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Abstract

The main part of this research was dedicated to propose a new area-efficient and low power bandgap
reference (BGR) circuit. Two new BGR circuit architectures utilizing current switched and current
memory techniques are presented. Both circuits are designed using manufacturer-provided device
models and operations are verified by using SPICE (Simulation Program with Integrated Circuit
Emphasis) simulations. Moreover, to study the design area occupation, layout designing is also
carried out.

The final part of the research was carried out to propose a novel ultra-low-power temperature
independent current reference, which is designed by using subthreshold CMOS devices. In this
work also, SPICE simulations were performed to verify the circuit operations, and the results are
presented. Therefore, this dissertation consists of six chapters.

In Chapter 1, a brief introduction of this research is given, including research background,
objectives and dissertation structure.

In Chapter 2, the conventional BGRs are reviewed and the major problems of available CMOS
BGRs are discussed.

In Chapter 3, an area efficient CMOS bandgap reference with switched-current and current-
memory technique is presented.

The proposed circuit uses only one parasitic bipolar transistor to generate reference voltage so
that significant area reduction is achieved. The circuit produces an output of about 650 mV, and
simulated results show that the temperature coefficient of output is less than 10.7 ppm/°Cin the
temperature range from 0 °C to 100 °C. The average current consumption is about 49.5 pA in the
above temperature range. Furthermore, output can be set to almost any value. The circuit was
designed and simulated in 0.25 um CMOS technology. The layout occupies less than 0.011 mm?
(100 pm x 110 pwm).

In Chapter 4, an area efficient, low power, fractional CMOS bandgap reference utilizing switched-
current and current-memory techniques is presented. The proposed circuit uses only one parasitic
bipolar transistor and built-in current source to generate reference voltage. Therefore significant
area and power reduction is achieved, and bipolar transistor device mismatch is eliminated. In addi-
tion, output reference voltage can be set to almost any value. The proposed circuit is designed and
simulated in 0.18 um CMOS process, and simulation results are presented. With a 1.6 V supply,
the reference produces an output of about 628.5 mV, and simulated results show that the tempera-
ture coefficient of output is less than 13.5 ppm/°C in the temperature range from 0 °C to 100 °C.
The average current consumption is about 8.5 pA in the above temperature range. The core cir-
cuit, including current source, operational amplifier, current mirrors and switched capacitor filters,
occupies less than 0.0064 mm? (80 pm X 80 pm).

In Chapter 5, a novel temperature-compensated, ultra-low-power current reference based on two
B-multipliers whose resistors are replaced by nMOS devices operated in the deep triode region is
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presented. The circuit, designed by a 0.25 pm CMOS process, produces an output reference current
of 13.7 nA at room temperature. Simulated results show that the temperature coeflicient of the
output is less than 100 ppm/°C in the range from —20 °C to 80 °C and the average power dissipation
is 0.9 W.

In Chapter 6, conclusions of this study and recommendations for further research are given.
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Chapter 1

Introduction

1.1 Introduction

Designing high-accuracy analog circuit always has been an important research field, and significant
developments are expected in the future. This is because, the analog circuits are the interfaces
which connect the real world and digital circuits. They are used to amplify, process and filter the
analog signals and convert them to digital signals or vice versa. Decades ago it was more common
to compose analog LSI and digital LSI separately. But, for the purposes of the mass production
and cost reduction of packaging and testing, analog-digital mixed signal system on chip (SoC)
applications have emerged recently and become main stream in LSI industry.

However, CMOS technology keeps developing in purpose for high speed and the high density
integration of the digital circuit, and hence, various restrictions have been caused in an analog
circuit. Moreover, the transmission of the digital signals that have discrete values inflict noise on
analog signals that has continuous values. Therefore, it is important and necessary to invent new
analog circuit configurations and architectures to solve these problems.

On the other hand, in the latter half of the 1980’s, the digital circuitry extended explosively as
the CMOS technology developed. As a result of this, a lot of circuit designers move from analog
to digital. Thus, the advancement of the analog circuit designing is slower compared to that of
digital circuits. On the other hand, high performance analog circuit is necessary to draw out the
performance of the digital circuits, and therefore the analog circuit has become the bottle neck of
large scale integrated (LSI) circuits.

Many analog circuits require voltage references, such as analog-to-digital (A/D), digital-to-
analog (D/A) converters, and operational amplifiers. Thus, voltage reference is a pivotal building
block in mixed-signal and radio-frequency systems. For example, most of the mixed-signal systems,
as shown in Fig. 1.1, have more than one voltage reference due to different voltage reference
requirements and also to avoid crosstalk through a single reference circuit. Most voltage references
are usually designed based on a bandgap reference, which was firstly proposed by Widlar [1], and
was further developed by Kuijk [2] and Brokaw [3].

Also current reference is a basic building block in analog circuits as a bias source for oscillators,
amplifiers, phase-locked loops and etc. All mentioned applications make extensive use of current
references and their accuracy is strongly related to the temperature and process stability of these
references. Several current references have been proposed previously [4, 5, 6].

The main purpose of this research is to propose area-efficient, low power consumption, volt-
age and current reference circuits while solving various problems of the analog circuit designing

1
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—> Power Management

Digital
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T Processor T

|Clock generatorl

Figure 1.1: Mixed signal system

according to the present demand.

1.2 Research objectives

The main part of this research was dedicated to propose a new area-efficient and low power bandgap
reference circuit. Two new circuit architectures utilizing current switched and current memory
techniques are presented. Both circuits are designed using manufacturer-provided device models
and operations are verified by using SPICE (Simulation Program with Integrated Circuit Emphasis)
simulations. Moreover, to study the design area occupation, layout designing are also carried out.
Since both the bandgap references were designed to have insensitive outputs for supply voltage
and temperature and smaller design areas, the results are compared with conventional bandgap
references.

The final part of the research was carried out to propose a novel ultra low-power temperature
independent current reference, which is designed by using subthreshold CMOS devices. In this
work also, SPICE simulations were performed to verify the circuit operations, and the results are
presented.

1.3 Dissertation framework

The core of this dissertation consists of a selection of three publications, two of which are related
to the area-efficient CMOS bandgap reference, and one of which describes the ultra low-power
current reference based on subthreshold CMOS devices. Therefore, this dissertation consists of six
chapters.

Chapter 1 gives a brief introduction of this research, including research background, objectives and
dissertation structure.

Chapter 2 reviews the conventional voltage references: Forward-biased diode reference, Zener
references, and Subthreshold references. Furthermore discusses the major problems of available
CMOS bandgap references.

Chapter 3 describes the area-efficient bandgap reference with new circuit structure and presents
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the SPICE simulations and layout results.The circuit produces an output of about 650 mV, and
simulated results show that the temperature coefficient of output is less than 10.7 ppm/°C in the
temperature range from 0 °C to 100 °C. The average current consumption is about 49.5 pA in the
above temperature range. Furthermore, output can be set to almost any value. The layout occupies
less than 0.011 mm? (100 pm x 110 pm).

Chapter 4 is dedicated to area-efficient and low-power bandgap reference. The major problems of
the bandgap reference, which is presented in Chapter 3, are also discussed. With a 1.6 V supply, the
reference produces an output of about 628.5 mV, and simulated results show that the temperature
coefficient of output is less than 13.5 ppm/°C in the temperature range from 0 °C to 100 °C. The
average current consumption is about 8.5 pA in the above temperature range. The core circuit,
including current source, opamp, current mirrors and switched capacitor filters, occupies less than
0.0064 mm? (80 pm X80 pm).

Chapter 5 presents the novel temperature-compensated, ultra-low-power current reference based
on two SB-multipliers whose resistors are replaced by nMOS devices operated in the deep triode
region. The circuit produces an output reference current of 13.7 nA at room temperature. Simulated
results show that the temperature coefficient of the output is less than 100 ppm/°C in the range from
—20 °C to 80 °C and the average power dissipation is 0.9 uW.

Chapter 6 gives conclusions of this study and recommendations for further research.
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Chapter 2

Voltage Reference

2.1 Introduction

One of the most important building blocks in analog circuits is a precise reference, be it voltage
or current. This reference should have good stability under various operation conditions such as
temperature variations and power supply voltage variations. Some of the examples of applications
where reference are required are A/D converters, D/A converters, DC-DC converters, AC-DC con-
verters, operational amplifiers, and linear regulators. Those applications are widely used in almost
all modern electronics products such as digital cameras, cellular phones, digital televisions, portable
music players, and laptops. Thus the reference generator circuits play an important role in modern
analog circuit designing. The requirements for ideal reference are listed as follows.

o Temperature independent output.
¢ Supply voltage independent output.
o Flexibility in output.

Temperature-drift performance is one of the most important issues to be taken into consideration.
Temperature coefficient (TC), which is expressed in parts-per-million per degree (ppm/°C), is the
typical metric used for variations across the temperature, and is defined as follows [1].

1 d (Reference)

TC =
Reference & (Temperature)

2.1)

There are a few kinds of process technologies that are used to fabricate the integrated circuits.
The standard bipolar process, complementary metal oxide semiconductor (CMOS) process, and
BiCMOS technology are the most common. Voltage references can be divided into three main
groups.

e Forward-biased diode references
e Zener References

e Subthreshold references
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Figure 2.1: Principle of the bandgap reference

2.2 Forward-biased diode reference

The forward-biased diode reference [2, 3], which is also referred to as bandgap reference, is the
most common voltage reference. They are capable of generating references having a temperature
coefficient (TC) in order of 10 ppm/°C over the temperature range from 0 °C to 100 °C. The prin-
ciple and the temperature behavior of the bandgap reference are illustrated in Fig. 2.1 and 2.2,
respectively. The bandgap reference sums the proportional-to-absolute-temperature (PTAT) voltage
and a base-emitter voltage (Vgg) of a bipolar transistor or, equivalently, a forward-biased diode
with proper weighting to obtain zero TC output. This can be done because Vpr shows a negative
temperature coefficient (discussed in next section) as shown in Fig. 2.2. Therefore, the output of
the conventional bandgap reference can be written as

Vrer = VBe + KVprar (2.2)

where, K is a constant. Constant K is chosen to obtain a Vrgp value that has a minimum variation
over the temperature of interest.

2.2.1 Temperature behavior of Vzg

Figure 2.3 shows a pnp bipolar transistor biased by a current source Ic. The relationship between
bias current Ic and Vgg of the bipolar transistor can be expressed as follows.

1%
Ic = Is exp TBTE' (2.3)

where,
kT
V= —
q
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N

Vrer=VBg+KVprar

Voltage
1
/
\

Temperature

Figure 2.2: Basic temperature behavior of the bandgap reference

Vdd

VEE

Figure 2.3: Vg of bipolar transistor

where Ig is the saturation current, k is the Boltzmann’s constant, T is the absolute temperature,
and q is the elementary charge. However, Is is proportional to ukT nf, where u represents the
mobility of minority carriers and »; is the intrinsic carrier concentration of silicon. The temperature
dependencies of u and »; are given by

B poT™

-E
2 3 g
, T 9
n; exp -

i
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where constant m ~ -3/2, and E, is the bandgap energy of silicon. Therefore, Is can be expressed
as follows,

-E
Is = bTH™exp ?]—,g- 24

where b is a proportionality factor. Assuming that I¢ is a constant, the temperature dependences of
Vgg can be written as

OVgg Ic\oVyr V¢l
—n(E) L - 2228 2.
ar " (Is oT ~ Is oT (2:5)
From eq. (2.4), we can write
ol 3 -E, -E,\( E
= b4 T +m _9 4+m _9\ =9 .
3T 4+m) exp T + bT exp 1 \i72 (2.6)
From egs. (2.4) and (2.5), we can write
Vr 0l Vr Eg
——= =G+ m—=+ =V 2.7
soar - T T @7
Thus, by using eqs. (2.5) and (2.7), the temperature dependence of Vg can be derived as
5VBE VT IC VT Eg
—In—-4 — - —=V 2.8
aT T g TG T 8
Vee —(4+m)Vr — E
_ Ve ( Wr —E4/q 2.9)

T

By using €q.(2.9), it is possible to calculate the TC of Vg at a given temperature. Assuming that
the Vpg~750 mV at room temperature T=300K, and thus, 8Vg/0T ~-1.5 mV/K. Therefore, it is
clear that the Vpg of bipolar transistors exhibits a negative TC.

2.2.2 PTAT voltage

Assume two bipolar transistors Q; and Q,, biased by identical current sources, as shown in Fig. 2.4.
Q is a unit transistor and Q, consists of » unit transistors. Thus the Vggs of Q; and Q2, Vg1 and
VEgE2, can be expressed as
Veer = Vring (2.10)
Veez =Vrlnit (2.11)

respectively. As shown in previous section, both Vgg; and Vgg> are complementary to absolute
temperature (CTAT). On the other hand, the difference between Vpg; and Vgg», which is given by

AVge = Vgr1 - Var2
kT I I kT
_ __(1n—0—1n—0)=—lnn 2.12)
q Is nls q

is proportional to absolute temperature (PTAT).
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Ydd

Ip (D (D Io

—— [- SN {
Q1 VBE1 VBE2 Q

¢ "

Figure 2.4: Base-emitter voltages at different current densities

2.2.3 Bandgap reference

Conventional bandgap references use above-described CTAT and PTAT voltages to generate tem-
perature independent reference. In 1971, Robert Widlar introduced the first bandgap reference [4].
The simplified schematic of Widlar bandgap reference is shown in Fig. 2.5.

In Fig. 2.5 the bipolar transistor Q; is operated at higher current density compared to Q.
Because Q) and Q5 shares the same base voltage, we can write

Vee1 = Vaea + LR;3 (2.13)

besides, ;
VaE1 — Vg = AVge = Vr lné (2.14)

thus, from (2.13) and (2.14)

_AVpgg  Vr L

L = = 15
& R n A (2.15)
The output of the Wildar bandgap, therefore, can be expressed as
Vour = Vees+ DRy
R, L
= Vpgpy+ —-Vr-In— 2.16
BEy + 2 VreIn g (2.16)

Even though the Widlar bandgap reference offered the first absolute voltage source with zero
(very small) temperature drift, it still has a few drawbacks. First the output voltage is fixed to silicon
bandgap voltage and can not be changed. Next, the performance of the circuit depends heavily on
the current density in Q3 which will change if the circuit is loaded.

To overcome those problems, another version of bandgap references [5, 6] have been presented.
A simplified version of a common bandgap reference is shown in Fig. 2.6. First, for simplicity,
assume that Vog= 0 V. Operational amplifier senses the Vgg of Q;, Vgg1, and the voltage across
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Vdd

®
I l b l Vour

O

KQz

X/

VBE3

Figure 2.5: A simplified version of Widlar bandgap reference

the Q, and Ry, then regulates them to be equal. Assuming that the current through each terminal is
Iy, the relationship between the voltages in nodes a and b can be written as follows

VBe1 = Vg2 + bRy (2.17)

Therefore, by using above relation , the expression for output voltage Vrer can be derived as
Ry
Vrer = Vg2 + EAVBE (2.18)

As discussed in previous section, Vpg; shows negative temperature dependence while AVgg shows
positive temperature dependence. Therefore, setting the resistor ratio R,/R; for a proper value,
temperature independent Vggr can be achieved. Even though the bandgap references are widely
used in modern analog applications because of their accuracy, they are having many problems that
required further research.

¢ Flexibility in output
Another problem of the traditional bandgap references is no flexibility in the output voltage.
This is because, as the name suggests, the output of the bandgap reference is equal to the
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Figure 2.6: A simplified version of common bandgap reference
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n-well

p-substrate

Figure 2.8: Parasitic bipolar transistors in CMOS process

bandgap voltage of silicon, which is approximately 1.2 V at room temperature. Since, as
shown in Fig. 2.7, the supply voltage of the modern analog designs falls to near, or rather
below the bandgap voltage, the traditional bandgap references are unable to function. To
overcome this problem, several techniques have been demonstrated [7, 8, 9]. However, such
bandgap references require BICMOS technologies, CMOS technologies with low-threshold
devices, and resistor network with large values that result in extra cost and larger design area.

Opamp offset effects

Every operation amplifier comes with an input offset voltage (see appendix A ). This offset
error introduces a significant error in output of conventional bandgap references. The output
voltage of Fig. 2.6, which is influenced with offset of the operational amplifier, can be given

by
R R
Vrer = VB2 + R_ZAVBE - R_ZVOS (2.19)
| 1

Therefore, the offset is multiplied by the factor R2/R1, which is always grater than 1, and it
appears in the output. In typical bandgap references, operational amplifier offset voltage is
multiplied by a factor larger than 10 and appears in the reference voltage [10]. Additionally,
offset voltage itself has a temperature dependence, rising the temperature coefficient of the
reference voltage. For this reason, low-offset operational amplifiers or offset cancellation
techniques should be used to achieve a precision reference voltage in conventional bandgap
references. But those techniques come with complex circuitry [11], and therefore difficult to
design.

Design area problems

Since the SoC applications become increasingly popular, CMOS process has shown several
advantages compared to BiICMOS process. The main drawbacks of the BICMOS process are
the expensiveness, long period of process development, and the low-performance of BICMOS
digital circuits compared to that of CMOS digital circuits. Thus, the several techniques have
been demonstrated on implementation of parasitic bipolar transistors in CMOS process [12,
13, 14]. In standard n-well CMOS process, a parasitic PNP transistor can be fabricated as
shown in Fig. 2.8. However, compared with other devices, parasitic transistors need a larger
design area. Although, the MOSFETs are scaled down to the nano-scale regime, parasitic
transistors are left unchanged. As CMOS technology continues to shrink down, the design
area becomes more and more expensive and, thus, is an important aspect of any design.
Therefore, the design of common conventional bandgap reference, which uses the area ratio of
the parasitic bipolar transistors to generate the reference voltage, becomes a critical problem.
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Vin Vref

R 1 Vref

R>

\*.\

Figure 2.10: Modified zener voltage reference

2.3 Zener references

The zener reference is another widely used voltage reference circuit, which uses zener diode and
a resister to generate the reference voltage, as shown in Fig. 2.9. When the zener diode operates
in reverse-breakdown region, significant change in bias-current induces nearly negligible change
in diode-voltage. Zener reference uses this mechanism to generate reference voltage. The main
disadvantage in reference shown in Fig. 2.9 is that the breakdown voltage has a positive temperature
drift, approximately between +1.5 and 5 mV/°C. And another problem is, common zener diodes
have a high breakdown voltage between 5.5 and 8.5 V, and therefore these voltage references are
not suitable to use with low-voltage applications. However, the temperature dependence of zener
reference can be effectively reduced by using the structure shown in Fig. 2.10. This technique
cascades one or several elements with negative TCs, in Fig. 2.10 forward-biased diode, which
shows TC of -2.2 mV/°C per diode. But this method increases the required supply voltage. Thus,
the zener reference is only suitable for high-voltage applications with supply voltages greater than
6to9 V.
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Table 2.1: Summary of comparison of voltage references

Reference Area Power' Low supply TC
Consumption Voltage
Bandgap A A A O
Zener X X X X
Subthreshold A O O

2.4 Subthreshold references

The increasing demand for portable electronic devices, micro-sensors, and bio medical sensors
makes the ultra-low power circuits increasingly important. Most references based on bipolar tran-
sistors and zener diodes consume relatively large power, and therefore, cannot be used in ultra-low
power applications. Even though the reference [7], which is based on vertical substrate bipolar
transistors, consumes a few micro watts, it needs a resistors with high resistance of several hundred
mega-ohms. Such a high value resistors required large design area to be implemented, causing cost
problems. Therefore, to solve those problems, references based on subthreshold CMOS devices
[15, 16] have been demonstrated and attracting more attention recently. They consists of the MOS
devices that operate in the subthreshold (weak inversion) region, and only consume a few hundred
nano-watts to several micro-watts. Additionally, some subthreshold voltage references use only the
MOS devices [16], and therefore they are ideal to use with ultra-low power CMOS-only designs.

However, there are a few drawbacks in subthreshold voltage references. First, the leakage cur-
rent increases as the temperature, and overwhelms the drain current at moderately high tempera-
ture. As a result of this, the operating temperature range for subthreshold reference generators are
often limited. Second, the output reference voltage is highly dependent on the threshold voltage
of pMOS/nMOS devices [16], which vary from MOS-to-MOS, chip-to-chip and wafer-to-wafer.
Thus, the output is highly sensitive to process variations.

2.5 Comparison

Our study in this chapter has introduced three voltage reference topologies : forward-biased ref-
erence, zener reference, and subthreshold reference. It is instructive to compare the performance
aspects of these topologies to gain a better view of their applicability. Table 2.1 compares the
important attributes of each reference topology.

2.6 Summary

This chapter gave some fundamental knowledge of reference voltage generators, and described the
basic requirements of voltage references. Then, some of most widely used reference voltage gener-
ators are presented, and their operating principles, including the process requirements, advantages
and the disadvantages are briefly discussed. Finally, the comparison is made between the described
reference generators.
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Chapter 3

Area-efficient bandgap reference

3.1 Introduction

Precise voltage references with good stability against temperature and supply voltage are always
in great demand in many applications such as analog-to-digital (A/D) converters and voltage reg-
ulators. Most voltage references are usually designed based on a bandgap reference [1, 2, 3, 4],
which add the forward bias voltage across a p-n diode with a voltage that is proportional to ab-
solute temperature (PTAT). In the conventional CMOS process, nearly ideal diode characteristics
can be obtained from a base-emitter voltage (Vgg) of parasitic substrate transistors [5]. As CMOS
technologies continue to shrink, the design area becomes more expensive. On the other hand, de-
mand for the portable electronic devices and micro sensors makes the low power circuits more
and more important. As a result, there is an increasing demand to design area-efficient and low
power analog circuits. However, compared to other devices, parasitic transistors need larger design
area. Additionally, despite the MOSFETs are scaled down to the nanoscale regime, parasitic bipo-
lar transistors are left unchanged. Therefore the design area of the common conventional bandgap
reference, which uses area ratio of the parasitic bipolar transistors to generate reference voltage,
becomes a critical problem. Another problem of the traditional bandgap reference is no flexibil-
ity in output voltage. Because, as it name suggests, the output voltage is close to the bandgap of
silicon, which is approximately 1.2 V at room temperature. To overcome those problems, several
techniques have been demonstrated. Switched-capacitor bandgap references proposed in [6, 7, 8],
use one parasitic bipolar transistor and a switched capacitor network to generate reference voltage.
Thus, this structure can significantly reduce the chip area and eliminate the bipolar transistor device
mismatch, and therefore widely used in area-efficient and high-accuracy applications [9, 10, 11].
However, main disadvantage of switched-capacitor references is that the output is not valid in one
phase. Another problem is relatively large capacitors should be used in output stage occupying
more chip area. Another design challenge in switched-capacitor references is how to generate the
current sources, that use to bias the p-n junction. The circuits proposed in [5, 12] are capable of
providing a fraction of the bandgap voltage. However, such references require resistor networks
with large values occupying large design area.

This chapter presents an improved bandgap reference which is capable of generating refer-
ence voltage by using only one parasitic bipolar transistor, thus the area size becomes significantly
smaller and bipolar transistors device mismatch is eliminated. Moreover the proposed circuit out-
puts a fraction of the silicon bandgap voltage, and the reference voltage Vzer can be set to almost
any value.

17
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Figure 3.1: Conceptual diagram of the proposed bandgap reference

3.2 Architecture of the proposed circuit

As mentioned in the previous chapter, it is well known that the base emitter voltage of bipolar
transistor, Vg, exhibits a negative temperature coefficient. Additionally, the difference between
base-emitter voltages (AVpg) of two identical bipolar transistors, which operate at unequal current
densities, exhibits a positive temperature coefficient. The conventional bandgap reference uses sum
of Vg and AVpr with proper weighting to obtain zero TC. Therefore, the output voltage of the
conventional bandgap reference can be written as

Vrer = @Vpg1 + BAVpE 3.1

Constants o and S are chosen to obtain a Vggr that has a minimum variation over the temperature
range of interest. Assuming .8 > 0, eq. (3.1) can be rewritten as follows.

Vrer = (@ + B)VBe1 — BVBE2 (3.2)

It is important to notice that, temperature-independent voltage can be generated by using two volt-
ages that have only negative TCs. Two different negative TC voltages can be produced by using
only one bipolar transistor and switched current technique. Therefore, this method lets us eliminate
the need of parasitic bipolar array, which occupies large design area , from conventional bandgap
references. The proposed bandgap reference uses the method shown in eq. (3.2) to generate the
reference voltage.

Figure 3.1 illustrates the conception of the proposed bandgap reference. The circuit consists of
two supply independent current sources, a parasitic bipolar transistor, a voltage-to-current converter
(VTCC), two current memory cells (CMC) and a resistor. Switch S W controls the current feeds into
0, and generates two different base-emitter voltages. When S W is ON, current (n + 1)]p is fed into
01 and base-emitter voltage becomes Vpgi. Next S W turns off, current feeds into Q) changes to
I and base-emitter voltage becomes Vggz. VTCC network converts those Vg1 and Vpgs to currents
given by Vpg1/R; and Vpgy/Ry. Where 1/R; is transconductance of the VTCC. In the proposed
circuit we use CMC; and CMC;,, which are designed to behave as high accuracy current cells and
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current mirrors, to generate continuous current sources I; = (@ + B)Vgg1/Ry and I, = BVaea /Ry
from discontinuous currents Vgg1 /R and Vgga/R1, respectively. As shown in eq. (3.2), it is possible
to generate a temperature independent voltage by injecting the subtracted current (@ + 8)Vgg1/R; —
BVeEg2 /Ry into the resistor R;. Supply independent current sources, VTCC and current memory
technique are described in next section.

3.3 Proposed bandgap reference

3.3.1 Circuit operation

The schematic of the proposed area-efficient CMOS bandgap reference circuit is shown in Fig. 3.2,
and Fig. 3.3 represents the timing diagram. The proposed circuit has four main parts:

¢ Supply independent current source
o Current switch

e Output stage

e Startup circuit

e Bias generator

Supply independent current source

The current source has two modes, which depend on the status of switch S W;. Figure 3.4(a) repre-
sents the mode when S W; is ON.

Assume that M; drain current is mly during this phase and current mirror ratio of My : M; is
m : n+ 1. The current given by I flows through R, generating the voltage of

Vri,1 = mR11 (3.3)

across the resistor.
On the other hand, M3 drain current (Is;), given by (n + 1)Iy, is injected into Q;. Therefore,
base-emitter voltage of Q; can be written as

kT + 1)/,
Vag1 = _ln(n__)_(l
q Is

(B4
However, the differential amplifier compares Vpg; and Vg 1, then regulates them to be equal. Thus,
the gate voltage of M; and M, is forced to flow supply independent currents through M; and M,.
Using egs. (3.3) and (3.4), we can write the expression for Iy as

kT + DI
mRiIy = Lt Dlo
q Is

(3.5)
Figure 3.5 represents the plot of eqs. (3.4) and (3.4) for Ry = 48 kQ, T=300 K, Iy = 5.839 x
10712 A, m=27, and (n + 1)=32 . It is clear that eq. (3.5) has two roots, corresponding to the
currents I = L., and I = Igqp.. Therefore, to ensure that I = I, is achieved, a start-up circuit
should be used with the supply independent current source. The start-up circuit is discussed in latter
section.
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Figure 3.2: Schematic of the proposed area-efficient CMOS bandgap reference.
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Figure 3.3: Timing diagram

The mode of the supply independent current source changes when S W; turns OFF. Figure 3.4(b)
represents the schematic of this mode. The charge stored in gate of M, and C3 keeps the same drain
current through M, as that of when S W, is ON. However, in this mode, operational amplifier places
the base-emitter voltage of Q; across R;. Thus the current flows through M; is determined by the
base-emitter voltage of Q1. Hence we can say that the circuit is functioning as a voltage-to-current
converter. In this phase, the current switching circuit starts functioning.

Current switching circuit

In Fig.3.2, when both § Wy and S W, are OFF, the charge stored in gate of M, and C3 keeps the same
drain current through M, as that of when S W, is ON, and all the current is injected into Q;. Thus
base-emitter voltage of Q; is also the same as S W; was ON, which is given by Vggy. Thus the
current flows through R; can be written in another way as follows.

1%
I =mly = I‘;fl (3.6)

As shown in Fig. 3.3, S W, only turns ON, when S W, is OFF. Thus switch S W, does not affect
the current generated in supply independent current source. However, it changes the current injected
into Qy, when § Wy is OFF. In the phase when S W, is OFF and S W, is ON, the charge stored in gate
of M, and C3 keeps the same drain current through M, as that of when S W) is ON, which is given
by (n + 1Iy. In Fig.3.2, the current switch circuit is designed to sink the current, which is equal
to n/(n + 1) X Ipr2, when S W, is ON. Thus the current given by nlj is sunk by the current switch.
The resultant current given by Ij is injected to Q;. Therefore, the base-emitter voltage of Q; in this
phase is expressed by

kT . 1,
Vaey = —In=2 3.7
q I
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Figure 3.4: The two modes of current source
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Figure 3.5: Calculated output current of supply independent current source

The operational amplifier places this voltage across R;, forcing the gate voltage of M; to flow

the current given by
273
Lh=——= 3.8
2= R (3.8)
through M. Thus, during this phase the current through R, is also given by eq. (3.8). The output
stage, which is described in next section, mirrors the currents given in egs. (3.6) and (3.8) with

proper weighting, and uses them to generate the reference voltage.

Output stage

In the proposed circuit, current memory technique (discuss later), is used in order to archive a

continuous output reference. First, when both S W; and S W, are OFF, switched-capacitor filter

SCF; senses the gate voltage of M, and memorizes in gate nodes of M3. Next, when S W, is off

and S W, is ON, SCF, senses the gate voltage of M, and memorizes in gate nodes of M,.
Assuming that aspect ratio of M; : M3 : Myism : (¢ + ) : 1 and that of M5 : Mgis 1 : B,

continuous drain currents of M3(/3) and that of Mg(I) can be derived as

a+ B Vpgi
= —~2 881 3,
3 — (3.9
v,
I = B Yee2 (3.10)
m Rl

Thus the current flows through R, becomes

a+BVeer B Vae2 3.1
m R1 m R1 ’

Ioyr =5 -Ig =
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Figure 3.6: Start-up circuit

Therefore, the output voltage of the proposed bandgap reference can be expressed as

Vrer = Ry X Ioyt

Ry kT D, I
= R kT (@ +’3)lnu —Bin2 (3.12)
mR, q Is Is
As we discussed in the previous section, by choosing a and  such that
0Veer  ,0Ver>
- = 1
@+ B~ ~B— =0 (3.13)

reference voltage with zero TC can be obtained. Furthermore, by changing R, , Vger can be set to
any value between (Vpp — 2Vopp) and 2Vopy, where Vopp and Vppy are the overdrive voltages of
pMOS and nMOS, respectively.

Startup circuit

As discussed in the previous section, the supply independent current source has two stable states,
corresponding to the currents given by Iz, and Iyape, as shown in Fig. 3.5 . To ensure that the
stable state is achieved, a startup circuit shown in Fig. 3.6 is used. The proposed startup circuit
consists of an inverter and a pull-down transistor. The input of the inverter is connected to the
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Figure 3.7: Bias generator

output of the operational amplifier, and the output controls the gate of pull-down transistor M. If
the output voltage of differential amplifier is lower than the inverter threshold voltage, Ms becomes
ON and pulls down the voltage on gates of pMOSs, so that M; and M, avoid the current state of

IZero-

Bias generator

All the current mirrors used in the proposed design is implemented with cascode current mirrors,
to achieve the high output impedance and to reduce the current mirror mismatch (discuss later).
The bias generator circuit shown in Fig. 3.7 is used to generate the bias voltage of pMOS cascode
transistors.

As discussed in the previous section, M, drain current is constant regardless of the status of
S Wi and S W,. The bias generator uses this constant M, drain current as the input, and generates
the bias voltage of pMOS cascode transistors.

3.3.2 Switched-capacitor filter (SCF)

To achieve continuous current sources from discontinuous currents, the proposed circuit uses cur-
rent memory technique, which is implemented using the switched-capacitor filter shown in Fig.
3.8, where X represents the SCF number (i.e. SCF; consists of C; and C,;). Capacitors and
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Figure 3.8: Switched-capacitor filter

switches used in SCF were implemented by metal insulator metal capacitors (MIMCAPs) and
CMOS switches. SW; x and S Wy x are controlled by non-overlapping clock signals as shown in
Fig. 3.3. When S W x is ON, capacitor C; is charged to gate voltage of My. While S Wy x is ON, if
v; and vy are not equal, then charge is redistributes among C and C x. The time constant of the

switched-capacitor filter is given by

C
slx 1 (3.14)

G ferx

where fcrx is the frequency of the switch control signals. Time constant 7, given by the above
equation, is an important factor which determines the settling time of the proposed circuit. Another
important fact that should be considered is effect of charge injection, which is one of the major
problems found in systems using switched capacitors. Voltages in nodes a and b change due to
charge injection when S W3 x and S Wy x turn off. However, in node a, the channel charge of S W3 x
is absorbed by S Wy x, minimizing the voltage difference between two phases. Thus the charge
injection is negligible. But the voltage change in node b due to charge injects from S Wi x can not
be neglected. This problem will be discussed in a later section.

3.3.3 Differential amplifier

The op-amp used in the proposed bandgap reference circuit is a simple p-channel input two-stage
differential amplifier as illustrated in Fig. 3.9. In the proposed design, the operational amplifier
common mode voltage equals to the base-emitter voltage of the bipolar transistor, which is approx-
imately 500 mV to 700 mV. This requires an operational amplifier with low input-common mode
voltage. The input common mode range of the differential amplifier shown in Fig. 3.9 is from
Vop — Vrap — Vopp to Vgyp, so that it enables us to use low input voltages.

Vpaias shares the same bias voltage with M, in Fig. 3.2, providing supply independent bias
current. Inputs V, and V, are connected to the nodes of ¢ and Ry, respectively. A compensation
capacitor Cc, as shown in Fig. 3.9, is used to ensure the stability of the current source generator.

3.4 Design issues and accuracy analysis

3.4.1 Input offset voltage

As discussed in the previous section, every operational amplifier suffers from input offset voltage,
and this input offset voltage of the operational amplifier introduces a significant error in the output
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Figure 3.9: Two-stage differential operational amplifier

voltage of bandgap references. In conventional bandgap references, input offset voltage is amplified
by a factor larger than 10 and appears in the output [13].

In the proposed design, it is assumed that the operational amplifier input offset varies negligibly
between the two phases. Therefore, also taking into account the input offset voltage of operational
amplifier, Vs, eq. (3.6) and eq. (3.8) can be rewritten as

Vel + Vi
Lios =Ipos = —BblR—OS, (3.15)
1
and v v
+
hos = 227798 (3.16)
Ry
respectively.

Hence, the output of the proposed bandgap reference including the effect of input offset voltage
is given by

Ry kT + D[ I R
Vaeros = 2L @+ D0 _ gy Do) R o o (3.17)

’ mR; q I I m
From eq. (3.17), it can be observed that the amplifier input offset voltage is multiplied by the
factor of Ry/mR;. This means in return that the effect of the input offset voltage increases with
the increase of Ry/mR;. For simplicity assume that the current mirror ratios are fixed. Then, as
mentioned in the previous section, by only changing the value of R, the output reference voltage can
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be set to any value between (Vpp — 2Vopp) and 2Vppy. Thus the maximum value for R;/mRy can
be calculated when the output reference reaches to (Vpp — 2Vppp). Assuming that Vopp=0.1V, the
maximum output reference voltage for the proposed design can be given by

VREEMAx=2.8V—2XO.1V=2.6V (3.18)

To set the output reference to the value given in eq. (3.18), R; should be set to 672 k{2, resulting
the maximum theoretical value

R
2o =3 (3.19)

mR1 - |yax

Therefore, in the worst case, the input offset voltage of the amplifier will be multiplied by the
factor 3 and appears in the output reference.

However, on the other hand, let us assume that the output reference is set to the typical value
of the conventional bandgap references, which is approximately 1.2 V at room temperate. By using
the same method as above, it can be shown that the input offset voltage of the operational amplifier
will be only multiplied by less than 2. Thus, compared to conventional bandgap reference in which
the multiplication factor is larger than 10 [13], the proposed circuit attains superior performance.

3.4.2 Current mirror ratios

The performances of most of the current mode circuits rely on matching of the current mirrors.

On the other hand, the matching performance of CMOS current mirror is mainly limited by the
matching properties and the operating conditions of MOS transistors in the mirror circuit.

Since the current mirrors are used in the current source, current switching stage and the output
stage of the proposed design, the performances of the output voltage is directly related to the match-
ing performances of the current mirrors. By using eq. (3.12), the dependence of output reference on
mismatch of current mirror ratios m, (@ + ), and B can be calculated. Assume that the worst case
of current mirror mismatch is £%. Therefore, the worst case output reference due to €% mismatch
of m, (a + 8),and S can be written as

[0+ (1+ 525) Vs - B(1 - 155 Vaez (3.20)

From eq. (3.12) and eq. (3.20), the error of the output reference can be expressed as follows.

V, -V
VREF,error = M x 100% (3.21)

VRrEF

Figure 3.10 represents the graph of eq. (3.21). In mass production, the deviation of the bandgap
reference voltage is approximately + 5% [14]. From Fig. 3.10 it is clear that £ should be kept to
less than +0.7%, to guarantee the worst case mismatch of + 5% in the output of the proposed design.
One main source of mismatch is differences in the drain-source voltages of the input transistors and
output transistors. However, by using proper circuit techniques such as cascode current mirrors, the
nearly ideal operating conditions can be achieved. Thus the influence of differences in the drain-
current voltages on matching performance can be eliminated [15]. In the proposed design, all the
current mirrors were implemented by using casdode current mirrors, therefore, the current mirror
mismatch due to difference in the drain-source voltage of the transistors is negligible. Consider the
simple current mirror shown in Fig.3.11. Assume that the threshold voltage mismatch of the ntMOS
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transistors is Vrg1 — Vrga = AVry. Thus the current ratio is described by

L _BVes —Vru - AVrg)?
Ip BWVes — Vru)*
o1 2AVTry

" Ves - Vra

29

(3.22)
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The latter part of eq. (3.22) represents the mismatch of the current mirror. From above results,
it is clear that to minimize the current mirror mismatch, the overdrive voltage Vs — Vry must be
maximized. On the other hand, the threshold mismatch AVz7g can be expressed by [16, 17]

AvrH
AVrg = (3.23)
VWL

where Ayry is the proportionality factor and scales down with the gate oxide thickness #,;. When
1, is given in angstroms and W and L in microns, eq. (3.23) can be written as [4]

0.1t,x
VWL

Therefore, the current mismatch of the current mirror shown in Fig. 3.11 can be approximated
by

mV (3.24)

AVry =

Al 0.1z, » 2
Ip WL Ves—Vru
For simplicity. assume that the current mirror is implemented by square transistors, and the
overdrive voltage is approximately 100 mV. The oxide thickness #,, is approximately 40 Ain0.25
um CMOS technology, which is used to design the proposed bandgap reference. Thus the minimum
values for L. and W can be calculated as

(3.25)

2 100
=0.1 — X — = 11. .
Lyv, Wayrwy = 0.1 X 40 X 100 X 07 4 pm (3.26)

However, the good layout techniques such as common centroid and use of dummy devices,
can be effectively used to increase the matching performances, on the other words, to reduce the
minimum values of L and W.

The circuit techniques presented and demonstrated in [18] and [19] have successfully achieved
maximum & of about 0.1 and 0.01, respectively. Thus, using those current mirror techniques, it is
possible to achieve the accuracy of up to 0.1% in the proposed bandgap reference. However, those
techniques use more complex circuitry and larger transistors, therefore, occupies more design area.

3.4.3 Switched feedthrough

Since the proposed circuit uses the switched-capacitor technique, the limitations due to the switches
is one of the main design challenges. The two of the most non-ideal and serious effects that limit
the advantages of MOS switches are :

e Clock feedthrough (also known as charge feedthrough [20] or capacitive through)
e Charge injection

The clock feedthrough occurred due to the overlapping (coupling) capacitance from the gate to
source/drain. This gate-drain and gate-source overlapping capacitance allows charge to be trans-
ferred from clock signal, which is applied in the gate to switch on and switch off the transistor, to
the drain and source. This charge produces an error voltage on load capacitor.

On the other hand, the charge injection depends on many factors such as dimensions and thresh-
old levels of the MOS transistors, voltage and impedance of input and output nodes, waveform and
magnitudes of the clock signal. Thus, compared to clock feedthrough, charge injection is more
complex and difficult to model and compensate. However, both phenomenas are unavoidable when
dealing with analog circuits that use switched control signals.
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Clock feedthrough

The input stage of the switched capacitor filter presented in Fig. 3.8 is shown in Fig. 3.12 in details.
The capacitance C,,p and C,,y are the overlap capacitors of pMOS and nMOS transistors that are
given by

cop = Cox - Wp - LDp, (3.27)

and
can = Cox - Wn - LDy, (3.28)

here, LDp and LDy are the lengths of the gate that overlaps the drain/source.

When the switch turns ON, the input signal v;, is connected to C through the pMOS and nMOS
transistors. Thus Cj is charged to input signal. The final voltage of the node a does not have any
effects from clock feedthrough. Next, consider the case when switch turns off. In this time, as
shown in Fig. 3.12, the gate voltage of pMOS transistor changes from GND to Vpp, and the gate
voltage of nMOS transistor changes from Vpp to GND. This voltage changes in the clock signals
effect the final voltage of node a. When the switch turns off, the pMOS transistor causes a voltage
change of

CovP
Io) = — . (-V, § 3.29
Vef,p Crtcn (=Vbp) (3.29)
and the nMOS transistor causes a voltage change of
CouN
OvefN = - (Vpp) (3.30)

Ci1+con
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Figure 3.13: Circuit generating complementary clocks

in node a. Thus the resultant voltage change in node a due to the change in clock signals can be
expressed by,

6vcf,1 = 6Ucf,N + 5Ucf,p

CouN CovP
- Vpp - _ (331
b {Cl +cony Ci1+ CovP} )

Note that dvcs,; is independent of the input signal v;. This means, the clock feedthrough in-
troduces a nearly constant offset voltage in the output. Furthermore, from eq. (3.31) it can be seen
that the CMOS switch fairly cancels the effects of clock feedthrough, because the complementary
signals act to cancel each other. However, the above expression for dv.s is only valid if pre-
cisely controlled complementary signals are used to turn off the pMOS and nMOS transistors. To
overcome this problem, the circuit shown in Fig. 3.13 is used in the proposed design to generate
complementary clock signals. In Fig. 3.13, the delay of inverter I; is duplicated through the gate of
M, providing complementary clocks.

Charge injection

To study the effects of charge injection, consider Fig. 3.14, which represents the detailed version of
the input stage of switched capacitor filter shown in Fig. 3.8 .

When the switch is ON, inverted channels exist at the oxide-silicon interfaces in both nMOS and
pMOS transistors. The total charge in the inverted channels pMOS and nMOS transistor can be
given by

Qchp = WpLpCox (vin — [VTHP]) (3.32)

and
Qcnn = WyLnCox (Vpp = Vin — VTHN) (3.33)
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Figure 3.14: Effect of charge injection in node a

respectively. When the switch turns off, this charge in inverted channels is injected to into v;, and
onto the load capacitor Cy, through source and drain terminals of nMOS and pMOS transistors.
This phenomena is called charge injection.

However, the charge injected into vy, is absorbed by the input source, which is assumed to be a
low-impedance, resulting no error. On the other hand, the charge injected onto the load capacitor
introduces an error in the final voltage on the capacitor. For simplicity, assume that the half of
the channel charge in pMOS and nMOS transistors is injected onto load capacitor. Therefore, the
voltage change in C due to charge injection can be expressed by

SUmi 1 = Qch,N _ Qch,P
“l=7¢ 20
_ Cox
=30, WxLy (Voo — vin — Vrun) — WeLp (Vin — [Vra pl) (3.34)

Note that as shown in Fig. 3.14, pMOS and nMOS transistors injects electrons and holes into
load capacitor, respectively. This opposite charges cancel each other reducing the effect of charge
injection. However to achieve év;;1 = 0, we should select the device sizes of MOS transistors,
such that Qcpp = Qcnn for selected v;,. On other words, the complete cancellation of charge
injection occurs only once for varies input levels of v;,. Even though the complete cancellation does
not occurs for other input levels, the cancellation of opposite charges reduce the effect of charge
injection. Thus all the switches in the proposed design implemented by CMOS switches to reduce
the effect of charge injection.

Charge cancellation in node ¢

Figure 3.15 illustrates the instants of S W turning off and S W, turning ON, in switched capacitor
filter. In the beginning, S W is ON. Then, after the clock changes, it turns off. Then after 67 time
S W, turns ON. In Fig. 3.15, 6q,1 and 6q,,1 represent the total charge dispatch onto Cy from pMOS
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Figure 3.15: Charge injection and clock feedthrough cancellation in node a

and nMOS, due to both charge injection and clock feedthrough, respectively. Then, 6qp2 and 6gy2
represent the total charge absorbed from € into pMOS and nMOS when they turn ON, respectively.
Thus the resultant voltage change in node a after S W, turns off can be expressed by

1
duct = {005+ 8an1) = (602 + 6an2)} (335)
From egs. (3.31), (3.34) and (3.35)

51)01 = (5vcf,1 + 61)6,',1) — (5l)cf,2 + §Uc,',2)
= (5vcf,1 - 5vcf,2) — (Svcip — 6vci,1) (3.36)

As discussed previously, évcs,1 and dvcsy are independent from input levels. Furthermore,
pMOS and nMOS transistors used in S W and S W, share the same device dimensions. Therefore,
neglecting the dimension mismatch of pMOS and nMOS transistors, it can be said that (évc £,1— 0 f,z) =
0 for all input levels.

On the other hand, as it clear from eq. (3.34), 6v.;,1 and dv.; 2 depend on not only the input levels,
but also the threshold voltage of pMOS and nMOS devices. However, for small values of change in
v;n and threshold mismatches, it can also be said that (6v.;,1 — 6vci2) = 0. Thus, the voltage changes
in node a due to charge injection and clock feedthrough can be neglected.

Effect on output reference

In Fig. 3.15, even though the voltage change in node a due to charge injection and clock feed
through is negligible, that of node b should be taken into the account. This is because, when
S W, turns off charges due to charge injection and clock feedthrough are deposited onto node b, and
this charges remain unchanged until S W, turns ON, resulting a noise current through M3. This noise
current generated in M3 can be expressed as follows.

in13 = Gm3 (Svcr21 + 5vci,21) (3.37)
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where, gn 3 is the transconductance of M3, ducr21 and dugp; are the voltage changes in node
b due to clock feedthrough and change injection when S W, turns off, respectively. The values for
6vcr21 and 6vg;2) can be expressed in the same manner as egs. (3.31) and (3.34).

CouN CovP
N o _ 3.38)
cf21 DD {CZ,I +coy  Co1+ covP} (
C
duean = 52 Wl (Vo = s = Vera) = WoLp (o ~ Vems)] 339

On the other hand, § CF; also suffers from the switch injection and clock feedthrough, resulting
in a noise current through My. Then this noise current is mirrored into Mg. The resultant noise
current flows through Mg can be calculated in the same way as above,

in,M6 = gm.6 (5vcf,22 + 5vci,22) (3.40)
where,
CouN CopP
I] =Vpp — 3.41
Pef22 = YDD {C 22+cun Cra+ covP} 3-41)
C
Svcin = FOZXZ{WNLN (Vop — Vin2 — VranN) — WpLp (Ving — IVTH,PI)} (3.42)

where gmg is the transconductances of Ms. Both the filters share the same clock in output stage
(S W41 and S Wy ), and therefore the variation of M3 and M, gate voltages due to charge injection
are simultaneous. In other words, the resultant noise currents in M3 and Mg are also simultaneous,
and thus work to cancel each other’s effect. Thus, the change in voltage across R, due to charge
injection and clock feedthrough of § CF; and S CF;can be written as

O6VREF,1 = R2 (in,M3 — in,M6) (3.43)

In practice, it is difficult to choose the values for C,,1 and C,», such that §Vggr; becomes zero
in all range of temperature, because v, and v;, > are non-linear values. However, smaller §Vggr
can be achieved by choosing a higher value for C; 1,C2>. But this lends to larger time constant,
given by eq. (3.14), and occupies more design area.

Furthermore, as it is clear from Fig. 3.2, the voltage on capacitor C3 is also sensitive to
clock feedthrough and charge injection, and thus should be considered. The voltage changes on
C3 (changes on M3 gate voltage) causes changes in Iy. Assume that the current change in Iy due to
clock feedthrough and charge injection is Aly. Thus, by using egs. (3.6) and (3.8), we can rewrite
the currents flow through R, when S W) is OFF as follows

1% (n+ Do + Alp)) 1
aror = 2228 = v {m o+ 20 = (3.44)
5
and
V Iy + AL 1
Barror = > = Vr {ln %} R (3.45)

Since both the switched capacitor filters SCF| and SCF, sense the gate voltage of M; when
S W1 is OFF, the currents given in egs. (3.44) and (3.45) are copied and mirrored into the output stage.
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Hence, the output reference voltage that suffers from the clock feedthrough and charge injection on
Cj can be given by

(n+ Do+ ALp) _ o M} (3.46)

R
Vier = —=Vr{(a+p)1
REF = VT {(a’ B)In Ts 2

From eq. (3.46), it can be calculated that 5% change in Iy results in only 0.10% change in output
reference. Therefore, sensitivity of M, gate voltage to clock feedthrough charge injection can be

neglected.

In the proposed design, values of C,,1= 575 fF and C» = 500 fF are chosen such that the worst
case variation of Vgzgr between two phases become approximately 300 uV. Value of C; was set to
425 {F. In the case of applications such as pipeline AD converters, which use sampled reference, a
continuous reference is not required; thus, smaller C; 1,C> 2 can be used, resulting to more design
area reduction.

3.5 Simulation results

The proposed area-efficient bandgap reference was designed in a 0.25um CMOS process, and fol-
lowing simulations were done to verify the performances.

o Temperature sweep.

— Operational amplifier
— The supply independent current source.
~ Switched capacitor filter.

— The full bandgap reference.
e Stability analysis.
e Power supply sweep.

o Transient sweep.

3.5.1 Temperature sweep
Operational amplifier

The operational amplifier is simulated using the circuitry shown in Fig. 3.16. In this simulation
test bench, the operational amplifier is biased by using the supply independent current source, in
which S W; is set to ON. This method allows us to investigate the various operating possibilities of
amplifier in different temperature conditions and various supply voltages. This is because, in the
actual design the operational amplifier is biased by the supply independent current source, and the
output current of the supply independent current source is temperature dependent. Furthermore, the
the base-emitter voltage of Q1, which correspond to common mode input voltage of the operational
amplifier, is also temperature dependent.

Figure 3.17 represents the simulation results of the open-loop transfer function in different tem-
peratures, and various supply voltages. In the proposed design, the inputs of the operational am-
plifier are forced to virtual ground. This requires a high open loop differential gain. As can be
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Figure 3.16: Simulation test bench of the open-loop transfer function
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Figure 3.17: Magnitude and phase of the open-loop transfer function

seen in Fig. 3.17, the open loop differential gain is over 70 dB, and remains stable for all operat-
ing conditions. Because of the operational amplifier is biased by using supply independent current
source, the open loop differential gain and the bandwidth remain constant for supply voltage vari-
ations. However, the differential gain drops by approximately 3 dB, and the bandwidth is reduced
approximately by 100 MHz, when temperature change from 0 °C to 100 °C.

From Fig. 3.17, the worst case phase margin can be calculated as

PM = 180° - 120°= 60° (3.47)
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Figure 3.18: Output current of supply independent current source in different temperature

when temperature is 100°C. Thus, it can be said that the system is stable in all the operation condi-
tions. Except this small-signal AC simulations, the stability of the proposed design is examined by
using large signal time-domain simulation (applying a step function to Vpp), and will be discussed
in latter section.

Supply independent current source

The simulated output current of the supply independent current source in different temperatures
and the temperature dependence are shown in Fig. 3.18 and 3.19, respectively. From above results.
it can be said that the supply independent current source is stable in temperature range from 0°C to
100°C, and the temperature coefficient of the output current is approximately -0.1 pA/°C.

Figure 3.20 represents the simulated results of the base emitter voltages of Q, Vgg; and Vpgs.
Proving the discussion in previous section, the temperature coefficients of both Vgg; and Vg, are
negative, and can be calculated as

OVggr  598.3 mV — 784.6 mV
or 100°C

= -1.86 mV/°C, (3.48)

and
OVpex  490.9 mV —702.1 mV
oar 100°C
respectively. Note that, for simplicity, we ignore the second order effects. Thus, selecting the

constants @ and 8 in eq. (3.13), such that (o + ) : @ = 2.11 : 1.86, the following condition can be
satisfied.

= -2.11 mV/°C, (3.49)

0VgEl Vi
— — =0 3.50
3T B (3.50)

(@ +p) aT
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Figure 3.19: Temperature dependence of current source
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Figure 3.20: Temperature dependence of of Vg and Vg

Figure 3.21 shows the numerical calculation results of (2.11/1.86)Vgg1 — Vpgz. The results
prove that the temperature dependence of the resultant voltage is negligibly small. Thus, in the
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Figure 3.21: Numerical calculation results of (2.11/1.86)Vgg| — Vg2
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Figure 3.22: Node voltages of SCF

proposed design, the aspect ratio of M3 : Mg, which is correspond to current mirror ratio (@ +p) : «a,
is selected to approximately 33 : 29.

Switched capacitor filters

The switched capacitor filters are simulated in different temperatures and supply voltages, to verify
the operations and to study the effects of charge injection and clock feed through. The maximum
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Figure 3.24: Voltage change in node b due to switch feedthrough

variation in Vggr due to clock feedthrough and charge injection is observed when Vpp = 3.0 V
and T = 0 °C. Figure 3.22 shows the simulated node voltages of switched capacitor filter SCF,
in Vpp= 3.0 V and T= 0 °C. The enlarged views of voltage waveforms of node a and node b are
represented in Figs. 3.23 and 3.24, respectively. From Fig. 3.23, when S W is ON, the capacitor C
is charged to vj,, thus the voltage of node a becomes equal to v;,. However, after S W turns OFF, a
change can be seen in the voltage of node a (during AT}). Then, after S W, turns ON, the voltage
becomes almost the same as the previous v;,, proving the analysis conducted in the previous section.
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Figure 3.25: Temperature and power supply dependence of reference voltage

Thus, during this phase, as it can be seen in Fig. 3.24, capacitor C; is charged into v;,. But, after
S W, turns OFF, the voltage of the node b is changed by (6vcr21 + 6vci21), which is approximately
217uV. This voltage change causes error current of gy, 3(6vcf.21 + 6uci21) to flows through R;.

Full reference

Considering the matching properties, R; and R, are implemented by 12 kQ unit resistors. The
resisters values of Ry, R, was set to 48 kQ and 168 kQ, respectively, such that the output reference
voltage becomes 650 mV at room temperature. Figure 3.25 shows simulation results of the output
reference voltage (Vrgr) as a function of temperature for different supply voltages. With a 2.8 V
supply voltage, the proposed circuit produces a output voltage of 650 mV at room temperature. With
the 2.8V supply voltage (standard supply voltage for the proposed design), the maximum variation
of the output voltage over the temperature range of 0 °C to 100 °C is 0.6 mV (650.0 mV at 50 °C-
649.4 mV at 100 °C). Thus the temperature coefficient of the output voltage with 2.8 V constant
power supply is

e 1 650.0mV —649.4 mV
VDC=28V = 650 mV 100°C
=9.23 ppm/°C (3.51)

x 10°
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Figure 3.26: Transient response of output voltage when step is applied to supply voltage

The worst case deviation of the output in above temperate range is approximately 0.7 mV
(650.2 mV at 50 °C- 649.5 mV at 100 °C), when 3.0 V supply voltage is applied. Thus the worst
case temperature coefficient can be given by

1 650.2 mV — 649.5 mV
" 650 mV 100°C
= 10.7 ppm/°C (3.52)

TC x 100

3.5.2 Stability verification

To check the stability of the proposed bandgap reference, a small step voltage is applied to the
supply voltage and the change in output voltage is examined. Figure 3.26 shows the simulated
transient response of the output when 200 mV pulse voltage is applied to supply voltage.

In simulation results, an overshoot and undershoot can be observed in output voltage, when
the supply voltage change from 2.8 V to 3.0 V and from 3.0 V to 2.8 V, respectively. However, the
output has stabilized with a first order behavior. This observed difference is less than 5 mV, which is
approximately +0.77% of the final output. This can be explained by the fact that the sudden change
in power supply voltage, first arrive to output My, directly. Then, arrive via Ma— > Ms— > Ms,
with some delay. Thus, an overshoot or an undershoot can be seen in the beginning, but stabilized
quickly.
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3.5.3 Power Supply variation and transient response

From Fig. 3.25, the worst-case deviation in Vgzgr due to power supply variation can be seen at
T = 50 °C. Thus the worst-case DC power supply rejection ratio can be calculated as

\% re—V _
PS RRyors: = 20log ( REF,VDD=2.8 — YREF,VDD 2.6)

200 mV
650.0 mV - 649.8 mV
200 mV

Figure 3.27 compiles the simulated results of supply current as a function of temperature for
different supply voltages. The current consumption is constant for different supply voltages, and
decreases with increase in the temperature. One of the reasons for this is that the power supply
independent current source has negative temperature coefficient, resulting in the decrease in bias
currents of bias generator and operational amplifier, with increasing the temperature. Another rea-
son is, as discussed previously, the base emitter voltage of parasitic bipolar transistor,Vag, and the
resistor Ry exhibits negative and positive temperature coefficients, respectively. Thus, the current
flows through R, which is given by Vag /Ry, is reduced in proportion to temperature, and therefore,
the drain currents of M3 and My (in Fig. 3.2) are also reduced in proportion to temperature.

From the results in Fig. 3.27, it can be shown that the reference circuit consumed an average of
49.5 pA in the temperature range from 0 °C to 100 °C, while consuming the maximum of 65.5 pA
at 0 °C.

Transient response of the proposed circuit is shown in Fig. 3.28. The settling time is approxi-
mately 20 us. Temperature and supply dependence of settling time can be neglected. Enlarged view
of selected area in Fig. 3.28 is seen in Fig. 3.29. The worst case of Vggr difference between two
phases is 320 uV at 0 °C and Vpp =3.0 V.

=20 log( ) ~ -60 dB (3.53)
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Figure 3.28: Transient response of the proposed circuit

3.6 Layout

The performances of analog circuits are highly sensitive to the matching of devices, such as resis-
tors, capacitors and specially the MOS devices used in current mirrors. By using a advance layout
techniques (such as common centroid), the effects of process variation and linear gradients can be
effectively minimized, and therefore, the circuit performance can be improved.

As discussed in Sec.3.4, the accuracy of current mirror ratio and matching of resistor ratio play
an important role in the proposed circuit. Thus, special attention need to be paid to the following

points:

e The current mirrors used in current source and current switch circuits, and in the output stage
are placed close together, respectively. Additionally, common centroid layout and dummy
elements are used.

¢ To reduce the error on resistor ratio R»/R; by corners and differing perimeters, both resistors
R; and R, are implemented by 12 kQ unit resistors. Next, common centroid layout is used
to improve the matching between R; and R,. Furthermore, dummy elements are placed in
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Figure 3.29: Enlarged view of selected area in Fig. 3.28

both sides of the common centroid resistor array to reduce the effects of differing dopant
concentrations at differing points on the surface.

¢ In the operational amplifier layout, matching-sensitive pMOS differential pair are laid out
with common centroid technique, and dummy elements are also used.

e The capacitor ratios C; x/C1 determine the settling time of the proposed bandgap reference.
Furthermore, the difference of Vgzegr between two phases mostly depends on matching of
C3,1 C22. Thus, the matching of C; x and C should be considered. To improve the matching,
C, x and C are implemented by 25 fF unit capacitors. Next, common centroid technique and
dummy cells are used.

Figure 3.30 displays the layout of the proposed design and the layout size is 0.011 mm? (110 p m
X 100 p m).

3.7 Comparison

Table 3.1 summarizes the performance of the proposed bandgap reference.
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Table 3.2 compares the performance of the bandgap reference described in this chapter to that
of previously published CMOS bandgap references. The bandgap reference proposed in this thesis
shows best performance in terms of chip area and temperature coefficient. Therefore it is ideal
for low-cost application. Moreover, the proposed circuit shows very good performance in PSRR.
Although [12] demonstrates better PSRR, the design proposed in this chapter occupies significantly
smaller chip area. The power consumption of the proposed design is comparably high compared to
[S, 21, 22].

3.8 Summary

In this chapter, we presented the design issues and accuracy analysis of novel area-efficient bandgap
reference which is utilized by switched-current and current-memory techniques. Conventional
bandgap reference circuits are utilized by array of bipolar transistors, thus the layout becomes a crit-
ical problem. However, the proposed circuit uses only one bipolar transistor so that the significant
area reduction can be achieved. The proposed circuit is designed and simulated and layout design
is carried out in 0.25 um CMOS process. The simulation results show that the output reference
voltage Vzer is 650 mV, and the temperature coefficient of Vggr is smaller than 10.7 ppm/°C for
the temperature form 0 °C to 100 °C. The design area is less than 110 um X 100 um and consumes
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Table 3.1: Performance summary

Technology

Area

Supply Voltage

VREF

TC of Vggr

Average current consume

S W1 Switching Frequency

PSRR

0.25um CMOS

0.011mm? (110pm x 100pum)
28V

650 mV

<10.7 ppm/°C (0 °C to 100 °C)
49.5 pA

1 MHz

-61dB (DC)

-53dB @ 100Hz

-51dB @ 1kHz

-39.4dB @ 10kHz

average supply current of 49.5 pA.



Table 3.2: Comparison to previously published CMOS bandgap references

This
(5]

[12]
[21]
[23]
[22]

Vrer (V)
0.650
0.518
0.858

1.2

1.12
0.640

TC (ppm/°C) Design Area(mm?) PSRR (dB)@ (kHz) Power(uW) Process pm-CMOS

10.7 0.011 -51 @1 138.6 0.25
200 0.1 -20 @1 5 0.4 Flash
12.4 1.2 -68 @0.1 162 0.35
38.3 0.043 -58 @0.1 245 0.35
127 0.4 -45 @0.01 1400 0.5 digital
580 0.21 N.A. 74 0.35
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Chapter 4

Low-power bandgap reference

4.1 Introduction

The bandgap reference presented in previous chapter uses one bipolar transistor, switched current
and current memory technique to produce reference voltage and have archived significant area re-
duction. It generates two current sources that have different temperature coefficients and subtracts
one from other. Then feeds the subtracted current into a resistor to generate the reference voltage.
Therefore, it is necessary to use continuous drain currents through the both output stage pMOS and
nMOS transistors to generate the resistor output current. Only the difference of those drain currents
is used to generate the reference voltage. Thus, in other point of view, the drain current of output
stage nMOS transistor flows from VDD to GND uselessly. Practically, however, this drain current
is much larger than the current flowing through the output resistor. Approximately, one fourth of
the total supply current flows through the output stage nMOS transistor. Furthermore, additional
power should be used to generate the bias voltages of output stage nMOS devices. Thus, significant
power reduction can be achieved by removing the output stage nMOS devices. Moreover, in this
current subtraction method, relatively larger pMOS and nMOS devices should be used at the output
stage even to generate a small resistor current, resulting additional design area. Thus, replacing the
resistor current generation method from current subtraction to current addition, let us implement
smaller devices in the output stage, resulting a reduction of design area.

In this chapter we propose a new circuit technique that allows generating the reference voltage
by using only one parasitic bipolar transistor, thus the area size becomes significantly smaller and
bipolar device mismatch is eliminated. Also the proposed circuit outputs a fraction of the silicon
bandgap voltage, which can be set to almost any value. The output is fairly insensitive to temper-
ature and supply voltage variations and valid in both clock phases. Moreover, the proposed circuit
is designed with built-in current sources, thus saving unnecessary power consumption. Section 4.2
describes the concept, operating principle, and the circuits. The design issues and accuracy analysis
are discussed in Sect. 4.3, and the simulation results are presented in Sect. 4.4. Section 4.5 presents
the layout issues, while Sec. 4.6 compares the performances of the voltage reference presented in
this research with that of previously published voltage references. Finally Sect. 4.7 summarizes the
research.
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Figure 4.1: Conceptual diagram of the proposed low-power bandgap reference

4.2 Proposed low-power bandgap reference

4.2.1 Conception

The proposed bandgap reference is shown as a conceptual diagram in Fig.4.1. The proposed circuit
consists of :

e Two supply independent current sources
e A parasitic bipolar transistor

¢ A Voltage-to-current converter (VICC)
e Output stage resister

Switch SW controls the current injection into parasitic bipolar transistor (1) and generates
two different base-emitter voltages. When SW is OFF, current Jj injects into Q; and base-emitter
voltage becomes Vpg1. Next SW turns ON, current fed into Q; changes to (n + 1)Ip and base-emitter
voltage becomes Vpgy. VTCC network and current memory cells (CMCs) used in the proposed
circuit convert those Vg and Vg, to currents given by Vge1/R) and Vs /R), then also generate
the current given by (Vpgs — Vag1)/Ry. ,where 1/R; is the transconductance of the VITCC. The
currents memorized at two CMCs, Vgg1/R;1 and AVgg /R, are mirrored with designed ratio @ and
B, respectively, summed, and fed into R,. By selecting proper values for @ and S, it is possible
to generate temperature independent voltage. Note that this new architecture uses current addition
method to generate resistor output current. Thus, compared to bandgap reference presented in
previous chapter that uses current subtraction, significant power reduction can be achieved. Supply
independent current sources, VTCC and CMC are described in next section.
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4.2.2 Circuit operation

The schematic of the proposed low-power CMOS bandgap reference circuit is shown in Fig. 4.2,
and Fig. 4.3 represents the timing diagram. The proposed circuit is composed of following main
circuits:

o Supply independent current source

e Voltage to current converter (VTCC)
¢ Resistor output stage

e Startup circuit

¢ Bias generator

e Two switched capacitor filters (SCFs)

Supply independent current source

The supply independent current source used in the proposed design is shown in Fig. 4.4.

The circuit structure and the operating principle is same as the current source described in
previous section. However, the location and the usage of the switch SW; is different, compared to
the current source shown in Fig. 3.4(a). When SW; is ON, differential amplifier compares Vgg of
(1 with the voltage across R; and regulates them to be equal. Therefore, the gate voltage of M; and
M, is forced to flow supply independent currents through M; and M;. Assuming that the aspect
ratios of M : M, is m : 1, and M, drain current (Is;) is I, the base emitter voltage of Q) and the
voltage across R; can be expressed as

kT . I
Vael = —In =2, @.1)
qg I
and
Vr1 = mlpRy, 4.2)

respectively. Hence, Vpg1 = Vg1, we can write the expression for I as follows.

mlR; = k—T In L 4.3)
q Is
Figure 4.5 represents the plots of egs. (4.1) and (4.2) for R; = 140 kQ, T=300 K, Iy = 1.77 X
107! pA, and m = 15. As it is clear from Fig. 4.5, eq. (4.3) also has two roots, corresponding to
the currents I = I .., and I = Ig,p;.. Therefore, the proposed design also required a startup circuit
so that to ensure I = Iy, is achieved. The startup circuit will be discussed in latter section.
Thus, during this phase, M drain current (I3s;) and therefore the current through R; (Ig;) can
be expressed as follows,

V
Igy = I = % (4.4)
1
The CMCs, which made up of SCFs (discussed later) and pMOS transistors, are used in the
proposed circuit in order to archive continuous output. While SW; is ON, SCF, senses the gate
voltage of M; and memorizes it in the gate node of Ms.
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Figure 4.2: Proposed low-power CMOS bandgap reference
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Figure 4.3: Timing diagram

Voeltage to current converter

Next, in Fig. 4.2, SW; turns OFF and SW, turns ON. The capacitor, C3, holds the gate voltage of
M1,M; and M3 from the previous phase and keeps the same drain current through M; and M,.
During this phase, Iy, and M3 drain current, I3, are summed and fed into Q. Assume that aspect
ratio of M, : M3 is 1 : n. Therefore, Vg of Q) in present phase becomes

KT (n+ Dl

q Is

During this phase, SW3 turns ON. The circuit status on this phase is shown in Fig. 4.6. Through
negative feedback, operational amplifier places Vg across R;. Therefore the current flows through
R; can be written as
VE2
I, = === 4.6

2= R, (4.6)
This current is equals to the sum of I, and drain current of My, Iy4. Therefore Ipz4 can be given
by

Vee2  VBEI _ AVpg @7

Ia=Dh -y = R, R: R,

Next, when SW3 is ON, SCF; senses the gate voltage of M4 and memorizes in gate node of M.
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Assuming that aspect ratio of M; : Ms is 1 : @ and that of My : Mg is 1 : B, continue drain currents

of Ms(I5) and Mg(Ig) can be expressed as

VBE1
Is = a-2EL,
5=a R
and
AVpg
Is = ,
6 =8 R,

respectively. Thus the total current given by

Irer = Is + Ig
AVpg
R,

Vi
_ BE1+'B

~ R

4.8)

(4.9)

(4.10)
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is injected into R,. Therefore, the output voltage of the proposed bandgap reference can be ex-

pressed as

Vrer = R2 X IReF

= % {@VgE1 + BVrIn(n + 1)) (4.11)
1

By selecting proper values for , 8 and n such that

o 0VaE1
or

+BIn(n + 1)%‘;% =0, (4.12)

reference voltage with zero TC can be obtain. Further more, by changing the value of R>, Vger can
be set to any value between (Vpp — 2Vppp) and GND, where Vopp is the overdrive voltage of
pMOS.

Startup circuit

As discussed previously, the supply independent current source has two stable states, corresponding
to the currents given by Iz, and I54p.. To ensure that the stable state is achieved, a startup circuit
shown in Fig. 4.2 is used. The structure and the operating principle of the startup circuit used in this
design is the same as the startup circuit used in the design, which is explained in previous chapter.

Bias generator

The all current mirrors used in the proposed design is implemented by cascode current mirrors,
to achieve the high output impedance and to reduce the current mirror mismatch, as discussed in
previous section. The bias generator circuit shown in Fig. 4.7 is used to generate the bias voltage
of pMOS cascode transistors.

M, drain current is constant regardless of the status of switches. The bias generator uses this
constant M, drain current as the input, and generate the bias voltage of pMOS cascode transistors
based on it.

4.2.3 Switched capacitor filter (SCF)

The proposed circuit uses CMC, which is implemented by using SCF and pMOS transistors, in
order to archive continuous output. As shown in Fig. 4.8 the SCF is made up of two capacitors
and two switches, where X represents the SCF number. Switches SWx,; and SWx are controlled
by non over-lapping clock signals as shown in Fig. 4.3. Capacitors and switches used in SCF were
implemented by metal insulator metal capacitors (MIMCAPs) and CMOS switches. When SWy;; is
ON, capacitor C is charged to input voltage v;,. Next, SWx; turns off and SWx turns on. If
Vin and v,y are not equal, then charge redistributed among C; and C,. This repeats until viy = Uour.
The time constant of the switched capacitor filter is given by (see appendix B)

T= G 1 (4.13)
C feix

where fcrx is the frequency of the switch control signals. The time constant T determines the
settling time of the proposed circuit, and therefore it is an important factor.
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Figure 4.8: Switched-capacitor filter

4.2.4 Differential amplifier

The op-amp used in the proposed bandgap reference circuit is a simple P-channel input two-stage
differential amplifier as illustrated in Fig. 4.9. Also in this design, the operational amplifier common
mode voltage equals to the base-emitter voltage of the bipolar transistor, which is approximately
from 500 mV to 700 mV, requiring a operational amplifier with low input-common mode voltage.
The input common mode range of the differential amplifier shown in Fig. 4.9 is from Vpp — Vrgp —
Vopp to Vnp.

Vppias shares the same bias voltage with M>, providing supply independent bias current. Inputs
V, and V,, are connected to the nodes of Q; and Ry, respectively. A compensation capacitor Cc, as
shown in Fig. 4.9, is used to ensure the stability of the current source generator.
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Figure 4.9: Two-stage differential operational amplifier

4.3 Design issues and accuracy analysis

4.3.1 Input offset voltage

The input offset error of the differential op-amp introduces a significant error in output voltage
of conventional bandgap references. In typical bandgap references, operational amplifier offset
voltage is multiplied by a factor larger than 10 and appears as an error in the reference voltage [2].
Therefore low-offset op-amps or offset cancellation techniques should be used to achieve a precision
reference voltage in conventional bandgap references. Considering the offset error of the op-amp,
Vos, €qs. (4.4) and (4.6) can be rewritten as

Vee1 + V.
Ir1,0s = Imi0s = %IO'S- (4.14)
Va2 + V,
hos = —B-“RI—OS (4.15)

Hence the output of the proposed bandgap reference, which includes the offset error of the opera-
tional amplifier, can be expressed as

Ry kT I R
Veer.os = =2 =—{aln == +Bln(n+ 1)} + —aVos (4.16)
R ¢q Ig Ry

The offset of the operational amplifier is therefore multiplied by the factor aR,/R; and appears
in the reference voltage. This means in return that the effect of the input offset voltage increases
with the increase of R,/R;. For simplicity assume that the current mirror ratios are fixed. Then, as
mentioned in previous section, by only changing the value of R,, the output reference voltage can
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be set to any value between (Vpp — 2Vppp) and GND. Thus the maximum value for R»/R; can be
calculated when the output reference reaches to (Vpp — 2Vppp). Assuming that Vopp=0.1V, the
maximum output reference voltage for the proposed design can be given by

VeeEFMax =18V -2%x0.1V=16V (4.17)

To set the output reference to the value given in eq. (4.17), R, should be set to approximately
623 kQ, resulting the maximum theoretical value

R a x 1.2 (4.18)

Therefore, in the worst case, the input offset voltage of the amplifier will be multiplied by the
factor 1.2 and appeared in the output reference.

However, on the other hand, assume that the output reference set to the typical value of the
conventional bandgap references, which is approximately 1.2 V at room temperature. By using the
same method as above, it can be shown that the input offset voltage of the operational amplifier
will only be multiplied by approximately 0.9. Thus, compared to conventional bandgap reference
in which the multiplication factor is larger than 10 [2], the proposed circuit shows superior perfor-
mance.

4.3.2 Switched feedthrough

Since the proposed circuit also uses the switched-capacitor technique, charge injection and clock
feedthrough become important design challenges. When SW; turns off, charge injection and clock
feedthrough changes the gate voltage of M, and M;. The voltage change due to channel charge
injects from SW) and the clock feed through can be approximately given by

C
Ovei = _CO—X{WNLN(VDD - Vi — VTHN) - WPLP(vin - |VTHP|)} (4.19)
3
and WxC WpC,
NYoN P ovP
Sv.r=V - 4.20
Vef = VDD (WNcouN +C3  WpCop + Ca) (+20)

respectively, where Coy is the oxide capacitance per unit area, v;, is the input voltage of SWj,
Vrun and Vrgp are the threshold voltage of nMOS and pMOS, WpLp and Wy Ly are the total gate
area of pMOS and nMOS devices, C,,p and C,yy are overlap capacitance per unit width of pMOS
and nMOS, respectively. Therefore the total voltage change can be given by dv; = v, + bu.y.
As a result of dv;, the error current of gm;dév; flow through M, where gm, is the transconduc-
tance of M. Furthermore, the error current of (n + 1)gmydv; is fed into Q;, where gmy is the
transconductance of M, and M3. This error current, which fed into Qj, results the voltage change
of (n + 1)gmadv1/gmegy in Vggy, where gmp; is the transconductance of Q;. Therefore the total
noise current flow through the output resister R, due to §v; can be expressed as

(n+ 1)gmy

- gm } 6v1 4.21)
gmg1Ry

iR2=,3{

Since the SCFs are also sensitive to charge injection and clock feedthrough, the effect on the
reference voltage should be considered. The voltage of nodes a and b, shown in Fig. 4.8, are
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directly affected from SWy ; and SWx . In node a, most of the channel charge deposited by SWy,; is
absorbed by SWyx, minimizing the voltage difference between two phases. However, in practically
the charge split between source and drain is not equal. Therefore the voltage difference in node
a between two phases is not zero, but compared to that of node b can be negligible. The voltage
change in node b due to channel charge injects from SWy and clock feedthrough can be calculated
by using the same equations of egs. (4.19) and (4.20). Therefore the noise current flow through R; ,
from Ms, Mg can be given by

8ix = g (80ci.x + Over.s) (4.22)

where x represents the SCF number, and gy is the transconductance of the corresponding pMOS
transistor. From eq. (4.19), it is clear that év.; can be minimized by selecting proper values for
WxLy and WpLp. However, in practice it is impossible to select values for WyLy and WpLp
such that dv,; becomes zero in all range of temperature, because v;, is a non-linear value. On the
other hand, from eq. (4.20), it can be seen that év.s is independent of the input level of SCF, and
therefore only introduces an offset to output. Both év.; and dv.s are inversely proportional to Cs,
and therefore smaller ig; and &i, can be archived by selecting larger C3 and C,, respectively. But
this drives to larger time constant, given by eq. (4.13), and to occupy more design area. However,
in case of applications such as pipeline AD converters and DC-DC converters [3, 4] which uses
sampled reference therefore continues reference is not required, smaller C> can be used. Resulting
more design area reduction.

In the proposed design, values of Ci, C» and C3 were set to approximately 3 pF, 80 fF and
180 fF, such that the worst case variation of Vzgr between two phases to become less than 200 uV.

4.3.3 Current mirror ratios

From eq. (4.11), it is clear that the accuracy of current mirror ratios n, @ and j are directly effects
the output. Assume that the maximum value of current mismatch is £%. Thus the worst case of
Vrer deviation due to mismatch of a, 8 and n is given by

R kT £ Iy
21+t
R1 q ( 100 ¢ n[s

+(1 +%)ﬁln {n(l +-1—f-)6)+1}] 4.23)

VREF,

In mass production, the worst-case deviation of the bandgap voltage is approximately +5%.
From section 4.3.3 it can be seen that to guarantee a worst-case deviation of +5% in Vzgr due to
current mismatch, £ should be kept less than +3.75%. For simplicity, considering only the effects
of threshold mismatch of pair transistors, current mirror mismatch can be approximated by [5, 6]

Alp 0ty 2
Ip VWL Vs — Vru

where 1, is expressed in angstroms and W and L in microns. Assume that the MOS devices are im-
plemented by square transistors, and the overdrive voltage is 100 mV. Thus, in a 0.18 pm technology
with t,, =~ 40 A, the minimum value of L and W should be 2.13 pm to achieve +5% worst-case de-
viation in Vggr. However, good layout techniques, such as common centroid and use of dummy
devices, can be effectively used to minimize the mismatch errors, so that to reduce the minimum
values of L and W.

(4.24)
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4.4 Simulation results

The proposed area-efficient, Low-power bandgap reference was designed in 0.18 um CMOS pro-
cess, and simulations were carried out to verify the performance. The following simulations were
done:

° Temperature sweep.

The supply independent current source.

Operational amplifier

Switched capacitor filter.

The full bandgap reference.

Stability analysis.

Monte Carlo simulations.

— Operational amplifier input offset and its effect on reference voltage.

— Device mismatches.

o Power supply sweep.

Transient Sweep.

4.4.1 Temperature sweep
Operational amplifier

The operational amplifier is simulated using the same circuitry shown in Fig. 3.16. Figure 4.10 rep-
resents the simulation results of open-loop transfer function in different temperatures, and various
supply voltages. The aim of the operational amplifier used in the proposed bandgap reference is
sensing the voltages across the resistor Ry and bipolar transistor 0, and regulate them to be equal.
This requires a high differential gain. As can be seen in Fig. 4.10, the open loop differential gain is
approximately 80 dB, and remain stable for all operating conditions.

From the Fig. 4.10, the worst case phase margin can be calculated as

PM = 180° - 114°= 66° (4.25)

when temperature is 100°C. Thus, it can be said that the system is stable in all the operation condi-
tions. However, other than this small-signal ac simulations, the stability of the proposed design is
examined by using large signal time-domain simulation (applying a step function to Vpp), and will
be discussed in latter section.

Supply independent current source

The simulated output current of the supply independent current source in different temperatures and
the temperature dependence are shown in Fig. 4.11 and 4.12, respectively. From above results. it
can be said that the supply independent current source is stable in temperature range from 0 °C to
100 °C, and the temperature coefficient of the output current is approximately -0.86 nA/°C.
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Figure 4.10: Magnitude and phase of the open-loop transfer function

Figure 4.13 represents the simulated results of the base emitter voltages of Qy., Vggi, and Vg,
corresponding to the phase of S W5 is OFF and ON, respectively, and calculation results of AVpg. As
discussion in previous section, the temperature coefficients of both Vg, and Vgg» are negative, and
the temperature coefficient of AVpg is positive. The temperature coefficients of Vpr| and AV can

be calculated as follows.

aVBE] y 430.1 mV - 663.0 mV

5 s = ~2.33mV/°C (4.26)




4.4. SIMULATION RESULTS

280

260

Current [n A]

240

220

i V[)[):2.0 VoI =0°C

i Yop=l6V,T=0°C
i Vop=20V. T<=<50C
‘ i YopElB N A S
' Vpp=2.0V, T=100°C ;
************* e o o e, L e b e
0 1 2 3 4
time [p S]

67

Figure 4.11: Output current of supply independent current source in different temperature
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OAVge  354mV -262mV
or 100 °C

=0.092 mV/°C

(4.27)

Note that, for simplicity, we ignore the second order effects. Thus, selecting the constants « and
Bineq. (4.12), such that @ : 8 = 0.092 : 2.33, the following condition can be satisfied.
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Figure 4.14 shows the numerical calculation results of Vg + (2.33/0.092)Vgg2. The results
prove that the temperature dependence of the resultant voltage is negligibly small. In the proposed
design, the aspect ratios of My : Ms, M4 : Mj is selected to approximately 18 : 5, 1 : 7, respectively.
Thus the current mirror ratio @ : 8 is to become approximately 1 : 25.2.

=0 (4.28)

Full reference

Considering the matching properties, R; and R, are implemented by 17.5 kQ unit resistors. The
resisters values of Ry, R was set to 140 kQ and 245 kQ, respectively, such that the output reference
voltage becomes approximately 630 mV at room temperature. Figure 4.15 shows simulation results
of the output reference voltage (Vrer) as a function of temperature for different supply voltages.
With a 1.8 V supply voltage, the proposed circuit produces a output voltage of 629 mV, at room
temperature. With the 1.6 V supply voltage (standard supply voltage for for the proposed design),
the maximum variation of the output voltage over the temperature range of 0 °C to 100 °C is 0.8 mV
(629.3 mV at 50 °C- 628.5 mV at 0 °C). Thus the temperature coeflicient of the output voltage with
1.6 V constant power supply is

1 629.3mV-628.5mV
629 mV 100 °C
= 12.6 ppm/°C (4.29)

TCvpc=16v = x 108

The worst case deviation of the output in above temperate range is 0.85 mV (628.85 mV at



4.4. SIMULATION RESULTS 69

Vrer[mV]

630.0

629.5

629.0

628.5

628.0

627.5

1,330 feversenemeersssebienioeseenecdi ———
1.329

1.328

Voltage [V]

Temperature [°C]

Figure 4.14: Numerical calculation results of Vpg + (2.33/0.092)VgEg>

—A—
_6_
——

Vop =1.6

. 1 ] 1

0 20 40 60 80 100

Temperature [°C]

Figure 4.15: Temperature and power supply dependence of reference voltage
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Figure 4.16: Power consumption

50 °C- 628.0 mV at 0 °C), when 1.6 V supply voltage is applied. Thus the worst case temperature
coefficient can be given by

1 628.85 mV — 628.0 mV g
T 629 mV 100°C
= 13.5 ppm/°C (4.30)

TC 100

Figure 4.16 compiles the simulated results of supply current as a function of temperature for dif-
ferent supply voltages. From the results in Fig. 4.16, it can be shown that the reference circuit
consumed an average of 8.5 A in the temperature range from 0 °C to 100 °C, while consuming the
maximum of 9.2 pA at 0 °C.

4.4.2 Monte Carlo verification

Monte Carlo (MC) simulation is used in order to estimate the operational amplifier offset and its ef-
fect on the reference voltage. We executed 1000 simulation runs under 1.6 V supply voltage in room
temperature and the obtained mean value and standard deviation of the operational amplifier offset
was 0.45 mV and 9.7 mV. The deviation of the Vggr due to operational amplifier offset is shown
in Fig. 4.17. The mean value and the standard deviation was 628.67 mV and 4.8 mV, respectively,
which means in return that the operational amplifier offset error is reduced and appear in output, as
we discussed in previous section. Additionally, the mean value and the standard deviation of the
temperature coefficient distribution due to operational amplifier offset was 14.66 mV, and 3.43 mV,
respectively, over the temperature range from 0 °C to 100 °C.

Finally, another set of MC simulations were carried out to investigate the effect of device mis-
match on the proposed circuit. We performed 1000 MC simulation runs under 1.6 V supply voltage
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Figure 4.17: Vggr variations due to operational amplifier offset (Monte Carlo Simulations: 1000
runs)

at room temperature, and results are presented in Fig. 4.18. The mean value of Vzgr is 632.82 mV,
and the standard deviation is 56.8 mV (9%). The value of standard deviation is slightly larger than
that of [5] in which trimming method is used. By implementing a trimming network or other mis-
match cancellation methods (such as chopping techniques), Vrgr deviation due to mismatch can be
further minimized.

4.4.3 Power supply variation and transient response

From Fig. 4.15, the worst-case deviation in Vggr due to power supply variation can be seen at T=0
°C. Thus the worst-case DC power supply rejection ratio can be calculated as

VRreF,vDD=18 — VREF,vDD=16
200 mV )
628.48 mV - 628.00 mV
200 mV

Figure 4.20 shows the transient response of the proposed circuit, and Fig. 4.21 represents the
enlarged view. The settling time is approximately 20 us. Temperature dependent of the settling time
can be neglected. Some spikes can be seen in the output when the clock changes. Therefore in the
applications that requires smooth reference voltage, the proposed circuit should be used with a low
pass filter. So that the spikes can be eliminated. But in the applications like pipeline A/D converters,
which use sampled reference, those spikes will not become a problem.

PSRRyors = 20 log(

=20 log( ) ~ -52.3dB 4.31)
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Figure 4.18: Vzgr variation due to device mismatch (Monte Carlo simulations: 1000 runs)
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Figure 4.20: Transient response of the proposed circuit
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Figure 4.21: Enlarged view of Vggr shown in Fig. 4.19

4.4.4 Stability verification

To check the stability of the proposed bandgap reference, a small step voltage is applied to the
supply voltage and the change in output voltage is examined. Figure 4.19 shows the simulated
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Figure 4.22: Layout of the proposed bandgap reference

transient response of the output when supply voltage change between 1.8 V and 2.0 V.

In simulation results, an overshoot and undershoot can be observed in output voltage, when the
supply voltage change from 1.8 V t0 2.0 V and from 2.0 V to 1.8 V, respectively. The observed volt-
age change in output is 10.8 mV, which is approximately +1.7% of the final output. This voltage
change is approximately twice larger than the value which is observed in bandgap reference pre-
sented in previous chapter. This is because the previous bandgap reference uses current subtraction
in output stage, thus the noise currents due to supply voltage changes act to cancel each other.

4.5 Layout

Fig. 4.22 shows the layout of the proposed circuit. The occupied layout area is less than 0.0064 mm?
(80 um x 80 wm).
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4.6 Comparison

Table 4.1 compares the performance of the bandgap reference described in this research to that of
previously published bandgap references. The bandgap reference presented in this research shows
good performance in temperature dependence and shows best performance in design area. There-
fore it is ideal for low-cost, high accuracy and high performance application. Although [7] demon-
strated a low power consumption, our design is superior in all other performances. Moreover, the
proposed circuit shows very good performance in PSRR. Compared to this work, [8] and [9] have
demonstrated better PSRR, but our design occupies significantly smaller design area and consumes
less power.

4.7 Summary

A novel area-efficient, low power, fractional bandgap reference utilizing switched-current and current-
memory techniques is presented. The operating principles, design issues, accuracy analysis, and
verifications using SPICE simulations are discussed. Table 4.2 summarizes the performance of the
proposed bandgap reference. This design also uses only one bipolar transistor to generate the ref-
erence voltage so that the significant area reduction is chived. The proposed circuit is designed
and simulated in 0.18 pm CMOS process. The simulation results show that the output reference
voltage Vger is approximately 628.5 mV, and the temperature coefficient of Vggr is smaller than
13.5 ppm/°C for the temperature range from 0 °C to 100 °C. The layout occupies only 0.0064 mm?
(80 pm %80 um) and average power consumption is 13.6 pW.



Table 4.1: Comparison to previously published CMOS bandgap references

Process

Vrer (V)

TC ppm/°C

Design Area (mm?)
PSRR (dB)@ kHz
Power (uW)

This Work
0.18-pm
0.6285
13.5
0.0064
-50@0.1
13.6

[7]

0.4-pm Flash
0.518

118

0.1

-20@1

5

(1]
0.25-pm
0.650
10.4
0.011
-53@0.1
138.6

(8]
0.35-pm
0.858
124

1.2
-68@0.1
162

[9]
0.35-pm
1.2

383
0.043
-58@0.1
245

[10]

0.5-pm digital
1.12

127

0.4

-45@0.01
1400

[11]
0.35-um
0.640
580
0.21
N.A.
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4.7. SUMMARY

Table 4.2: Performance summary

Technology

Area

Minimum Supply Voltage
VReF

TC of Vger

Average current consume

SW; Switching Frequency

PSRR

0.18 um CMOS

0.0064 mm? (80 pm x 80 um)
1.6V

628.5 mV

13.5 ppmy/°C (0 °C to 100 °C)
8.5 uA

1 MHz

-52 dB (DC)

-50 dB @ 100Hz

-49.5dB @ 1kHz
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Chapter 5

Ultra-low power current reference

5.1 Introduction

The increasing demand for portable electronic devices, micro-sensors, and bio medical sensors
makes the power-eflicient circuits increasingly important. As a result, subthreshold circuits are at-
tracting attention because of their ultra-low-power consumption. One of the main drawbacks of
the circuits, however, is the exponential temperature dependence of drain current, which makes
the design of subthreshold circuits quite difficult. The implementation of a proper temperature-
independent current source into a chip could significantly suppress the temperature dependence of
the subthreshold circuit performance. Most current references based on PTAT use bipolar transistors
[1, 2], while those using parasitic bipolar transistors available in the standard CMOS process show
poor performances, require a large design area, and consume relatively large power. Therefore, the
current references [1, 2] based on CMOS-only designs cannot be used in ultra-low-power appli-
cations. Another approach to current reference [3] based on S-multiplier, which requires resistors
and consumes several dozen microwatts is still not suitable for CMOS-only and ultra-low-power
designs. To overcome these problems, CMOS-only current references using subthreshold circuits
have been demonstrated [4, 5S]. The CMOS-only current reference proposed by Oguey and Aibis-
cher [4] consumes very little power, and the circuit structure is very simple. However, the output
reference current of the circuit is proportional to T%4, where T represents the absolute temperature
and is not suitable to be used as a temperature-independent current source. The current reference
in the literature [5] has shown reasonable temperature immunity and low-power consumption, al-
though the circuit techniques are quite complex and the temperature coefficient is not small enough
for high accuracy applications.

In this chapter, we proposed a new and simple current reference circuit composed of two current
subcircuits that have positive but different temperature coefficients. The operation principle and
computer-based simulation results are presented. The output reference current is fairly insensitive
to temperature and supply voltage variations. The power consumption of the proposed circuit is
less than 1 uW. Therefore, the proposed circuit is ideal to be used as a temperature-independent
current source, which will help circuit designers overcome the exponential temperature dependence
of subthreshold circuit performance.

79
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Figure 5.1: Concept of proposed current reference

5.2 Structure of the proposed current reference

5.2.1 Operation principle

Figure 5.1 illustrates the conception of the proposed current reference. The circuit consists of two
current sources, I; and I, that have different TCs, a current subtraction stage, and a output stage.
Current sources I; and I, generate different currents with a different temperature coefficients. In
the current subtraction stage, the currents generated by the current sources /; and I; are multiplied
by proper coefficients and subtracted so that the resultant current has the minimum temperature de-
pendence. The output stage mirrors the resultant current to the preferable output reference current.
The current source subcircuits that are used to generate current sources with different TCs, current
subtraction stage and output stage are described in next section.

5.2.2 Current source subcircuits

The current sources I; and I in Fig. 5.1 are implemented using the current source subcircuit shown
in Fig. 5.2, which is based on g-multiplier circuit. However, the resistor of the S-multiplier is
replaced by a nMOS device Ms, which is operated in the deep triode region. The bias voltages
for Ms is generated by diode-connected nMOS devices, Ms , operated in the saturation region. All
other transistors used in the current source subcircuit are operated in the subthreshold region.

In subthreshold region, the channel of MOSFETs is not inverted and current flows by diffusion.
Thus the drain current of the MOSFETS operated in the subthreshold region is mainly composed of
the subthreshold leakage current (see appendix C ) and can be expressed as follows [6]

-V
Ip =Ky exp(M){l -~ exp (—ﬁ‘?—)} .1
nvr Vr
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M, “:M2
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Figure 5.2: Current source subcircuit

where [y is the drain current when Vs = Vyg given in eq. (5.2).
Io = uCox (n— 1) V2 (5.2)

K is the aspect ratio (= W/L), n is the subthreshold slope factor, V;y = (kT/q) is the thermal
voltage, u is the carrier mobility, Coy is the gate-oxide capacitance per unit area, k is the Boltzmann
constant, and q is the elementary charge. For values of Vpg > 4Vr (approximately 100 mV at
room temperature), Ip becomes almost independent of Vps. Therefore, eq. (5.1) can be modified

as follows.
Ves — VTH)
nvr
In the current source subcircuit shown in Fig. 5.2, nMOS transistors My and M, shares the same
gate voltage. Thus the relationship between the gate-source voltages of M and M» (Vgs.1, Vis2)
and drain-source voltage of Ms (Vpg s) can be expressed as

Ip =Ky exp( 5.3)

Ves,1 = Vpss+ Vs 5.4

On the other hand, all pMOS devices in the current source subcircuit shares the same aspect ratios,
resulting same drain current through M;, M, and Mg. Therefore, from egs. (5.3) and (5.4), we have

Vpss = Vesi1—Vas2

K
nVr ln(é) ~ AVry (5.5)
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thus,

1 aV 1 \% K AV
Ds3 - TIn(22)- =22 (5.6)
Vps,s oT K> T K; or
T]VT In E— —AVTH
1

where AVry(= Vrya — Vray) is the difference between the threshold voltages of M) and M. The
threshold voltage of nMOS devices can be approximated by

Qdep

Cox

Vreo = Oys +20F + (5.7

where @, is the difference between the work functions of the polysilicon gate and the silicon
substrate, O is the Fermi potential given by

_’i In N, sub
q n;

®F = (5.8)
where, Ny, is the doping concentration of the substrate, Qg is the charge in the depletion region,n; is
the intrinsic concentration of silicon, However, in eq. (5.7), the body effect has not been taken into
the account. Thus, considering the body effect, the threshold voltage of the nMOS transistor can be
re-written as [7]

Vra = Vrao + 7( VR2OF + Vsg| - \/|2(I>F|) 5.9

where Vg p is the source-bulk potential difference, and y is the body effect coefficient given by

v29¢€5iNsuB (5.10)

‘y =
Cox

Therefore, the value of AVry in eq. (5.4) can be approximated by

AVrg = 7(\/2<DF + Vpss — ‘/E(DF) (5.11)
By using egs. (5.6) and (5.11), the temperature coefficient of Vpg 5 can be approximated by
K
1 v, 1 nVr In (?2)
20 = {1+ 1 (5.12)

v, T T K
Ds3 nVrln (7(3) ~ AVry

1

The drain current of M5 operated in the deep triode region can be given by

w
Ius = 1uCox (T), (Vos.s = Vras) Voss (5.13)
Moreover, the temperature coefficient (% g—;) of the current given in eq. (5.13) can be shown by
d(Vgss— V. av,
1 Olys _ 16p N 1 (Vis,s — Vra,s) N 1 DS, (5.14)
Iys 0T pdT  Vess—Vrus oT Vpss OT

The carrier mobility, u, decrease with the temperature [8]. This temperature dependence of mobility
M is given by

T -m
u(T) = u(To) (—T—o) (3.15)
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where p(Ty) is the carrier mobility at room temperature and m is a constant. As mentioned above,
nMOS transistor Mg is operated in the saturation region, thus, the drain current Iy is given by

w
Ins = 1Cox (Z)6 (Vos.s - Vi)’ (5.16)

additionally, the temperature coefficient is given by

1 3lus _ 1du 2 0(Vgs,e — Vras)
Iy T pdT  (Vgse— Vrae) or

(5.17)

However, as shown in Fig. 5.2, nMOS transistors M5 and Mg shares the same gate voltage, thus
the temperature coefficient of Vs is equal to that of Vs s. Since Iys = Iy, drain currents
Ins and Iy shares the same temperature coefficient. Thus, the temperature coefficient of Is5 can
be calculated by using eq. (5.17) as follows.

1 olys _10p N 2 0(Vgs,s — Vras)
Iys 0T  pdT  (Vgss— Vrus) oT

(5.18)

Note that, for simplicity, we assumed Vruys = Vryg.
Therefore, from egs. (5.12), (5.14), (5.15) and (5.18), the temperature coefficient of the output
current, Iy, of current source subcircuit in Fig. 5.2, can be written as

K;

nVr 111(—)
1- 1 K

L Oys _1-m + = 1 (5.19)

Iys T T K
M5 T]VT In (%) - AVTH
1

The value of m is approximately 1.5 for ordinary nMOS devices. Consequently, the temperature
coeflicient given in eq. (5.19) is positive. However, from a simple calculation, it can be seen that
for a given temperature, the temperature coeflicient given in eq. (5.19) decreases with an increase
in (K, /Kj) ratio.

5.2.3 Temperature independent current source

The schematic of the proposed subthreshold current reference is shown in Fig. 5.3. It consists of
two current sources (Subcircuit (A) and Subcircuit (B)), a current subtract stage, and a output stage.
The current sources are implemented by using the above described current sources that are designed
to have current outputs with different temperature coefficients. Thus, the temperature coefficients
of the output currents can be calculated in the same manner described in previous section. In the
proposed design, we selected the aspect ratios of K;—Kj , such that

B.K&

%> K (5.20)

As a result, the current source subcircuit (A) has a smaller temperature coefficient compared with
that of subcircuit (B). Thus we can write

1 8lyr 1 8lys
_ Cm __ OMs 5.21
Tr1 8T~ Inys T (5-21)
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Figure 5.3: Schematic of proposed current reference
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On the other hand, all other devices in Subcircuit (A) and Subcircuit (B) were selected so that
Iys > Ip. Assume that area ratios of Mpy : Mpy and M3 : Mg are 1 : @ and 1 : B, respectively.
Therefore, the drain currents of Mp; and My become alys and Sly7, respectively. Thus, Bl is
subtracted from a/ys, and the resultant current Iggr given by

Irer = alys — Bl (5.22)

is mirrored to the output stage.Thus, by choosing proper values for @ and S, the temperature depen-
dence of Irgr can be eliminated.

5.3 Simulation results

The proposed current reference was designed and simulated in the 0.25 um CMOS process. Fol-
lowing simulations are done to verify the performance of ultra-low power current reference.

o Temperature sweep.

— The B-multiplier current subcircuits.

— The full current reference.
e Corner simulation

e Power supply dependence

5.3.1 Temperature sweep
The S-multiplier current subcircuits

Figure 5.4 shows the simulated output current of the two current sources. The temperature coeffi-
cient of Ipss and Iz at room temperature can be calculated as,

1 87.2nA -76.4nA

TCy = ST98 oA T0°C ~ 1328 ppm/°C (5.23)
and
1 537nA-453nA
= ~ ° 524
TCs= 5igna 100°C 1708 ppm/”C, 629
respectively.

As discussed previously, both currents have a positive temperature coefficient, and the temper-
ature coeflicient decreases with an increase in the current. Thus, selecting the constants @ and 8 in
eq. (5.22) such that @ : B = 1328 : 1708, temperature dependence of Iggr can be compensated.
Figure 5.5 shows the numerical calculation results of (1328/1708)Iy5 — Ims. The results prove
that the temperature dependence of the resultant current is negligibly small. Thus, in the proposed
design, the current mirror ratios Mp;:Mp; and M4:My were 31:24 and 1:1, respectively.
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Figure 5.4: Simulated output currents of current source subcircuits
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Figure 5.5: Numerical calculation results of (1328 /1708)Ix5 — Inme

The full current reference

The temperature dependence of the output reference current Izgr is shown in Fig. 5.6. The worst
case deviation of the output current in above temperature range is 0.13 nA (13.83 nA at -20 °C-
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Figure 5.6: Simulated temperature dependence of the reference current

13.7 nA at 50 °C). Thus, the temperature coefficient of the reference current in the temperature
range from —20 °C to 80 °C can be calculated as

1 13.83 nA - 13.7nA

_ , 6
~ 13710A 100 °C x 10
= 94.8 ppm/°C (5.25)

TC

Figure 5.7 compiles the simulated results of supply current as a function of temperature. Due
to the output currents of both current source subcircuits have positive temperature coefficients, the
current consumption increase with the temperature. The average supply current is approximately
455 nA in the temperature range of —20 °C to 80 °C.

5.3.2 Corner simulation

We simulated the proposed circuit using different process corners to investigate the effect of process
variation on the reference current. The results are shown in Fig. 5.8. The difference in Ixgr at
the process corners of TT, SF, and FS is negligible. In addition, Izgr at each process corner
shows almost the same temperature dependence, because as seen from eq. (5.19), the temperature
coeflicient of I3s5 and Ips; has little process dependence and could be seen as negligible. Therefore,
the temperature coefficient of the reference current also has little process dependence and could be
seen as negligible.

5.3.3 Power supply dependence

Figure 5.9 shows the power supply dependence of the reference current. As is clear from Fig.
5.9, the proposed current reference operates even at 2 V and this voltage could be reduced further by
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Figure 5.8: Simulated reference current in different process corners

using operation amplifiers instead of cascode current mirrors at the expense of power consumption.
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Table 5.1: Performance summary

This Work [4] [5]
Process 0.25 pm 2 pm 0.35 pm
Temperature Range -20-80°C -40-80°C 0-80°C
Temperate Coefficient 95 ppm/°C 1100 ppm/°C 520 ppm/°C
Power Consumption 0.9 pW 0.07 pyW 1 pW
Irer 13.7nA 1-100nA 96 nA

5.4 Comparison

Table 5.1 compares the performance of the current reference described in this research with that
of previously published current references. The current reference proposed in this research shows
the best performance in temperature dependence. Although the current reference circuit [4] has
demonstrated low power consumption, our design is 10 times superior in temperature dependence.

5.5 Summary

In this chapter, we presented a novel ultra-low-power current reference using subthreshold circuits.
The proposed circuit uses only CMOS devices; therefore, it can be implemented in the standard
CMOS process without using parasitic bipolar transistors or resistors. The proposed circuit is de-
signed and simulated in the 0.25 pum CMOS process. The operation principle and the simulation
results are presented. The simulation results show that the output reference current Irgr is approx-
imately 13.7 nA at room temperature, and that the temperature coefficient of Izgr is smaller than
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100 ppm/°C for the temperature range from —20 °C to 80 °C. The average power consumption is
0.9 uW. Furthermore, the proposed current reference shows temperature independent characteris-
tics in all process corners. This implies that the proposed circuit is ideal to be used as a current
reference to compensate for temperate dependence in ultra-low-power, subthreshold designs.
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Chapter 6

Conclusion

6.1 Summary

In Chapter 3, we presented an area efficient CMOS bandgap reference with switched-current and
current-memory technique. The proposed circuit uses only one parasitic bipolar transistor to gener-
ate reference voltage so that significant area reduction is achieved. The circuit produces an output
of about 650 mV, and simulated results show that the temperature coefficient of output is less than
10.7 ppm/°C in the temperature range from 0 °C to 100 °C. The average current consumption is
about 49.5 pA in the above temperature range. Furthermore, output can be set to almost any value.
The circuit was designed and simulated in 0.25um CMOS technology. The layout occupies less
than 0.011 mm? (100 pm X 110 pm).

In chapter 4, we proposed an area efficient, low power, fractional CMOS bandgap reference
utilizing switched-current and current-memory techniques. The proposed circuit uses only one
parasitic bipolar transistor and built-in current source to generate reference voltage. Therefore sig-
nificant area and power reduction is achieved, and bipolar transistor device mismatch is eliminated.
In addition, output reference voltage can be set to almost any value. The proposed circuit is de-
signed and simulated in 0.18 pm CMOS process, and simulation results are presented. Witha 1.6 V
supply, the reference produces an output of about 628.5 mV, and simulated results show that the
temperature coefficient of output is less than 13.5 ppm/°C in the temperature range from 0 °C to
100 °C. The average current consumption is about 8.5 pnA in the above temperature range. The core
circuit, including current source, opamp, current mirrors and switched capacitor filters, occupies
less than 0.0064 mm? (80 um X80 pm).

In chapter 5, we proposed a novel temperature-compensated, ultra-low-power current reference
based on two S-multipliers whose resistors are replaced by nMOS devices operated in the deep
triode region. The circuit, designed by a 0.25 pum CMOS process, produces an output reference
current of 13.7 nA at room temperature. Simulated results show that the temperature coefficient
of the output is less than 100 ppm/°C in the range from —20 °C to 80 °C and the average power
dissipation is 0.9 pW.

6.2 Further research and recommendations

There are many avenues for further research arising from this work. The following are among the
most salient:
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The output voltages of the bandgap references presented in chapter 3 and chapter 4 are highly
suffered from switched noise. Some spikes of few millivolts can be seen in the output when
clock changes, and a drift in the output can be observed between different clock spaces, thus
it may limit the applicability of the proposed design. Therefore, further research should be
carried out to eliminate the effects of charge injection and clock feedthrough, so that a smooth
and constant output reference can be achieved.

The minimum required supply voltage for the presented voltage references can be calculated
as Vg +2Vop p, thus the proposed designs can be modified to operate in supply voltages less
than 1 V. In that case, the main challenge is to design a differential amplifier, which can be
operate in less than 1 V supply voltage.

Since the voltage references presented in this work uses switched control techniques, the
operational amplifier offset cancellation methods can be included, so that to eliminate the
effects of offset voltage.

The mismatch of the transistors operating in subthreshold region is comparably higher than
the transistors operating in strong inversion region. Thus, for the current reference presented
in Chapter 5, the dependence of the output on process and device mismatch should be further
investigated. For an example, this can be done by using Monte-Carlo simulation and mis-
match models. However, the mismatch model was not included in spice parameters used in
this work. Thus, Monte-Carlo simulation was not carried out.



Appendix A

Opamp Offset due to devices mismatch

S12

Figure A.1: Source coupled differential pair

Mismatch is the differential performance of two or more devices on a single integrated circuit
(IC), and device mismatches plays an important role in the design of accurate analog circuits. In
CMOS process, nominally-identical devices suffer from a finite mismatches due to uncertainties in
each step of the manufacturing process. Consider the source coupled differential nMOS pair shown
in Fig.A.1. As shown in Fig. A.2, the gate dimensions of nMOS transistors suffer from random,
microscopic variations and hence mismatches between the equivalent lengths and widths of two
transistors. On the other hand, MOS devices suffer from threshold voltage mismatch due to doping
levels, which vary randomly from device to device, in the channel and the gate.

One of the most important aspect of differential amplifiers is the input offset voltage, resulting
from mismatches in threshold voltage, geometry and load resistance. For an ideal differential am-
plifier, when the input terminals are connected together, the output voltage is at a desired quiescent
point. However, in practically, for a differential amplifier, the output voltage is difference from the
ideal output voltage when the input terminals are connected together. By dividing this voltage dif-
ferent by the differential voltage gain of the differential amplifier, the input offset voltage can be
calculated.

The input offset voltage of a simple differential amplifier can be calculated by using Fig.A.3.
Assume that both the input nMOS transistors and load resistors suffer from mismatch, thus for
Vour = 0, condition Ip1R1 = IpaR; should be satisfied. Thus assuming Ip; = Ip and Ip; = Ip + Alp,
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Figure A.2: Random mismatches due to microscopic variation in device dimensions.
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Figure A.3: Determination of differential amplifier input offset voltage

the input offset voltage can be given by,

Vosin = Vesi— Ves2

2Ip 21
Vran + \f 2 Vimin ~ \, 2 (A.1)
B2
Ip + Alp
A (A.2)
\J \] B+AB A
Alp

1+——

Ey ) PP R (A3)
P T
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where the device mismatches are defined as, Vryy = Vry, Ve = Vg + AVry; By = B =
unCox(W/L), B> = B+ AB, and for simplicity, A = y = 0. Assuming Alp/Ip, AB/B < 1, (A.3) can

be reduced to
2Ip Alp
1-—[?—AV
' { ( 2Ip )[ } ™
_ o[- A8
- B |2 T8
Hence, IpRp = (Ip+Alp)(Rp+ARp) = IpRp+RpAlp+IpARp, consequently Alp/Ip =~ —ARp/Rp,

and
1 ({2Ip | AR
vos,m=5,/ 2|2 Aﬁ — AVrm (AS5)

notice that the square-root quantity in (A.5) is approximately equal to the equilibrium overdrive
voltage of each transistor, Vgs — Vry. Thus (A.5) can be rewritten as

Vos.,in

- AVry (A4)

Ves — Vrr [AR
Vosin = ~2 > TH [ RDD ¥ %] — AVry (A.6)

Since the mismatches are independent statistical variables, (A.5) should be expressed as square

guantities as follows.
Vos - Ve \* [(ARo ' | [MBT
Vosn =( > ) ( 2 ) +[—~] +AVZ, (A7)
D B

From (A.7), it is clear that operational amplifier input offset voltage resulting from load resistor
mismatch and transistor dimension mismatch can be reduced by designing with a small overdrive.
Furthermore, the threshold voltage mismatch is directly appeared in the input offset voltage. Thus,
the threshold voltage mismatch must be reduced using layout techniques such as common centroid,
and it is desirable to increase the transistor width, such that minimize to threshold mismatch.







Appendix B

Switched capacitor filters
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Figure B.1: Switched capacitor resistor.

The switched capacitor resistor circuit is shown in Fig. B.1 [1]. The clock signals ®; and
®, are non-overlapping clock signals with frequency f.i and period 7. When @, is high, switch
S1 becomes closed, the capacitor C is charged to v;. Assume that the charge g; stored on the
capacitor during this period. Thus g; can be written as

q1 = Cuy, (B.1)
while if §; is opened and S, is closed, the charge stored on the C is
g2 = Cup (B.2)
If vy and v, are not equal, then charge given by q; — ¢», which can be given by
a1 —q2=C(v; —v2) (B.3)

is transfered from v; to v, during each interval T. Assume that the v; and v, change slowly compared
to foix, then the average current flowed in an interval T is given by
I = C(v1 — 1)
avg T
Uy — 2

= R B4
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Figure B.2: Switched capacitor filter.

where the effective resistance of the switched-capacitor circuit is given by

T 1
R, = — =
sC C C_fclk

(B.5)

Figure B.2 shown the switched capacitor filter which is implemented by switched capacitor resister
shown in Fig. B.1. The time constant, RC, of switched capacitor filter shown in B.2 therefore can

be written as
G 1

RC = —=—.
C1 fei

(B.6)



Appendix C

CMOS operation regions

The drain current of the nMOS transistor is given by the difference between the forward current ,/r,
and reverse current,l , as follows.

Values of Ir and I are given by [2]

Ip=Ip—1Ix

[ Ve -V
(Gn TO)_VS

Ir =IsIn® |1+

F s In €XP < 2VT >

Vg - V-
J(G TO)_VD

Ix=IsIn?[1+ 7
R=1s °xp 2z (

kT
where Vr = 7 is the thermal voltage, 7 is the subthreshold slope factor given by

and

Cdep
Cox

n=1+

w
Is = T 2unCoxVz

(C.1)

(C2)

(C.3)

(C4)

(C.5)

This model covers all regions of normal MOS transistor operation. Note that Ir depends only on
Vi and Vs , and on the other hand, Iz depends only on Vi and Vp,.

The expressions for Ir and I can be simplified to an exponential form in weak inversion and a
quadratic form in strong inversion as follows.

(Ve — Vro)

n
Vr

- Vs

for VG < VTO + I]VS(D)

2
- VS(D)} for Ve > Vro + T]VS(D)

W unCox [ (Vg — Vro)
L 2 n
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Figure C.1: Vg vs Ip

Equations C.1 and C.6 can be plotted as shown in Fig. C.1. The operation regions of the
transistor, which are determined by the magnitudes of /r and I, can be explained by using the
plane shown in Fig. C.2.

For simplicity, assume that the Irg = Is represent the limit between weak and strong inversion.
If Ir/Is > 1 and Iz/Is > 1, then both components are in strong inversion and the whole channel is
strongly inverted. Therefore, the transistor is operated in linear region.

If Ir/Ig > 1 but Iz/Is < 1, the reverse component is negligible and the current does not increase
with the drain voltage. In this condition, the transistor is said to be in forward saturation.

If Ir/Is < 1 but Iz/Is > 1, the the forward component is negligible and the current does not
increase with the source voltage. The transistor is still in strong inversion, but in reverse saturation.

If Ir/Is < 1 and Ig/Is < 1, the whole channel is only weakly inverted. Thus the transistor is
said to operate in weak inversion region.

Therefore, the level of inversion of the transistor can be characterized by using the inversion

coefficient, defined as

Is’ I
The transistor operates in weak inversion region for IC < 1, in strong inversion for IC > 1,
and in moderate inversion region for IC ~ 1.

IC = max(I—F IR) (C.7)
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