 m2Yg2 r2+r4

gm2 1
VPR V., V
« gm6 v gm6(r02 + r04) ”

gml 1
=V, ->"V - \Y
“ ng v 2gmsrol
— 2'ng rol V _ nglrol
1+2950, i 1429050

(3-30)

s

g2
V,» can be shown as the function of (3-31).

1 1
ng = _|:_ ngVgss +_(Vdd _Vg7 )}
Om r

05

= gL{_ ng(VgS —Va )+ri(vdd Vs )} (3-31)
ml

05

Y

1+ 9,50, O, 1
= Vg — 5Vgs_ g7
gmerS gml gmerS

We can derivate V.¢/V4q by the function of (3-28), (3-29), (3-30), and (3-31).

_ gm7ro7 1+gm5r05 +gm5rol 1
Vit = + dd
1+gm8ro7+gm7ro7 1+gm1r05+2gm5r01 1—i_gmfiro7-i_gm7ro7

erf z[ Omslo7 j( 1+gm5r05 + Omslol Jz( Qs J[ Omslos + Qmslo lezIOdB
Vdd 1+gm8ro7+gm7ro7 1+gm1f05+2gm5l‘01 gm8+gm7 gm1r05+29m5r01 3

(3-32)

Therefore, Viet/V4qis about 10dB, and it means PSRR is 10dB in zero frequency.
It is a disadvantage at proposed architectures, and it is hard to change. But we still can

pull up PSRR at higher frequency. A capacitor which is put in output is a method to
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pull up PSRR. We know that pole is 1/(R*C) and main pole is in output. If we put a

capacitor which is 4pF in output, the main pole will move to lower frequency. By this,

PSRR will pull up at higher frequency. See Figure 3.4.3, PSRR is shown from OHz to
10MHz, and PSRR of NPCVR is better than NPVR.

Volts 4B (i)

3.4.3

T
3x

4x S G
Frequency ilin) (HERTZ)

T T
T 8x

Figure3.4.3: PSRR.of NPCVR

Post-Layout Simulation of NPCVR

The performance of NPCVR is shown at Table 3.6. Although, the area and power
of NPCVR is bigger than NPVR. But they are still smaller than other papers, and the
comparison will be shown in the next section. Layout of NPCVR is shown at Figure
3.4.4 and the area is (105*95)um?. All corners are shown at Figure 3.4.5~Figure 3.4.9.

Table 3.6: Post-Layout Simulation of NPCVR
PAPER|VDD|Temperature| Temperature VREF|Tech., AREA PSRR (POWER
(year) | (V) Range Coefficient | (mV) |(um)| (mm?) (dB) W)
(C) (ppm/C)
NPCVR| 0.8 -40~125 14.68 228 |0.18 | 0.00lmm* | 47dB
0~100 10.39 228 (105%95)um*|@10MHz 152n
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Figure 3.4.4: Layout of NPCVR

Temperature VS.Vref (TSMC 0.18um CMOS technology)
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Temperature VS.Vref (TSMC 0.18um CMOS technology)
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Temperature VS.Vref (TSMC 0.18um CMOS technology)
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C. Post-Layout Simulation Results (VREF):
Table 3.7: Corners of NPCVR Post-Layout Simulation (Vrgr)

Corner Temperature Range Temperature Coefficient
(C) (ppm/C)
TT -40~125 14.68
0~100 10.39
FF -40~125 51
0~100 50.7
SS -40~125 102
0~100 97.1
SF -40~125 65.2
0~100 59.8
FS -40~125 49.7
0~100 59.2

() 1s derivation of voltage reference, and its unit is mV.

3.44

Discussion of NPCVR

As shown in Table 3.9, it issshown,that PSRR'is pull up to 47dB at 10MHz. The

performance does not change very-much, and PSRR: becomes high a lot. Otherwise,

NPCVR has start-up circuit to improve the'question of NPVR. In the next section, we

will show all papers and proposed architectures to.compare the performance.

Table 3.8: Comparison between NPVR and NPCVR
PAPER|VDD|Temperature Temperature VREF|Tech., AREA PSRR |POWER
(year) | (V) Range Coefficient | (mV) |(um)| (mm?) (dB) W)
() (ppm/C)
NPCVR| 0.8 -40~125 14.68 228 |0.18 | 0.001mm’ 47dB
0~100 10.39 228 (105*95)um?*| @10MHz 152n
NPVR | 0.8 -40~125 6.3 237.910.18 | 0.000888 18
0~100 37 | 2379 G7*2aum? |@100kHz| o
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3.5

Comparison

Three proposed architectures and researches are compared at Table 3.10.

Obviously, the performance of proposed architectures is good by comparing all

researches. Let’s see the performance one by one.

1.

Supply Voltage: Supply voltage of proposed architectures is the lowest voltage
in all researches. We know that power is supply voltage to multiply total current,
so low supply voltage is easy to get low power. It means that proposed
architectures can apply to low power systems.

Temperature Range: Proposed temperature range is the widest temperature
range which is -40°C ~ 125°C in all researches. Even it can apply at the space.
Temperature Coefficient: It is important authority of performance. Temperature
coefficient of NPCVR is 14.68 ppm/’C at -40°C ~ 125°C. It is very low
temperature coefficient and very wide temperature range. Even temperature
coefficient has still 10.39 ppm/°C at 0°C ~ 100°C.

Area: The area of proposed architectures is low to several hundreds pm®. Indeed,
it reaches the goal whichi ‘is that. proposed architectures can apply in
battery-operated systems.

Power: The power of proposed architectures is low to several dozens nW. It
truly achieves low power,-andit/isvery suitable to apply in any low power

systems.

The whole said that the performance of proposed architectures is better than the most

researches. The result proofs that proposed architectures achieve our goal.

Table 3.9: Comparison of All Voltage Reference’s Architectures
PAPER | VDD |TemperatureTemperature, VREF |Tech., AREA |PSRR/POWER
(year) %) Range Coefficient (mV) |(um)| (mm?) dB)| (W)
() (ppm/C)
NPCVR | 0.8 -40~125 14.68 228 0.18 | 0.00Imm’
0~100 10.39 228 (105%95)um’ 47dB| 1>2n
NPVR 0.8 -40~125 6.3 237.9 |0.18| 0.000888
0~100 3.7 237.9 arogumt| 12| 5"
ANVR 0.8 -40~125 27.7 356.7 | 0.18| 0.00108
0~100 16.7 356.7 Gosseum?| > | 10"
Voltage Mode of PTAT and CTAT * 1s that research has experimental result
*[1]2004 | 4.5~5 25~90 347 1320 0.18
*[2]2005| 0.9 0~100 39 514 0.35 0.12 22 780n
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*[3]2005 2 0~70 62 579 0.35 0.126 84 4.6u
*[4]2006 | 0.9~4 0~80 10 670 0.35 0.045 40 63n
[5] 2004 [1.1~2.2 -10~70 85 504 0.18 176u
[6] 2005 | 3.3 0~150 26 711 0.35
[712006 | 1.3 -50~130 9 546 0.18 100 80u
(812006 | 0.5 -40~100 2.2 319 0.13 0.0002 14 40n
Current Mode of PTAT and CTAT
*[9]2003 | 1.2 -25~125 119 295 1.2 0.23 40 4.32u
*[10]2006| 0.85 -20~120 194 221 0.18 0.0238 3.3u
[1172003| 0.6 -40~100 93 400 0.13
[12]2003| 1.5 -40~125 37.88 800 0.13 120u
[13] 2003 (0.6~1.8 0~80 80 405 0.18 0.1 82 25u
[14]2004| 3~5 -60~100 4 1165.4 1.2 0.18 30u
[15]12004] 1 -20~80 200 400 0.35 3u
[16] 2004| 0.8 0~100 33 592 0.6 0.05 50 0.88u
[17]2005| 1 -40~125 66.7 225 0.5 4u
[18]2005| 1.8 0~70 325 615:1 [0.18 0.1 35 1.6u
[19]2006| 1.2 -20~90 61.64 718 0.09 1.6u
[20] 2006 (0.8~2.6]  -20~120 64.2 278 0.18 0.04 5.4u
Voltage Reference Uses Parallel Voltages
*[21]2003| 1.4 0~100 36.9 309 0.6 0.055 20 | 13.58u
*[22]2004| 5 -10~80 32 2670 0.5 0.0936 970u
*[23]2005| 1.5 0~80 25 168 0.35 0.08 59 3.6u
*[24]2006(1.5~4.3 0~80 12 891.1 0.35 0.015 59 300n
[25] 2005 (0.6~1.8 0~75 70 332 0.18
[26] 2006 (0.9~3.3|  -40~100 33 181 0.35 l.1u
7ZT1TC
*[27]2001| 3~3.3 -20~100 15 799 0.35 0.0204
[28]12004| 1 -50~150 4 640 0.18
[29]2005| 3.3 -50~120 50 821&1264| 0.35 36.3u
Voltage Reference Uses Non-standard Process
*[30]2003| 1 -50~100 80 410 0.6u
*[31]2004|2.8~5.5|  -20~100 54.6 0.8~1.5 | 0.5 0.081 80 500u
*[32]2005| 4.5~9 -40~85 1 1250~5000| 1.5 1.6 67 3.15u
*[33]2006| 1.2 -60~140 130 400 0.35 0.0022 40u
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3.6 Summary

This chapter shows proposed architectures and discusses the proposed
architectures. We simulate proposed architectures, and the performance is good at
HSPICE simulation. But it does not mean that experimental results of chips are as
good as HSPICE simulation. So the three proposed architectures had taped out in

TSMC 0.18um process. In the next chapter, experimental results will be shown.
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CHAPTER

Measurement

Proposed design architecture ANVR and NPVR are taped out in TSMC 0.18um
CMOS process technique. In this chapter,/the- measurement environment and method
are shown first. Then experimental results.of ANVR and NPVR are presented by
figures and data. A comparison by /proposed design architectures and researches is
presented. Finally, we will illustrate the derivation between post-layout simulation and

experimental results.

4.1 Measurement Set-up

In Figure 4.1, measurement environment is shown. The chip is put in a
temperature and humidity chamber and other electronic devices which are batteries,
voltage-stabilizer circuit, and oscilloscope is put outside. By this, the temperature
variation only affects the measured chips and does not affect other electronic devices.
That is because we only want to know the effect of Vrgr which is measured from the
chip when temperature changes from -40°C to 125°C. If the other electronic devices
are also affected by temperature, the measured Vgrgr will be incorrect. Beside
measurement environment mentions a temperature and humidity chamber. It can
adjust and stabilize temperature from -75°C to 165°C and the deviation of temperature

is lower than 0.1°C.. It will be useful to measure a correct voltage reference.
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0.8v
Voltage- VDD
Stabilizer
- _I"‘ Circuit GND
Battery VREF
3V
Measure VREF
hd CHIP
Oscilloscipe
Temp. & Humidity Chamber

Figure 4.1: Block Diagram of Measurement Environment

In Figure 4.2, it shows a woltage-stabilizer.circuit which is composed of a
IC(LM317), resistors, capacitors, inductors, ‘and a diode(1N5402). Because proposed
design architectures need 0.8Vito be a supply voltage, the voltage-stabilized circuit
must to have two parts. First part is conventional voltage-stabilized circuit which can
produce and stabilize a voltage of T.2V. Second part is series voltage-stabilized circuit
which further decreases 1.2V to 0.8V." Of course, it has also the function of
voltage-stabilized. By this, a stable supply voltage provides to the measured chips.

Series Voltage-Stabilized

100u :
1.2V Circuit
LM317 N
R
3V >
<
! 1u 10U == 1u ==0.1u== 0.01u
0.8V
2k
1N540
2
v

Figure 4.2: Block Diagram of Voltage-Stabilized Circuit

Measurement environment is shown in Figure 4.3. The right side of Figure 4.3 is
a temperature and humidity chamber and the PCB is put inside. The PCB is shown at
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the under side of Figure 4.3. One PCB has four chips because it can save measurable

time.

|;‘¥ 5

asurement Environment

= A
Fisik

4.2 Experimental Result

In this section, experimental results will be presented and illustrated. Then a
comparison which has proposed design architectures and researches is shown by table.
By this, it can prove that proposed design architectures are suitable for

battery-operated system.
4.2.1 Experimental Result of ANVR

Experimental results of proposed design architecture ANVR is shown at Figure
4.4. The lowest voltage is 354mV and the highest voltage is 360mV at the different
chips. The largest derivation is lower than 6mV and it is the worst case. The
experimental results show temperature range of -40°C~125°C. Although temperature
range of post-layout simulation is -80°C~165°C, the HSPICE model only support
temperature range of -40°C~125C.
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Temperature VS.Vref (TSMC 0.18um CMOS technology)
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Figure 4.4: Experimental Result of ANVR

Table 4.1: The Derivation for Vrgr 0fANVR

Temperature('C) -40~125 0~100
Simulation(mV) 356.67+0.82 357.2+0.3
CHIP 1-9(mV) 357.08+1.85 358.16+£0.77
CHIP 1-11(mV) 356.64+1.57 358.2+0.67
CHIP 1-12(mV) 356.32+2.03 357.47+0.88
CHIP 1-14(mV) 357.22+2.04 358.62+0.62
CHIP 1-15(mV) 357.27€1.92 358.4+0.93
CHIP 1-16(mV) 358.1+£2.1 359.32+0.87

Table 4.1 shows the derivation of Vggr for proposed design architecture ANVR.
The best case is CHIP 1-11 which derivation is only £1.57mV and +0.67mV when
temperature range is -40°C~125°C and 0°C~100°C. Although experimental results are
not better than simulation, the voltage derivation has only several milli-Volt at
temperature range of -40°C~125°C. Table 4.2 shows experimental results of ANVR.
The power is not larger than 450nW, and PSRR is about 10dB. The worst temperature
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coefficient is 70ppm/C, and it is not as good as post-layout simulation. Beside

measurable error, we need to find out the source of inaccuracy.

Table 4.2: Experimental Results of ANVR

Simulation 1-9 1-11 1-12
Supply voltage 0.8v
Temperature range -40C~125°C | -40C~125C [ -40°C~125C | -40C~125C
0°C~100C 0°C~100C 0°C~100C 0°C~100C
Temperature coefficient | 27.7ppm/ ‘C | 62.8ppm/C | 53.28ppm/C | 69.2ppm/C
16.8ppm/ 'C | 42.9ppmy/'C | 37.27ppmy/'C | 49.3ppm/C
VREF 356.7 357.08 356.64 356.32
(mV) 356.7 358.16 358.2 357.47
PSRR 7dB 9.8dB 11.1dB 10.9dB
@10MHz @10MHz @10MHz @10MHz
Power 403:2nA 436nA 436nA 445nA
Area 0.00108mm’
Tech. 0.18um
Simulation 1-14 1-15 1-16
Supply voltage 0.8v
Temperature range -40°C~125C | -40C~125C | -40°C~125C | -40°C~125C
0°C~100C 0°C~100C 0°C~100C 0°C~100C
Temperature coefficient | 27.7ppm/ C | 69.22ppm/C | 65.2ppm/C 70.9ppmy/C
16.8ppn/ 'C | 34.66ppm/'C | 44.28ppm/C | 48.4ppm/C
Vier 356.7 357.22 35727 358.1
(mV) 356.7 358.62 358.4 359.32
PSRR 7dB 9.5dB 9.2dB 10.6dB
@10MHz @10MHz @10MHz @10MHz
Power 403.2nA 428nA 431nA 423nA
Area 0.00108mm’
Tech. 0.18um
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See Table 4.3, it shows resistor variation which may cause the inaccuracy of
Vrer. We use P+ Poly w/i Silicide as a resistor of ANVR. However, every 7.9 ohm
has + 2.5 ohm variation that is large error to affect Vrgr. Therefore, resistor variation

is possible source of Vrgr derivation.

Table 4.3: Resistor Variation

Film Valid Rsh Unit
Width Mean/Range

P+ Poly w/i W=>2.0 7.9+ 2.5 Q/sq

Silicide

4.2.2 Experimental Result of NPVR

Experimental results of proposed desigh architecture NPVR is shown at Figure 4.6.
The derivation is lower than several milli=Velt; but-it does not match with post-layout
simulation. The lowest voltage“is 236mV and'the highest voltage is 238mV at the
different chips. The largest derivation is lower than 2mV and it is the worst case. The
experimental results show temperature tange of -40°C ~125°C. Although temperature
range of post-layout simulation is =80°C~165C; the HSPICE model only support
temperature range of -40°C~125C.
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Temperature VS.Vref (TSMC 0.18um CMOS technology)
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Figure 4.5: Experiment:Results of NPVR

Table 4.4: The Derivation of Vrgr for NPV R

Temperature(C) -40~125 0~100
Simulation(mV) 237.8+0.125 237.7+0.05
CHIP 1-9(mV) 237.2+0.66 237.59+0.27
CHIP 1-14(mV) 236.8140.63 237.0940.35
CHIP 1-16(mV) 236.8940.77 237.2240.45

The best case is CHIP 1-9 which derivation is only £0.66mV and £0.27mV when
temperature range is -40°C~125°C and 0°C~100°C. Although experimental results are

not better than simulation, the voltage derivation has only several milli-Volt at
temperature range of -40°C~125°C. Table 4.5 shows experimental results of NPVR.
The power is not larger than 120nW, and PSRR is about 20dB. The worst temperature
coefficient is 40ppm/C, and it is not as good as post-layout simulation. Beside

measurable error, we need to find out the source of inaccuracy.
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Table 4.5: Experimental Results of NPVR
Simulation 1-9 1-10 1-14 1-16
Voltage 0.8v
supply
Temperature -40°C~125C -40°C~125C 0°C~95C -40°C~125C -40°C~125C
range 0°C~100C 0°C~100TC 0°C~100C 0°C~100C
Temperature 6.3ppm/ C 33.7ppm/C 33.7ppm/C 32.25ppm/C 39.4ppm/C
coefficient 3.7ppm/ C 22.7ppm/C 29.52ppm/C 37.5ppm/C
VREF 237.805 237.2 237.12 236.81 236.89
237.73 237.59 237.09 237.21
PSRR 18dB 20.2dB 20.9dB 21.3dB 20.8dB
@10MHz @10MHz @10MHz @10MHz @10MHz
Power 83nA 113nA 105nA 102nA 117nA
Area 0.00088mm’
Tech. 0.1 8um

When measuring Vrgr, we sometimes, measure no-value. The source is that NPVR
needs a start-up circuit. It can make NPVR work in right situation. The start-up circuit
had been illustrated at Chapter 3.

Table 4.6: Process Variation of Vrgr

-40~125 M1 M2 M5 Mé
0% variation 0.26mV 0.26mV 0.26mV 0.26mV
1% variation 2.3mV 2.6mV 2.3mV 2mV

We do Monte Carlo Analysis for NPVR, and we discover that process variation
is easy to affect M1, M2, M5, and M6, in Figure 4.6. The issue causes that voltage
derivation increases a lot, and temperature coefficient of experimental results is not
match temperature coefficient of post-layout simulation. We use Monte Carlo analysis
which we give 1% variation to simulate M1, M2, M5, and M6, and Table 4.6 shows
the result of Monte Carlo analysis. If width and length has no variation, the derivation
is 0.26mV when temperature range is -40°C~125C. However we give width of M1,
M2, M5, and M6 1% variation, the derivation of Vggr will become from 0.26mV to
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2.6mV. The derivation only has several milli-Volt, but temperature coefficient will
become from 6.3ppm/°C to 40 ppm/°C. This might be the source of inaccuracy, and it

caused the derivation of Vggr.

£

M6 / E"Y'M7
M4 —3 -3 TR;F

N i

GND
Figure 4.6: Process Variation-of NPVR

M2

4.2.3 Discussion of ANVR and NPVR

In Chapter 3, NPCVR uses capacitors which are put in output to increase PSRR.
When measuring, we can add a capacitor in output of chip in order to prove the
method being useful. See Table 4.7, the measured PSRR of every chips are higher
than 54dB, and the results prove the method to be useful.

Table 4.7: PSRR of NPVR (4pF in output)

Simulation 1-9 1-10 1-14 1-16 average
PSRR 54dB 57dB 56dB 58dB 57dB 57dB
@10MHz @10MHz @10MHz @10MHz @10MHz @10MHz

-69-




Chapter 4 _Measurement

4.2.4 Comparison of ANVR and NPVR

We have post-layout simulations and experimental results now, so their
comparison is shown at Table 4.8. Experimental results are chosen from the best chips
as the compared target. We can know that temperature coefficient of measurement is
lower than that of simulation. The performance of measurement is not better than that
of simulation indeed, but we have illustrated the source at the above section. The next
section will compare between experimental results of proposed architectures and

researches. Proposed architectures still have many advantages after comparing.

Table 4.8: Comparison of Post Layout Simulation and Experimental results

Proposed |(VDD|Temperature | Temperature |Derivation| PSRR |POWER
Design V) Range Coefficient (mV) (dB) (nW)
Architecture (C) (ppm/C)
ANVR 0.8 -40~125 28 1.65 7dB
Simulation 0~100 16.7 0.6 @100kHz 403.2
ANVR 0.8 -40~125 53.28 3.2 11.1dB
Measurement 0~100 3327 1.4 @100kHz 436
NPVR 0.8 -40~125 6.3 0.25 18dB
Simulation 0~100 3.7 0.09 @10MHz 83
NPVR 0.8 -40~125 33.7 1.3 20.2dB
Measurement 0~100 22.7 0.6 @100kHz 13
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Table 4.9: Comparison of Taped-out Voltage Reference’s Architectures
PAPER | VDD |Temperature Temperature] VREF |Tech., AREA |PSRR|POWER
(year) \%) Range Coefficient (mV) |(um)| (mm? |(@B)| (W)
() (ppm/C)
NPVR 0.8 -40~125 33.7 236.45 |0.18| 0.000888
0~100 22.7 236.8 37 24)um?| 202 | 13n
ANVR 0.8 -40~125 53.28 352.8 |0.18| 0.00108
0~100 3727 | 353.55 30*36)um?| 111 | 436n
Voltage Mode of PTAT and CTAT * is that research has experimental result
*[1]2004 | 4.5~5 25~90 347 1320 0.18
*[2]2005| 0.9 0~100 39 514 0.35 0.12 22 780n
*[3]2005| 2 0~70 62 579 0.35 0.126 84 4.6u
*[4]2006 | 0.9~4 0~80 10 670 0.35 0.045 40 63n
Current Mode of PTAT and CTAT
*[9]2003 | 1.2 -25~125 119 295 1.2 0.23 40 | 4.32u
*[10]2006| 0.85 -20~120 194 221 0.18 | 0.0238 3.3u
Voltage Reference Uses Parallel Voltages
*[21]2003| 1.4 0~100 36.9 309 0.6 0.055 20 | 13.58u
*[22]2004| 5 -10~80 32 2670 0.5 0.0936 970u
*[23]2005| 1.5 0~80 25 168 0.35 0.08 59 3.6u
*[24]12006|1.5~4.3 0~80 12 891.1 |0.35 0.015 59 300n
71C
*[27]2001| 3~3.3 -20~100 15 799 0.35| 0.0204
Voltage Reference Uses Non-standard Process
*[30]2003| 1 -50~100 80 410 0.6u
*[31]2004|2.8~5.5] -20~100 54.6 0.8~1.5 | 0.5 0.081 80 500u
*[32]2005| 4.5~9 -40~85 1 1250~5000( 1.5 1.6 67 3.15u
*[33]2006| 1.2 -60~140 130 400 0.35| 0.0022 40u

A comparison of taped-out voltage reference’s architectures is shown at Table 4.8.

It lists researches of voltage reference which has taped-out in the recent six years and

proposed design architectures. See the Table 4.9, proposed architectures have many

advantages. First, supply voltage is lower than others. Second, temperature range is

the widest range. Third, temperature coefficient is not smaller than others though. But

we have illustrated the source in the above section. Forth, the areas of proposed

architectures are the smallest. Fifth, power is lower than the most researches, and it
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only consumes several hundred nano-Watt. Therefore, it is feasible that proposed
architectures can be used in battery-operated systems. And, the performance of

proposed architectures is better than the most researches.

4.3 Summary

The section introduces measurable method and experimental results of proposed
design architectures. Then we illustrate the source of bad temperature coefficient, and
a comparison is shown and is discussed. But proposed design architectures have many
advantages which are low-power, wide temperature range, and low-area. It is more
adaptable to use proposed design architectures in battery-operated system. In the next
chapter, conclusions will be shown and future works will be illustrated.
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CHAPTER

Conclusion and Future Works

In the above chapter, experimental results were shown and illustrated. A
comparison of proposed architectures rand: researches is presented after showing
experimental results. Now, this chapter will arrange conclusions and future works.

And all references are shown below conclusions and future works.

5.1 Conclusion

On the beginning this theis, we review bandgap reference, and a comparison
between BJT and CMOS. After illustrating their advantages and disadvantages, we
choose CMOS as the device which is used to design voltage reference. In the recent
several years, CMOS voltage reference has many different design architectures. They
are assorted five types, and the classified basis is the produced method of CMOS
voltage reference. After comparison, voltage mode of Vprar and Verar is more
suitable than other architectures. Therefore, proposed architectures are designed in

accordance with this type.

In this thesis, proposed architectures have been fabricated by TSMC 0.18um
1P6M process technique and they are introduced in chapter 3. We know that proposed
architectures have reached successfully several goals. First, Low Power- The power
consumption of ANVR and NPVR are 403.2nW and 83nW. Small Area- The area of
ANVR and NPVR are 1080um” and 888um”. Wide Temperature Range- The valid
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temperature range is from -40°C to 125°C, and temperature derivation is lower at
temperature range from 0°C to 100°C. High Accuracy- Temperature derivation has

only several mV at temperature range from 0°C to 100°C.

Because those goals are accomplished, proposed architectures can apply
successfully in battery-operated systems. We can discover that the most demands are
better than the goal which was presented in the Chapter 3.1. However, temperature
coefficient does not reach the goal. The issue has been illustrated in Chapter 4.
Although temperature coefficient is not good enough, the derivation is only several

mV. It is sufficient to apply in battery-operated system.

Although proposed architectures have been accomplished the above goals, they
still have some problems which need to be improved. In the next section, these issues

will be illustrated and discussed.

5.2 Future Works

In this section, we discuss the insufficiencies “which need to be improved at
proposed architectures. First, process vatiation is easy to affect voltage reference.
Because ALL MOS work in subthreshold region; process variation is very serious.
Second, PSRR is lower, and it causes that voltage reference is easy to change with
supply voltage. If the issues can be solved, the experimental results will become
better.
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