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Abstract

New CMOS processing techniques and the_post processing of MEMS sensors
have wide applications recent yeats. Forthe environmental monitoring, the concept of
wireless sensor network is proposed. A low-powet front-end circuit is needed to
achieve the requirement of a long life-time sensor. In the thesis, an ultra low-power
sigma-delta modulator for humidity sensors 1s designed.

The techniques for a low-voltage-and low-power sigma-delta modulator are
presented. A second-order double-feedback loop topology is implemented using
switched-capacitor circuits with amplifier operating in weak inversion. To decrease
the non-ideal effects of an amplifier, the technique of correlated double sampling is
introduced. For low supply voltage, the switch-driving problem and gain enhancement
of the amplifier are also discussed.

The proposed sigma-delta modulator is designed using TSMC 1P6M 0.18 um
CMOS process with active die area of 0.63zm x0.37um . The peak SNDR is 52.75
dB, and the DR is 52.39 dB at a sampling rate of 6.4k Hz and signal bandwidth of 50
Hz under single 1.0V supply voltage. The total power consumption of the proposed
modulatoris 1.5 u W.

Index Terms - sigma-delta modulator, switched-capacitor circuits, weak
inversion, low-voltage, low-power, correlated double sampling, humidity sensor.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Motivation

Sensor microsystems has many applications in recent years. These sensors have
wide applications in industrial automation, automotive, environmental monitoring,
biomedical etc. Due to the new processing techniques for circuits and the
development of post processing for sensor, all the sensors and electronic interfaces
can be integrated into a single chip. It 1is called microsystems or
MEMS(microelectromechanical systems). According to the report in ITRS 2001,
MEMS and chemical sensor begin to be integrated into SoC. They will create another
peak for semiconductor industry in 2010.

Among the sensors, the most popular one is the capacitive type sensor. The goal
of this thesis is to study the low voltage low power mixed-signal interface for
capacitive-type sensors. The low-voltage low-power techniques meet the critical
power consumption in many fields. The humidity sensor plays an important role in the
applications for industrial control and environmental monitoring. The capacitive-type

humidity sensor detects the linear capacitance change relative to the humidity. It is

-1-



Chapter 1 Introduction

more accurate and stable than other types of humidity sensors. In the thesis, the
research emphasize on the implementation of low voltage low power readout circuit
for the capacitive-type humidity sensor.

The sigma-delta technique is chosen to detect the capacitance change and
provide digital outputs. The proposed sigma-delta modulator combines the C/V
converter and digital readout circuit. It consumes less power than the traditional
architecture. However, the operational amplifier used in the modulator still dominates
the power consumption. In order to meet the requirement of ultra low power
consumption, the operational amplifier biased in weak inversion is used to reduce the

power dissipation. The MOS transistor reaches the maximum g, //, ratio and low

saturation voltage when it operates in the weak inversion. Hence the largest power
efficiency is achieved. Switched-capacitor architecture is preferable for the low power
sigma-delta modulator because it is less sensitive to the imperfection of the analog
component.

In the thesis, a low power low svoltage Second-order sigma-delta modulator for

humidity sensor is realized. It consumes;only 1.5 ¥ .

1.2 Basic Concepts-of-Humidity sensor

Figure 1-1 shows the structure of'the humidity sensor [7][8][9]. The humidity
sensor consists of comb electrodes, a comb polysilicon heater and the polyimide.
There is a capacitor between the adjacent two fingers. The insulator inserted into the
gap between the adjacent two fingers is polyimide. Polyimide is a kind of capacitive
sensitive material. The dielectric constant of polyimide varies with the relative
humidity in the air. The sensing principle of the humidity sensor is based on the
phenomenon of electrical permitivity change of a humidity sensitive film due to
absorption and desorption of water vapor.

The humidity sensor was fabricated with TSMC 1P6M 0.18um CMOS process.
The deposition of the thin film made of polyimide needs some post-processing steps.

The minimum distance between two adjacent fingers is 2 um. The overlap of
adjacent two fingers is 350 u m. The total number of the finger is 100. The total

capacitance of the humidity sensor is 3 pF, and the change capacitance of the sensor

varies from 0 to 300 fF.
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Polyimide Finger

N, i

Figure 1-1 Structure of capacitive humidity sensor

1.3 Thesis Organization

This thesis is organized into five, chapters. In Chapter 1, this thesis and the
humidity sensor architecture are briefly introduced. In Chapter 2, the basic concepts
of quantizer and quantization noise, ‘and . fundamentals of the first-order and
second-order sigma-delta modulator are’ mtroduced; The non-linear effects of the
sigma-delta modulator and design of analog-circuits are also introduced. Finally, the
performance of sigma-delta modulator is‘presented in detail.

In Chapter 3, the analysis of the proposed sigma-delta modulator used for
capacitive sensors is done by MATLAB simulation. First, the analysis of the
first-order sigma-delta modulator is presented. Then, the analysis of the second-order
sigma-delta modulator is discussed and the parameters of the second-order system are
determined by MATLAB.

In Chapter 4, an ultra low power sigma-delta modulator using amplifier
operating in weak inversion is introduced. All transistors of the amplifier operating in
weak inversion can greatly reduce the power consumption. However, it leads to a
large chip area. Some other techniques used in low-voltage low-power sigma-delta
modulator are presented.

In Chapter 5, the conclusions of this work are summarized. All the simulation

result are also summarized in this chapter..
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Chapter 2

Fundamentals of

Sigma-Delta Modulator

2.1 Introduction

Some of the fundamental issues in the design of sigma-delta modulators will be
reviewed in this chapter. The first-order sigma-delta modulator is presented in Section
2.2. It includes the basic analysis of the quantization noise, the z-domain linear model,
and nonlinear effects due to finite gain of the amplifier. In Section 2.3, we introduce
the second-order sigma-delta modulator. The z-domain linear model, nonlinear effects,
and alternative structures are introduced. In Section 2.4, some practical design

considerations of sigma-delta modulator are taken into account.

2.2 First-order sigma-delta modulator

2.2.1  Quantization noise

A 1-bit quantizer is the heart of all single quantizer sigma-delta modulators. The

analysis of the behavior of a sigma-delta modulator must include the behavior of the

-4 -



Chapter 2 Fundamentals of Sigma-Delta Modulator

quantizer. Since the quantizer is a nonlinear element, the analysis is complicated even
in a simple system. Before the analysis, we modeling the quantizer as the linear model
shown in Figure 2-1. The signal e(n) is the adding quantization error, which is the
difference between input and output signals. The linear model becomes approximate

as long as the quantization error, e(n), is an independent white-noise signal[1].

A

— e(n)

v

x(n) y(n) x(n) @ y(n)
—> ———> — —> —

e(n)=y(n)-x(n)

Figure 2-1 Quantizer and its linear model
At the beginning, the quantization error, e(n), is assumed to be an independent
random number with uniform? distribution.” The' signal e(n) uniformly distribute

between +A/2, where A is the difference betweentwo adjacent quantization levels.

Figure 2-2 is the power spectral density. of quantization noise, e(n).

Se(f )‘T Height =k, = (%} \/fzs

s f
2 2

Figure 2-2 Power spectral density of quantization noise

Assume the total noise power is A? / 12 and f; isthe sampling frequency. With a

Js

two-sided definition of power, the area under S, (f) within i; is equal to the

total noise power, or mathematically,

/2
-/5/2

A 1
Solving equation (2.1), k, equals | — | |[—[1].
geq (2.1), ky eq [\/ﬁ]‘/fs ]

2
B2 K=k f = e

2 _
Se (S} = -f3/2 12
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2.2.2  Linear model of first-order sigma-delta modulator

The architecture of a first-order sigma-delta modulator is shown in Figure 2-3.
The first-order sigma-delta modulator contains a integrator, a 1-bit quantizer, and a
1-bit DAC used for the feedback. In Figure 2-3(b), a z-domain linear model is
presented[4]. According to the linear model, the signal transfer function(STF) and

noise transfer function(NTF) can be derived as follows.

Y(2)=z""Y (2)+U(2) -2 (2). (2.2)
V(z)=Y(2)+E(2)=z""Y (2)+U(2) -z W (2)+ E(2) (2.3)
=U(2)+E(z)-z"' (V(2)-Y(2)) (2.4)
=U(z)+E(2) -z 'E(2) (2.5)
=U(2)+(1-2z"HE(z) (2.6)

Equation (2.3) can be written in the general form
V(z)=STF(2)U (2)+NTF(2)E(z). (2.7)
Comparing to the equation (2.3); the first-order sigma-delta modulator has the

signal transfer function is STF (z)=1 and the noise transfer function is
NTF(z)=1-z"".

v EO
- | F—lo|— U _’% @__;(z)

7-1

DAC | *+—

A

Z—l
(a) (b)

Figure 2-3 (a) Topology of 1¥-order sigma-delta modulator, (b) z-domain linear model

Let z=e/?T =¢/ 27 f1f; , the noise transfer function can be written as
TSy _ gin I,

><2j><e_j”f/fs
2j

NTF(f)=1-e /2715 =

:sin[”—fsz‘jxe_j”f/fs
/s

N

2.8)

Take the magnitude of the noise transfer function, we have

-6-
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INTF (f)|= 2sm[7;—fj (2.9)

N
Assume the signal bandwidth of the system is fp, we define the oversampling

ratio, OSR, as

OSR =15 (2.10)
2fB

Based on the above assumption, the quantization noise power over the frequency

band from 0 to fp 1s given by

2 2
nel oyl e en

Recalling that the quantization noise power is assumed to be A? / 12.

When fp<<f,, we can approximate sin((;zf)/fs) tobe (7f)/fs-

The equation (2.7) can be calculated as

P2 3

A" 1
P= Bty 2.12
< 36 (OSR) @12)

2
And the maximum signal power, P, = 5 1 where M is the peak amplitude of

the full-scale sin wave. Hence, the in-band signal-to-quantization-noise

ratio(SONR) is approximately

3
P, 36M?(OSR
SQNR:—S:# (2.13)
F, 27°A

From equation (2.9), it shows that the SONR increases by 9 dB for each doubling

of the OSR [4].

2.2.3  Stability and nonlinear effects

Since the first-order sigma-delta modulator contains only one pole, the system
guarantees an unconditionally stability. However, this prediction doesn’t consider the
actual signal processing performance in the circuit. In time-domain analysis, the
designer should take into account the nonlinearities. Consider the stability when the
loop is under DC excitation. If the input is larger than the feedback, the loop will

become unstable and output is not bounded.
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The analysis in Section 2.2.2 is under an ideal condition. Here, we discuss an
non-ideal case with finite gain. Figure 2-4 shows a simple parasitic insensitive
integrator. Assume the amplifier in Figure 2-4 has an finite gain A. Then the

difference equation which applies to the charge conservation on integrator capacitor

C, is

CVin (n)-C

-G, [Vom (n)— Lo (")} G, {Vom (n—1)—W} (2.14)

For C;=Cy and 4>>1,

Vo (-G 1 015)
V;'n C2 1_(1_1)2—1
A
The pole of the integrator is slightly less than 1. The integrator is therefore /ossy
or leaky. If A > OSR, the additional noise is less than 0.2dB. Hence, the nonlinear

effect is not serious. A more important thing is to make sure that the amplifier gain is

linear.

|
O— | I — Vout
Rt

Figure 2-4 Switch-capacitor integrator

2.3 Second-order sigma-delta modulator

2.3.1  Linear model of second-order sigma-delta modulator

In the previous section, we introduce the fundamentals of the first-order
sigma-delta modulator. However, the first-order sigma-delta modulator in terms of
resolution and idle-tone generation is not suitable for most applications. In this section,
we focus on the second-order sigma-delta modulator. Figure 2-5 shows the z- domain

linear model of the second-order sigma-delta modulator.

E(z)
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1 ]
U(z)<> g n s 'C>__V(;)

Figure 2-5 Linear model of 2nd-order sigma-delta modulator

From the figure,

1
_ (l—z_l)ZE(Z)_[(l—z_l)Z—l +z_1}V(z)+U(z) (2.16)

From equation (2.12), it follows that
Sl 2
v(z)2U )=z ) B 2.17)
Hence, the signal transfer functionis ™ STF (z) =1, and the noise transfer function is
-1 2 . . . .
NTF (z) = (1 -z ) . Comparing the noise transfer function with first-order

modulator, we know that there is an increased attenuation of quantization noise at low

frequencies. The magnitude of the noise transfer function is given by

2
INTF () = [mm(ﬂJ for OSR>>1. (2.18)
s
Calculate the total quantization noise power over the band of interest, we obtain
2_4 5
Ar |
P, = e 2.19
©7 60 (OSRj (.19)
2

. . M . .
The maximum signal power P, == where M is the peak amplitude of the

full-scale sin wave. And the maximum in band signal-to-quantization-noise

ratio(SONR) is given by
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60M 2 (OSR)’

SONR =
2A2 7r4

(2.20)

We can see from equation (2.16) that doubling the OSR improves the SONR for a

second-order sigma-delta modulator by 15 dB.

2.3.2  Nonlinear effects

The dynamic behavior of the second-order sigma-delta modulator with a 1-bit
quantizer is more complex than those of the first-order sigma-delta modulator. From
the analysis in [5], we realize that the quantizer’s gain is in fact signal-dependent.
Figure 2-6 shows an example of the quantizer transfer curve(QTC) to illustrate the

nonlinear effect of the second-order sigma-delta modulator. The quantizer is based on
the cubic approximation, V= ky+k,y’. We can use this model to estimate the

harmonic distortion induced by the signal-dependent quantizer’s gain.

-7 —— ideal

- 1 - -- cubic

Figure 2-6 An empirical-determined quantizer transfer curve

For a small low-frequency sin-wave which has amplitude A, the local average
of the output follows the input, and thus the local average of the quantizer input is also

a low-frequency sin-wave which has an amplitude of A/k;. The amplitude of the

third harmonic induced by the QTC is k3 (4/k )3 / 4 . The third harmonic distortion is

fey A
==~ NTF (z,k)

HDy =
4k

2.21)

b

where NTF (z, kl) is the effective noise transfer function with quantizer gain 4.

When the input is large, the distortion is severe.

2.3.3  Alternative second-order sigma-delta modulator

-10 -
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Several alternative structures are available to perform a second-order sigma-delta
modulator. In design these structures, the designer should take care to avoid delay-free
loops and do a robust design against the unavoidable non-ideal effects such as finite
amplifier gain, mismatch of the passive component, etc. Here, we introduce the
Boser-Wooley modulator[25], the Silva-Steensgaard structure, and the Error-Feedback
structure.

The first one which we will introduce is the Boser-Wooley modulator shown in
Figure 2-7. The structure contains two delaying integrators. The using of the delaying
integrator allows the amplifier to settle independently of each other. According to the

linear analysis, the STF is

)
STF(z)= A%® : (2.22)

2
(l - z_l) + azbz_1 (1 —z7! ) + alazz_z

and the NTF is

2
(1422)
NTF(z)= 5 (2.23)
(l—z_l) +a bz_l(l—z_1)+aa 772
2 142

2
In order to achieve STF(z)= 272 and NTF (z)= (1 - z_l) , the conditions

ajay =1 and a,b =2 must be satisfied.

@@ [7 =§>a»@» 2150 o

|

\ 4

Nvy

Figure 2-7 The Boser-Wooley modulator

Second, we will introduce the Silva-Steensgaard structure shown in Figure 2-8.
The features of this circuit are the direct feedforward path from the input to the
quantizer and the single feedback path. According to the linear analysis, the STF and
NTF is proofed to be the same as before. The structure has a significant advantage that

the loop filter does not need to process the signal and reduces the requirement of

- 11 -
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linearity.

v

\ 4

v

1

1

2

\VAVav

e
]

I-

Figure 2-8 Silva-Steensgaard structure

The third one is the Error-feedback structure. The structure shown on Figure 2-9
looks simple and attractive. However, it is impractical for analog sigma-delta
modulator. The quantization error istobtained in analog form by subtracting the

quantizer’s input from the quantizer’s output:"And then the quantization error is fed

into the filter # ;. The output of the z-domatn‘representation is

V(Z):E(z)+U(z)+HfE(Z)

2
From equation (2.20), Hy = (1 — z_l) 122222271 s needed such that

1 2
NTF (z)= (l—z_ ) is obtained.

U Y .
_>GT-> Hf(z):—Zz_1 +z72 -
@4— 2 |
[ Y
— | Z" | z' @)

Figure 2-9 Error-Feedback structure
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2.4 Considerations of analog circuit design for
sigma-delta modulators

2.4.1 Introduction

Both the fundamentals of the first-order and second-order sigma-delta
modulators have been introduced in the preceding two sections. Now, we are
concerned on the practical design considerations. In the Section 2.4.2, we discuss the
architectural design concepts. In the Section 2.4.3, the non-idealities at the circuit
level are taken into account. In the last section, the analog components that affect the

performance of the system are presented.

2.4.2  Architectural design considerations
The architectures of the sigma-delta modulators can be divided into two
categories: single-stage modulators and:ecaseaded modulators. Single-stage modulators
such as those presented in Sections 2:2.and 2.3 are more tolerant of circuit
non-idealities than the cascaded.ones. In .the thesis, we adopt the single-stage
architecture in our design for the followingreasons.
1. Single-stage modulators are mote tolerant.on gain errors that result from
capacitor mismatch in switched-capacitor integrators.
2. Single-stage modulators are also tolerant of the integrator leakage that results
from the finite DC gain of amplifier.
3. The single-stage modulators are simple and suitable for the design of low power
modulators.
Another issue is how to choose an appropriate OSR for the modulator. The use of
a higher OSR generally increases the unit-gain bandwidth and slew rate of the
amplifier. A higher OSR also have larger power consumption. However, a larger OSR
can reduce the chip area of the modulator by the reduction of the sampling and load
capacitors. The choice of the OSR is a trade off between power consumption and chip

arca.

2.4.3  Circuit level non-idealities

Both the single-stage and cascaded modulators are sensitive to circuit

-13-
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non-idealities at their inputs. As a result, operational amplifiers with a large DC gain
and capacitors with a low voltage-coefficient is required to implement the first
integrator. The integrator transfer function will differ from the ideal one due to the
nonzero switch resistance, finite bandwidth, and finite gain. These non-ideal transfer

functions are given separately. For finite gain A,

(C1/Cy) 27 (1-1/4-C /(4Cy))

H(z) = — (2.25)
1-(1-G /(4Cy)) =™
For finite amplifier bandwidth, B(in hertz),
CI/CZ Z_1|:1—8 +Z_18C2 C1+C2 j|
H(z):( )z () 1 A ) e=¢ "BTs (2.26)
1-z~
For nonzero switch resistance, R,,,,
14 _~,-T,/4R,,C
H(Z): (CI/C2)Z (1 219 ) (2.27)

-z
From equations (2.21), (2.22), and «2.23)," we know that finite amplifier gain and
incomplete linear settling cause gain error, Fortunately, the gain error has little effect
on the performance of a single-loop modulator. The other non-idealities are the
voltage-dependent capacitors, sighal+dependent switeh charge injection, and nonlinear
amplifier DC transfer function.
In order to eliminate the distortion of the sigma-delta modulator, the designer
should take into account all the non-idealities discussed above. The best way to deal
with the non-idealities is to have a good quantitative understanding of these causes

and effects.

2.4.4  Modulator component design considerations

A feedback DAC and a comparator are the two important components in the
closed-loop modulator. In this section, we will introduce these two component and
their design considerations.

The DAC controls the mapping between the analog and digital domains. Hence,
the accuracy of the feedback DAC influences the performance of the sigma-delta
modulator. There are three non-idealities caused by 1-bit DACs used in sigma-delta
modulators:

1. Reference non-idealities: the output of the DAC is the product of the digital input

- 14 -
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and the reference voltage. Time-domain multiplication results in a convolution in the
frequency-domain. Therefore, signals on the reference with spectral components near
the sticks of the output bit stream will cause these sticks to be modulated and
convolved. The sticks will be transferred down to the frequencies near DC, known as
idle tones.

2. Charge-taking non-idealities: the instant when the amount of charge is delivered
to the integrator by the DAC must be identical for the clock cycle. If it is not, it will
cause unwanted signals on the reference.

3. Charge-delivery non-idealities: if the charge stored on the feedback capacitor in
the DAC is not fully delivered to the integrator each clock cycle, a gain error can
occur.

Next, we will consider the design of the comparator. The non-idealities of the
comparator can be reduced by the noise-shaping function of the loop. But there are
still some design issues for the designer to take into account. The most important one
is the metastability of the comparatorsiAnother issue should be concerned is the
hysteresis of the comparator. Hysteresissinsthe. comparator makes the present output
depending on the previous output..On the other hand; the comparator has memory on
it’s output. This memory can create unwanted system poles that may causes errors in

the signal and noise transfer functions.

2.5 Summary

The sampling rate of Nyquist A/D converters is only twice of the signal band.
However, it is difficult to achieve high resolution A/D conversion due to requirements
of accurate anti-aliasing filters. The oversampling technique is a good approach to
achieve high resolution A/D converters. The sigma-delta modulator is the most used
architecture in the oversampling A/D converters. For the area of sensors, a low power
high resolution A/D converter is necessary. The sigma-delta modulators which
combined with the front-end circuits for sensors are preferred because it can reduce
the power consumption. In order to achieve a higher resolution, the non-linear effects
due to the imperfection of the circuits should be taken into account. Another important
issue is the tonal behavior which can degrade the SNR should also be taken into
consideration. Some practical solutions that can reduce the non-linear phenomenon

described in the previous sections should be added into the circuit-level

-15 -



Chapter 2 Fundamentals of Sigma-Delta Modulator

implementation.
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Chapter 3

The Proposed
Low-Voltage Low-Power
Sigma-Delta Modulator

for Humidity Sensors

3.1 Introduction

In this chapter, the structure of the proposed sigma-delta modulator is presented.
We introduce the proposed first-order sigma-delta modulator for humidity sensors in
Section 3.2. In Section 3.3, the proposed second-order sigma-delta modulator is
introduced. The oversampling ratio and the effect of finite-gain amplifier are
simulated by MATLAB. In Section 3.4, the tonal behavior of both first-order and
second-order sigma-delta modulators are discussed. The methods to reduce the tonal

behavior are also presented.

3.2 The First-Order Sigma-Delta Modulator

3.2.1  Circuit Architecture

Figure 3-1 shows the structure utilizing a sigma-delta technique for humidity
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sensors[16][17][18]. Based on the sigma-delta technique, the first-order sigma-delta
modulator detects the capacitance change and provides the digital readout with good

accuracy. The structure consists of a SC integrator, a comparator, and a simple 1-bit

feedback DAC.

91 C
YZ =If
it
C —O
VREF Yl 2 s y
.= = quantizer
yozeal e
yél+ 92 7

Figure 3-1 The first-order sigma-delta modulator

In the proposed circuit, .C; jis Ithe . sensor“capacitor, C, is the reference
capacitor, and Cp is used for the feedback DAC.The basic idea of the proposed

sigma-delta modulator is based“on the two types of parasitic insensitive integrators
shown in Figure 3-2. The parasitic insensitive integrator is a critical component in
high-accuracy switched-capacitor integrated circuits. The first one shown in Figure
3-2(a) is a noninverting SC integrator. The transfer function is found to be
H(Z)ZVOL(Z)Z(QJLl_ 3.1)
Vi (Z ) Cy J1-271
The second one shown in Figure 3-2(b) is a delay-free integrator. It has the transfer
function as
H(Z)ZVOL(Z)Z—[QJ% (3.2)
Vi (Z ) Cy )1-z71
By combining the two types of SC integrators[2][3], we can implement a
front-end circuit which can detect the capacitance difference of the sensor. So in our
design, a capacitance-to-voltage converter is not needed. The power consumption in

our design is reduced comparing to other approaches.
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IS
1 2
Vin o—/¢ 'C;I ¢ _ :
| I | o Vout
I I [F
(a)
| ]
Ié
1
Vin o—/¢ ﬁl I —_ :
S o Vout
"l I [Y
(b)

Figure 3-2 (a) Noninverting'SC integratot(b) Delay-free SC integrator

In order to understand the operation: of the proposed circuit, how the circuit
works at each phase is shown_ in Figure 3-3 and 3-4. Figure 3-3 illustrates the
operation when output y=/ at each phase. Figure 3-4 illustrates the operation when

output y=0 at each phase.
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Figure 3-3 Operation'when output y=1

(b)when'-¢2 =1

At phase ¢2, total charge transferring into integrator capacitor C, causes

CVrer —CoVegr —CRV,
Vot (n): 1¥ REF ZC{;EF RY REF (3.3)

From the same mechanism when y=0 as shown in Figure 3-4, the output voltage of

the integrator is given by

CVrer —CoVREr + CRV,
Vet (n): 1¥ REF ZCI;EF RYREF (3.4)

Assume K;+K, =K, K; is the number of the cycles when y=1/, and K, is the

number of the cycles when y=(0. Combine both equations (3.3) and (3.4)and base on

the concept of the sigma-delta technique, we obtain the relation between input and
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output as follows:
x. CVREF —CoVREF —CRVREF | p  C1VREF — CoVREF + CRVREF _ |,
1 2 =
Cr Cr
:>(K1 +K2)(C1 _CZ)_KICR —K2CR =0
AC K| -K,
—= = 3.5
f-
| C, C,
\ I
——"—| = —
J C, _l . oY
Vout -
= 4 quantizer

VREF
)
) (=a) when- ¢l =1

C,
s=c |
oy

G %
= Q.
out —
L e |
= = quantizer
|7
)
Eb)when 92=1

_/T
C

Figure 3-4 Operation when y=0
From equation (3.5) derived above, AC 1is the difference between sensor
capacitor and reference capacitor. After K clock cycles, the circuit provides digital
output according to the capacitance change.
Determine OSR and finite gain of the operational amplifier

-21-
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design of sigma-delta modulator. In this section, our goal is to determine an OSR for
the system to achieve 10-bit resolution. The analysis is done by the MATLAB
simulation based on the z-domain linear model. We construct the system in
SIMULINK as shown in Figure 3-5. By changing different OSR of the simulated
system, we obtain the result in Table 3-1. Table 3-1 shows the relationship between
OSR and peak SNR. We know that doubling OSR increases peak SNR approximately
by 9dB. The outcome is the same as shown in section 2.2.2. According to Table 3-1,

we choose OSR >128 to meet our requirement.

-1
z :l: _
AC _ 1-z" y

sign

v

CR

Figure 3-5 Z-domain linear model’ by MATLAB simulation

OSR SNR ENOB

64 53.2994dB 8.5614

128 62.5199dB 10.0930

256 71.1564 dB 11.5276

512 80.4931 dB 13.0786

Table 3-1 OSR v.s. SNR and ENOB

By replacing the ideal integrator by a leaky integrator due to the finite gain of the
amplifier, we analyze the effect of leaky integrator and obtain the minimum
requirement of the DC gain of the amplifier. We choose OSR to be 256 in this analysis.
The simulation result from SIMULINK is shown in Figure 3-6. It shows the obtained
SNR versus the amplifier gains in the proposed structure. The minimum gain
requirement for amplifier is 40dB to ensure over 70dB SNR of the first-order
modulator. The gain requirement is only determined by the noise shaping
consideration. If the distortion of the circuit should be taken into consideration, a

higher amplifier gain should be achieved to ensure a better distortion performance.
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Figure 3-6 SNR versus amplifier gain

3.2.3 SNR Prediction

In this section, we derive' the mathematical equation to predict the SNR
accurately. The derivation utilizes;the linear-model shown in Figure 3-7. The model
includes the integrator leakage: This means that the factor [ is less than 1. ACis
the capacitance change of the sensor, £ is the quantization noise, and Y is the

output of the modulator.

Z-l —

Figure 3-7 Linear model of the proposed structure

The signal transfer function is found to be

Yo oy VCr _ 1Cg 36
AC(Z) 1—ﬂ2_1+z_1 1—(,[)’—1)2_1' 56
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The noise transfer function is given by

Y 1 1- Bz
Yo\ _ _ (3.7)
) R O V2 E

l—ﬂz_1

Assume AC is a sinusoidal input with peak amplitude M , the signal power can be

calculated as

1 2
o.st%{]
P = Cr

T o112 -2(8-1)

The quantization noise power is calculated as

g 1+ﬂ2X 1 28 (7[]
P, =|E(z)| {(2/3)2 2058 (3 g7 sin| o } (3.9)

(3.8)

By equation (3.8) and (3.9), peak SNR of the first-order modulator is given by

2
O.Sxsz L
Cp

B [(1 ) 201513 ~ 2~ Sin(OgRﬂ

Figure 3-8 plots the SNR calculated by‘equation (3.10) and the SNR simulated by
SIMULINK.

(3.10)

SNR =15 =
F

80
70+ e E
60

50 - A 1

w
z 40 4
~
% )
= 30+ .
' ' —— Ideal equation
20 . .
—— Simulink
10
1 P |
10° 10 10° 10°

AC(fF)
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Figure 3-8 SNR versus input amplitude
The simulation results in Figure 3-8 show that the SNR of the first-order system
degrades heavily. Since the results from the ideal equation do not include harmonics,
the SNR decreases due to idle tones. This shows that the quantization noise is not

white when the input is small.

3.3 The Second-Order Sigma-Delta Modulator

3.3.1

In this section, a second-order sigma-delta modulator is introduced. A higher

Circuit Architecture

order structure can cancel the pattern noise of the first-order sigma-delta modulator
and reduce the measurement time. Figure 3-9 shows the proposed second-order
sigma-delta modulator. The second-order modulator is obtained by including a second

stage which has the transfer function[17]

<4

Z) = — C4 Z—C3/C4 il (Z—sz
#lo)= sz( z-1 j_ 800 (3.11)
__— 2~ o |
2 [ |
. 92 T 1= 2 - i Il [ i |
VREF 4l C, ¢ + i o] %' 52 : i
l— 1 g2\ f‘ |
- = , 1 | | .
ol +2¢TC|R_ i i 5 2_|_|C|_ = i quantizer
VP2 + y¢1_ l i ¢11 4 1¢1 H, (2) i

Figure 3-9 Proposed second-order sigma-delta modulator

In order to determine the coefficients of the second stage, we do the performance
simulation by SIMULINK. The block diagram constructed in SIMULINK is shown in
Figure 3-10. At the beginning of the simulation, we set the coefficient K| to be 1
and OSR to be 64. This is because the output of the second stage is connected to the
quantizer. The gain of the second stage is not the key factor that affects the overall

performance of the modulator. Table 3-2 shows the simulated result with coefficient
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K, varying from 0.1 to 0.9. According to table 3-2, the coefficient K, is set to be
0.6 to achieve the best performance of the modulator. The other coefficient K; will

be adjusted according to the need of the circuit implementation.

-1 —
z —>_K1—1_KZZ —> —
AC 1-z 1—2_1 — y

sign

Cr | &——

Figure 3-10 Z-domain linear model by MATLAB simulation

K, 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9

SNR[dB] | 46.05 | 52.55 | 59.84 | 65.17 | 69.91 | 70.16 | 69.41 | 66.57 | 60.57

Table 3-2 Coefficient K, versus SNR

3.3.2 Determine OSR andfinite gain of the operational amplifier
The same step as in Section 3.2.2 is to choose an appropriate OSR for the
second-order sigma-delta modulator. Qur'goal is to determine an OSR for the system
to achieve 10-bit resolution. The.analysis 1s done by the MATLAB simulation based
on the z-domain linear model. We consider only the quantization noise shaping. By
varying the different values of OSR of the system, the result in Table 3-3 is obtained.
We know that doubling OSR increases the peak SNR approximately by 15dB from
Table 3-3. According to the simulation results, we choose OSR to be 64 to have 10-bit

resolution.

OSR SNR ENOB

16 41.3482 dB 6.5761

32 55.7793 dB 8.9733

64 70.1610 dB 11.3623

128 83.7637 dB 13.6219

Table 3-3 OSR versus SNR and ENOB
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Another important parameter we have to decide is the DC gain of the operational
amplifier used in the modulator. We use the same way to analyze the minimum gain
requirement of the amplifier. All ideal integrators are replaced by leakage integrators
in our analysis. The OSR is set to be 64 for our analysis. Figure 3-11 shows the
obtained SNR versus the gain. The minimum gain requirement is 30dB to ensure an

peak SNR over 70dB.

80

60 | 1
.J’

50| J

|PIINS

40

30

20 L 1 1 1 1
0 10 20 30 40 50 60 70 &0

Amplifier Gain[dB]

Figure 3-11 SNR versus.amplifier gain

3.3.3 SNR Prediction

The SNR versus input amplitude is plotted in Figure 3-12. The curve is obtained
by SIMULINK. The full-scale of the input is from 0 to 300 fento Farad, and the
feedback capacitor Cp is set to be 300 fento Farad. The peak SNR is measured
approximately 71dB. When the input amplitude is large, the overload of the quantizer
greatly degrades the SNR. Figure 3-13 shows the power spectrum of the second-order

sigma-delta modulator when input amplitude is 200 fF.
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Figure 3-12 SNR versus input amplitude
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Figure 3-13 Power spectrum

3.4 Tonal Behavior

3.4.1 Tonal behavior of first-order sigma-delta modulator

It 1s well understood that first-order sigma-delta modulators produces tones. In

our analysis in SIMULINK, we obtain the three power spectrums shown in Figure

-28 -



Chapter 3 The Proposed Low-Voltage Low-Power Sigma-Delta Modulator

3-14, 3-15, and 3-16. We know that idle tones becomes large when the input is small.
This kind of idle tone is input-dependent. This is because when the input amplitude is
small, the quantization noise power spectrum is not white. The only way to solve this
problem is to utilize a higher-order sigma-delta modulator. There are many factors
that affecting the tonal behavior includes DC input level, initial condition of the loop
filter, finite amplifier gain, and switch charge injection. In order to eliminate the tonal

behavior, we should take all these parameters into considerations in our design.

20k
40k
B0k

B0+

-100 M
1

1 1 1 1
0 a0 100 150 200

Figure 3-14:When the input amplitude is 200fF
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Figure 3-15 When the input amplitude is S0fF

-29-



Chapter 3 The Proposed Low-Voltage Low-Power Sigma-Delta Modulator

a0t i
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Figure 3-16 When the input amplitude is 10fF

3.4.2 Tonal behavior of second-order sigma-delta modulator

As the analysis in first-order sigma-delta modulator, we obtain the power
spectrum of different input amplitude in Figure 3-17, 3-18, and 3-19. The three figures
shows that when the input becomes large, the overload effect of the comparator is
obvious. The quantization noise isinot white when'the input amplitude is large, so the
harmonic tones degrades the performance of the second-order sigma-delta drastically.

In our practical design, the pheniomenon should be taken into considerations.
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Figure 3-17 Input amplitude is 200fF
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Figure 3-18 Input amplitude is 250fF
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Figure 3-=19 Input-amplitude is 300fF

3.4.3 Methods for tone decorrelation

In this section, we discuss the methods for tone decorrelation. The methods are

introduced as follows [5]:

1.

Dithering: this method increases the noise floor but reduce the power of the
harmonic tones.

Chaos: moving one or more noise transfer function zeros outside the unit circles.
Adding an out-of-band sine or square wave: it is typically common to use a
frequency that is a submultiple of the oversampling clock.

Adding a DC offset to the input of the modulator: this pushes the idle channel
noise spectral to higher frequencies outside the baseband.

Adding a small amount of random noise to the input: the small inherent thermal
noise in an analog implementation will suffice as an appropriate dither.

Using analog sources of noise within the modulator: this technique has the

potential of producing a result similar to that of noise-shape dither, but only if the
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noise magnitude is sufficient and predictable in the actual hardware
implementation.
7. Using high-order modulators: the quantization noise becomes white when the
higher modulator is used.
All the methods described above are used to randomize the quantization noise. As
long as the quantization noise is not white, the tonal behavior becomes obvious and
degrades the SNR heavily. As the simulation results shown in section 3.4, the tonal
behavior is more serious in the first-order modulator than in the second-order one.

The second-order modulator is adopted in our design in order to reduce the idle tones.

3.5 Summary

There are many system parameters which need to be determined in sigma-delta
modulator, such as OSR, sampling clock, and DC gain of the amplifier. In Section 3.2,
the oversampling ratio is determined to be 256, and DC gain of the amplifier should
be larger than 40dB for the first-otder sigma-delta modulator to achieve over 10-bit
resolution. The OSR is set to be 64 for the second-order sigma-delta modulator, and
the DC gain of the amplifier should be larger than 30-dB. By comparing the first-order
and second-order modulators, the second-order modulator will consume less power
than the first-order one due to the decrease of OSR. From Section 3.4, it shows that
the tonal behavior of first-order sigma-delta modulator is more obvious than the
second-order one. According to the analysis done by MATLAB, we decide to
implement the second-order sigma-delta modulator proposed in section 3.3. The low

voltage techniques for the design of the sigma-delta modulator will be introduced in

Chapter 4.
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Chapter 4

A 1.5 u4W Switched-Capacitor

Sigma-Delta Modulator For

Humidity Sensors

4.1 Introduction

In this chapter, the second-order sigma-delta modulator is implemented with low
voltage low power techniques described in the following sections. We develop a
design flow which is suitable for the design of the amplifier operating in weak
inversion in Section 4.2. In Section 4.3, the basic blocks used for the modulator is
presented, including a bias circuit, amplifier, and integrators. The design of a 1-bit
quantizer is discussed in section 4.4. The structure of the non-overlapping clock

generator is shown in section 4.5.

4.2  Circuits Design in Weak Inversion

4.2.1 Introduction to MOS Operating in Weak Inversion
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In the past thirty years, the characteristics of MOS operating in weak inversion
have been studied by many authors. It is well known that when the gate-to-source
voltage of a MOS transistor is reduced below the threshold voltage defined in the
strong inversion, the channel current decreases exponentially. There are many
demands for the design of low power analog integrated circuits in recent years, such
as pacemakers, hearing aids, and neural networks. In our system, the humidity sensor
1s used to detect the humidity in the living environment. So a long life time of battery
is needed in our sensor system. The system presented in Chapter 3 is designed in
weak inversion. A very simple model which is suitable for circuit design is discussed
in next section.

I

‘P moderate inversion

J! strong inversion

< »id
< L]

weak invdrsion

/ ;

VGSV_Vth

20mV 80-200mV

Figure 4-1 Operating region of a MOS transistor

4.2.2  Simple Model in Weak Inversion

The simple model discussed in this section is based on the following assumptions[10].

1. The channel is sufficient long so that gradual channel approximation can be used
and channel-length modulation is negligible.

2. Generation currents in the drain, channel, and source depletion regions are
negligible; source and drain currents are then equal.

3. The density of fast surface states and the fluctuations of surface potential are
negligible.

The equation of the drain current in weak inversion are derived as
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ID — SISe—Vth/l’lUTeVG /I’IUT (e_(VS/UT) _e_VD /UT) (4'1)

. .w : .
S is the aspect ratio, —. [ is the characteristic current 2nSU T2.
L

For Vpg =0 and Vpg >4Uy, equation (4.1) can be simplified as

Ip= S[Se(VGS_ )/ nUr 4.2)

, where n=1 +& is usually between 1.5~1.6.
ox

The upper limit of the drain current in weak inversion is
Ip <2nK%UT2 (4.3)

From equation (4.2), the transconductance, g,,, of MOS transistor in weak inversion
is given by

ol  Ip
gm = —_— = —
aVG nl T
The channel length modulation effect is"€ssentially: the same for MOS transistors in

(4.4)

weak inversion and strong inversion. The output resistance, 7y, , is given by

T'ds =L, A s therchannel length modulation factor (4.5)
Alp

4.2.3 Design Flow of Low Power Operational Amplifiers

In order to simplify the design of operational amplifier operating in weak
inversion, we must develop a useful design flow to determine the small-signal
parameters given in the previous section. The design methodology we proposed in this

section is based on g,,/Ip method [14]. The methodology is suitable for the design

of CMOS analog circuits operating in all regions of operation. It is especially suited
for the design of low power analog circuits operating in weak inversion because it

provides a good compromise between speed and power consumption. The g,,/Ip

method is chosen for the following three reasons.

1. Itis strongly related to the performance of analog circuits.
2. It gives an indication of the device operating region.

3. It provides a tool for calculating the transistors dimensions.

Figure 4-2 shows the design flow of low power operational amplifiers. In the
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design of operational amplifiers, the two parameters, transconductance and slew rate,
are taken into considerations first. The transconductance of the input differential pair
is obtained according to the requirement of unit-gain bandwidth. The output current is

determined by the slew rate and output loading. According to the relation of g,,/Ip
and Ip / (W/L), we can determine the aspect ratio of each transistor with obtained

transconductance and DC current. After choosing the aspect ratio of each transistor,
take them into HSPICE simulation. Adjust the aspect ratio iteratively and make sure

all the requirements are satisfied. Figure 4-3 is the plot of g, /Ip versus

Ip / (W/ L) of n-MOS transistors, and Figure 4-4 is for p-MOS transistors.

Set DC bias point for suitable ICMR

Finish Start ]
and output swing.
yes T no l l

Are all requirements | g, = @pC 1SR :é_D

. /9
satisfied?
1p
T gm ~ l’lUT
 /
w
T Ip
w
T Iy <2nK, —Uz>
L
v
Sm oy, D s (minimum size)
Ip wiL |t um stz
Figure 4-2 Design flow
weak, Inversion parameter extraction
0 poo T
= _/ \\
Em g™ \\
ID g 15 \\
10
N
5 \
o]
lﬂlp IDbp l‘n lﬂln IUIUn 1:.1 ldu )
Params (log) @parl)
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Figure 4-3 g, /Ip versus Ip/(W/L) of NMOS

N T~
gm 37 / \
Ip b 1/ ™~

T T T T T
10p 100p 1n 10n 1000 1
Params (ng) (dparl)

Ip
w/L

Figure 4-4 g, /Ip versus Ip/(W/L) of PMOS

4.3 Implementation of Integrators

4.3.1 Low Voltage Low Power Operational Amplifier

The amplifier is the main building -block of the sigma-delta modulator. It
determines the total power ‘consumption of the- modulator. According to the
comparison in [21], a single-stage amplifieris more power efficient than two-stage
amplifier. So the current-mirror amplifier-proposed in [21] is preferred, and all
transistors are operated in weak inversion to meet the ultra low power requirement.
The minimum gain requirement for the amplifier is 40dB to ensure 10-bit resolution
from Section 3.3.2. The architecture of the current mirror amplifier is shown in Figure
4-5. The B factor is the current gain from the diode-connected transistor to the
transistor connected to the output node. Transistors M3a and M4a are added to
enhance the DC gain without extra power consumption. The unit-gain bandwidth of

the proposed topology is derived as

B- 1 . . .
UGB = M, where g, = D_ in weak inversion. (4.6)
27xC L nU T

The above equation shows that unit-gain bandwidth will be multiplied by B. The DC

gain of the current mirror amplifier is obtain by

gml'ro_’)'B
Ay === 4.7
dc (l—k) ( )

The parameter k is between 0 and 1, and k should be appropriately determined to
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maintain a safe phase margin. In our design, the current mirror amplifier has DC gain
of 60dB and unit-gain bandwidth of 68 kHz. The simulation result in different corner

is shown in Figure 4-6.

b d”

b Lt
ml‘—qju kIMl!z:p_‘m -
At bt

Figure 4-5 Proposed low power operational amplifier
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Figure 4-6 Frequency response in different cases

4.3.2  Bias Circuit in Weak Inversion

The disadvantage of analog blocks operating in weak inversion is the high
sensitivity to temperature variation. In order to reduce the effect of temperature
variation, the bias circuit shown in Figure 4-7 generates a constant current, Irgp,
irrelative to temperature. The bias circuit is composed of a PTAT current source and a
Vgg referenced current source. The PTAT current source, I;, is formed by transistors
M1, M2, M3, M4, and R1.The PTAT current source, I, is given by

=Ty Sa, S (4.8)
Ry S3 S

The Vgp referenced current source is formed by M5, M6, M7, M8, Q1, and R2. The
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current source [, is given by

I _Vep (4.9)

Since the temperature coefficient of /; is positive, and the temperature coefficient of
I, 1is negative, the reference current, /zpr, can be temperature independent by
appropriately adjusting K| and K,. The bias circuit consumes less power than
many other bias circuits used for analog circuits operating in weak inversion. In our
design, all transistors are operating in weak inversion, and the transistor Q1 is the
lateral BJT. Many bias circuits, such as in [13] and [15], are designed in strong
inversion which consumes more power. The simulation result in Figure 4-8 shows that

the maximum reference current variation is 6nA when temperature varies from 0 to

100.

Figure 4-7 Bias circuit

Lurrents {im)
@
&
&

6nA
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Figure 4-8 Ippp versus Temperature

4.3.3 Switch Consideration

In switch-capacitor circuits, a MOS switch is a most often used components. The
MOS switch nonidealities includes a nonzero and nonlinear on-resistance, clock
feedthrough, channel charge injection, sampled noise, and leakage current. We
consider clock feedthrough and channel-charge injection. The two factors may
produce idle tones in sigma-delta modulators. When the switch is turned off, the
channel charges are released and removed through MOS source and drain terminal.
The charges inject into the integrating capacitor and affect the accuracy of the
integrator.

The simplest way to reduce the effect of the charge injection is to use
complementary switches. However, the technique is inefficient due to the mismatch of
the n-MOS and p-MOS devices. The matching between the channel charges of the
n-MOS and p-MOS devices is poor-and signal dependent. In our design, we adopt the
n-MOS switch with two compensating -dummy switches, M2 and M3, shown in
Figure 4-9[20]. In order to force the channel charges to flow equally into the source
and drain terminal, clock phases withishert-transition time is used. The size of dummy

switches is set to be half of the switch.-M 1.

Figure 4-9 Switch with dummy

4.3.4 \oltage Multiplier

In order to guarantee an adequately low switch resistance in a low voltage
switched-capacitor circuits, the output voltage of the clock used to drive the switches
can be boost higher than supply voltage. Therefore, the voltage multiplier technique is
implemented. It doubles the output voltage of each clock phase. Figure 4-10 shows a
voltage boosted clock driver used in our design. C; and C;are charged to Vg4 via the
cross-coupled NMOS M1 and M2. When the input clock, CK, goes high, the output

voltage, CKy, is boosted to 2V 4. However, the output can not actually reach 2Vyq4
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due to charge sharing with parasitic capacitance. C, must be large enough to boost the
gates of many MOS transistors to reduce the impact of charge sharing. To decrease the
potential for latch-up, the bulk of the PMOS M3 is tied to an on-chip voltage doubler.
The bulk of the PMOS switch is biased by the circuit shown in Figure 4-11 [6]. The

simulation result in combined with clock generator shown in Section 4.5.

Vdd
Ml M2
=l

C,— — M3

oD T T

Figure 4-10 Voltage boosted clock driver

11 o) S

Figure 4-11 Voltage doubler

4.3.5 SC Integrator with Correlated double sampling

In order to reduce the effect of finite amplifier gain, noise, and offset voltage, the
correlated double sampling (CDS) technique is used [20]. Figure 4-12 is the structure
of the integrator with CDS. The capacitor Cy is to sample the error voltage when ¢l

is high. For a non-ideal integrator, the output in the time domain can be represented as
Vour (1) ==kaVy, (n)+ Vo (n=1)+ Vg5 . (4.10)

Here, o denotes the gain of the non-ideal integrator;  is the new pole location; while y
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is the suppression factor of the offset voltage Vos. In the proposed CDS integrator, the

parameters in (4.10) is given as follows[19]:

PO R/ (4.11)
&) G
(1+k+k')
a=1 4.12
y (4.12)
k
B=1-— (4.13)
A
k
_r 4.14
7= (4.14)

From the above equations, the error values of a, f, and y are attenuated by 1/4,

1/ A%, and 1/A4, respectively. We adopt this topology of CDS integrator in the

proposed sigma-delta modulator to eliminate the non-linear effects.

2t | |
g2 1
C,
/1 | | |1 /!
RET: || | | - Vout
n C1 CH A —O

Figure 4-12 Switch-capacitor integrator with CDS

4.4  Quantizer

4.4.1 Design Concept

All the comparators are divided into three categories: comparison with
single-pole amplifiers, multi-stage cascaded amplifiers, and positive-feedback
regeneration amplifiers. Among these categories, positive-feedback regeneration
amplifiers are the most efficient and consumes least power. In this section, we will
introduce the basic concepts of comparators with positive-feedback regeneration.

The small-signal model is shown in Figure 4-13. Figure 4-14 shows the relation

of comparator gain and comparison time. U is the gain of the comparator, and ¢, is

the comparison time. The gain of the comparator and the conversion time is described
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as

4,-1)t,
:e( RC) , A, =g,R, T =£ (4.15)
V5(0) Y

From equation (4.15), the relation between ¢, and r,, is given by

_Volta)

t 1 t .
a4 _ : xIn(U)=—-%=In(U) if 4,>>1 (4.16)

(L T
A4

0

[ +}>V<_{_l
__C R @m géDR ?_

Figure 4-13 Small-signal model of a regenerative comparator

» !

lg

Figure 4-14 Relation of comparator gain and comparison time

4.4.2 One-Bit Quantizer Circuit

The one-bit quantizer used in our proposed sigma-delta modulator is shown in
Figure 4-15[21]. The one- bit quantizer is composed of a dynamic comparator and a
SR latch. The dynamic comparator is suitable for the low power requirement in our
system since it consumes only dynamic power. The structure of the dynamic latch is

shown in Figure 4-16(a). The comparator is made of two back to back inverters with
positive regeneration. When ﬁ is low, the outputs, Q and Qb, are pre-charged to

V,, by M3a and M3b. When ﬁ is high, the nodes, Q and Qb, are discharged by
Mla and M1b. The voltage of Q and Qb are latched while dropping to the threshold

voltage. The simulation results of the comparator are shown in Figure 4-17.
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Comparator + SR Latch

Figure 4-15 Structure of 1-bit quantizer
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Figure 4-16 (a) Dynamic comparator (b) SR latch
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Figure 4-17 Simulation results of the 1-bit quantizer

4.5 Clock Generator

The structure of the clock generator used in switched-capacitor circuits is shown

in Figure 4-18. Phases ¢l and #2 are non-overlapping and generated by NOR
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gates and inverter chains. The other two phases, ¢ld and ¢2d, are slighter delay
than @1 and ¢2. The D Flip-flop isolates the noise of the external clock such that
clock generator have cleaner clock phases. Figure 4-19 is the simulation result of the
clock generator.

Since the power supply of the system is 1V, the four clock phases generated by
the circuit can not use to drive the switches in the low voltage switched-capacitor
circuits. The circuits mentioned in Section 4.3.4 are used in our system to boost the
output voltage of the four clock phases. The driving voltage is 1.7V to drive the
switch with threshold voltage between 0.43 and 0.5V. Simulation result is shown in

Figure 4-20.

D Q
gk D e,
Clock Q
[> >°¢_2d
P
Figure 4-18 Clock generator circuit
. — |
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& 546 9% 5469310
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Figure 4-19 Simulation result of clock generator
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Figure 4-20 Clock generator with voltage boosting
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Figure 4-21 Proposed second-order sigma-delta modulator
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4.6 Descriptions of the Overall System

The structure of the overall system is shown in Figure 4-21. The second-order
sigma-delta modulator is used to provide the digital output for the humidity sensors
described in Section 1.2. The proposed modulator includes a 1-bit quantizer, two
switched-capacitor integrators with correlated double sampling, and two feedback
DAC:s. The two operational amplifiers are operating in weak inversion to reduce the
power consumption. The capacitor C; denotes the humidity sensor which has the rest
capacitance of 3pF and varies from 2.7pF to 3.3pF. The capacitor C; is the reference
capacitor which is 3pF. The two feedback capacitors, Cr; and Cra, are set to be 3001F,
and all the integrating capacitor are set to be 6pF.

The clock phases, @#ld and ¢2d, are the delay phases of @1 and ¢2. This is

used to reduce the effect of charge injection due to MOS switches. The second-stage

1-0.5271

- In the topology, we

is to implement the transfer function H (z)=-0.5
-z

adopt the double feedback loop since the structure is more suitable for the low voltage
sigma-delta modulators. By adding the second.feedback DAC formed by capacitor
Cr2, the output voltage of the s€cond integrator is reduiced in order not to saturate the

output of amplifier.
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4.7 Simulation Results and Layout
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Figure 4-22 Power specttum of the second-order sigma-delta modulator
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Figure 4-23 SNDR versus input amplitude
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Figure 4-24 Simulations results of SS, SF, FF, FS cases
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Figure 4-25 The layout of the'second-order sigma-delta modulator

The layout shown in Figure 4-25 is divided into analog and digital parts. The left
part of the layout is the digital blocks which includes a clock generator and four-phase
voltage boosters. The right part is the analog part which contains two amplifiers, two
analog switch arrays, two capacitor arrays, and a bias circuit. The switch array is
made up of 5x5 switches. The unit capacitance of the capl is 300fF. The unit
capacitance of the cap2 is 500fF. The rest area of the layout are filled with PMOS
capacitors which are used as decoupling capacitors. The decoupling capacitors are

connected to the power plane.
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Table 4-1 The summary of the performance

Specification Performance Value Unit
Signal Bandwidth 50 Hz
Sampling Frequency 6.4 kHz
Input Range +300 f Farad
Dynamic Range 52.39 dB
Peak SNDR 52.75 dB
Supply Voltage 1 \Y
Power Consumption 1.5 W
Chip / Core area 0.86x0.73/0.63x0.37 mm?*
Technology 0.18 um (TSMC)

The simulation results show that peak SNDR is 52.7517dB, ENOB is 8.48-bit,

and dynamic range is 52.39dB with OSR of 64 for the application in humidity sensors

(signal bandwidth is 50 Hz). The chip atéa'is'0.86x0.73 mm” .
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Chapter 5

Conclusions

5.1 Conclusions

This thesis presents an ultra low-power sigma-delta modulator for humidity
sensors. It consumes only 1.5uW with single-loop double-feedback architecture.
According to paper survey, the lower power modulators are single-loop due to less
circuit components and matching requirements. The switch-capacitor integrator
provides a more accurate integrators and higher power efficiency. Therefore, this
thesis achieves a peak SNDR of 52.75 dB, and DR of 52.39 dB at a sampling rate 6.4
kHz and a signal bandwidth of 50 Hz.

The proposed modulator is implemented under a single 1-V supply voltage.
Many low-voltage design techniques are used to solve the switch-driving problem,
and enhance the gain of an amplifier. The correlated double sampling technique is
used to eliminate the offset voltage and attenuate the noise floor. The ultra low-power
modulator with only 1.5uW power consumption greatly extends battery life time. This

meets the requirement for the application of environmental monitoring.
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