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ABSTRACT

An ultra low power and low voltage regulator for radio-frequency identification
(RFID) passive tags is designed and optimized in this thesis. It consists of a low power
sub-1V reference voltage generator with temperature and supply voltage ripple
compensation, and a low-dropout voltage (LDO) regulator. The circuits are designed in
CMOS 65nm technology. The total quiescent current of 63.8nA at 1.5V supply voltage
has been achieved using properly sized transistors operating in the subthreshold region.
With the low voltage property of transistors operating in subthreshold region the output
regulated voltage can easily achieve 1V with load capacity of 5S0uA. Self-biased current
sources are employed and optimized to eliminate the effect of supply voltage variation
and to achieve a line regulation of 4.06mV/V. A PMOS pass device with small output
resistance is used to reduce the load regulation to 6.57mV/50uA. By utilizing
subthreshold properties, the temperature coefficient is reduced to 12.7 and 31ppm/°C for
the reference voltage and regulated voltage, respectively. The circuits can operate well
from -30°C to 50°C, a typical temperature range of the environment where RFID tags are

widely deployed.
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CHAPTER I

INTRODUCTION

The demand for ultra low power voltage regulators has been driven by the
extensive use of RFID applications. As the functions and applications of RFID become
more complicated with limited power available, these circuits are forced to operate under
low voltage and low power consumption conditions. Furthermore, high current efficiency
also becomes necessary to extend the functionality of RFID tags. Due to the limitation on
the power available for a RFID tag, its functionality depends on the amount of quiescent
current and load current saved. This chapter discusses the role and the characteristic of
ultra low power voltage regulator in RFID applications. Moreover, the objectives of the

research are identified and defined according to the demand of RFID systems.

1.1 Regulator in RFID System

Radio-frequency identification (RFID) is one of the widely used technologies for
many applications, such as sensor networks, supply-chain management, security,
automotive and etc. There are two major parts of RFID system; one is RFID reader and
the other is RFID tag [1]. The operation principle for RFID systems is that a reader
generates RF signal containing information and energy; then sends signal to tags around
it. A tag receives RF signal; then it sends information back to reader according to what
reader had requested.

RFID tags can be classified into two categories, passive tag and active tag. Active

tags require battery power to operate. It uses battery power to operate its internal circuitry,



such as front-end analog circuit, and digital processes, and to send information back to
reader. Since an active tag has battery as a support, it has longer operation range and
more process complexity, but its lifetime heavily depends on the energy contained in the
battery; usually, the average lifetime of an active tag is about 2 years. Also, due to large
area and materials of battery, the cost of producing active tags is much higher than
passive tags. Therefore, many RFID applications prefer to use passive tag if it meets
requirements.

On the other hand, a passive tag utilizes only the energy generated from RF signal.
All of its processes including front-end circuits and digital processors depend on the
amount of energy the tag received from RF signal sent by reader, thus the energy
available is very limited. In order to have higher operation range and more complex
computational power on passive tags, low power design is extremely important in every
aspect of passive tag circuitries. Since the passive tags do not require a battery on board,
passive RFID tags are preferred if their performance meets requirements, due to their low
cost, small area and longer lifespan.

Figure 1 illustrates the building blocks for passive RFID tag system. It consists of
an antenna, power management circuits (rectifier, and voltage regulator), signal
processing circuits (demodulator, modulator, and clock generator), and digital processors.
Voltage Regulator is a very important part of a tag, because it generates regulated voltage
supply to both RF front-end and digital parts that their operation accuracy depends on the
precision of supply voltage. Since the power generated by rectifier is very small and the
voltage supply is very low, a regulator should be able to work at low supply voltage and

consume only ignorable amount of current. Moreover, RFID tags are usually placed in



harsh environments; such that, the operation of a regulator also needs to operate over a
wide range of temperature and supply voltage variations. From all the requirements,
series LDO voltage regulator is preferred to use as the regulator topology. The detail

reasons of choosing LDO regulator will be discussed at next chapter.

DATA | Digital
Process l€—

T VDD e
»l 3 Voltage

—» Demodulator

A

A 4

> > Rectifier Regulator
¢ VDD \ 4 VDD
lock
L | Modulator G;;cator T

Figure 1. Building block of passive RFID tag

1.2 Definition

An ultra low power and low voltage regulator consists of two parts, a LDO series
voltage regulator and a sub 1V reference generator. Ideally, a series low-dropout (LDO)
voltage regulator provides a stable and constant dc voltage which is free from load
current variation, input-voltage variation, temperature, and time. The dropout voltage is
defined as the minimum voltage difference between the output voltage and input voltage
at the point where the circuit can still regulate voltage. Also, low-dropout voltage
indicates that the voltage across pass device is as low as 100mV to 200mV. The series

regulator means that the pass device is connected in series with input and output



terminals of the regulator. For LDO regulator, the output voltage is always lower than
input voltage by a minimum value of dropout voltage. It has low output impendence, thus
the performance is enhanced. Also, the LDO can be applied to high power, low power
and ultra low power applications. Since the power generated by RF signal is very small,
LDO regulator is suitable for RFID application.

Figure 2 shows the block level diagram of generic series low-dropout regulator.
The circuit is composed of a reference voltage generator, an operation amplifier (OPA), a
pass device, a feedback network, and a storage device. The OPA, the pass device and the
feedback network constitute a loop for regulation. The operation principle is that first, the
output of the regulator generates an error signal through the feedback network. Secondly,
the OPA compares the error signal with the reference voltage and amplifies the difference
to control the pass device. Then a constant output voltage can be achieved by controlling

the load current flow through the pass device.

Vin

Reference
Voltage

Pass
Device

/ Vreg
| |

Storage
Device

I I |

OPA

Feedback

Loading

Figure 2. Block Diagram for LDO Voltage Regulator



The reference voltage generator provides stable dc voltage with a limited loading
current capability. This is usually a Zener diode and bandgap reference that Zener diode
is usually used in high voltage applications (approximately seven volt), and bandgap
reference is better suitable for low voltage and high accuracy applications (approximately
1.2 volt) [2]. But in our application, the regulated voltage is approximately 1 volt which
is lower than bandgap reference; therefore a better reference structure with sub-1-volt
reference and low power dissipation is needed.

In order to have low power and low voltage operation with small chip area, most
of the transistors are designed to work at the subthreshold region and no resistor or
bipolar transistor is required in our voltage regulator. Feedback network in general is a
voltage divider used to return part of the regulated voltage to the OPA input. As
illustrated in Figure 3, if the desired regulated voltage is twice of the reference, the
feedback network consists of two devices with same resistance in series with one end to

output and one end to ground and the middle point connect to OPA.

To Output

Resistance

To OPA

Resistance

Il

Figure 3. Example for Feedback Network



1.3 Performance Evaluation

The important performance aspects of LDO regulator and voltage reference
generator can be categorized into several parts. Those aspects are important for

comparing the performances between devices.

1.3.1 Reference Voltage Generator

The performance evaluation for reference voltage generator can be separated in to
several parts, namely, operation temperature range, input voltage range, output voltage
level, output voltage variation, temperature coefficient (TC) and quiescent current. In
RFID applications, these aspects are important to see if the circuit generates stable
voltage reference which meets the performance requirements.

The operation temperature region is defined according to the environment that the
device going to be in, thus the circuit can be designed according to it. Input voltage range
is defined as the minimum and maximum supply voltage that the device can still generate
acceptable level of reference voltage. It depends on the technology used to design the
device and the circuit structure of the device. Output voltage level is not as important as
other aspects since the regulator can adjust its feedback network to adapt to different
reference voltage and then generate desired regulated voltage level.

Output voltage variation or line regulation (LIR) is defined as the dc output

voltage variation with respect to input voltage variation. It is expressed as

AVRgr

LIR = )
AVDD

(1.1)

where AVrgr and AVpp are the voltage variation of reference voltage and supply voltage.
This parameter gives a sense of how much reference voltage changes with varying supply

voltage at low frequency. If LIR value is small, the reference voltage has smaller



dependency to supply voltage variation. The power rejection ratio (PSRR) at different

frequencies can be expressed as

AVREF

PSRR = 201
og( AVop

) (1.2)

This parameter gives the accuracy of reference voltage at different frequencies.
Temperature coefficient is also a very important indication for reference voltage
generator evaluation, since it represents the dependency of reference voltage on the

temperature. TC can be expressed as

AVRgr
TC =
A°C

(1.3)

where A°C is the temperature variation. Smaller TC value means that the reference
voltage presents less dependency to temperature. Quiescent current is defined as the total
current flow through the device when there is no input voltage variation at different
temperature. This performance parameter has direct relation with power consumption of

the reference circuit. Greater quiescent current introduces higher power consumption.

1.3.2 LDO Regulator

The aspects for evaluating LDO regulator are, namely, acceptable input voltage
range, output voltage level, load capability, line regulation, PSRR, load regulation, TC
and quiescent current. Same as the reference voltage, the input voltage range depends on
the technology and reference voltage generator. The output voltage level depends on the
application requirement.

Line regulation (LIR) can be defined as

_ AVrgg N AVRrgg (1.4)

LIR = )
AVpp ~ AVrgr




As the LIR reduces, the dependency of regulated voltage on supply voltage and reference
voltage variation decreases. Also, the LIR at reference voltage has significant impact on
the LIR of the regulator, since the regulated voltage is based on reference voltage.

Load regulation (LOR) is given by

AVREG
Al

LOR = (1.5)

where Al is the change in dc load current. It gives the variation of regulated voltage with
respect to variation of load current; smaller value means the regulated voltage variation
has less dependence on load current. TC is defined as the variation of regulated voltage
with respect to changing temperature. There are two main TC contributors, one from the
reference voltage generator and the other one from the offset voltage of the amplifier.
Finally, quiescent current is the net current flow when there is no load current and voltage

variation at different temperature.

1.4 Objective

The goal of this design is to minimize the power dissipation of the LDO and
voltage reference and at the same time, to maintain the objectives. Since the voltage
regulator is designed for passive RFID tags, the objectives are defined according to the
environment the tag is going to be, amount of energy available to tag, the internal circuit
requirements and demands of the future. As seen in most of RFID applications, tags are
placed in variety of environment. They can be placed at hot weather condition or put into
freezer; therefore, the temperature range is set from -30°C to 50°C, and temperature
coefficient should be as small as possible. As for UHF RFID application, the reading

range can vary from several centimetres to several meters; as a result, the amount of



power is unstable and very limited. Since passive tags use only the energy from RF signal
generated by readers, the total quiescent current should be less than 100nA to be
ignorable. Due to the unstable input, the LDO regulator and its associated circuits should
be able to sustain the output for input voltage range from 1.1V to 2.5V.

The available current from rectifier for UHF RFID application is from about
30uA to 50uA; thus, the load current requirement for LDO regulator is S0uA. Due to the
large input variation, the LIR should be less than 1% to ensure the operation of other

circuits. Table I gives the summarized objectives.

Table I. Research Objectives

Description Specification

Input Voltage 1.1V-2.5V

Output Voltage v

Load Capability 50uA

Quiescent Current <100nA

LIR <1%

PSRR at 100K<-40dB

LOR <10mV/50uA

Temperature range -30°C to 50°C

TC <40ppm/°C
Technology: 65nm




CHAPTERII

REVIEW OF LITERATURE

Many reference voltage generators and voltage regulators are proposed to deal
with different performance issues. The major issues they focused on are temperature
coefficient, line regulator and power dissipation. In section 2.1, the property of transistor
operating in the subthreshold region is presented. In section 2.2, several low voltage
reference voltage generators are presented. Finally, in section 2.3, three low power

voltage regulators for RFID application are presented.

2.1 Transistor in the Subthreshold Region

The operation principle of transistors in the subthreshold region is illustrated in
this section. By definition, the transistors with gate-source voltage lower than threshold
voltage are considered operating at the subthreshold region. In most of the applications,
this region is considered as "off" state, since the drain current is very small compared to
other operation regions. With this low current and low operation voltage, the
characteristics of transistor operating in the subthreshold region can be used for low

voltage and ultra low power design. The subthreshold current is expressed as [3]

Vos — V. V
Ip = KI, exp <GSTTTH) <1 — exp (— VLTS))

Ip = Ucox(n - 1)VT2: Vp = KBT/Q-

(2.1)

where Ipis the drain current of a transistor operating in the subthreshold region, K is the
aspect ratio (width/length) of a transistor, Vg and Vs are the gate-source voltage and

drain-source voltage, respectively, n is the subthreshold slope, V; and T are the thermal

10



voltage and the absolute temperature, respectively, pu and Cqx are the carrier mobility and
gate-oxide capacitance, respectively, Kgand q are the Boltzmann constant and the
elementary charge, respectively. For Vpg > 4Vy , the subthreshold current I is
independent of V5 and it is expressed as

M) 22)

Ip = Kl exp( Vo

The temperature-dependent factors, threshold voltage (Vry) and mobility (p), can be

expressed as

Vrn = Vrno — kT (2.3)
T —m

= — 2.4

W= Ho <T0> (2.4)

where Vo and pg are the threshold voltage and mobility at 0°K, respectively, T and T,
are the absolute temperature and reference temperature which is 25°C [4].

Since Ip depends on Vg exponentially, the transistors have high transconductance,
so they are useful for amplifier design. The derivation of small signal response is

illustrated in Appendix A.

2.2 Low Power and Low Voltage Reference Circuit

In this section, several low voltage reference voltage generators are presented.
They use different architectures and techniques to resolve the performance issues. The
techniques they used can be separated into four basic categories, namely, voltage
reference based on bandgap reference, voltage reference based on AVgg, voltage
references based on MOSFETSs operated in the saturation region, and voltage references

constructed by MOSFETSs operated in the subthreshold region.

11



2.2.1 Voltage Reference Based on Bandgap Reference Circuits

Bandgap voltage references are widely used as low voltage reference [2]. The
circuit can generate reference voltage independent of process, temperature and supply
voltage variation. It consists of MOSFETs, substrate PNP bipolar transistors, and
resistors. Figure 4 shows the conventional bandgap reference and sub 1V bandgap

reference circuits. The operation principles are shown in the following.

(B)

. Irer
(=h+1) (=h+1)
Vier
W
RS Rs

Figure 4. (A)Conventional bandgap reference [2] (B) Sub 1V bandgap reference [16]

In bipolar transistors, the collector current can be expressed as

v,
I. = Kl exp (%) (2.5)

T

where I and I are collector current and substrate current, respectively, K is the size of
bipolar transistor, and Vpg is base-emitter voltage. In Figure 4 (A), the current Ip is

controlled by bipolar transistors, Q; and Q,, and resistor, R;. It can be expressed as [2]

I = Veer — Vez _ Vrln (K, /K;) (2.6)
d R, R, ’ '

12



Since V7 is proportional to absolute temperature (PTAT), Ip is also PATA. I is copied
by current mirror and flows through the resistor, R, and the bipolar transistor, Q5 to
produce a reference voltage, which is give as [2]

R, K>
VREF = VBE3 + IpRZ = VBE3 + _VT In (_) (27)
Ry Ky

Vrer 1s expressed as sum of base-emitter voltage and multiplication of thermal voltage.
Since base-emitter voltage has negative TC and thermal voltage have positive TC, by
adjusting the size of transistors, Q; and Q,, and resistors, R; and R, the voltage level of
Vzer 1s independent of temperature. Because the Vygp is based on bandgap energy of
silicon, it is usually around 1.25V.

Figure 4 (B) gives a modified version of bandgap reference which can be

generated reference voltage below 1V. The currents, I; and I,, are given by

_ Vep1 = Vg2 Vr In(K;/K;) _ Ve ’
h= R, - Ry R Ry’ 29

The resistor, R,, takes the current, Izgr, which is the sum of I; and I, and generates a

output voltage which can be expressed as

R4 Ry

K,
Veer = IgprR4 = R Veg1 + R Vrln (?)' (2.9)
2 1 1

By adjusting the ratios between resistors, the circuit can generate a reference voltage
under 1V and independent of temperature. But, the power consumption of the circuits is
still large. In order to achieve sub-microwatts power dissipation, the sizes of resistors

should be in hundred of megaohms and the size of bipolar transistors would be large, too.
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2.2.2 Voltage Reference Based on AV

Figure 5 shows the schematic diagram of the reference voltage generator based on
difference between gate-source voltage of PMOS and NMOS transistors [11]. The circuit
consists of MOSFETs and resistors. A low-voltage bias circuit is used to generate bias

current to drive reference core circuit.

IoEohage
sartup cireull bims cirouit

rafarinc
cone cireuil

—

Il M3

____________________

Figure 5. The schematic structure of reference voltage generator using AVgg [11]

With bias current through transistors, MP and MN, and resistors, R1 and R2, the

reference voltage is given by [11]
Ry
Veer = (1 + R_)VGSn — Visp) (2.10)
2

where Vi, and Vg, are the gate-source voltage of NMOS and PMOS transistors. Zero
TC can be achieved by adjusting the sizes of resistors, R; and R,, and of transistors, MP

and MN. The resistor sizes are calculated according to following equation
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R K
=2=L_, (2.11)
R, ky

where kp and Ky are the temperature coefficient of threshold voltage of PMOS and
NMOS transistors [11]. The effect of nonlinear terms can be minimized by adjusting the
sizes of MP and MN, Kp and Ky . It can be expressed as [11]
K ()
b fpoto 2.12)

Ky - (z_;)z (%_I_zmTrlp)Z’

where T, and T, are the reference temperature and room temperature, i, and p, are the

Mp—"My

=

mobility of NMOS and PMOS transistors, m, and m, are the TC of mobility of NMOS
and PMOS transistors. Since the aspect ratios of MP and MN are obtained at room
temperature, a nonlinear temperature-dependent error voltage caused by TC of mobility
would occur if the device did not operate at room temperature, so the temperature

operation range is limited.

2.2.3 Voltage References Constructed by Saturation MOSFETSs

Figure 6 shows the schematic diagram of a reference voltage generator based on
MOSFETs operated at saturation region [17]. The circuit consists of only MOSFETs. The
transistors, M; and M,, operate in the subthreshold region, and M5 to Mg operate at

saturation region. The bias current Iz can be expressed as [17]

C K JK
I, =0 2y 2 2 (—2) <—3> (2.13)
2 K/ \\JK; — K,

Then, transistors, M5 to Mg, accept bias current Iz and produce a reference voltage which

can be expressed as [17]
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Veer = Viss + Vigss — Visy

) N AR AN
_VTH+nVTln(K1)(\/E_\/E> N 1+j;5 VG | (214

Since Vry and Vi have opposite TC, a reference voltage with zero TC can be obtained by
carefully adjusting the aspect ratios of the transistors M; to Mg. Because transistors, M5
to Mg, operate in saturation region, the aspect ratios of them needs to be carefully

adjusted to keep the operation.
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Figure 6. A Reference voltage generator work at saturation region [17]

2.2.4 Voltage References Constructed by Subthreshold MOSFETSs

A reference voltage generator consisted of subthreshold MOSFETs is proposed in
[12]. Figure 7 gives the schematic of the reference voltage generator. Through the self-

biased current mirror, the currents, I, and I, can be expressed as [12]

Kg

1 <K9) I :VGS3 I ﬁ
) B R1 AKGl

IA == _nVTln

7 (2.15)

The output voltage, Vg, is a function of, I4 and I, and can be expressed as [12]
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K K
Ve = (ﬁlA +ilB) R;

K; K,
(2.16)
_ Kll R3 KlO _ K11K5 R3 V l K9
“on 't (& k) m ()

Since Vg3 and Vi have opposite TC, the temperature variation would have less effect on
Vr by carefully adjusting the ratio of transistors and resistors.

However, the TC is large because of the non-linear temperature-dependent
voltage of V;¢3. Furthermore, the power dissipation of the circuit is high, or the circuit

can achieve nanowatts power consumption by using resistors with hundreds of

megaohms, such that the chip area will be very large.

T

TIE

nia:‘ =— [

Figure 7. Reference voltage generator working in subthreshold with channel-length modulation
compensation [12]

Figure 8 shows the other design of reference voltage generator with all of the
transistors operated in the subthreshold region [15]. The circuit consists of three kinds of

MOSFET transistors, namely, NMOS transistors with two different threshold voltages
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and PMOS transistors. The characteristic equation for current I[;, is obtained
mathematically by compensating the TC of the voltage across the diode connected
transistor, M;,. In order to have Vygr free from temperature variation, transistors, M, M,
and Ms, are used to generate I, physically. Since Vg, — Vg3 = Vi1, the current, I, can

be expressed as [15]

AVTH> (2.17)

s 2
I; = Q "*nuCoxVr“exp TVox,

AVry = Vrgr + Veus — Vego,

Q= (ﬁ)nz—% <(KBCOX3)n3 (K1Cox1)n1>
Ks (K2Cox2)™ ’

Xh =Ny + N3 —n,.
The current, I;, = I; X Kq/Ks, passes through diode connected transistor, M, to

produce a reference voltage, Vygr Which is expressed as

):i Ko Nio
Vrer = Vraio + 1oVr In {Q n m} - XAVTH- (2.18)

Because the equation consists of the threshold voltages, Viyyq9 and AVyy, with negative
TC and thermal voltage with positive TC, a reference voltage with zero TC can be
obtained by careful adjustment of aspect ratios of transistors [15]. The resulting TC is
142ppm/°C, and the power dissipation is only 2.6nW. Although, the power dissipation is
very low, the TC coefficient is still too large and the reference voltage generator requires

two kinds of NMOS transistors such that the mask cost is doubled.
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Figure 8. Reference voltage generator with temperature compensation using transistors with
different threshold voltage

2.3 Low Power Voltage Regulator

Error! Reference source not found. illustrates the schematic diagram of a LDO
oltage regulator for RFID application [7]. It consists of a temperature stabilizer (TS),
ripple stability (RS), fixed voltage reference (FVR), operational amplifier (OPA), and a
load circuit. The circuit is constructed using bipolar transistors, MOSFET transistors,
resistors, and a large capacitor. The operation principle of LDO voltage regulator was
demonstrated in Chapter I. The OPA consists of a differential amplifier. This literature
uses a PMOS, Mp.,s, as the pass device. The feedback network consists of two resistors
and creates feedback signal Vg to OPA. The reference voltage generator of the device
consists of TS, RS and FVR. A pair of cascade self biased low voltage current source is
used as RS, and the MOSFET transistors in RS are operating at saturation region. The RS

generates a bias current I, passing through FVR; then, FVR creates a reference voltage

free from supply variation.
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Figure 9. Schematic of LDO voltage regulator with ripple reduction and temperature
compensation [7]

Temperature stabilizer, TS, consists of self bias current mirror using MOSFET
transistor and a differential pair constructed by bipolar transistors to generate a AVgg

which has positive TC. AVyg is expressed as [7]

AVgg = Vyln (n) (2.19)
=— 2.20
S = () (2.20)

where n is the ratio between currents flow through each bipolar transistors. The variable,
n, can be controlled by adjusting the aspect ratios of the transistors in self bias current
mirror. The negative TC generated by Vg of the bipolar transistor at bottom of FVR can
be expressed as [7]

6Vpe Ve — (B+m)Vr —E;/q

2.21
6T T @2
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where Egis the bandgap energy of silicon which is about 1.12eV. The reference voltage
can be represented as sum of Vpp and multiplication of AVyg, that the function for

reference voltage is given by [7]
R,
VREF = (1 + R_) AVBE + VBE (222)
2

From (2.20), (2.21) and (2.21) the overall TC is expressed as [7]

(2.23)

oV RN\ K Ver —B3+m)V.—E
REF _ (1+—1)—Bln(n)+ BE — ( Wr g/q
oT q T

2

In order to achieve zero TC around room temperature, the ratio, R, /R, has to be adjusted
according to (2.23). The result shows that TC is about 200ppm/°C and LIR is 12mV/V.
Due to the non-linear temperature-dependent error voltage, the TC is relatively large.
Figure 10 shows the schematic of the reference voltage generator proposed in [6].
It consists of a voltage-current convertor, a reference core and a low-pass filter. The
device is built by MOSFET transistors and resistors. The circuit utilizes the concept of
zero temperature coefficient point in diode connected NMOS transistors. The reference

voltage can be expressed as [6]

VREF
Veer = Vrpn + \/21D15/[.unCOX(K15)]rand Ipis = R (2.24)
1
Veer = Vrun + \/ZVREF/[.”nCOX(Kls)Rl]: (2.25)
Ipis (m tcl)
Kis = —=—(—+-22), 2.26
1 20nCoxrc* \up Ry ( )

Where t.; = —8.34 X 10™*. Once Ips and R, are designed, the size of M;s can be

determined. Thus, the reference voltage is independent of temperature.
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Figure 10. Schematic of reference voltage generator in reference [6]

Figure 11 shows the schematic diagram of the LDO regulator used in this device.
Accompany with reference voltage generator, the regulator can generate stable output.

The result shows that, TC is 43ppm/°C, LIR is 22mV/V, LOR is 20mV/50uA and the

quiescent current is 700nA which consumes a lot of power.

vo [

GND i"é

Figure 11. Schematic diagram of LDO regulator [6].
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Figure 12 shows the schematic for ultra low power LDO voltage regulator [8].
The LDO regulator can be separated into two parts: a reference voltage generator and a
series voltage regulator. The reference voltage generator consists of a self biased current
source and reference circuit, and LDO regulator consists of a single differential amplifier,
NMOS pass transistor and load capacitor. There is no feedback network, since the
amplifier directly compares the output of the regulator with reference voltage.

Due to the special application that the regulator is going to use, the device does
not use any temperature compensation technique. TC is -2000ppm/°C. The quiescent
current is 34nA which is a very small value. The LIR is 0.8mV/V. The major

disadvantage is the absence of temperature compensation.
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Figure 12. Schematic for ultra low power LDO Voltage Regulator [8]
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CHAPTER III

DESIGN CONSIDERATION

3.1 Reference Voltage Generator

As an ideal reference voltage generator in RFID system, it is expected to achieve
constant DC voltage level independent of the amount of power received by antenna and
temperature variation. The supply voltage provided by rectifier usually contains voltage
ripple, wide range of input voltage and temperature-dependent, so the reference voltage
has to be able to overcome the variations and to provide a constant voltage. The amount
of energy received by a tag is very limited, so the reference voltage generator should
consume energy in nanowatts range. Moreover, the level of reference voltage should be
designed according to regulator requirement. Because the objective for regulated voltage
is 1 volt and LDO voltage regulator is the topology that is chosen, the reference needs to
be less than 1 volt. The temperature coefficient for reference voltage should be as low as
possible, because temperature coefficient of regulated voltage from LDO regulator has
high dependency to it.

Due to very low voltage supply and low voltage requirement on reference voltage,
bandgap reference which has reference voltage about 1.2V[2] is not suitable for this
situation. Therefore, new method of temperature compensation with reference voltage
less than one volt is required. There were many techniques shown in previous literatures.
Sub-1V bandgap reference was proposed to deal with the low voltage issue and to keep
the advantage of conventional bandgap reference at the same time [16]. However, the

power consumption is too large, so they need resistors with hundreds of megaohms to
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achieve sub-microwatt operation. A resistor with that side is very area consuming. There
is voltage reference generator designed based on AVgg [11]. It reduces TC by controlling
the difference between gate voltage of PMOS and NMOS and adjusting the ratio between
resisters. Since the gate-source voltage contains nonlinear temperature-dependent error, it
can only work at the temperature around room temperature. Moreover, The power
consumption is high.

A low power voltage reference utilizes the properties of MOSFET transistors
operating in saturation region [17]. It utilizes the opposite TC from threshold voltage and
multiplication of thermal voltage to generate a reference voltage free from temperature
variation, but the aspect ratios of transistors need to be precise to ensure the operation.
Some low power voltage reference generators utilize the properties of subthreshold
MOSFET. In [12], it did not only utilize positive TC of Vt and negative TC of Vg but
also adjusted them by control the aspect ratio of transistors and the size of transistors to
achieve zero TC. Nevertheless, the power dissipations were still large. In order to achieve
sub-microwatt operation, this circuit requires resistors with very high resistance values.
In [13] and [15], they achieved zero TC by using the difference between two Vpy values.
From what has been discussed above, we can come to a conclusion that two types of
transistors with different threshold voltages are required, thus, the mask cost for chip

production will be doubled.

3.2 Series Voltage Regulator

There are great amount of topologies used for building voltage regulator can be

generally classified into two major categories, switch regulators and linear regulators.
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Depending on the application, they can be used at different places. Furthermore, both
advantages and disadvantages of regulators in different categories will be discussed in
this section. Finally, some of the previous literatures on voltage regulator for RFID
application will be presented.

In RFID application, a voltage regulator circuit with simple structure and low
power dissipation is needed for low voltage operation. Switching regulators operate with
higher efficiency than linear regulators at high power applications, because the former
converts power while the latter wastes power. However, switching regulators consume
more power at ultra low power applications, because an extra clock signal is required and
it requires inductance which is very area consuming, such that, they are not desired for
low power operation [10]. In linear regulators, shunt voltage regulators have only small
sensitivity to variations of the supply voltage, and they have undesired current flowing
through shunt resistors. Therefore, Due to the ultra-low-power and low-cost condition,
series voltage regulators, so called low-dropout (LDO) regulator, is suitable as power
management circuit for RFID operation.

A LDO consists of an operational amplifier (OPA), a pass device, feedback circuit
and a large capacitor. Ideally, OPA compares the output voltage (Vrgg) with reference
voltage (Vgrgr) and produces an error signal that can drive the pass device to keep Vrgg at
constant level. Therefore, Vygg should be robust against supply voltage variation, load
current variation and temperature variation. A large capacitor is used as energy storage;
also, it can serve as a low pass filter to minimize the voltage ripples and improve the

stability of output signal.
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First, we consider the effect of supply voltage variation. It is the major contributor
to LIR. Figure 2 shows the LDO regulator as a close loop feedback circuit. From it, we
are able to derive a close feedback loop to illustrate the effect of supply voltage variation
to regulated output voltage. The feedback loop is shown on Figure 13. The variation is
given by

MVegs . P _ P
AVpp 14 P,AyFg — P,AyFR

(3.1)

where P; and P, are the voltage gain from AVpp to AVggg and output of OPA to AVggg,
Ay is the voltage gain of OPA, and Fy is the gain of feedback network. Usually, the pass
device is a single PMOS transistor; therefore, P; and P, cancel each other, and Fg is a
fixed component depending on the relationship between reference voltage and regulated
voltage. Finally, Ay plays the most important role in equation (3.1); thus, a higher Ay can
introduce a lower LIR value. Therefore, an OPA with high voltage gain is desired in this

application.

Avdd

P1

P2 30
A
AVref

FB

Figure 13. Supply voltage to regulated voltage feedback loop

Reference voltage variation also has great impact on the stability of the regulated
voltage. It is also another source of LIR. The relationship between reference voltage

variation and regulated voltage variation can be derived from the feedback loop. The
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schematic of the feedback loop is shown in Figure 14. As a close loop feedback circuit,

the gain of voltage variation can be expressed as

AVegg _ AvP,
AVger 1+ AyP,Fp

I

i. (3.2)

Fg

Since Fg is a fix number, the effect of reference voltage variation to regulator output is
independent from regulator structure. It is important to have a stable reference voltage.
Similarly, load current can change the output voltage level. In the close loop system, it

can be expressed as

AVREG — Ro,Pass
Al 1+ AyP,Fg

(3.3)

where R, pass 15 the output resistance of the pass device. The stability can be improved as
Ay increases and output resistance of pass device reduces. Moreover, there are some
more non-ideal factors, such as bias current variation and offset voltage for amplifier,
which can affect the performance of the LDO voltage regulator. As consequence, we also

have to consider those effects in the design process.

AVref —— - AV o AVreg
/ yng P v
FB

Figure 14. Reference Voltage to Regulated Voltage Feedback Loop

Reference [7] uses self-bias cascade current mirror to reduce supply voltage ripple,
and it reduces the effect of TC by combining multiplication of AVzg and Vg that they

have opposite TC. Attributed to the nonlinear temperature-dependent voltage, the
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temperature operation range is small and the resulting TC is high. Also, the power
consumption is high. It can achieve nanowatts operation only by using large size of
bipolar transistors and resistors; such that, the chip area increases dramatically.

The property of zero-temperature coefficient on NMOS transistor is utilized to
obtain a reference voltage independent of temperature [6]. The regulator uses low pass
filter to eliminate the effect of voltage ripple. Due to multiple amplifiers used in the
circuit, the quiescent current, which is 700nA, is still higher than the one in the objective.
Reference [8] also uses self-biased cascade current mirror to reduce the effect of supply
voltage variation, but the regulator lacks a temperature compensation technique; thus, the
TC is -2000ppm/°C which is much worse than what we want to achieve.

From what has been discussed above, we can draw a conclusion that the LDO
voltage regulator for RFID application should be capable of eliminating the effects from
supply voltage ripple, temperature variation and load current variation. Also, while all

these objectives have to be met, the circuit should consume power in nanowatts level.
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CHAPTER 1V

CIRCUIT IMPLEMENTATION AND OPTIMIZATION

The circuit implementation is separated into two parts, sub 1V reference voltage
generator and series voltage regulator. The main contributions for voltage reference are
transistors resizing for the circuit proposed in [14] and optimizing the quiescent current to
a value much less than the value previously reported while all the objectives are met. The
regulator is fully designed in MOSFET transistors without any bipolar transistors or
resistors; such that, the area and power dissipation can be minimized. Both the reference
voltage generator and the series voltage regulator are implemented by using MOSFET
transistors operated in the subthreshold region to further reduce power consumption and
to minimize TC of output voltages. The subthreshold current of a transistor can be
expressed as

Vg — V
u) for Vpg > 4Vr. (4.1)

Ip =KI (
D 0 €Xp vy
Section 4.1and 4.2 illustrate the implementation with optimization of sub 1V

reference voltage generator and series voltage regulator, respectively.

4.1 Sub 1V Reference Voltage Generator

A sub 1V reference voltage generator is implemented and optimized in this
section. The circuit consists of transistors operating in the subthreshold region. The
aspect ratios of the transistors are defined according to the objectives such as TC and LIR.
Section 4.1.1 gives the detail of implementing the reference circuit, and section 4.1.2

explains the ways to obtain optimized aspect ratios.
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4.1.1 Reference Circuit Implementation

In order to resolve low power and low voltage issues, the reference circuit
consists of MOSFETs operating in the subthreshold region. Although the operation
principle comes from [14], the structure of the circuit is slightly modified, and the sizes
of the transistors are optimized to have minimum power dissipation which is much less

than the value proposed in [14].
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Figure 15. Schematic of Voltage Reference Generator

Figure 15 gives the schematic diagram of the sub 1V reference voltage generator.
The circuit can be separated into two parts, current source subcircuit and bias voltage
subcircuit. The operation principle of the reference is that the current source subcircuit
generates a stable bias current Ig. The bias voltage subcircuit accepts Icg through PMOS
current mirror and produces a reference voltage, Vrgr. Then, Vrgr feedbacks to My as

gate-source voltage in current source subcircuit to form a close loop. All the transistors
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work in the subthreshold region expect Mg, which is in deep-triode region, so the
quiescent current and power consumption can be minimized while chip area can be
reduced and low voltage operation is assured.

The temperature-compensation technique comes from the combination of two
opposite TCs. This circuit takes the sum of a negative TC from threshold voltage and
multiplication of positive TC from thermal voltage to generate a reference voltage
independent of temperature variation. Also, TC of Ig has to be able to cancel the TC of
[, to eliminate a nonlinear temperature-dependent error current from I, ; thus, the
multiplication factor on thermal voltage can be independent of temperature.

The current source subcircuit utilizes the property of a self-biasing current mirror
to generate a stable bias current I¢g, but instead of having a large resistor, transistor Mg
operates as MOS resistor. Ideally, supply voltage variation should not affect the current
of self-bias current mirror, but due to Drain Inducted Barrier Lowering (DIBL), body
effect and other second order effects, I is not a constant value and varies with supply
voltage. As a result, some optimization techniques are required to generate a stable I¢s.

The current I¢g is controlled by three major transistors (M;, M, and Mg). The
drain currents flowed through transistors, M;, M, and My can be assumed to be equal
because of a PMOS current mirror on top of them. Since Vgs = Vo + nVr In(Ip /KI,),
Ics can be derived as follow [14]

Ves1 = Vgs2 + Vpsr,

Ics Ics
VTHl + nVT In (m) = VTHZ + nVT In (m) + ICSRMR' (42)

where Vig; 1s the gate-source voltage of transistor M;. By assuming Vryq = Vg, We

have
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1 K,
ICS = R_ X nVT In (K_), (43)

Mg 1

1
R = )
MR KruCox (Vrer — Vru)

where Ry, is the MOSEFT resistance of Mg [14]. Therefore, from (4.2), (4.3) and (4.4),

(4.4)

the current I-g can be expressed as [14]

K
Ics = nCox(Vrer — Vru)nVr Kgln (_Kz). 4.5)
1

From the expression, Ig can be adjusted by modifying the aspect ratios of transistors, Mg,
M; and M,. Also, the Vygr has control over this current.

The bias voltage subcircuit consists of transistors, M; to M, , and PMOS
transistors of the current mirror. The transistors, M5 to M, produce a reference voltage
Vrer by accepting the current, Icg. The reference voltage is the combination of gate-
source voltage and is given by [14]

Vrer = Vgsa — Vgss + Vese — Vgss + Vs

6lcs K;3Kjs
— Vo i (s Kok )
T (T T RGKGK,

(4.6)
At this state, the mismatch between threshold voltages of transistors is assumed to be
ignorable. The voltage level of the reference voltage depends not only on the aspect ratios
of transistors, but also on the bias the current, I¢s.
In order to obtain zero TC for Vigp, first we have to identify the temperature-
dependent factor of threshold voltage which can be expressed as
Vryg = Voo — KT, (4.7)

where Vryo and k are the threshold voltage at temperature OK and the TC of threshold

voltage, respectively. From Equation (4.5), (4.6) and (4.7), Vrgr can expressed as [14]
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VrRer = Vrro — KT

+ nVrIn

6n(Vrer — V) K3Ks K,
KRln —_—
(n—1)Vp  KuK¢K; K4

(4.8)
The Vrgr is expressed as the sum of threshold voltage and multiplication of thermal
voltage. These two voltages have opposite TC; such that zero TC for Vigr is possible to

be obtained by carefully adjusting the aspect ratios of transistors. The expression for TC

of Vygr is the derivation of (4.8) with respect to T, and is given by

- Kgl
5T Kt = DK KKK, R™

SVREF _ HKB 6an K3K5 (&):l (4 9)
K, /Y '

where we assume that (Vggr — Vpp) < xT and nVp « kT [14], so zero TC can be

obtained by set 8Vrgr/8T = 0, and the aspect ratios can be expressed as [14]

—K+

nKpg 6ngk K3K5 K,
n Kgrln (—)] =0,
q (n — 1)Kg K4 KeK5 Ky

LELET (Kz)_(n—l)KB (Kq)
KKK, BK) T enge CP\nkg/

(4.10)
Zero TC could be achieved by setting aspect ratios to proper values according to (4.10).
From equation (4.7) and (4.10), the optimum reference voltage is

Vrer = VTHo- (4.11)

The optimum reference voltage is equal to threshold voltage at OK. From (4.5), (4.7) and

(4.11), the current, I, with optimum reference voltage can be expressed as [14]

K
Ics = pCoxkTnVy Kgln (K—Z) (4.12)
1

As a result, if Vggp is independent of temperature, the current Iog from current source is

independent from Vygr and depends only on aspect ratios of M, M, and Mg.
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4.1.2 Reference Circuit Optimization

Due to the enormous amount of parameters affecting the model of MOSFET
transistors in 65nm technology, we can only approximate the aspect ratios of transistors
in course source and bias voltage subcircuit from expressions from previous section, but
because of the unclear body bias on M,, the approximation from (4.10) is not accurate.
The general optimization steps are shown below. First, since we already know the
intended reference voltage, Vgrgr, which is shown in (4.11), we can first find the
optimized I¢g value by identifying the optimized aspect ratios of transistors in current
source subcircuit from both calculation and simulations. Then the optimized I-g and the
extracted parameters from model of CMOS 65nm technology are substituted to equation
(4.6). A better approximation of the aspect ratios can be obtained. Finally, with further
simulation, the exact aspect ratios for having reference voltage independent from
temperature can be obtained.

The first step in optimization is to find the optimum Icg from current source
subcircuit. The stability of Icg has direct impact on Vggg; therefore, a constant I¢g is
desired. However, due to the second order effect of transistors and large variation of
supply voltage, the use of cascade current mirror is important for self-biased current
mirror to stabilize Icg. With the consideration on the DIBL effect of NMOS and PMOS
transistors operated in subthreshold region, the expression for subthreshold current is

given as

Vis| — | V- V
Ip = Kl, exp (M) exp <M>’ (4.13)

nVT nVT
where n represents the DIBL coefficient of transistor operating in the subthreshold region.

If only one pair of PMOS current mirror is used instead of cascade current mirror, the
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ratio, m, which is the ratio between currents on two branches of the current mirror, can be

expressed as

Vpp — Vgs1 — V-
m = exp <T]p( o anSl Y)>, (4.14)

where npis the DIBL coefficient for PMOS transistor and V|, is the voltage across diode-
connected PMOS transistor that it is proportional to the supply voltage, Vpp. The
expression of current Ig is given by

K
Ics = pCoxkTnVy Kgln (m K—Z) (4.15)
1

The variation of Vgg; is much smaller than the variation of supply voltage, Vpp. When
Vpp varies between its maximum and minimum values, m changes between my,,, and
m,i, causing the variation on current Ic5. As the consequence, the variation of I¢g due to

DIBL effect can be approximated

AICS — In (mmax/mmin)
I¢s In (K5/K;)

(4.16)

With large variation of supply voltage and limited power availability, the use of cascade
current mirror is inevitable, although it leads to a reduction of dynamic range. In previous
paper, they use an extra differential amplifier to equalize the current flow on two
branches of current mirror instead of cascade current mirror to stabilized I¢g, thus the
quiescent current increases substantially.

The same principle also applies to NMOS current controller consisting of M;, M,
and Mp. The current I variation caused by DIBL effect of current controller can be

approximated as
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AICS — T]N(VDD,max - VDD,min)
Ics nVrln (K, /K;) ’

(4.17)

where 1y is the DIBL coefficient for NMOS transistor. The effect is stronger, since nVp
1s a small number, so a cascade NMOS current mirror has to be used to reduce the DIBL
effect. With these cascade current mirrors, the current Ig depends less on Vpp.

From (4.12), it seems that by choosing smaller K, /K; would lead to lower I and
smaller size of My, but from (4.16), (4.17) and further simulation, both aspect ratios of
M; and M, as well as K,/K; have significant impact on stability of I.g. Figure 16
demonstrates the simulation result for Alcg/Icg as function of the ratio,K,/K;, with
different transistor widths as parameters. Variation of I-g reduces as the value of K, /K;
increases. Furthermore, a decrement in width of M; also leads to the reduction of I¢g
variation. With more simulation and analysis, we set K, /K; to 1.5 with the width of M,
(W;) and channel length to 0.2um and 3um, respectively. The Alqg/I¢s is approximately
0.44%, which is much lower than one percent.

The second reason to choose the width of M; to 0.2um is related to the voltage
operation region of the current source. The maximum operation voltage depends on the
aspect ratios of the transistors, M; and M,. If the ratio reduces, the maximum operation
voltage would increases. Figure 17 illustrates the effect of supply voltage on Icg. As W,
reduces (the width of M,, W,, is the multiplication of W; and W, /W; is 1.5 in Figure 17),
the maximum supply voltage for correct operation increases. In order to have higher
operational voltage, W; has to be small enough. Also, we have to consider the effect of
temperature operation region. Since Icg increases with temperature, the maximum
operation voltage reduced. In order to have desired maximum operation voltage at 50°C,

the simulation shows that the better choice is set W; to 0.2um.
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Furthermore, we have to consider the body effect. Since body bias has small

effect on the TC of threshold voltages, the zero TC can still be obtained, but aspect ratios
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of transistors have to go through some minor changes. With body bias, current I¢g is
given by

1 K,
ICS = R_ X AVTH + nVT In (K_>], (418)

Mg 1
where AVry is the difference between threshold voltage of transistors M; and M,. The
body biases of transistors, M5 to M-, have little to no effect on overall system due to the
structural advantage of the bias voltage subcircuit. Such that, from expressions (4.8) and
(4.19), the reference voltage can be expressed as

Vrer = Vrro — KT

6n(Vrer — Vr) K3Ks K, }
+nVr;In Kgr[AViyg + In (—) .
T { (n—1Vr KKK, RIAVrH Ky ] (4.19)

Because the TCs of the Vry; and Vg, are almost the same even with body effect [4], TC

of AVry can be ignored. Therefore, the TC of reference voltage and aspect ratios can be

expressed as

5VREF=_
8T
(4.20)
nKp { 6ngk K;3Ksg K,
v +1n ()1}
q (n — DKg K4KeK5 RAVrH K1]
K3Ks K> (n—1)Kp K(q
Kr[AV- 1 (—) = ( ) 4.21
KoK K, CRIAVm Tn ()] = =2 e (4.21)

The effect of body bias is not significant to temperature compensation technique, because
zero TC on reference voltage can still be achieved, but the resulting optimized aspect
ratios are different from what is defined in (4.10), and it is harder to find aspect ratios
from (4.21), since the magnitude of AVry i1s unclear. Therefore, instead of solving

equation (4.21), we first find I¢g through the optimization method discussed previously,

39



such that the size of transistors, M;to M, can be approximated by using (4.6) with
optimized I¢g to find the aspect ratios of transistors in bias voltage subcircuit.

The aspect ratios of transistors, M3 to M,, have to be properly determined to
satisfy the design requirements. Due to the very small current passing through those
transistors, the lengths of the transistors have to be long enough to keep the voltage level
of Vrgr to Vrpo. At higher temperature, the dc voltage across transistor M3 to M,
increases slower than it at room temperature, since the transistors have higher current
throughput. Thus, if the channel length is not long enough, the minimum operation
voltage will increase to an unaccepted level at higher temperature. Therefore, from the
simulation of the circuit architecture with temperature as parameter, the minimum

channel length for the device to have desired operation at 50°C is 20um.

4.2 Series Voltage Regulator

In this section, a series voltage regulator for RFID application is implemented and
optimized according to the objectives. The LDO regulator topology is utilized to have
low power and low voltage operation with good voltage regulating ability. Section 4.2.1
illustrates the circuit implementation of the regulator. Section 4.2.2 shows the

optimization for improving the performance of the regulator.

4.2.1 Regulator Circuit Implementation

The schematic diagram of LDO is shown in Figure 18. It uses a differential
amplifier, which consists of Mg, Mp;, Mp, and a pair of PMOS active current mirror, as
OPA, a large PMOS transistors, Mp,ss, as pass device, 4 diode-connected PMOS

transistors Mg, to Mgy, as feedback network and a large capacitor, C;, as storage device.
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The operation principle is illustrated as following: the OPA compares the feedback signal
from V¢ with Vygg, and then it produces an error signal to control the current flowing
through Mp,s to produce a constant Vygg. For example, if any small variation occurs as
at Vrgg, feedback network would generate a small feedback voltage, v¢. Then the OPA
adjusts the error signal according to the v¢ to control the magnitude of the current flow of
Mp,ss to compensate the variation of Vigg.

In order to save power and area, all of the transistors operate in the subthreshold
region. From (4.1), higher voltage gain for amplifier can be expected, because the

subthreshold current depends exponentially on gate-source voltage.
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Figure 18. Series Voltage Regulator Circuit Structure

A single stage differential amplifier is adopted as the OPA for LDO to save power

dissipation. The bandwidth is small for amplifiers designed using transistors in the
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subthreshold region, so Figure 18 shows that only one pair of PMOS current mirror is
used as active resistance instead of a cascade current mirror, because an active cascade
current mirror can reduce the bandwidth of amplifier. Multiple amplification stages are
not necessary, since the gain is high enough for transistors in the subthreshold region and
the bandwidth of OPA reduces as number of amplification stage increases.

A PMOS transistor (Mp,ss) 1s used as a pass device, because the dropout voltage
is lower for PMOS transistors. A pass device needs to accept great amount of current in
order to drive the rest of RFID circuits, so the channel length of the PMOS transistor is
short and the channel width of is long.

The feedback network consists of four PMOS transistors, Mg, to Mg,. The
advantages of using PMOS transistors as active resistances are illustrated in [10]. They
reduce current passing through feedback network, reduce chip area compared with
ordinary resistor and eliminate body effect. Also, the noise property and thermal
disturbance are more predictable. As four transistors are put in series, all of them operate
at the subthreshold region, since the voltages across each of them are lower than

threshold voltage. Thus, the current through feedback generator can be minimized.

4.2.2 Regulator Optimization

Before optimizing the series voltage regulator circuit, we have to obtain the
expressions for transconductance and output resistance of transistor operated in the
subthreshold region. The transconductance can be expressed as [5]

I
—, (4.22)

gm = oy
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where g, is the general expression of transconductance. From the equation, the

transconductance is proportional to Ip. The output resistance is given by

1 nVT
[ =—=

S m, (4.23)
where r,, is the general expression for output resistance [5]. Output resistance is inversely
proportional to both 1 and I, so small drain current can introduce large output resistance.
Moreover, 1 reduces as channel length of a transistor increases; therefore, the output
resistance is higher for transistors with longer channel length.

In order to have stable Vgygg, we have to understand the property of line regulation,

LIR. LIR caused by AVpp is expressed as

AVRgg !
AVpp - P,AyFp

ngassroPassRL
_ Topass 1 RL
8mbD (ron | |rop)ngass(roPass | |RL)RF3,4
Rr34 + Rp1p2

IR

- 1 Rp34 + Rp1p
gmD (ron | |r0p) RF3,4 . (4.24)

where r,p,ss and Ry, are the output resistance of Mp,ss and the load resistor, respectively,
Ion and ryp, are output resistance of NMOS and PMOS transistor, respectively, gry,p and
Empass are transconductance of Mp; and Mp,g, respectively, and Rg; , and Rgs 4 are the
equivalent resistance of feedback transistors, Mg, to Mg,, respectively. Since the ratio of
the resistors, Rg;, and Rgz4, 1s a fixed value depended on the relationship between
reference voltage and regulated voltage, LIR caused by AVpp strongly depends on the

voltage gain, gmp(ronl|rop), of the differential amplifier, so the use of subthreshold
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amplifier is good for this application, since it has high voltage gain at very low current.
Furthermore, a longer channel length NMOS transistor is desired.
Besides AVpp, the variation of reference voltage also has significant effect on LIR

of regulated voltage. The LIR caused by AVyrgr is approximated as

AVREG ~ gmD (ron”rop)gmpass (roPass”RL)

= RF
1+ gmp (ronl|rop)ngass(roPass||RL) Riz4 _:"[L{P,l )

(4.25)
- RE34 + Rp12

Rf3,4
The LIR caused by AVgyggcannot be reduced anyway, since it only depends on the
feedback factor. This result makes sense, since the reference voltage is used as the
baseline for comparison, so reference voltage generator should provide very stable
reference voltage, or otherwise, the stability of regulated voltage would be compromised
The stability of Vg also strongly depends on the bias current, Igg, of OPA. We
can estimate the effect of biasing current by

TonllT
( Onz 0p)ngass(roPass”RL)

AVRgg
Algg

IR

FonlIT Bmp X
1 + (%)gmpass(roPaSS”RL) % (4 26)

1 Rpzs + Rpi2

gmD RE3,4

IR

)

If the current variation is too strong, its effect on regulated voltage would be significant.
Since I¢g is extremely stable due to the cascade self-biased current, it is a great source of
bias current for the differential amplifier.

The load regulation, LOR, is also an important parameter for performance
evaluation, since it gives the information about how well regulators deal with the

variation of load current. LOR of this regulator can be approximated as
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AVREG ~ Ro,Pass
Al ~ 1+ AyP,Fp

ro,Pass

RF3,4-
1+ ng(ronl|rop)gmpass(roPass | |RL) m

1

~

R
gmbD (ronl |rop)npass (gmpass)2 (roPass | |RL) ﬁ (427)

where o pass and Mpags are the output resistance and DIBL coefficient of Mpygs,
respectively. In order to reduce the effect of Al;, two ways can be employed. The first
one is tO INCrease MNpass. SINCE Npass depends on the channel length of Mpggs, Npass
increases as the channel decreases. The second way is to increase gmp (ronl|rop), Which
is the voltage gain for OPA. The value of g pass 18 hard to predict, because it changes
with loading current which is also the current passed through Mp,¢. Thus, the channel
length for Mp,ss should be very short. From the simulation results, the optimum channel
length of Mp, is set to be 0.1um.

The width of the pass transistor is modified according to the maximum loading
current. With high loading current, the gate-source voltage of the pass transistor has to
operate within the range of output voltage of the differential amplifier. The width of
Mp,ss 1S chosen to be 30um, so the series voltage regulator would not drop regulation at
higher load current.

Feedback network consists of 4 diode-connected PMOS transistors Mg, to Mg,.
Since we want the current flowed through feedback network to be ignorable, the aspect
ratios, Kg;, should be small enough. Also, in order to have an even division ratio, all four

aspect ratios are the same. Therefore, we choose the W/L to be 1lum/10um. The
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resulting current passing though feedback circuit is less than InA which is ignorable
compared to total quiescent current of 64nA. Table II gives the detail aspect ratios of

transistors in both reference voltage generator and series voltage regulator.

Table II. Aspect Ratios of the Transistors

Transistor Aspect Ratio (W/L)
M; 0.2um/3um=(0.1um/3um)x2
M, 0.3um/3um=(0.1um/3um)x3

M3, Mg 88um/20um=(2um/20um)x44
My, Mg, M, [ 4um/20um=(2um/20um)*2

Mg lum/150um
Mp, Mp, 0.5um/lum=(0.lum/Tum)x5
Mg lum/1um=(0.1um/1um)>10

Mp.ss 30um/0.lum

MF1~ MF4 1um/10um
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CHAPTER V

SIMULATION RESULT AND ANALYSIS

The optimized circuits are simulated in 65nm technology in cadence environment
with Spectre simulator. For DC simulation, the supply voltage starts from 1V to 3V. For
AC simulation which is related to PSRR, the frequency starts from 1Hz to IMHz. In
order to find the effect of different temperature, all circuits are simulated in temperature
range from -30°C to 50°C with 10°C as a step. The performance of each circuit is

evaluated according to the simulation results and compared with previous works.

5.1 Simulation Result for Sub 1V Reference Voltage Generator

The simulation results of sub 1V reference voltage generator are presented based
on the order of parameters from LIR, PSRR, and TC to quiescent current. These
parameters indicate the performance of the reference voltage generator. The result will be
presented in plots as well as average numbers.

Figure 19 shows the output voltage as a function of supply voltage at room
temperature. The operation voltage ranges from 0.8V to 2.5V. Since the objective is from
1.1V to 2.5V, the reference voltage generator works well in this range at room
temperature. The LIR is 0.90mV/V at room temperature. With the small LIR on reference
voltage, the operation of regulator can be assured. Figure 20 gives the value of LIR at
different temperature. The LIR generally increases with temperature. The worst case
happens at 50°C. At this point, the LIR is 1.0mV/V, which is low enough for regulator to
operate within the objective. Figure 21 shows the PSRR as the function of frequency at

room temperature. The result indicates that, PSRR is -62dB at 100Hz and -50dB at 1MHz.
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Reference voltages are expressed as function of temperature with different supply
voltage in Figure 22. The reference voltage is 507.8mV at room temperature with supply
voltage of 1.5V. The highest reference voltage is 508.7mV at 20°C with supply voltage of
2.5V. From the curves in Figure 22, the highest voltage point usually offers between
10°C and 20°C. From the highest point, we can obtain two sets of TCs; one set is positive
TC, which means the voltage increase with temperature, occurred below the temperature
at highest voltage. The other set is negative TC which occurs at the temperature above the
highest voltage. When supply voltage is at 1.5V, the positive TC is 11.9ppm/°C, and the
negative TC is -12.7ppm/°C. Both of them are very small value. Figure 23 shows the TC
as function of supply voltage. Both positive TC and negative TC increase with
temperature. It means that the temperature performance is worse for positive TC and

better for negative TC, when temperature increases.
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Figure 24 explains the quiescent current as function of temperature with supply
voltage as parameters. Quiescent current is almost proportional to temperature. The
maximum quiescent current is 24.2nA at 50°C with supply voltage 2.5V and the
minimum value is 19.4nA at -30°C with supply voltage 1.1V. These values are much
smaller than the voltage reference proposed in [14] which is 214nA. The quiescent
current through the voltage reference is low enough to be ignored by comparing with

other circuits in the RFID system.

5.2 Simulation Result for Series Voltage Regulator

This section presents the simulation results for the voltage regulator with
reference voltage generator. The results show the performance of the voltage regulator at
varies environment. These are presented in order from LIR, LOR, and TC to quiescent

current.
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The DC change of regulated voltage at room temperature is shown as function of
supply voltage in Figure 25. The operation range for the voltage regulator is from 1.1V to
2.5V where the level is stable at about 1.01V. The LIR for the regulator is 4mV/V at
room temperature. Figure 26 illustrates the LIR as function of temperature and it gently
increases with temperature. The highest LIR is 4.3mV/V at temperature 50°C. At the best
case, the LIR is only 2.8mV/V. These values are considered to be great since the
objective is to reduce the effect to less than 1% of voltage variation, and also, the value is
small compared to other works. The curve of PSRR as function of different frequency at
room temperature is shown in Figure 27. At 100Hz and 1MHz, the PSRR is -46dB and -
62dB, respectively. The worst case occurs at around 10KHz; the value is -35.4dB which

is a little worse than the desired value.
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Figure 25. Regulated voltage as function of supply voltage
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Figure 28 gives the regulated voltage as function of load current with different
supply voltage. The curve looks like an exponential function, because the current depends
on the voltage exponentially. Therefore, at load current above 10uA, only minor variation
occurs in regulated voltage if load current varies. At room temperature with supply
voltage 1.5V, the LOR is 6.57mV/50uA. This value is acceptable, since the voltage
variation does not exceed 1% of the regulated voltage. LOR as a function of supply
voltage at room temperature is shown Figure 29. LOR decreases when the temperature
increases, because the pass transistor Mpags has higher current throughput at higher
temperature. The worst LOR is at the lowest supply voltage 1.1V, and the value is

9mV/50uA. The value still stays at the acceptable range.
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Figure 28. Regulated voltage as function of load current with supply voltage as parameter
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Temperature coefficient is also an important parameter since the regulator is
going to work at environment with varies temperature. Figure 30 gives the regulated
voltage as function of temperature with different supply voltages. The circuit is simulated
at maximum load current capacity. Similar to reference voltage generator, the highest
voltage occurs at around 20°C. Above 20°C, the TC is negative, and below that point, the
TC is positive. At supply voltage equaling to 1.5V, the values for positive TC and
negative TC are 21.7ppm/°C and -31ppm/°C, respectively. The values are higher than
they are in reference voltage generator, because of the effect of offset voltage of the
differential amplifier. Figure 31 gives the variation of TC as function of supply voltage
for both positive TC and negative TC. Both of them increase with temperature. On one
hand, as the supply voltage gets higher especially at 2.5V, the positive TC becomes

stronger; on the other hand, the negative TC becomes weaker as the supply voltage rises.
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Figure 32 demonstrates measured total quiescent current as function of
temperature, with different supply voltage. It increases proportionally with temperature.
The total quiescent current reaches 66.4nA at room temperature and reaches the
maximum 71.5nA at 50°C. The minimum current, 50.3nA occurs at -30°C with 1.1V
supply voltage. The variation is about 0.24nA/°C. With 1.5V supply voltage at room

temperature, the power dissipation is 97.2nW.

5.3 Analysis and Comparison

In this section, the results of simulation data are analyzed and compared with
previous literatures. Section 5.3.1 gives analysis and comparison of the results from
reference voltage generators. Section 5.3.2 shows analysis and comparison of the results

from series voltage regulators.
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5.3.1 Reference Voltage Generator

Table IIl gives the summarized performance data from the voltage reference
generators of this work and previous literatures. Due to the technology constrain, the
highest operational supply voltage is 2.5V. The minimum input put voltage is 0.8V it is
restrained by the circuit structure. As for RFID applications, this operation range is
acceptable, but a voltage limiter has to put in place to prevent the circuit from quitting
caused by excess voltage. The output reference voltage is restrained by the temperature
compensation and the circuit property which is expressed in (4.11). The adjusting of
reference voltage is a complicated work. Therefore, we would rather control the feedback
network to adjust regulated voltage than change the reference voltage value. The line
regulation is fairly small compared with previous literatures. The smallest LIR occurs in
reference [15] because of its structural advantage. It uses an extra pair of differential
amplifier to stabilize supply voltage ripple, but the disadvantage is the higher power
dissipation. Besides, with this LIR value, the series voltage regulator can still achieve
objectives.

The temperature operation range is defined according to the environment where
RFID tag would be placed. The temperature range is 80°C which is not the widest
compared with previous literatures, but it can work well for most of RFID applications.
Temperature coefficient for this work is fairly low. Although, some other reference
generators have better TC, but the power consumption is higher or carries out worse LIR.
The TC is acceptable by series voltage regulator.

The quiescent current is another important performance evaluation, since the

value is proportional to the power dissipation of a reference generator. Since only 22.8nA
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of current is consumed and the current is almost ignorable compared the consumption of
other component in RFID circuit, the current is considered to be very low. One previous
literature has quiescent current much lower than this work [15], because the structure of
the circuit is very simple, but the disadvantage is that the circuit has less stable reference

voltage output.

5.3.2 Series Voltage Regulator

The summery of characteristics of the proposed series voltage regulator along
with previous literatures is shown in Table IV. These characteristics give a way to
compare the performance of different voltage regulators. For instance, LIR of this is
4.06mV/V, which is less than 0.5% of the voltage variation. The previous literatures, [6]
and [7], with similar application do not have the same capability. The input voltage range
is fixed due to the technology constrain and the circuit structure. Since the maximum
input voltage cannot excess 2.5V, a voltage limiter is required. The output regulated
voltage level depends on RFID application, and it can be adjusted by changing the
feedback factor of the feedback network.

The load capability is also an important factor since it provides the power for
computational needs. 50uA of load capability is good enough for most of RFID
application. The LOR gives the stability of the regulated voltage as function of load
current variation. LOR in this work is 6.57mV/50uA at room temperature with supply
voltage 1.5V. The value is acceptable since the variation is less than 1% of regulated
voltage. By comparing with previous literatures, although the LOR is not outstanding in

this work, it is within the objective.
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Temperature ranges for the presented literatures cover the temperature around
room temperature. The circuit in [6] works at higher temperature with wider range.
Meanwhile, the circuit in [7] works only around room temperature. At the same time, the
proposed regulator works with lower temperature within acceptable range. But the TC for
this work is excellent since it is only 3 1ppm/°C which is the lowest compared with three
previous literatures. Since reference [8] is specially designed for digital circuits operating
in the subthreshold region, it does not include any design to compensate the temperature
variation.

The quiescent current is compared in Table IV. In this work, the value is only
63.8nA. It is more than 10 times lower than the quiescent current in reference [6] which
has similar feature with this work. Although the quiescent is twice higher than what is

presented in reference [8], this work has more completed feature for TC and load

capacity.
Table III. Comparison of Low Power Voltage Reference Generators

This Work [15] [14] [13] [12] [11]
Year 2012 2011 2009 2007 2006 2003
Technology 65nm 0.18um | 0.35um | 0.35um | 0.18um 0.6um
Input Voltage (V) 0.8-2.5 0.45-2 |14-3 09-4 0.85-2.5 [1.4-3
Output Voltage (mV) 507.8 263.5 745 670 221 309.3
Line Regulation (mV/V) [ 0.9 4.4 0.02 2.7 9 0.8
Temperature Range -30-50 0-125 -20-80 | 0-80 20-120 0-100
TC (ppm/°C) 12 142 7 10 271 36.9
Quiescent Current (nA) 22.8 7 214 40 3882 9700
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Table IV. Comparison of Low Power Voltage Regulators

This work [6] [7] [8]
Year 2012 2010 2010 2006
Technology 65nm 0.18um 0.18um 0.35um
Input Voltage (V) VRgr: 0.8-2.5 Vrgr: 1-2 N/A Vbpiow: 0.63-5.6
Veeg: 1.1-2.5 | Vrpg:1.6-2 VbDhigh: 1.4-6.3
Output Voltage (V) Vggp: 0.508 Vger: 0.505 | N/A Vrgp: 0.605
Vreg: 1.012 VReg: 1.45 VReg: 1.5 Vkeg: 0.605
Line Regulation (mV/V) | Vggg: 0.90 VRer: 7.2 N/A VbDhigh:0.8
VReg: 4.06 VREG: 22 VReg: 12 Vbplow: 0.18
Load Capability 50uA 50uA N/A S5uA
Load Regulation 6.57 mV/50uA | 20mV/50uA 0.34 mV/mA | 0.5mV/5uA
Temperature Range(°C) | -30-50 -15-75 10 - 50 N/A
TC (ppm/°C) Vrgr: 12.7 Vrer: 9 N/A N/A
Vegc: 31 Vige: 43 Viec: 200 Vieg: -2000
Quiescent Current (nA) | 63.8 700 N/A 34
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

The objective of this thesis is to design and optimize an ultra low power and low
voltage regulator for passive RFID tag. With such regulator, a passive tag can adopt more
complicated functionality. The popularity of UHF RFID has shown that optimization
techniques will be great interest in various applications from access control to sensor
networks.

Passive tags operate in various environments with different and limited amount of
input energy. A stable supply voltage that is insensitive to temperature changes and input
power variations is needed for RFID front-end and digital circuits. The main challenge
comes from the limited power available. The regulator must operate at sub-microwatts.
This research work shows that it is possible to have stable regulated voltage under these
conditions. The regulator is able to generate an output voltage that is insensitive to
temperature variations and supply voltage ripples. Moreover, the reference voltage
generator is optimized to have almost negligible amount of power consumption and can
still perform the task as previously proposed. Since resistors and bipolar transistors take
large area for implementation at sub-microwatts circuits, the regulator uses only
MOSFET transistors.

One possible future work will be focused on compensation for process variations
and trimming technique. Since the output voltage is based on threshold voltage and
aspect ratios of transistors, any mismatch and change in transistor parameters can vary

the voltage level of regulated voltage and compromise temperature compensation
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technique. Therefore, the circuit needs trimming techniques such as programmable
MOSFET transistor arrays or adjustment of the bulk voltage of the MOSFET. Moreover,
protection circuitry is also worth to investigate, since it is related to the reliability issues
and the usability of the device at harsh environment.

With the outstanding performances, this ultra low power and low voltage

regulator will be useful for various applications using RFID technology.
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APPENDICES
APPENDIX A

Small-Signal Analysis of Transistor Operating in the Subthreshold Region

The ac small signal equivalent circuit of the transistor operating in the
subthreshold region is presented in this section [3], [5]. The equivalent circuit is
important to predict the behavior of amplifiers and transistors operating in small signal
mode. The vgg and ip can be expressed as sum dc and ac components shown as

Vs = Vgs + Vgs, (A1)

ip =1Ip +1ig, (A.2)
where vgs, Vgs, and v are the total gate-source voltage, the dc gate-source voltage and
the ac small signal gate-source voltage, respectively; ip, Ip, and ig represent the total
drain current, the dc drain current and the ac small signal drain current, respectively.

From (A.1) and (2.2), ip can be expressed as [5]

VGS + Vgs — VTH>

ip = Kl exp ( Vo

= KI, ex (M)ex (Vgs>
0 P v, P\avy/ (A.3)

Vgs
nVy

By expressing the term, exp( ), with a Taylor-Series expansion, the ip can be

obtained by [5]

Ves — VTH)
= ") x

ip = Kl exp( Vo

\% Voo \ 2 Voo \3
1+ gs+( gs) +( gs) + o .
nVT nVT nVT (A4)
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Since the second order term and higher order terms in (A.4) are very small compared to

the first order term, :%, for vgs less than one tenth of the nVr, only the first order term
T

needs to be considered. The ip is expressed with first order term as [5]

iD - ID + id
Ves — Vi v
:=K%@m( vy )(1+ni) (A.5)

D
=Ip + n_VTVgs =Ip+ 8mVgs,

where g, represents the transconductance of the transistor operating in subthreshold

region and is shown as [5]

_ D A6
gm—nW; (A.6)

In order to have a better small signal model, the DIBL effect has to be considered.

The subthreshold current with DIBL effect can be expressed as [3]

. Vgs — VH NVbps
ip = Kl exp (n—VT) exp ( vy ) (A.7)
The small signal output resistance, r,, is defined as [5]
8VDS
Iy = —
° bip vgs=constant
_ 1
- Ves — V) _n NVps (A.8)
KIO €Xp ( nVT ) nVT €Xp ( nVT )
_ nVT _ 1
nlp  Mgm

From (A.6) and (A.8), the intrinsic gain of a transistor operating in the

subthreshold region can be obtained by [5]
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1 1
8mlo = 8m X ne = ﬁ (A9)
m

From the expression, the intrinsic gain depends on the DIBL coefficient only. In
conclusion, (A.6) and (A.8) present the equation for transconductance and output

resistance of the transistor operating in the subthreshold region, respectively.

66



REFERENCES
[1] H. Bhatt, and B. Glover, RFID Essentials, O'Reilly, Jan. 2006
[2] B. Razavi, Design of Analog CMOS Intergrated Circuit, Mc Graw Hill, 2001

[3] A. Wang, B. H. Clhoun, and A.P. Chandracasan, Sub-Threshold Design for Ultra Low-Power
Systems, New York: Springer, 2006

[4] T.H. Morshed, W. Yang, M.V. Dunga, X. Xi, J. He, W. Liu, Kanyu, M. Cao, X. Jin, J.J. Ou, M.
Chen, A.M. Niknejad, and C. Hu, BSIM4.6.4 MOSFET Model Manual, UC Berkeley, 2009

[5] S.M. Sharroush, Y.s. Abdalla, A.A. Dessouki, and E.A. El-Badawy, "Subthreshold MOSFET
Transistor Amplifier Operation", IDT 2009 4" international, P.P. 1-6, Nov 2009

[6] J. Guo, K.N. Leung, “A CMOS Voltage Regulator for Passive RFID tags ICs” International Journal
of Circuit Theoryand Application, vol. 40, issue 4, pp. 329-340, April 2010.

[7] C-E. Liu, Y-J. Hsieh, and J-F. Kiang, “RFID Regulator Design Insensitive to Supply Voltage Ripple
and Temperature Cariation” Circuits and Systems II: Exp. Briefs, IEEE Trans. on, vol.57, issue 4, pp.
255-259, April 2010.

[8] G.D. Vita, G. Ilannaccone, “Ultra-Low-Powr Series Voltage Regulator for Passive RFID
Transponders with Subthreshold Logic” Electronics Letters, vol.42, issue 23, pp. 1350-1351,
November 2006.

[9] G.k. Balachandran, and R.E. Barnett “A 110 nA Voltage Regulator System With Dynamic
Bandwidth Boosting for RFID Systems”, Solid-State Circuits, IEEE Journal of, vol. 41, issue 9, pp.
2019-2028, Sep. 2006.

[10] J. Jeidrich, D. Brenk, J. Essel, M. Heinrich, M. Jung, G. Hofer, G. Holeg, R. Weigel, and G.
Fischer, “Design of a Low-Power Voltage Regulator for RFID Applications”, (SIBIRCON), 2010
IEEE Region 8 International Conference on, pp. 552-557, July. 2010

[11] K.N. Leung, and P.K.T. Mok, “A CMOS Voltage Reference Based on Weighted AV for
CMOS Low-Dropout Linear Regulators”, Solid-State Circuits, IEEE Journal of, vol. 38, no. 1, pp.
146-150, Jan. 2003.

[12] P-H, Huang, H. Lin, and Y-T. Lin, “A Simple Subthreshold CMOS Voltage Reference Circuit
With Channel-Length Modulation Compensation” Circuits and Systems I1: Exp. Briefs, IEEE Trans.
on, pp. 882-885, 2006.

[13] G.D. Vita, G. Iannaccone “A Sub-1-V, 10ppm/°C, Nanopower Voltage Reference Generator”,
Solid-State Circuits, IEEE Journal of, vol. 42, no. 7, pp. 1536-1542, Jul. 2007.

[14] K. Ueno, T. Jirose, T. Asai, and Y. Amemiya, “A 300 nW, 15 ppm/°C, 20 ppm/V Cmos Boltage

Reference Circuit Consisting of Subthreshold MOSFETs”, Solid-State Circuits, IEEE Journal of, vol.
44, no. 7, pp. 2047-2054, July. 2009.

67


http://ieeexplore.ieee.org.ezproxy.uwindsor.ca/xpl/RecentIssue.jsp?punumber=8920
http://ieeexplore.ieee.org.ezproxy.uwindsor.ca/xpl/RecentIssue.jsp?punumber=8920
http://ieeexplore.ieee.org.ezproxy.uwindsor.ca/xpl/mostRecentIssue.jsp?punumber=5547588
http://ieeexplore.ieee.org.ezproxy.uwindsor.ca/xpl/mostRecentIssue.jsp?punumber=5547588
http://ieeexplore.ieee.org.ezproxy.uwindsor.ca/xpl/RecentIssue.jsp?punumber=8920
http://ieeexplore.ieee.org.ezproxy.uwindsor.ca/xpl/RecentIssue.jsp?punumber=8920

[15] L. Magnelli, F. Crupi, P. Corsoneelo, C Pace, and G Ilannaccone, “A 2.6 nW, 0.45 V
Temperature-Compensated Subthreshold CMOS Voltage Reference”, Solid-State Circuits, IEEE
Journal of, vol. 46, no. 2, pp. 465-474, Feb. 2011.

[16] H. Banba, H. Shiga, A. Umezawa, T. Miyaba, T. Tanzawa, S. Atsumi, and K. Sakui, “A CMOS
bandgap reference circuit with sub-1-V operation,” IEEE Journal of Solid- State Circuits, vol. 34, no.
5, pp. 670 - 674, May. 1999

[17] G. De Vita, G. lannaccone, P. Andreani, “A 300 nW, 12 ppm/°C Voltage Reference in a Digital
0.35 um CMOS Process,” Dig. of Tech. Papers Symposium on VLSI Circuits. pp. 81-82, 2006.

[18] M.-H. Cheng, Z.-W. Wu, “Low-power low-voltage reference using peaking current mirror
circuit,” Electronics Letters, vol. 41, no. 10, pp. 572 - 573, 2005.

68



VITA AUCTORIS

Chia-Chin Liu was born in Taiwan, Taipei in 1985. He moved to Canada in 2003.
He attended Academie Ste Cecile International School where he graduated in 2005 at top
of his class. He attended University of Windsor as an undergraduate student from 2005 to
2009 where he received a Bachelor of Applied Science in Electrical and Computer
Engineering with Dean’s List and graduated at top of his class. In 2010, Chia-Chin joined
to University of Windsor to pursue a Master of Applied Science in Electrical and

Computer Engineering.

69



	An Ultra Low Power Voltage Regulator for RFID Application
	Recommended Citation

	Master thesis

