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Abstract

Bandgap reference plays a substantial role in integrated circuit. Traditionally, it
provides a constant reference voltage of 1.205V for other blocks in the circuit while
itself is independent of temperature and power supply. However, the development of
CMOS technology has brought us into a new era of high integration and ultra-low
power consumption. As the gate length scales down, it is crucial to build circuits
that are able to work under a very low voltage power supply, for instance, lower than
the bandgap voltage of 1.205V. Building bandgap circuits to generate the conven-
tional bandgap voltage under a low voltage power supply such as 1.2V or 1V is no
longer practical nor useful. Thus, bandgap references working under low-voltage and
éonsuming low-power is becoming the trend of research and development nowadays.

In this thesis work, the potential structure of a low-voltage low-power bandgap
reference is proposed, which is based on extracting a current that is a fraction of the
traditional bandgap voltage. All the necessary blocks are designed to achieve the
high accuracy bandgap reference, including bandgap core circuit, op-amp, start-up
circuit and output stage. As a result, the designed bandgap reference is able to work
under 1.2V power supply and provides an output reference voltage of 584.7mV. It
has a variation of only 244.38uV for the temperature range of 0°C' ~ 125°C and has
a variation of only 1.1mV for a power supply range of 1.08V ~ 1.32V. The layout
design for the bandgap reference structure is also done carefully at the late stage,
with an area of 100um x 85um.

Keywords: Bandgap Reference, Low-Voltage, Low-Power, Op-Amp, Start-Up,
Output Stage, Layout.
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Chapter 1

Introduction

In integrated circuits nowadays, the bandgap voltage reference circuit, which has a
very low dependence upon temperature and power supply, is used to provide a voltage
reference for other blocks in the circuits. The requirement for a stable reference
voltage is one of the most important issues in micro-electronic design as it is always
a necessary part in many analog and mixed-signal integrated circuits such as ADC,
DAC, PLL and memories.

As the technology has developed rapidly during the past several decades, the
power supply voltage is required to scale down (for example, the power supply needs
to be as low as 1.2V or even sub-1V) due to the shrinking gate lengths and the
increased demand for low-power portable equipment in today’s electronic applications.
Therefore, it is critical to develop low-power consumption bandgap references working
under low-voltage supply that are compatible to almost all the technologies at present.

In this chapter, a review of the bandgap reference is given and the research ob-

jective and the organization of this thesis are followed.

1.1 Review of The Bandgap Reference Circuits

The first bandgap reference circuit based on Bipolar Junction Transistor (BJT) was
introduced in the early 1970s. It was in 1971 that the expensive Zener diode reference

device was replaced by a bandgap reference circuit based on BJT in an integrated
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circuit. By the concept introduced in [2], the bandgap voltage reference started a
new era of development on chip. In 1973, a precision reference voltage source [3]
was presented to replace the Zener diode as a discrete component, providing a 10V
output voltage. A year later, A. Paul Brokaw illustrated a three-terminal bandgap
reference with a much lower temperature coefficient, which is 5ppm/°C over a much
wider temperature range [4]. Later on, the bandgap voltage reference continuously
improved according to the temperature stability by innovative circuitry such as cur-
vature compensation, laser trimming [3, 4, 5, 6] and op-amp offset cancellation [7].

In the 1990s, the dynamic-threshold MOS transistors (DTMOST) were imple-
mented to replace the normal diodes in technologies. These DTMOSTSs have an
interconnected gate and backgate [8, 9] and the lateral bipolar structure [10, 11]. As
a result of this architecture, the power supply for bandgap voltage reference circuit
is reduced to 1.8V or lower and consumes only several micro-watts [9].

. With the development of technology, the lower-voltage power supply bandgap
circuits, which can even work under supply voltage of lower than 1.205V were required
for application purposes. In [12], a 1V output was produced by a bandgap reference
circuit working under 1.2V, and the power-supply voltage was even lower (minimum
1V) in a bandgap reference, which used standard bipolar process with base-diffused

‘resistors [13]. The authors in [14] illustrated a very high accuracy bandgap reference
with a temperature coefficient of 15ppm/°C, in the absence of a low threshold voltage
device, it was able to operate under 0.98V power supply. Since then, the bandgap
voltage reference started another page of low power low voltage, sub-1V bandgap
references were developed in different technologies and with various compensation
and trimming techniques [15, 16, 17, 18].

In the near past, the authors in [19] used the same technology as this thesis and by

the time the thesis project was finished, a 1V bandgap reference without an op-amp
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was developed by Lee, Edward K.F. [20]. The authors in {21] also demonstrated a
novel bandgap reference circuit that is suitable for fabrication in any digital CMOS
technology by eliminating resistors or operational amplifiers.

This work is based on the concept of introducing a fraction of original bandgap
voltage, for example a temperature independent current, which was introduced by
H.Banba et al. [22]. The concept was further applied and improved in the works
of P. Malcovati et al. [1, 23]. The authors in [1] discussed a bandgap architec-
ture capable of operating at 1V voltage-supply, while using a conventional BiCMOS
technology to generate a reference voltage of 0.54V, and this architecture consumes
92uW at room temperature. By correcting the curvature error, the voltage varia-
tion got 7.5ppm/°C in the temperature range from 0°C to 80°C and 212ppm/V of
supply voltage dependence. Lower power consumption was achieved in [23] and the

performance comparison of low-power bandgap voltage references was given.

1.2 Motivation and Research Objectives

The aim of this thesis is to develop a low-voltage bandgap voltage reference by using
* CMOS 90nm technology with optimized operational amplifier. The designed bandgap
. is also aimed for low power consumption, low noise and high temperature indepen-

~ dence. The objective of this thesis are:

e To meet the demand of the low-voltage power supply in recent applications, the
circuit is aimed to work under 1.2V. The new technology may provide partial
help, however, in order to achieve the goal, the main task should be focused on

designing a bandgap circuit architecture that works under low-voltage power

supply.
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e To fully understand the available technology, especially the lateral BJT models,
which will eventually determine the output results, characterization for the
BJT transistors is required, including the characterization of their performance

according to temperature change.

e To obtain a precise output voltage, the bandgap circuit architecture that con-
tains an op-amp is implemented. Thus, an op-amp that is able to work under
low voltage power supply with a moderate gain bandwidth product (as the

circuit is mostly needed for DC voltage) is demanded.

e To get the right powering-up behavior in the circuit, a start-up circuit is nec-
essary for breaking the zero operating point of the circuit and bringing it into

the designed operating point.

e To achieve a voltage of high precision at the output node, an output stage
whose behavior is independent of changes in temperature and power supply

change should be developed.

As a result, the design includes an improved start-up block compared to [1], a
bandgap core circuit, a high-quality two stage operational amplifier, and an output

- buffer sub-circuit.

1.3 Organization of The Thesis

In this thesis, a high accuracy bandgap voltage reference circuit is developed based
on 90nm CMOS technology and its characterization is done by using IC design tools.
In chapter 2, the basic concept of building a bandgap reference is presented and

several bandgap references are investigated as examples.
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In chapter 3, the proposed bandgap voltage reference is described block by block
in details. The schematic of each block is demonstrated and the further optimization
is discussed.

In chapter 4, the layout for the proposed bandgap voltage reference is developed.
As a result, the final bandgap voltage reference layout appears square and consumes
considerably small area.

In chapter 5, a complete characterization is provided for the whole bandgap circuit
as well as the composing blocks, and a comparison of the results is given at the end
of the chapter.

In chapter 6, the conclusion and potential future work are presented.



Chapter 2

Bandgap Voltage Reference

In the previous chapter, the background of bandgap reference was introduced and
the development of bandgap reference circuits was reviewed. The research objective,
including the potential circuit blocks was also presented in the last chapter. In this
chapter, the necessity of bandgap reference in applications is explained and the basic

concept for building the bandgap circuit is discussed, followed with some case studies.

2.1 Introduction to Bandgap Reference

As it was demonstrated in Chapter 1, bandgap reference is a very important part
in every single chip. A simple example can be found in Fig. 2.1(a). In this simple
one-transistor Common Source amplifier configuration, the gain of the circuit is Ay =
Rsgm. To get the largest gain, one approach is to increase g, and the other one is
to increase Rg. The transconductance gy, can not be increased infinitely because the
transistor must be guaranteed to stay in saturation region. To increase Rg, the best
way is to use an ideal current source that has an infinite impedance.

Fig. 2.1(b) gives an example of feeding the load of the amplifier using a current
mirror. In this figure Vgg1 = Vigg9, therefore, Ip; = Ipy. In other words, if transis-
tor M is identical to My, My copies the current from M;j. In Fig. 2.1(b), a current
source is used for generating and stablizing the current through Mj, so that both

transistors of the current mirror can operate in saturation region. A resistor can be
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used to realize the current source, as shown in Fig. 2.1(c). However, the resistor value
varies a lot as the temperature changes. In addition, since I = (Vpp — Vgs1)/R,
the current it produces is related to the power supply. Thus, any disturbance of the
power supply can influence its current. In the end, the resistor, as most of the elec-
tronic elements, is process dependent. All these limitations discussed above generates
an unstable current in Fig. 2.1(c). This situation means that there is a chance that
the saturation region lock will be lost.

In summary, it is essential to have a very stable current source (Igrgp), which is
independent of temperature, power supply and process, to make the circuit operate
properly. This current can be obtained by either developing a current reference or
by generating a current fraction from a voltage reference Vrgp. Thus, voltage and
current references are made with little dependence on temperature. What’s more,
less temperature dependence also reduces process dependence since most process pa-
rameters are related to temperature variations [24].

One of the simplest ways is to generate a voltage reference from the power supply
by utilizing a voltage divider. However, the output voltage would be a fraction of
the power supply voltage, which means it varies according to any variations on the
power supply voltage if any disturbance takes place [25]. There are many other more
" complex approaches to realize current or voltage references that are independent
of temperature variation and power supply disturbance, such as making use of a
zener diode, applying the difference in the threshold voltage between an enhancement
transistor and a depletion transistor, and trying to cancel the temperature dependence
of bipolar transistors in a bandgap reference circuit [26]. The most commonly used
method nowadays is the third one as the bandgap reference circuit provides high
accuracy and is available in most technologies.

The term “bandgap” comes from bandgap energy, which represents for the energy



V. V.- M, E]R Vo[ M,
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(a) Common  (b) Feeding load with  (c) Current source
source amplifier current mirror realization by re-
sister

Figure 2.1: Circuit diagram showing the demand for bandgap reference

difference between the top of the valence band and the bottom of the conduction
band. In other words, an electron requires this amount of energy to jump from one
covalent band to another. The bandgap voltage for reference circuits specifically refers

to the bandgap voltage of silicon, which can be modeled as a function of temperature:

4.73 x 107472
T + 635

Ve =1.17— (2.1)

For the temperature concerned in most applications, this voltage can be further lin-
earized as 1.20585 — 2.745 x 10747 Obviously, at absolute temperature of 0K, the

bandgap voltage of silicon becomes a constant, 1.20585V" [27].



2.2 Temperature Independent Reference

There are two kinds of temperature coefficients (TC), positive coefficient and negative
coefficient. Summing the opposite TC voltage or current values with a suitable ratio,

for example if

ki @ +keo =0 (2.2)

(here @ represents a positive temperature coefficient value, and © represents a neg-
ative temperature coefficient value), then the final value is zero TC. For example, if

there are two currents with the opposite TC direction, picking k; and ko will make

on oL _

(Here 811 /0T = @, and 0I5 /0T = ©), so that the final value Ipgpp = k111 +kolo

is independent of temperature variation.

2.2.1 Negative Temperature Coefficient

The base-emitter voltage ( Vg ) of a bipolar-transistor has a negative TC. It is

~ known that,
4:34
I.=Il,e'r
where Vp is the thermal voltage, Is is the saturation current and Vgpg is the
base-emitter voltage of BJT. Voltage Vi = kT/q, in which k is the Boltzmann con-
stant (k = 1.3806503 x 10™23m2kgs~2K~1), T is the absolute temperature in K
(Kelvin), and g is the electron charge (g = 1.602 x 10719C). Current I ,uan?,
in which p is the mobility of minority carriers and n; is the intrinsic minority carrier

concentration of silicon. The mobility of minority carriers y o ugT™(m =~ —%),
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and nz2 x T3 exp [-E4/(kT)). Symbol E4 is the bandgap energy of silicon, which

approximately equals to 1.12eV. Thus,

Is = 6T ™ exp [~ Ey/ (kT)] (2.3)

where b is a proportionality factor [24]. Also,

I

8
Under the condition that the dependence on temperature of I is much more
significant than that of I., the derivative of Vg with respect to T can be taken

by assuming I, is constant, in other words, computing the temperature coefficient of

VBE :

OVpp _ Ve, I _ Vrols

aT 8T "I, I 0T (2:5)

With the derivative of I with respect to T from (1.1) and the definition of Vgg

in (1.2), we can get the final derivative of Vgg [24]:

0Vpg OVp ., I Vr Ey
ot~ ar 7, WM '
(2.6)
_ Ve - (4+m)Vr — Eg/q
T

It can be noticed that the Vg temperature coefficient also depends on its mag-

nitude. Assume Vg = 750mV, at temperature of 300K, Qg?ﬂ ~ —1.5mV/K
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Figure 2.2: PTAT voltage generation circuit diagram

2.2.2 Positive Temperature Coeflicient

In bandgap references, the positive temperature coefficient is realized by generating
a Proportional to Absolute Temperature (PTAT) voltage. When different current
densities are used, the voltage difference between two bipolar transistors’ base-emitter
voltages can be considered as a PTAT voltage, Fig. 2.2 [24]. Here two identical bipolar
~transistors are used, and the current through these two transistors has a ratio of n,
which means, the ratio of current densities is n. The voltage difference between the

. two output nodes is AVpg:

AVeg =VpE1 — VBE?
nlyp

Iy
= VT In I—S - VT In j,; (27)

=Vrlnn
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The temperature coefficient of AV can be

0AVpg kT _k
5T = ( . Yinn = qlnn (2.8)

As k, ¢ and Inn are all positive, %mZﬁE will result in a positive number, and as
shown in the equation, it is proportional to absolute temperature.

With positive temperature coefficient and negative temperature coefficient, a volt-
age value with zero temperature coefficient can be obtained, v + m%g‘%ﬁ = 0.
For example, if Vgg’'s temperature coefficient is —1.5mV/K, in order for the total

temperature coefficient to equal to zero, n needs to be 8 with m of approximately 9.

2.3 Bandgap Reference

As discussed previously, summing the negative and positive temperature coefficient
(TC) voltages together, a voltage reference that is independent of temperature vari-

ation can be obtained. In other words, 0 TC voltage:
VREF = 01VBE + a2[Vr Inn] (2.9)

’ ‘where VInn is the difference between the base-emitter voltages of two bipolar tran-
sistors operating at different current densities. As mentioned in the last section, for
exarple, if the environment is set to 300K, Vgg =~ 750mV, the temperature co-
efficient of Vg is approximately -1.5mV/K, and %—11: ~ 0.081mV/K. By setting

a1=1,

o 8‘5?? +0.08laglnn =0 (2.10)
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Figure 2.3: Bandgap-reference generating circuit diagram

it can be calculated that aglnn = 18.51, so that

Veer = Vg + 18.51Vp = 1.228V (2.11)

where Vp = 25.85mV at absolute temperature of 300K.

The determination of the remaining variables a9 and n is shown by the following
 example.

In Fig. 2.3, Q2 has a junction area of n times as that of )1, so that the current
density of ()9 is n times less than that of Q1. Suppose V,1 = Vg is forced true, then
Vg1 = VBga + RI, where RI = Vplnn. If ag =1, then Inn = 18.51.

Vyo can produce the exact voltage value demanded. However, there are two prob-
lems to be solved. First, V,; = V,9 must be forced true; second, Inn = 18.51 is

18.51 4 very high value in order to meet the demand

not practical as n should be e
of Inn = 18.51. In this manner, an op-amp can solve the first problem while ratio

circuit to increase oy is needed for solving the second problem.
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2.4 Example of Bandgap Circuits

To further understand the bandgap reference circuits, two of the commonly used

bandgap structures are shown in this section.

2.4.1 Simple Bandgap Circuits Without Op-amp

The simplest compensation for temperature dependence is first-order compensation,
which happens when the difference between Vg of the two bipolar transistors bi-
ased in different current densities is added to the base-emitter voltage of a bipolar
transistor.

A simple implementation without an op-amp is shown in Fig. 2.4, [28]. Transistor
Q3 is n times larger than @4 in size and Q9 is 7 times larger than ;. For Q3 and
@4, they form a current mirror that produces a current of IQ3 / Ig, = n; while the

density ratio between @1 and Q9 is

D(Q1)
D(Q2) (212)
The voltage on Ry is
kT
AVge =VBg1 — VBE2 = —q- In(nr) (2.13)

The output then will be

VrRer = VBE1 + VO

= VpE1 + nig,R1
AVgg R (2.14)
Ry !

=VgE1+n

R KT
=V, + n——1In(nr
BEL+NR (nr)
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Figure 2.5: Simple bandgap with
Figure 2.4: Example of an simple three Bipolar transistors circuit di-
bandgap circuit diagram agram

The simulation was done in Spice. With Ry = 40k and Ro = 102k(2, the
currents were set to I, =~ 4uA and I, ~ 1.03uA at 0%C. Also because of this dif-
ference between the currents, the base-emitter voltages for Q1 and ()9 were different,
forming AVgg for this configuration. For example, in Fig. 2.4, Vgge = 0.74V and
VeEs =~ 0.8V at 0°C. In addition, the currents will vary according to the temperature
variation, they are proportional to absolute temperature (PTAT) factors as can be
| seen in the simulation plot, Fig. 2.6.

Temperature dependance of reference voltage generated by circuit shown in Fig.
2.4 is shown in Fig. 2.7.

Another simple bandgap reference is shown in Fig. 2.5 [29]. The current source
here produces a current for Q)3 so that Vg3 can be fixed as I3 is fixed. The output
voltage is the summation of Vg3 and the voltage across R3. As the current through
R3 is a PTAT current, which has the positive temperature coefficient, the voltage
across R3 is a PTAT voltage, which can compensate for the negative temperature

coefficient of Vggs. The size ratio of the three bipolar transistors is Q1 : @2 : Q3 =
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Figure 2.6: Simulation results of currents of the simple bandgap
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Figure 2.7: Simulation result of the simple bandgap output voltage

1:8:1. Then AVpp = Vo = ELIn8 = 46.06mV (at 0°C).

As the npn bipolar model study showed, for a constant Ipgs, for example 1544,
VBE3 will have approximately a —1.45389mV/K temperature dependence around
room temperature. In Spice simulation, By = R3 = 12k} and Ry = 1.5k{) were
applied, thus R3/Ro = 12kQ/1.5kQ2 = 8. As AVpg/273K = 46.06mV/273K =

0.1797mV/K (at 0°C), the PTAT part of the output has a positive temperature
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Figure 2.8: Simulation result of simple bandgap with three Bipolar transistors

dependence of Vis/273K = SpBER3 /213K = 0.1797TmV/K x 8 = 1.4376mV/K,
which meets the demand for compensating the negative temperature dependence
of Vggs well. Figure 2.8 shows the output voltage of the circuit in Fig. 2.5 and
the currents on R; and Rsy. Voltage Ve varies from 1.205V to 1.186V with the

temperature of —60°C' ~ 125°C, while the two currents are slightly different.

2.4.2 Bandgap Circuits With Op-amp

The most common configuration of a bandgap is composed of op-amp and ratio
circuits, as Fig. 2.9 shows [26].
Points X, Y are at the same potential as the two inputs of the op-amp have the

same DC voltage. In this way,

VREF = VBE2 + (Rg + R3)Is
7, - VBE1—VBEy _ Vrlnn
2 Ry Ry
Vrinn
Ry

(2.15)

VrRer = VBg2 + (R2 + R3)
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Figure 2.9: Schematic of bandgap reference with op-amp
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Figure 2.10: Simulation result of bandgap with op-amp output voltage

thus a9 in (2.7) equals to %@3 = 7Rr§’ + 1 forms the ratio circuit. Figure 2.10 shows
the simulation of the output of the circuit in Fig. 2.9

The pnp transistor model in the simulation for this circuit has a Vgg with a TC
of —2.0mV/K and Vgg = 565mV, aglnn = 24.69 can be easily calculated. To
minimize layout mismatch, the junction areas are chosen with a ratio of 1 : 8 so

that when the same currents pass through the two BJTs, their current density ratio
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is 8 : 1. In this case, only when ay = 12, a2ln8aA—mY3E ~ 2.0mV/K. This value
can perfectly compensate for Vgg’s negative temperature coeflicient. In order to
meet the demand of ag = 12 and to simplify the situation, the current was set to
approximately 1mA by choosing R1 = R3 = 7.375k() and Ry = 0.6676k(2 respectively
for ideal simulation in Spice. Here Ry = R3 guarantees the currents through )7 and
Qo are the same. However, in practical CMOS design, a limit of 0.1mA exists for
the maximum current through the transistor, this limit is to minimize the errors due
to the high base resistance caused by the large lateral dimension between the base
contact and the effective emitter region [26].

In Fig. 2.10 as the temperature varies from —55°C to 125°C, the output voltage
error is only 20mV (1.2275V — 1.2075V = 0.02V'), which is good for this simple
configuration. The bandgap circuit with op-amp is expected to produce more accurate
results. However, the simulation results in Fig. 2.7 and Fig. 2.8 had slightly better
accuracy because the newer technology was used for the simulation in those bandgap
circuits without op-amp while in the simulation for the circuit in Fig. 2.9, older

technology and imprecise bipolar transistor models were used.

2.5 Start-Up Circuit

The common problem in all the references from the previous section is that there is
a stable state at zero current point even if a power supply is provided. The bandgap
circuit has two stable operating points. One is at zero current and the other one is
at the desired current in the loop, Fig. 2.11. When there is zero current through
the BJTs, the voltages at the input of the op-amp will also be at zero, plus there
will not be any considerable difference between the two op-amp input voltages. This

way the op-amp will not see any differential input and it will try to suppress any
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Figure 2.11: The two stable operating points in bandgap reference circuits

disturbance that may bring it out of the zero current state. That means the bandgap
circuit can be locked in the zero-state forever if it is not forced out of it by an
extra circuit. Although parasitic capacitance associated with every node may help
to bring the circuit out of the zero current state,it is unpredictable. To avoid such
unpredictability, a start-up circuit is used, which for sure prevents the circuit from
getting locked in the zero current state [30]. In other words, an extra start-up circuit
is needed for proper operation.

For further discussion on the start-up sub-circuit, please refer to Chapter 3.

2.6 Summary

In this chapter, an example is given for illustration of the bandgap reference’s impor-
tance. The term of “bandgap” is explained and the concept of building a bandgap
circuit is presented, which involves adding voltages that have opposite temperature
coefficients. The case studies show the results of both the simple bandgap circuits
and bandgap circuit architectures with op-amp. Also, the need of a start-up circuit in
the design is presented. Next chapter gives further discussion on a specific bandgap

circuit configuration and the details to build it are followed.
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Chapter 3

Proposed Bandgap Circuit

In the previous chapter, bandgap voltage theory was presented and different bandgap
voltage reference circuits were discussed. In this chapter, an accurate bandgap voltage
reference working under 1.2V power supply is presented. The bandgap core circuit,
the op-amp implementation, the start-up circuit and the output stage are discussed

respectively.

3.1 Low-Voltage Bandgap Core Circuit

As it was presented in Chapter 2, the bandgap core circuit, nowadays, is usually
composed by two or more bipolar-transistors. Thus, the analysis of BJT models in the
available technology should be the first step to establish a whole circuit and the precise
characterization and careful decision in choosing models guarantee the accuracy of the
' final output reference voltage. After choosing the model, two main concerns during
the building of the circuit are the output’s dependence on temperature change and

power supply variation.

3.1.1 NPN Model Characterization

In CMOS90nm technology, there are two kinds of lateral npn bipolar-transistor avail-

able. One has an emitter area of 2um x 2um, and the other one has an emitter area
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of 5um x 5um. Though the smaller one consumes much less area on chip, the bipolar-
transistor, which is comparatively larger was chosen for its better characterization in
accordance to temperature change. Figure 3.1 shows the base-emitter voltage Vpg
variation with the temperature change when different collector currents are imple-
mented. One can see that for higher temperature, the transistor has a lower Vgg. In
other words, the bipolar transistor base-emitter voltage has a negative temperature
coefficient, as it was previously mentioned. A family of curves with different current
in Fig. 3.1 also shows that with higher I, Vg is higher, 3.1.
k I.

Also in this equation, it appears that Vg should increase as temperature in-
creases. However, Vg acts oppositely because of the high temperature dependence
of Ig.

It can be easily seen in Fig. 3.1, for different I, Vg exhibits different tem-
perature coefficient. For example, with a current of 1uA, Vg = (786.214mV —
459.v27mV)/ (—40°C — 125°C) = —1.98148mV/°C; while with a current of 10uA,
VBEte = (832.936mV — 538.652mV")/(—40°C — 125%C)) = —1.78354mV/°C. In the
available IC Design tool, the lowest temperature can be simulated is —40°C, however,
if an extended temperature of —273°C can be investigated, all those family curves
with different I should converge to a single point, which has a Vg of 1.205V. This
model, which is 5um x 5um was chosen because with reference to the simulation,
the manual calculation result of Vg at temperature of 0K is closer to 1.205V than
VpBE of the other model, which may provide more accurate results during the circuit
development.

For a higher I., Vg has a lower absolute temperature coeffient. While the cur-

rent can not be infinitely high as low power consumption is demanded, I = 10pA is
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- Figure 3.1: Simulation results showing the dependence of Vg on temperature

chosen as the operating point of the bipolar transistors in the bandgap voltage refer-
ence circuit. Accordingly, the negative temperature coefficient to be compensated is

fixed at —1.78354mV/C.

3.1.2 Bandgap Voltage Generating Circuit

Given the intention that the nominal power supply should be at 1.2V in this low-
~ voltage circuit design, it would be impractical to design a traditional bandgap whose

output voltage is around 1.205V (Refer to Chapter 2.1). However, the temperature-
independent output voltage can be realized by taking a fraction of the original
bandgap voltage, specifically, using current terms proportional to it. In Fig. 3.2,
V4 and Vp are forced equal by the op-amp. The voltage across Ry is a PTAT voltage
as Vgog = AVBg = Vg1 — VBEo. Thus, the current through Rg is PTAT (assuming
Ry is temperature independent). The voltage value across R; and Ry equals to the
base-emitter voltage of the diode connected BJT transistor ()1, which has a nega-
tive temperature coefficient. The current through My (also M, because I; = I

as My and Mo are identical and have the same Vzg and Vpg) can be temperature
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Figure 3.2: Bandgap voltage generating circuit diagram

independent, as follows:

V VrinN 1
Bg  VrlN _ 1

Ry
Ve + —=VprIn N 3.2
7 R R2( BE TInN) (3.2)

It = Iy —
1=1I o

I3 can be slightly different, depends on the size of M3 and the load. (Refer to Chapter
1.4) However, I3 should be proportional to I; and Is, since the gate of M3 is controlled
by the same op-amp output. Assuming the load is a temperature independent resistor

" at this time, the output voltage is as follows,

kR Ry
VapF = IsRioad = k11 Rioad = —2*IVpE + 7-Vrin N] (3.3)

If Vp = kT/q is used to obtain a PTAT voltage, it is well known that V7 has to be
multiplied by approximately 22 to compensate for the temperature dependence of the
diode voltage [31]. Thus,

Ry
— InN =22 3.4
Ro (3.4)
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For the sake of BJT transistor layout matching issues, N = 8 is used. (Refer to
Chapter 4) Ry/ Ry, therefore, should be around 10. According to the current needed
in the two bandgap core branches, Ry and Re(R;) can be determined. The decision of
current is also related to the power change tolerance of the circuit, which is discussed

in the next section.

3.1.3 Sensitivity to Power Supply Variation

In Fig. 3.2, the bandgap voltage generating circuit, M7, My should be large enough

to tolerate the power change. The saturation current equation shows:

|44
K;)T(VGSIQ — Vin)?(1 + AVpg1,2) (3.5)

DN =

Ip1o=

when the power supply disturbance is £10%, 1.2V x £10% = £0.12V/, V3 o, which
are controlled by the op-amp should be changed in order to hold the constant cur-
rent Ip; 9. The op-amp is working in a feedback network to track the changes in
Vs1,2(Vpp) to make sure that the range in which Vigg1 2 changes is small enough.
As the op-amp in this design can not serve an extremely high gain, V(51 9 can not be
tracked perfectly. The purpose is to keep Ip; 9 as stable as possible. Even with the
limitation of a low gain op-amp, the stablization can still be achieved by increasing
the width to length ratio of My, Mo to make Ipy 9 less dependent on Vg1 9. In other
words, Ip o can be made more dependent on (W/L); 2, which does not change with
the power supply. However, when the size (W/L) of a transistor is very large, while
the drain current remains very low, the transistor may even enter into subthreshold
conduction region. This situation is because the constant current is more dependent
on the size other than the gate-to-source voltage, which means less gate-to-source
voltage is needed to maintain the same current, even less than the threshold volt-

age. The proper way is to increase the current of each transistor, My, My to ensure
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these large devices are actually open. Transistors Mj, M9 are guaranteed to work in
saturation region as the drain voltage is approximately equal to Vgg, which leaves
around 500mV for Vpg; 9 if the power supply is 1.2V. (Also see section on ’Output
Dynamic Range and the Load’ in ’Op-Amp Design Considerations’, Chapter 3.2)

To only make sure Vgg is large enough to open Mj, M transistors, for instance
Vas — Vin, £ 50mV is not sufficient to meet the tolerance demands for the high power
supply change. The saturation current of My, My is a function of (Vgg — Vth)2a if
Vos — Vin = OV or Vgg — Vi < 50mV, a slight disturbance on Vgg can cause a
comparatively significant change on the current. For example, assume the nominal
power supply is 1V, a transistor with V3, = 220mV works at Vg = 230mV when
no disturbance occurs, then (Vgg — V;,)2 = 0.0001V2, which is proportional to the
drain current, and Ip = h(Vgg — Vi)? = 0.1k x 1073. If there is a disturbance
on Vpp so that it changes to 1.1V, then the instantaneous Vgg = 330mV forces
(V&g — Vin)? = 0.0169V2. The drain current I}, = 0.0169%, and If)/Ip = 169. On
the other hand, if Vg is 320mV for nominal power supply, a 0.1V increase in the
power supply can cause less disturbance at the drain current:

Iy /Ip = (420mV — 220mV)?%/(320mV — 220mV)? 66)
3.6

= 0.04/0.01 = 4 <« 169

Obviously, as Vg increases, the drain current will be enlarged if other parameters
do not change. The current through the bandgap paths can not be enlarged infinitely
as to keep the system within a certain power consumption. The only other parameter
that can be changed is (W/L). If (W/L) is reduced, with the same drain current,
Vgs can be made larger. It is a triangular trade-off between power consumption,
Vas and (W/L) ratio. A lot of work can be done to optimize this trade-off.

Two cases are studied with the same diagram and similar path current, in order
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Table 3.1: The effect of different Vizg on power supply variation

Parameters Case 1 Case 2
W/L 1.6um/0.8um = | 2um/lum = 2
2
m 50 10
Vas — Vin -10.7mV —106.9mV
Ip 27.73uA 2L.75uA
Ip Variation with +10% Vpp | £20nA —44nA ~ +24nA
Change
Output Voltage 812mV 517.5mV
Vout Variation with £10% Vpp || =17.74mV  ~ | 0.3mV ~ 0.9mV
Change 7.9TmV

to prove the effect of V(zg on power supply variation tolerance, Table. 3.1. Case 2
apparently produces less output variation with power change, the transistor size of

which is 1/5 of that in Case 1.

3.2 The Design of Op-Amp for Use in Bandgap
Reference

The op-amp is used to provide a more precise output voltage for the bandgap reference
circuit. The specific application needs in bandgap circuit defines the performance

demands for the op-amp.

3.2.1 Op-amp Blocks and Two Stage Op-Amp Circuits

Ideally, the operational amplifier is a voltage-controlled voltage source with infinite
voltage gain and zero input admittance as well as zero output impedance [32].
In order to obtain the nearest ideal performance for a practical op-amp, the general

block diagram is shown in Fig. 3.3.
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Figure 3.3: Blocks of a general op-amp

The differential input stage’s aim is to achieve high input impedance, large common-
mode rejection ratio (CMRR) and high gain. Its output should usually be single-ended
in order to drive the next stage. The middle stage plays two roles in the op-amp cir-
cuit. First, it adds more gain to the input stage. Even though the differential amplifier
(input stage) provides good gain it is still not enough when it comes to an op-amp
circuit. The second stage amplifies the gain even further into several hundred times.
For example, if the first stage gives a gain of 30 times, and the second stage gives a
gain of 20 times, then the total gain should be 30 x 20 = 600 times. Second, the sec-
ond stage serves as a level shifter, which compensates for the DC voltage change from
the input stage. The last stage is usually an output voltage buffer, which provides a

very low output impedance and strong current drive capability.

3.2.1.1 Conventional Two-Stage Operational Amplifiers

According to the three blocks of an op-amp, a commonly used op-amp architecture
is shown in Fig. 3.4

The role of the differential stage, as the first stage, is to amplify the difference
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Figure 3.4: A conventional op-amp circuit diagram

between the two input voltages. It provides a voltage differential gain of

Agirf = Vi f—out!/ (07, — v;,)

~ gm1T0

= gm1(r2||re)

—_9m

9d2 T 9da

As can be seen from the equation: g1 = 2+4/k'(W/L)I,/2 the transconductance of
the input transistor can be increased by increasing its ratio of width to length or the
current through the path. The current cannot be increased too much as it consumes
much powef. Therefore, the two input transistors should be made extremely large
in width while it is also acceptable to reduce the length of the two input transistors.
It results in the uniqueness of these two transistors compared to other transistors in

the circuit (especially the length, it can be different from the other transistors, as
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the layout of these two transistors are separately developed rather than together with
the other transistors in the op-amp circuit, and also the direct connection between
their bodies to sources is allowed, which eliminates the body effect from these two
transistors. )

The second stage is a common source amplifier, which acts as a level shifter and
a second gain stage. Transistor Jg produces the gain while )7 acts as a load. The

gain of the second stage is

—9m6
Ayes = ——— (3-8)
9ds t+ 9d7
where gﬁ-}- - is the output impedance of the second stage. Up to the end of the second

stage, the overall voltage gain is Ay = Ag;fy - Aves, Which can be as high as 80dB
according to the simulation results in CMOS 90nm technology.

The third stage is composed of (Jg as a voltage buffer and Qg as the load. This
stage is the output buffer whose gain is less than 1. It may cause some loss in the
overall gain, however it eliminates the output impedance.

In the bandgap circuit, the op-amp output is used to drive gates of the other PMOS
transistors whose capacitance is small, typically less than 2pF. In this situation, the
3rd stage summation can be omitted and the op-amp will then function as a voltage-
controlled current source (VCCS), in other words, an operational-transconductance
amplifier (OTA) whose output impedance is not close to zero. As the op-amp has a
high voltage gain and is in a stable feedback network, its output impedance is reduced
to a very low value, and the difference between the performance of an op-amp and
an OTA can be neglected [32].

The two stage op-amp without the voltage buffer can be designed as in Fig. 3.5.
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Figure 3.6: Circuit diagram of the op-amp proposed in [1]

3.2.1.2 Operation Analysis at Low Temperature of The Op-Amp in The
Referred Work

The op-amp circuit proposed in [1] is as shown in Fig. 3.6. This circuit is aimed
for low voltage power supply, around 1V in [1]. For example, the folded structure is
used frequently and as a result, there are no more than two tansistors in every path
between the power supply rails. The combination of the diode connected BJT in the

bandgap core and the BJT of the input stage constitutes a current mirror [1]. The
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current generated by Q3 and Q4 is then folded and collected by two diode connected
MOS transistors Qg and 7. The output would be a current difference between Qg
and @7 while the currents on them are mirrored into Qg and (Jg, the next stage. As
explained in [1], the gain of the differential stage is most likely to be around 8. This
gain is quite low compared to traditional CMOS input differential stage even with
the addition of the next stage.

When implementing the op-amp into the bandgap circuit, with the different sizes
of @10(Q11) and Qg(Qg), the bandgap reference voltage output varies differently
with the temperature change. The result is interesting for when the size ratio be-
tween Qg(Qg) and Q10(@11) is less than 8/3, the bandgap behaves worse within the
low temperature region (negative temperature) with a decréase of the width to length
ratio, Fig. 3.7. There must be transistors not working properly’ when the temperature
is low. Moreover, the inputs of the differential stage are currents fed into Q3(Q4)’s
base nodes from the collector current of Q1(Q2). The currents on Q1(Q2) are so sub-
stantial in the whole bandgap circuit that seemingly very trivial disturbance (having
very little currents fed into or driven from them) can influence the temperature in-
dependence of the currents through the two core paths, thus reduces the accuracy of

the output voltage in response to temperature variation.

3.2.1.3 The Op-Amp Used in This Bandgap Circuit Design

The op-amp proposed in [1] provides less gain compared to the conventional two stage
op-amp. The most attractive part of this op-amp is that it works under 1V power
supply, which is not necessary in this design with a nominal power supply of 1.2V
With a better gain, the circuit can perform much better. Figure 3.8 shows a reliable
op-amp implementation based on the two stage op-amp discussed previously. This

configuration is an improved version of the one shown in Fig. 3.4, which provides
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Figure 3.8: Proposed two stage op-amp circuit diagram

increased output range and current drive capacity. The first stage is the same dif-
ferential stage and the second stage, which is also the output stage, is composed by
transistors Mg to M,g. Transistors M, and M,7 act as the level shifter while Mg
and M,g act as a class AB push-pull output [32].

This implementation achieves the elimination of crossover distortion of class B

output stage and reduces the quiescent power dissipation of class A output stage
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Figure 3.9: Low-frequency small-signal analysis of the output stage in Fig. 3.8

while serves a better gain than the circuit in Fig. 3.4.

When the output signal of the first stage is above Myg’s Vipy,, the drain current
of Mg is larger than the drain current of M,g, thus the output stage pulls a current
from the load, or vice versa. The crossover distortion is eliminated by the biasing
of Myg, who acts as a level shifter, having M,g and Mg biased at a small, nonzero
current continuously. Therefore, M,g, M,g allow for the rail-to-rail output range.

» Compared to the architecture in Fig. 3.4, this push-pull output op-amp also gives
better gain. Consider, for example, the low-frequency small-signal gain of M,g and

Mg, Fig. 3.9

(gm8 + 9m9)Vin+(94s + 9d9)Vout = 0

AV " I ='Uout — _9m8 + 9m9
PUSA=PER ™ i 9ds + 949

Since gm > g4, the gain Ayg is high. It can be higher than Ay g in 3.8.
Thus, Ay = Agifs - Avpush—pull, and it can be higher than the gain in Fig. 3.4.
Also given that this op-amp is only required to drive three PMOS transistors’ gates

as the load (only very small capacitance no more than 10fF'), once it is implemented
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in the whole circuit, the gain remains relatively high without any extra output buffer.
The frequency response, the frequency compensation, and consideration of other

aspects are discussed in the following sections.

3.2.2 Op-Amp Design Considerations
3.2.2.1 The Input Stage

Before considering the open-loop gain, frequency response, input-common mode range,
output range, etc., first the input common mode voltage must be figured out, as this
op-amp is for special use in bandgap. The two input nodes of the op-amp are con-
nected directly to the collector node of the bipolar-transistor and a resistor whose
node voltage is very close to the collector voltage of the bi-polar transistor, Fig. 3.2.
At room temperature, V4 and Vg are equal to 694.9mV, approximately.

That means, in prospective of optimization for those characters mentioned above,
fhe input voltage should be fixed in a very small range. In the bandgap circuit, the
chosen npn transistor model’s base-emitter voltage is around 695mV when operating
under room temperature. So the input common-mode range in consideration should
be 650mV ~ 750mV (the base-emitter voltage varies in this range according to the
temperature change from —20°C to 50°C).

The input common-mode range of a p-channel input differential stage and a n-
channel input differential stage are different. For example, in the p-channel input

differential stage of Fig. 3.5, the drain-to-source DC voltage of @)1 is

Vps1 = Vss + Vass — (Vinem — Vasi) (3.10)
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To ensure that transistor ()7 works in saturation:

IVps1l 2|Vasi| — Vil
—Vps1 2Vinp — Vet
Vin,om — Vas1 — Vss — Vess 2 Ving — Vesi (3.11)
VinoM 2Vinp + Vss + Vass

Vin,CM = Vthp + Vss + VDsat3 + Vihn

Vin,cM has a minimum voltage of Vgg plus the drain-to-source saturation voltage of
@3, as Vipyp is negative and has a similar value to Vi, this value results in Vip,, +

Vinn = 0. The drain-to-source DC voltage of Qs is

Vpss = Vinem — Vas1 — Vop (3.12)
For @5 to also work in the saturation region,

[VDss| = Vass| — [Vingl
— Vpss 2 |Vass| — Vil
(3.13)
Ves1+Vpop — VinoM 2 —VDsats

Vin,C’M <VDsat1 + Vthp + VDD + VDsats

Vin,c: has a maximum value of Vpp —|Vpsats| — [Vinpl = |VDsatl- If Vpp is 1.2V and
[Vinpl > 0.3V, then Vj,, o should be lower than 0.8V. From this point, it is clear
that the p-channel input differential stage demonstrates a good negative common-
mode swing while its positive common-mode swing is poor. Similarly, one can prove
that n-channel input differential stage offers a good positive common-mode swing

but poor negative common-mode swing. As stated above, this op-amp only needs a
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very small input common mode range, which is(650mV ~ 750mV’), which is in the
middle of the rail-to-rail voltage range (given that power supply is 1.2V'), either the
p-channel input differential stage or the n-channel input differential stage is suitable
here for building the op-amp. The p-channel input differential stage is chosen for this

design.

3.2.2.2 The Output Dynamic Range and The Load Capacitance

The purpose for the op-amp is to drive the PMOS transistors (Mj 2) in bandgap
paths as a feedback, controlling the currents in these two paths by controlling the
gate voltage of the two PMOS transistors, the output voltage of the op-amp can
be determined by the demands of the gate voltage of the PMOS transistors, Fig.
3.2. Firstly, to ensure that the PMOS transistors are turned bn, the output voltage
of the op-amp should be lower than Vpp — [Vipp|- Secondly, it is easy to make
these two transistors work in saturation region as Vpg is approximately as large as
Vps = 1.2V — 0.7V = 0.5V. In other words, as long as the output voltage can reach
the range of Vpp — [Vinpl = [VDs| < Vopamp—out < VDD — [Vinpl; the op-amp output
stage is doing a satisfied job. In this circuit, the output voltage of the op-amp can be
within [0.3V;0.8V]

The load capacitance of this particular op-amp should be very small, for instance
100f F, as it only drives the gates of three PMOS transistors. This small load capaci-
tance is important when characterizing the op-amp because it influences the frequency
and gain, etc. (Refer to the section of 'Frequency Response and Compensation’,

Chapter 3.2)
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Figure 3.10: Simulation results for op-amp gain determination

3.2.2.3 The Op-Amp Gain

The op-amp is particularly designed for the bandgap circuit, its output voltage swing
matters a lot as it supplies the bias voltage for the bandgap core circuit. First, it
should be made low enough (|Vgg| > [Viypl) to drive the PMOS load transistors.
Second, it can not be too low because in that case a larger gain is needed for the
op-amp to compensate for the bias voltage in PMOS load transistors. By simulating
using the ideal op-amp (Voltage-Controlled Voltage Source), with a close enough
PMOS driving voltage, such as 430mV, the gain of the op-amp can be determined by
the demands to compensate the biasing circuit. If the output common mode voltage
of an op-amp is close enough to the biasing demands, then the op-amp does not have
to supply a high gain, which is easier in this case.

The result showed that if the op-amp has a gain of 60dB, it’s already very good
and if it’s 40dB, it’s still working well under both temperature variation and power
supply disturbance. Upon research and simulation, the common-mode output voltage

can be set to 427mV when simulating with ideal voltage-controlled voltage source.
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In the built op-amp, the common-mode output voltage is at 485mV. With this
common mode output voltage to serve as the load’s gate voltage in the two bandgap
paths, a sweep upon different gain of the ideal-op-amp is conducted to show the
determination of gain. As Fig. 3.10 shows, the higher the gain is, the less the
drain current difference and also the gate-source voltage difference between the two
transistors (M7, Ms) in the circuit shown in Fig. 3.2 can be obtained. This slight
difference in drain currents with the same Vgg is caused mainly by the channel-length
modulation as the transistors are small in scale. To eliminate this current difference,
one way is to increase the gain of the op-amp and the other, is to increase the length
of the two transistors M7, Ms. One of the limitations for 90nm technology under
1.2V power supply is that the op-amp’s gain cannot be made too large, for this reason
Mj and My’s channel lengths should be increased. The trade-off between the op-amp
gain and channel length of M; and My should be considered too. After all of the
investigation and simualtions based on the considerations discussed above, the results
in Fig. 3.11 shows that for the chosen transistor (My 9) length, an op-amp gain of

100 can give a close enough result.
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Figure 3.12: Biasing circuit diagram for the proposed op-amp

3.2.2.4 The Biasing Circuit for The Proposed Op-amp

The biasing voltage required by the current source in the differential pair is propor-
tional to the power supply voltage. It should be 0.7V for 1.2V supply, 0.63V for a
1.08V supply and 0.77V for a 1.32V supply. According to the characteristics of the
biasing voltage, the simplest configuration is the resistor-composed voltage-divider
between the two power rails (between 1.2V and the ground voltage potential), which
however, is almost impossible to build for a low power consumption circuit. On one
hand, if the biasing path current is limited to 20uA, then the total resistance needed
" is 60kQ, which takes up a very large area when realizing the layout. On the other
" hand, less resistance reduces the area while consumes more current and power. It is
again desirable to use the transistor instead of a resistor to build the biasing circuit.

The circuit shown in Fig. 3.12 provides a proportional biasing voltage to the power
supply voltage. Transistor My5 and M;g are diode connected to act as resistors (if
Ry, is negligible as it is quite small). The biasing voltage is derived from the drain
node voltage of M;g while the small resistor R}, is used for raising the voltage slightly.
As the transistors’ widths and lengths can not be configured arbitrarily, the slight

adjustments can be made by using a resistor R with a small value. The biasing
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Figure 3.13: Small signal analysis of Fig. 3.8

voltage generated here are 683mV for 1.2V power supply (the nominal), 600mV
for 1.08V and 770mV for 1.32V power supply. The slight variation of 25mV at
the biasing voltage node when the temperature changes between —40°C' ~ 125%C is

negligible according to the simulation results.

3.2.3 Frequency Response and Compensation for the
Proposed Op-Amp

Appendix A explains the general concept of frequency response and compensation
for op-amp, and especially the Miller compensation for a two-stage op-amp. Having
introduced these knowledge and techniques, the proposed op-amp is analysed and the
compensated.

The small signal analysis of the circuit in Fig. 3.8 is as shown in Fig. 3.13 showing
[32]:

The transfer function is:

Vout
Ay(s) = _Z“_v(i)
m
o Iml Im8 + Im9 1 (3 14)
9d2 + 9da 948 + 9a9 (1 —8/s4)(1 —s/sp) '
Ay (0)

(1-s/54)(1 —5/sp)

where s 4 = —(gg2 + 944)/C4 and sg = — (948 + 949)/CL-
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When frequency is high,

—Ay(0) _~9m1 (9m8 + gmo) (3.15)
w2/SAsB wlCyCr |

Ay (jw) =

The amplifier inverts its input voltage under high frequency, which may cause an
instability once plugged into a feedback system. However, the amplifier no longer
inverts its input voltage for low frequencies as Ay (jw) > 0, and thus stability is

achieved. This is because in a closed loop system, if at wy,

KH(s) = KH(jw) = -1 (3.16)

the system will enter oscillation, App. A.

For bandgap circuit, the op-amp works close to DC' signal, thus makes the com-
pensation task easier. As high gain is needed and working under high frequency is
not desirable in this implementation, some bandwidth can be sacrificed in order to
get a high gain.

To compensate this op-amp, firstly, Miller compensation should be applied. By
connecting node A and node B in Fig. 3.13, the two poles are splitted from each
other. However, there is a zero rising. See the node equations for node A and B
below:

Im1Vin + (942 + 9aa + sCa)Va + sCo(Va — Vout) = 0 (3.17)
sCo(Vout — VA) + (9ms + 9m9)Va + (9as + 9a9 + sCL)Vout = 0 (3.18)
From 3.18, V4 is achieved:

v, = =5C¢cVout = (948 + 9dg + 5CL)Vout (3.19)

9ms + gm9 — sCc
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Using this result in 3.17, the transfer function can be obtained:

Vout(s) _ gml (gm8 + gm9 — SCC)

V; T S2[CLCa+CcCA+CcCr] | S[Cc(gms+gms)+(Co+Cr){(gaz+94s)+H(Ca+Cc)(gas+9as
n(s) (az+9a) Gas+9a0) T+ (9a2+942) 9z +9d9) ds+94)] -2-3120)

If the two poles are far away from each other and if C; > Co > Cjy, the poles and

zero are as below:

p1= —(gaz + 9aa)(9ds + 9do)
CC(ng + ng) + (CC + CL)(gd2 + gd4) + (CA + CC)(gdS + gdg)
(3.21)
~ —(9ds + gao)
CL
Py = —[Cc(gms + gmo) + (Cc + CL)(gaz + gas) + (Ca + Cc)(gds + 9ao)]
’ CrCa+CcCa+ CcCy
(3.22)
~ —(9d2 + gas)
Ca+Cc
'm8 +
2 = g sccgmg (3.23)
If P2 =21,
—(9d2 + 9d4) _ gm8 + gmo
Ca+Cc Cc (3.24)
Cr = _CA(ng + gm9)

C —_—
942 + 9d4 + 9m8 + Im9

Thus, by letting po = 27, 21 can be cancelled and if the capacitive load is large
enough, the dominant pole is determined by the output pole. The approximation in
the second pole’s function may have omitted its dependence on output capacitance
too, which may result in the zero not being cancelled completely. Therefore, simula-
tions had been done to adjust the position of pole 2. And also, by enlarging the load

capacitance, the first pole is pushed close to low frequency, which means that 0dB
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Figure 3.14: Start-up circuit diagram - Figure 3.15: Improved start-up circuit di-
in design [1] agram
bandwidth may not include the second pole and the zero, making them less important
to consider. This result is obtained from a sacrifice of bandwidth for stability and
high gain.

With the IC Design tool’s AC' analysis assistance, the bode plot of the compen-
sated op-amp is shown in Fig. 5.1, and also some discussion on the results are given

in Chapter 5.

3.3 Start-Up Circuit

As the circuit has two stable operating points at Iog = 0 and Iy = 8.8uA, a start-up
circuit is needed to guarantee the desired mode of operation [1].

In the design in [1], the start-up circuit is as shown in Fig. 3.14. Once the power
supply is on, the gate of Mg, is pulled down to the ground, thus injecting a significant
current into R and Q1. At the end of the start-up phase, when the circuit reaches
the nominal operating point, the current in Mgg makes the voltage across Rg high
enough (close to Vpp) to turn off Mgy, thus the start-up circuit is turned off.

There are two problems about this start-up circuit.
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Figure 3.16: The difference in setting-up of My caused by the capacitor

Firstly, the slight base current injected into Qg; is from a portion of I, which
significantly disturbs the balance in the bandgap core circuit, thus influences the
output reference voltage, because it’s not totally disconnected from the bandgap core
éircuit when Mg is turned off. That means, there is a slight amount of current drawn
from bandgap core circuit and then is fed into the start-up circuit continuously even
when the circuit gets to the desired operating point. This current seriously influences
the bandgap output voltage as the output voltage is highly dependent on the currents
on M7, My and M3, which are stable and temperature-independent.

To solve this problem, ()g; can be replaced by a diode connected NMOS transistor
M3, as shown in Fig. 3.15. This replacement guarantees that the start-up circuit is
completely disconnected from the bandgap circuit when it finishes the start-up task.
The other problem is the drain current of Mg; appears quickly when the power is
turned on but also disappears fast even before the power is totally set up. See Fig.
3.16(a).

To solve this problem, a transistor gate composed capacitor Cs is used between

the gate of Mg; and ground to delay the rise of the gate voltage of Mg;. The plot
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Figure 3.17: The response of Vrpr and op-amp output when powering up

obtained after adding the capacitor is shown in Fig. 3.16(b). The other benefit this
capacitor brings is that because of the delay, Mg is given more time to turn on
thoroughly, at the same time supplying considerably larger instant current whose
maximum value is 16.5uA, compared to the current in Fig. 3.16(a), which is only
1.5uA.

Fig. 3.17 shows the response of the whole circuit when powered up. The op-amp
starts powering up due to the disturbance introduced by the current from Mg; (the
rising of Ipg is followed by the rising of the op-amp output voltage). Until op-amp
finishes the power up, alternatively, when the op-amp becomes steady, and is able to
provide a right DC voltage, the output voltage of the bandgap reference thus becomes

steady, which is around 580mV'.
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Figure 3.18: The output stage of bandgap circuit diagram
3.4 The Output Stage

As shown in Fig. 3.18, M3 copies the bandgap current proportionally by being biased

by an op-amp. For this application, the output current is fixed around 20uA. In

order to get a voltage output, a resistor should be added. As a resistor here needs
very high value, for example 30k to generate an output voltage of 0.6V, it is easier
to have biased transistors to work as the resistor. In this way, it saves some area of
the whole circuit and moreover, if the transistors are biased properly, it can get rid
of the temperature dependence, which the real resistors in 90nm technology library
have.

Mjpa4o is biased in linear region while M;,,41 is diode connected to raise the
VREF voltage for a V;p,,. The biasing of M),,49 is done by the output voltage itself
as this node is the most stable voltage node in the whole circuit according to the
variation of temperature and the power supply voltage. This biasing concept makes
the transistor-resistor’s value independent of temperature and power supply voltage
as the resistance of a transistor working in the linear region is only controlled by Vg,

which equivalently is Vggp for this circuit. A 0.75pF Cj,,4 capacitor composed by
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three gate to body transistors, is added at the output for two reasons. First, it acts
as a capacitive load to the bandgap voltage reference output; second, as the op-amp
should be frequency-compensated to eliminate oscillation, the whole bandgap circuit
needs to be compensated by a capacitor at the output too, according to practical

demands.

3.5 Summary

In this chapter, a proposed bandgap circuit is presented. The npn transistor models
are first investigated and the bandgap voltage generating circuit is described, with
consideration in both temperature independence and power supply tolerance. Then
an optimized op-amp is built as an important part in the bandgap reference. The
start-up circuit with some improvement and a novel stable output stage circuit are
discussed. The schematic of each block is given respectively through this chapter.

The layout of each block is developed in the next chapter.
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Chapter 4

Layout Design

In the previous chapter, an accurate bandgap voltage reference circuit was presented,
including bandgap core circuit, op-amp, start-up and output stage. In this chapter,
some layout issues are first discussed with implementation illustrations for this work,
followed by the layout realizations of each block. In the end, certain concerns are
given for the whole bandgap voltage reference circuit layout and the finished layout

figure is shown.

4.1 Layout Issues

For the purpose of good matching, there are some layout issues to be considered

specially for analog circuit, in contrast of the digital circuit layout.

4.1.1 Using Unit Elements

In practical layout design, it is common to have long devices, such as long resistors,
which have a width/length ratio of 1/200. These long devices are almost infeasible
if one does not break it into the same units and connect them with wires. Usually,
a unit resistor is laid out with some nominal resistance [33]. To find out a unit
resistor’s value, one should first check to see if all of the values have a greatest
common factor [34]. For example, in the bandgap design, 2 p-type diffusion resistors

with length=56um, width=1um and another resistor of the same type with a length
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Figure 4.1: The layout types illustration diagram

of 6pm and a width of 1um are needed. In order to find the greatest common factor,
the resistors with length of 56um should be tuned down a little, to 54um for instance,
as long as the system can tolerate the change and work properly. Then in this case,
the greatest common factor is 6um and in total it is 1 +9+9 = 19 strips in the layout
design.

The matched resistor segments should never contain less than five squares, and
preferably they should contain at least ten [34]. Although partial resistor segments
with a value larger than 70% of a complete segment is allowed in the array [34], it
should be avoided as much as possible. When the changed parameter is brought back
into the schematic, the changes in the result is acceptable, thus, the example above

is doing a good job in both layout design and schematic change toleration.

4.1.2 Common-Centroid Layout

Common-Centroid (common centre) layout helps improve the matching between two
resistors [33]. Consider the example in Fig. 4.1.

In Fig. 4.1(a), if there is a linear gradient variation increasing from left to right,
demonstrated by a number from 1 to 8 The gradient influence on resistor A is
G(A) =1+4+3+5+7=16, and for B, is G(B) = 2+ 4+ 6+ 8 = 20. Gradients G(A)
and G(B) have a large difference compared to the structure in Fig. 4.1(b) in which
G(A)=14+4+5+8=18and G(B) =2+ 3+6+ 7= 18 = G(A).
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The common-centroid layout has four rules [34]: 1. Coincidence; 2. Symmetry; 3.
Dispersion; 4. Compactness

The coincidence rule states that the centroids of the matched devices should at
least coincide approximately. The symmetry rule suggests that the array should be
symmetric to both the X_ and Y_ axes, and it should arise from the whole array
instead of the individual segments (see example followed). Dispersion, apparently,
means that the segments of each device should be distributed throughout the array
as uniformly as possible. It helps to reduce the sensitivity of a common-centroid array
to higher order gradients, which is nonlinear. And at last, compactness states that
the array should be as compact as possible, ideally it should appear square.

Another resistor array in this layout is also designed according to these rules. In
the design, three resistors that have the same material and same width are laid out in
one island. Two of the resistors have the same length of 256m and the other one has
24um. Since 24 has a factor of 3, it is much easier to change the lengths of the bigger
resistors so that they have a factor of 3 as well, thus making the strips uniform. By
tuning the length from 256um to 264um for the bigger resistors, the strips’ lengths
can be determined without much change of the bandgap output voltage. In the
final island design, a length of 8um as a unit was used, generating three strips for the
small resistor and 33 strips for each of the bigger resistors. In order to make the strips
coincide fairly and also symmetric, three rows of array each containing 23 strips is
developed as shown in Fig. 4.2. Each strip in Fig. 4.2 demonstrates a resistor whose
length is 8um for each. Three As are dispersed as well as possible among the three
rows using common-centroid rule, so are all the B strips and C strips. Figure 4.3 is
showing the final layout of this resistor island, also with the complementary p-type
diffusion resistor island. As we can see, this three-row structure makes the whole

island appear almost square.
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Figure 4.2: The n-type diffusion resistor array diagram

4.1.3 Dummy Elements

To compensate for the effect of mismatch caused by the different process between the
outer and the inner unit cells, dummy elements can be added [33]. For example, in
Fig. 4.2 the final amount of diffusion under the resistors, on the edges, is different
between the inner and outer unit cells because of the different dopant concentrations.
Thus, it is better to add dummy elements on both of the edges, left and right, Fig.
4.3.

The dummy elements are not connected into the circuit, so they do nothing electri-
cally. They are introduced to guarantee that the matched units see the same adjacent
structures. Usually, these dummy elements are covered by metal and tied off to either

of the power-rails instead of leaving them floating.
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Figure 4.3: The resistor array layout including both diffusion types

4.2 Block Design

At the verification stage, it is very frustrating if the layout is made by building a
whole circuit in one cellview. In order to easily track the errors in DRC and LVS, and
fix them with the high efficiency, the whole circuit can be broken into blocks that are
as small as possible. In this layout, the bandgap circuit is divided into several blocks
including the op-amp block with the differential input stage sub-block, the bandgap
core resistor array, the BJT array, the bandgap core PMOS current sources array, the
gate-capacitor coin, the start-up circuit, and the output stage. DRC and LVS can be

done separately at the block level before the blocks are put together.
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4.2.1 Op-Amp Layout

The matching issue in op-amp is extremely substantial, because it is the op-amp,
which affects the precision at the output and determines the bandwidth of the circuit
in frequency domain. The most important part in an op-amp is the differential input
stage, thus, the layout of these two transistors is done alone as a block in order to

easily check for errors and to ensure good performance.

4.2.1.1 Differential Input Stage Layout

In the differential input stage of the op-amp, there are two PMOS transistors with
a width of 10um and a length of 0.2um. The tansistors are divided into twenty-five
fingers in parallel, whose widths are 0.4um for each finger. In other words, there
are fifty fingers (gate strips)in the input differential stage array. With the fingering
method, the active capacitance is less as the drain region is surrounded with gate poly
instead of field [35], and also a considerable amount of area is saved by drain and
source region sharing. According to the common centroid rule in “layout issues”, the
array is developed, Fig. 4.4. Label A and B stand for the two input transistors. These
two PMOS transistors have their sources connected to the same voltage potential (the
drain of the PMOS current source My in Fig. 3.8). Thus, it is possible to share the
diffusion area between the element transistors to save area [36]. Dual gates structure,
for example, AABB instead of interdigited structure (for instance, ABAB) is also
applied due to this reason.

Note that the dummy transistors at the edge of every row for both sides are also
added for matching issues and a row of dummy transistors on both top and bottom
of the array are added as well, Fig. 4.5. CMOS designs are more prone to latchup
than standard bipolar [34]. Thus, in order to avoid the latchup effect, a guard ring is

added around the PMOS differential input array. The guard ring is composed of the
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Figure 4.4: The differential input transistor array diagram

N-Plus layer, the diffusion layer and the metal contacts, which are to be connected to
- the power supply. As in the schematic of Fig. 3.8, the two input PMOS transistors’
body terminals are connected to their source instead of directly being connected to
the power supply. This connection is for the purpose of eliminating the body effect.
In layout design, accordingly, the two input PMOS transistors should be built in an

N-Well, which is tied to their source terminal Sps,1 and Spsp9.

4.2.1.2 Layout of The Other Parts of Op-Amp

Similarly, in the op-amp design, Myg’s body terminal is connected to its source ter-
minal (Fig. 3.8), so this transistor needs a separate N-Well, which is tied to its source
only, while other PMOS transistors that are sharing the same N-Well are tied up to
the power supply. There is a trade off between body effect elimination and the area
consumption.

The NMOS transistors in the op-amp can be built in a same N-Plus array and all
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Figure 4.5: Op-amp circuit layout without capacitors

the matching and dummy rules mentioned previously apply to this part as well, espe-
cially for the current mirror. All the widths and lengths of the fingers are unified to
OAlum x 0.2 Mathe schematic design stage for layout convenience. The transistors

part of the op-amp is shown in Fig. 4.5.

4.2.1.3 Capacitors Layout

There are two capacitors in the op-amp for frequency compensation. As the schematic
in Fig. 3.8 shows, one of the capacitors should be connected from the output node to
ground, which is more suitable for gate-capacitor implementation for a higher square
capacitance, and also all the metal layers can be overlapped on the gate poly to

add an extra 10% capacitance to it. Figure 4.6 shows a cross-sectional view of the
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Figure 4.6: Cross section diagram of a unity coin gate capacitor

interdigited connection between the transistor layers and the metal layers.

The gate-capacitor coins layout is also shown in Fig. 4.7. Each coin consumes an
area of 49um? (7Tum x Tum) and forms approximately a 0.25pF capacitance. In the
design, a 2.5pF gate-capacitor is needed, alternatively, an array of ten gate-capacitor
coins is required.

The other capacitor is connected between the output node of the op-amp and
the output node of the differential stage, which means that the gate-capacitor is
unavailable for this connection, so a metal-metal capacitor is implemented for this
purpose. There are seven metal layers in this technology, as also shown in Fig. 4.6,
the connection is also similar to the one shown in Fig. 4.6. The area is the same as
one gate-capacitor coin, Tum X 7um as it is intentionally designed to be aligned with
the gate-capacitor at the schematic design stage.

The overall layout view of the op-amp is shown in Fig. 4.7. It is made rectangular

so its length will fit together with the BJT array.

4.2.2 Bandgap Core Resistor Array Layout

The resistor array for the bandgap core circuit is shown in Fig. 4.3. As discussed

previously, by following the rules and the layout issues, the resistor array is developed
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op-amp layout (With fourC0INs of gate capacitor visuable)

tightly in area appears square-like. Note that different types of contacts are added
because of the diffusion type difference (p-type diffusion resistor and n-type diffusion

resistor).

4.2.3 BJT Array Layout

In this design, the larger BJT model is used for realizing the diodes. It is a laterally
structured BJT with an emitter area of 25pm2 in the middle. The different current
densities of the bandgap circuit is formed by applying two bipolar transistors whose
emitter area ratio is 1 : 8, Fig. 3.2. Thus, in the layout design, one coin of this BJT is
placed in the middle of the array to form the smaller bipolar transistor and another
eight coins are laid arround it to compose the other bigger bipolar transistor. An
array of 3 x 3 is develped for the bipolar transistors and a dummy ring composed by

the same bipolar transistor model is added around it, forming a 5 x 5 array, Fig 4.8.
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Figure 4.8: BJT array layout

4.2.4 Bandgap Core PMOS Current Sources Array Layout

In the bandgap core circuit, the PMOS current source transistors on top of the BJTs
are also very important for the whole circuit’'s accuracy. Thus, to reduce the sensitivity
of the process variation, the length of the transistors is chosen as large as 1/xra, five
times as the other CMOS transistors in the desgin. The matching between the two
transistors is also critical, so the development of these two transistors calls upon all
aspects of matching techniques, similar to the current mirror in the op-amp. Again,
drain and source sharing is considered and dummy transistors are added around the
array, Fig. 4.9. The width of both transistors is 20 so that in the array, there are

twenty fingers of transistors whose size is 1//to x 2/im, for the sake of matching.
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Figure 4.9: PMOS current sources array layout

4.2.5 Output Stage and Start-Up Circuit Layouts

In the output stage, three gate-capacitors coins are needed for frequency compensation
and one coin of this kind is utilized for charging and discharging purposes in the start-
up circuit. No extra attention need to be paid to these two circuits’ layout except
for there is one current mirror demanding good matching mechanism in the start-up

circuit. Figure 4.10.

4.3 The Top Level Layout

At the top level, it becomes a higher level management of blocks. The placement of
the blocks, the empty space utilization, and the power lines are all the issues to be

concerned.
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Figure 4.10: Output stage and start-up circuit layout

4.3.1 Placement of The Blocks

The finished bandgap reference layout is shown in Fig. 4.11, 100.92/im x 84.74
square alike. Just as when designing the blocks, it is also very important to make
sure that the blocks are close enough to each other to save space. In the meantime,
the blocks that are related to each other closely, in other words, connected to each
other by direct wires, need to be put close to each other for the convenience of wire
routing and for reducing the parasitic resistance and parasitic capacitance that may
be caused by long wires.

The whole layout should appear as square-like as possible in order to be inserted
into other blocks as implementation takes place later on. Figure 4.11 shows the
square-like finished layout.

When trying to achieve the square-like appearance for the whole circuit, there is

always some space left blank within the square as it is impossible to unify all of the
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Figure 4.11: The finished layout

analog blocks in shape. For the empty space, a decoupling capacitor including every
metal layer should be added to fill it, Fig. 4.11. This manner ensures the highest

function efficiency for the area that is taken up by the whole circuit.

4.3.2 The Power Lines Layout

In determining the power line width, the current of the whole circuit should be con-
sidered. It is known from practice that a 1/xm metal wire can pass 0.5rm4 of current.
Thus, wider metal is able to carry higher current. In this design, approximately a

total current of 100 'leAi consumed, which means the width of the power line
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0.2pm, very close to the minimum width. To ensure that everything works decently,
the width can be enlarged by times, for example, Ipm.

Considering that using a higher layer of metal for power requires vias and other
connecting elements [35], it is better to use the lowest layer of metal for the power
line. As shown in Fig. 4.11, meta” is used for the wide power line.

In the circuit, “vdd” and “gnd” are both laid to occupy one corner of the square.
This diagonal structure ensures that both sides of every block gets connected to “vdd”
and “gnd”. As the dummy around the BJT array is connected to “gnd”, and it takes
up the most space of the whole circuit, the other blocks can be connected to “gnd”
through the BJT array dummy when the “gnd” power line can not be seen from them
directly.

Note there is no power routing over any cell, only signal wires.

4.4 Summary

In this chapter, the layout of the proposed bandgap voltage reference is developed by
applying the layout techniques , such as using unit elements, implementing common-
centroid structure, and adding dummy elements. The finished layout is DRC, LVS

clean, and square-like, consuming an area of only 100.92pm x 84.74pm.
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Chapter 5

Circuit Characterization

In the last chapter, the layout of the bandgap circuit was given with the discussion
of some layout issues. In this chapter, each block is characterized and the results
after replacing the ideal elements with practical elements are given. At the end,

Monte-Carlo statistic analysis is provided.

5.1 Characterization of Op-amp

By applying the simulation and measurement techniques discussed in [37], the de-
signed op-amp is characterized in aspects of open-loop gain and frequency response,
common mode input range and output voltage range, common mode gain, power sup-

ply rejection ratio, open-loop output resistance and slew rate in transient response.

5.1.1 The Open-Loop Gain and Frequency Response

In open-loop configuration, the open-loop gain can be determined by both AC analysis
and transient analysis. Figure 5.1 shows the frequency compensated op-amp open-
loop gain and frequency response. For frequencies lower than 60KHz, the open-
loop gain is 58.74dB, at which the op-amp is supposed to be functional because the
bandgap voltage reference circuit is mainly working under DC condition. The unity-
gain point happens at a frequency of 77.6 MHz, which provides approximately a 30°

phase margin. The phase margin is not extremely good compared to other op-amps,
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Figure 5.1: Frequency response bode plot of the op-amp

however, for a bandgap voltage reference circuit working under DC voltage that has

very low demands for high frequency, it is more than enough.

5.1.2 ICMR and Output Voltage Range

The input common mode range in this op-amp is not that demanding, for it is fixed
to around 0.7V in this circuit. In the unity-gain configuration, by sweeping Vin at
the available node, the input common mode range can be measured. Figure 5.2(a)
shows that the input common mode range is from 0 to 1V. This common mode range
is more than enough for the op-amp’s implementation as part of the bandgap voltage
reference circuit.

As the voltage gain is very large, to measure the output voltage range by the
open-loop configuration directly may not be accurate enough. From Fig. 5.2(a), it
is shown roughly that the output voltage range would be 0 ~ 1V, however, this
range is measured by hypothetically sweeping the input common mode voltage from

—0.5V to 2V, which may not be true in practice. The moderate gain configuration
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Figure 5.2: Simulation results of input common mode range and output swing

for the op-amp is used for measuring the output voltage range whose gain is 20(with
one 2K resistor connected to one of the input nodes of the op-amp and another
40K resistor connected between this input node and the output node, while the
other one input node is connected to a DC voltage of 694.9mV’). By sweeping the
vvoltage at the input node, which is connected to the resistor, the output voltage can
be measured, Fig. 5.2(b). The output voltage range is 23.5mV ~ 925.6mV according
to an input voltage of 0.7V ~ 0.75V, which is slightly shifted to the right because of

the input-offset voltage.

5.1.3 Input-Offset Voltage

One input (Vj,_) is set as 694.9mV (the nominal input DC voltage of the op-amp
in the bandgap circuit, otherwise, the op-amp would not work because of the bias
demands), while the other input node voltage (V;,) is sweeped. Ideally, the output
voltage should be zero when the two DC input voltages are the same. However, it’s
not the case in the practical world. When the differential input voltage equals to

zero, the voltage at the output node is Vpg(out). Knowing that Vit = Vj Ay, then
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Figure 5.3: Simulation result to determine the input-offset voltage

Vog(in) = Vpg(out)/Ay. Thus the input-offset voltage can be determined. Figure
5.3 shows when Vi, = Vi = 694.9mV, Ve = 714.3mV . The input-offset voltage
Vos(in) = Vpg(out)/865.1 = 0.8256mV.

5.1.4 Common Mode Gain and CMRR

With the input-offset voltage cancellation by adding an extra DC voltage source
Vog(in) at one input node to force the output voltage to be zero when differential
input voltage is zero, the common mode gain can be measured. When fed in a 2mV
peak-to-peak sinusoidal signal, the output has a peak-to-peak voltage of 132.8uV, Fig.
5.4. Thus the common mode gain Agj,s is 0.0664. Also, Common Mode Rejection
Ratio is 20log(Ag; s f/Acn) ~ 82.3dB.

5.1.5 Power Supply Rejection Ratio

A sinusoidal voltage source whose peak-to-peak voltage is 2mV is inserted in series

with power supply V4 in a unity-gain configuration. The output voltage is at DC



68

V-pp(mV)

Time(ms)

Figure 5.4: Common mode gain measurement through transient analysis

699.359mV with a sinusoidal small signal whose peak-to-peak voltage is 17uV added

on it. We can determine PSRR™ as

Vi
PSRR* = 9472 _ 1176 = 41.408d (5.1)
oult—pp

As Vi of the circuit is connected to ground, there is no need to investigate PSRR™.

5.1.6 Slew Rate and Settling Time

The large signal step response in the unity-gain configuration is measured, Fig. 5.5
shows the result.

The rising slew rate(+SR), also the slope of the ramp part in the output response,
is 886.3K, but the falling ramp is not quite obvious, having a large —SR of —52.95M.
With the same configuration, but small signal, the settling time can be determined.

In Fig. 5.6, the settling time is measured as 200ns.
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Figure 5.7: The slope of voltage vs. current determines the output impedance

5.1.7 Output Impedance

By sweeping a voltage source connected between the output node and the ground in
the open-loop configuration within a small range of the supposed output, the output
resistance can be determined by measuring the slope of voltage v.s. current, which is

250K Q, Fig. 5.7.
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Figure 5.8: Characterization results of the poly resistors in the technology

5.2 Characterization of The Bandgap Voltage

Reference

5.2.1 Temperature Independent Resistor in Bandgap Core

Each type of resistor in CMOS 90nm technology responds differently to changes in
temperature. As the “n-type diffusion+p-type diffusion” resistors in series have larger
value per square and less dependence on temperature among the available resistor
models in this technology, they were chosen to compose the resistors in the bandgap
core circuit. The characterization result of these two sheet resistors (2um x 2um) is
shown in Fig. 5.8. It is clear that both of their values vary with temperature, in an
opposite ways however. (p-type diffusion resistor has a sheet resistance temperature
coefficient of 0.144712/0 -°C, while p-type diffusion resistor sheet resistance has a
temperature coefficient of —0.0833Q/0-°C.)

By combining two resistors with an appropriate ratio in series, the resistance

achieved has little dependence on temperature. Figure 5.9 shows the characteristics
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Figure 5.9: Characterization results of the temperature independent resistors

of the target resistors’ realization character against temperature. For the realized
resistor, the absolute value of sheet resistance TC is 0.003962/0] -°C. Note this
coefficient is for square resistance, which means it’s derived by dividing the error by
- the number of squares included in the resistors.

The comparison in Fig. 5.10 is done between the output voltages of the bandgap
voltage reference before and after replacing the ideal resistors. Only a slight shift
is observed in the average output voltage, but the reduction in the output voltage
error is clearly visible with the real resistors. This error may be caused by the slight
temperature dependence of the real resistors, which has a concave characteristics as
Fig. 5.9 shows. Considering that the bandgap voltage has a convex characteristic,

the resistors have a slight complementary effect on the output voltage.

5.2.2 The Replacement of Ideal Capacitors

The capacitors used in the early stage design were chosen from the ideal library in
the IC Design tool. In order to realize those capacitors, gate-capacitors composed of

transistors available for the current technology are applied. When the source, drain
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and body of a transistor are connected to ground while the gate is connected to a
non-0-voltage node in the circuit, the transistor acts as a capacitor. This kind of
capacitor has its merit over other kinds of capacitors because the metal capacitor in
the technology(90nm) has very limited square capacitance, and “MIM” capacitors
are unavailable in this technology. In other words, to save some space on the circuit,
the large capacitors(> 0.5pF’) are realized by transistor gate-capacitor.

After replacing the ideal capacitors by transistor composed capacitors, the bandgap
curve appears to rise from around 20°C' to higher temperature, Fig. 5.11.

The plot of a family of output curves with different power supplies is shown in
Fig. 5.12. From the plot, one can see that the bandgap circuit works very well
at the nominal voltage, 1.2V, which produces only 244uV of error among with a
temperature variation of 0°C ~ 125°C, which is better than [1]. (In this paper, even
with curvature compensation, the voltage error is 300uV with a temperature variation
of 0°C ~ 80°C, while the proposed bandgap circuit is operating without curvature
compensation).

At lower voltages, the bandgap circuit can still survive, even if the voltage is
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as low as 0.96V and at 1V, it still gives a good curve. The slight rises at the low

temperature for lower power supply and at the higher temperature for higher power

supply are caused by the real capacitors mentioned above, which are composed by

the gate-capacitors. This change is due to the temperature dependence of the gate-

capacitors and is actually good for adjusting the output voltage under the nominal

voltage supply. It introduces a negative effect for a non-nominal power supply, which
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is obvious from the plot and the effect is more pronounced for a higher power supply,
for example 1.32V. The error goes from 1.67mV to 9mV across the whole temperature
range with different power supplies. Considering the moderate temperature range,
- (0° C ~ 80°C), the error is at most 3mV, which is acceptable for the purpose of this
design.

With the transient analysis, it is also proved that the bandgap circuit schematic
works well. With a power supply variation of +10%, the variation of the output
voltage is only 1.1mV.

To better investigate the power supply dependence, the family plot of the output
voltage against the supply voltage sweep is shown in Fig. 5.13.

The ripples at 600mV to 1V are caused by the current difference between the two
bipolar transistors in the bandgap core circuit. When Vdd is low(around 600mV
but high enough to turn the bipolar transistors on), for the bipolar transistors with
lower current density(larger emitter area, m = 8), it is easier to carry more current
under the same condition of low Vgg. However, when Vdd is around the nominal

voltage value, the current difference is negligible. For a high temperature like 125° C,
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the ripple disappears as the high temperature makes the bipolar transistor capable
to work under higher current with the same low Vg, which eliminates the current

difference between the two bipolar transistors. [38]

Ty xp/ qE4(300) . T
Th) = TN 2\ XT1/MF oppl 129"/ 1 _ 22 .
Ipg(T) = IpE( 1)(T1) ezp| ek, T T )] (5.2)
5.2.3 The Noise Analysis
The thermal noise of a resistor can be presented by
Su(f) = 4kTR, f > 0 (5.3)

where k£ = 1.38 x 10723J/K is the Boltzmann constant, [24], Chapter 7.2. It is
proportional to the absolute temperature while it is independent of frequency from 0
to as'high as 1007THz.

By the same method of measuring the output impedance of the op-amp, the
output impedance of the bandgap voltage reference at the output node is measured as
8.819K ). With this resistance, the thermal noise can be determined by the equation
above. For example, at room temperature, the circuit exhibits 1.4604 x 10-16y2 /Hz
- of thermal noise.

When fed in a 2mV peak-to-peak sinusoidal signal in series with power supply
V44, there is a peak-to-peak sinusoidal small signal at 184.8uV, which is a fraction in
the output voltage.

We can determine PSRR™ as

Vi
PSRRT = —34=PP_ _ 10.82 = 20.685dB (5.4)
VREF—pp

This PSRR is satisfactory as it only influences the output voltage with a um scale.
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5.2.4 The Resistive Load Limitation

The bandgap voltage reference always acts as a function to drive very high in-
put impedance blocks. Therefore, the resistive load at the output node should be
high enough to ensure minimum influence to the reference output voltage. Other
impedance such as capacitive and inductive load is not of concern here as the bandgap
voltage reference works on DC and frequency related components are not involved.
In order to specify the lower limit of the resistive load, the bandgap output node is
intentionally connected with a load resistor whose resistance can be swept as a param-
eter. The nominal output voltage with an infinite resistive load is 584.7mV at room
temperature. Assume that the highest tolerable error in the system is within 1% of
. the nominal value at the same temperature. With this assumption, the result shows
that the resistive load lower limit is around 850K €2, Fig. 5.14. The output voltage at
room temperature is 578.74mV while it has a variation of 1.849mV across the tem-
. perature range of —40°C ~ 125°C, which means the error according to temperature

variation is 0.3%.




76

588
' ' ' ' " Riaoq=850K Ohm ——
5M 8hm -------
| 30M hm ........ J
586 170M Ohm s
1G Ohm ====
s T T T R T T R I T e e e e
584 [ et §
. T e
S [ ="
E |-
o 582 T
w
o
>
580 - 7]
578 —/\ ]
576 1 1 1 1 1 1 1 1
40 -20 0 20 40 60 80 100 120 140
temperature(°C)

Figure 5.14: Dependence of Vppr vs. load resistance

5.2.4 The Resistive Load Limitation

The bandgap voltage reference always acts as a function to drive very high in-
put impedance blocks. Therefore, the resistive load at the output node should be
high enough to ensure minimum influence to the reference output voltage. Other
impedance such as capacitive and inductive load is not of concern here as the bandgap
voltage reference works on DC and frequency related components are not involved.
In order to specify the lower limit of the resistive load, the bandgap output node is
intentionally connected with a load resistor whose resistance can be swept as a param-
,éter. The nominal output voltage with an infinite resistive load is 584.7mV at room
temperature. Assume that the highest tolerable error in the system is within 1% of
the nominal value at the same temperature. With this assumption, the result shows
that the resistive load lower limit is around 850K (2, Fig. 5.14. The output voltage at
room temperature is 578.74mV while it has a variation of 1.849mV across the tem-
perature range of —40°C' ~ 125°C, which means the error according to temperature

variation is 0.3%.
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5.3 Monte Carlo Analysis of Process Variation
and Component Mismatch

In order to characterize the behaviour of the circuit when process and environment
variation are involved, Monte Carlo analysis can be applied. Over 1000 runs, there are
iny 50 runs that totally failed(the output voltage of the run has an error of 20% ~
40%). 125 runs display a more than 1% higher output voltage(590mV ~ 617mV,
Whose error is 1% ~ 5%) than 584.7mV and 82 runs display a more than 1% lower
output voltage(555mV ~ 578mV, whose error is —5% ~ —1%) than 584.7mV. If all
of these runs(including the runs with |error| > 1%) are counted as failed, then the
successful rate for process variation and mismatch is around 85% and the yield is over

90%. Figure 5.15.
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Table 5.1: Comparison between this work and the referred paper work [1]

Parameters Malcovati [1] This Work
Power Supply Voltage 1V 1.2V
Technology 0.8um BiCMOS | 90nm CMOS
Bandgap Cell Area 0.25mm? 0.008484mm?
Power Consumption @ T = 25°C' || 92uW 160uW
Reference Voltage @ T' = 25°C 536mV 584.7TmV
Operation Temperature Range 0°C ~ 80C —40°C ~ 125°C

Temperature Dependence (With- || 800uV,20ppm/°C| 244.37uV,

out Curvature Compensation) (0°C ~ 80°C) 3.343ppm /C

0°C ~ 125%)
or 1.6119mV,
16.7ppm/C
(—40°C ~ 125°C)
Temperature Dependence (With | 300uV,7.5ppm/°( NA

Curvature Compensation) (0°C ~ 80°C)
Dependence on the Supply Volt- || 114uV/V 1.1mV(1.08V  ~
age 1.32V)

5.4 Summary

The results from the characterization process are given in this chapter. One can
see that with the different op-amp configuration and the improved output stage and
start-up circuit compared to [1], the bandgap voltage reference provides an ultimate
bétter accuracy without an extra compensation circuit and is able to operate within
a much wider temperature range. Table.5.1

The relatively high dependence on the supply voltage of this work may be caused
by the high demand of the pure CMOS op-amp, while the op-amp proposed in [1],
which includes bipolar transistors may be more suitable for low voltage operation.
However, the performance in other aspects of this work demonstrates advantages
such as high accuracy, wide operation temperature range and much smaller area

consumption.
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Chapter 6

Conclusion

The aim of this thesis is to design a low-voltage power supply and high temperature-
independence bandgap voltage reference. In correspondence to this goal, the bandgap
circuit is developed block by block in CMOS 90nm technology. This chapter gives a

summary of the contribution made by this thesis, plus suggestions on future work.

6.1 The Contribution of The Thesis

e In order to build a bandgap voltage reference to work under 1.2V, the implemen-
tation makes use of the concept introduced in [1], which is to utilize a fraction of
the current from the conventional bandgap voltage. The final bandgap circuit
is able to work under a power supply range of 0.96V ~ 1.4V, where the error
of the output voltage is only 1.1mV with a power supply variation of +10%
(1.08V ~ 1.32V).

e With the careful characterization of the resistor models in the available tech-
nology, the temperature independent resistors are build for the bandgap core
circuit. Other works regarding how to increase the temperature independence of
the output are done, such as BJT model characterization and the novel output
design. Thus the output of the bandgap circuit has a very high accuracy even
with temperature variation, which gives only 244uV of error over the tempera-

ture variation range of 0°C ~ 125°C.
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In order to avoid the bandgap circuit being locked in the zero current operating
point, the start-up circuit is designed with high efficiency and little influence

on the bandgap circuit.

In order to obtain a precise output voltage, a two stage op-amp working under
1.2V power supply is developed. The characterization shows that the op-amp
has an open-loop gain of 58.74dB and the unity-gain point is at 77.6MHz.
The phase margin of the op-amp is 30°C, however, this phase margin is good
enough for the bandgap circuit mainly works under DC voltage. Both the input
common-mode range and the output voltage range cover almost the entire rail-
to-rail voltage range, which shows a very good performance. Also, according
to the results shown in Chapter 5, the CMRR and PSRR of the op-amp are

satisfactory, and it achieved an output impedance of 250K2.

The layout of the whole bandgap circuit is designed by referring to the rules of
matching issues to eliminate the process and other mismatch effects. The final
layout is a square-like chip, which takes up an area of 100.92um x 84.74um,
with DRC and LVS clean. Over the 1000 runs in the Monte Carlo analysis,

around 85% of the runs are satisfactory with an error of less than 1%.

Future Work

Based on the achievements of this thesis, there are some future work to be done to

improve the performance of this work.

Nowadays the low-voltage power supply demands continue to require lower and
lower power supply, thus, bandgap circuit working under lower power supply,

such as 1V or even lower is the direction of the current circuit development.
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e This thesis presented a bandgap voltage reference (without any curvature com-
pensation circuit) whose output voltage has a 3.343ppm/°C error across a wide
temperature range, which is much better than the referenced work, [1] (with
curvature compensation circuit). However, it is believed that with an additional
curvature compensation circuit, less error can be achieved and even better per-

formance of the circuit can be obtained.

e The results of this thesis work are based on schematic simulation, although all
the elements used in the circuit are real elements from the technology, there is
still a possibility that the experimental results would be different. To obtain
the absolute practical results, post-layout simulation, or even chip verification

should be done.
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Appendix A
Frequency Response and Compensation of
Op-Amp

Although the bandgap circuit works mostly under DC voltage, it is demanded that the
op-amp in this circuit operates well in the frequency domain and possess a reasonable
phase margin. This section refreshes the general knowledge of freqency response in a

closed-loop system, and the frequency compensation techniques for op-amps.

A.0.1 Frequency Response and The Problem of Instability

A closed loop system is shown in Fig. A.1(a), [39]. The transfer function is:

Y, . H(s)
X = T RHE) (A1)
If'at w1
KH(s) = KH(jw1) = ~1 (A.2)

the system will enter oscillation.

The two conditions that cause oscillation (also called “Barkhausen’s criteria”)
are: first, ZK H(jw;) = —180°, which guarantees the positive feedback and second,
| K H| = 1 ensures sufficient loop gian for the circulating signal to grow.

Thus, Y/X = oo and the feedback becomes positve at the frequency wy, thereby

producing a feedback signal that enhances the input. In other words, if |[KH| < 1,
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Figure A.1: Closed loop system diagram

then the output cannot grow indefinitely while for |[KH| > 1 and ZH (jw;) = —180°,
the negative feedback system oscillates.

To determine the stability of the closed loop system, the freqency response should
~ be analysed. The bode plot is a commonly used tool for this purpose, Fig. A.2.
There are three definitions here.
,.Gain Crossover Frequency (wgyx) : the frequency when the loop gain falls to
unity (0dB).
Phase Crossover Frequency (wpyx) : the frequency when the phase shift reaches
—180°).
Phase Margin : ZH(wgX) + 180°.

The stability requires that wgx < wpy, and the greater the phase margin is,
the more stable a system is. Typically, a phase margin of 60° is enough to provide

stability.
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Figure A.2: Bode plot of a closed Figure A.3: Bode plot of Miller
loop system compensation

A.0.2 Miller Compensation of the Two-Stage Op-Amp

To prevent oscillation in feedback amplifiers, and to ensure a good transient perfor-
mance, an additional step, frequency compensation, is needed, [32] Chapter 4.3.

The task in compensating an amplifier for closed-loop applications is to move all
the poles and zeros, except for the dominant pole (p;), sufficiently away from the
origin of the complex frequency plane (beyond the unity-gain bandwidth frequency)
,t‘o result in a phase shift [37].

Miller compensation is commonly used in two-stage op-amps. It is applied by
connecting a capacitor between the output node and the input node of the second
transconductance stage, Fig. A.4.

By adding Cjsc, two results are accomplished. Firstly, the capacitance at node
A is increased, thus, by adding a capacitor of g,,,11R11CMpc, the first pole is moved
closer to the origin of complex freqency plane. Secondly, the second pole is moved

away from the origin of the complex frequency plane, see the transfer functions below:
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Figure A.4: Small signal analysis of Miller compensation for two-stage op-amp

Yout(s a
v < 1+ sb+ s2 (A-3)
in(s) + sb + s“c
where, a = (gmr)(gmu)(Br)(Ru)(1 — sCypc/ gmm),
b= R1(Cr + Cpmc) + Ru(Cu + Cymc) + gmuRrRuCuyc, and
¢ = RrR[CrCr1 + CycCr + CeoCryl.
] Y __1—-
The first pole is changed to p; ~ PR
The second pole is changed to ps = & CH;ngHHCCéY-’fCI oo ~ -g,’l’;u . (Fig. A.3).

The magnitude of the second pole po must at least be equal to GB (Gain-
Bandwidth) and is resulted from the capacitance at the output of the op-amp. Pole

po is also called the ouput pole, it strongly depends on the load capacitance.
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