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Abstract

A 1.8V 12.9uW Sigma-Delta A/D converter

for a -55°C ~125°C smart temperature sensor

Student: Shih-Yu Wen Advisor: Herming Chiueh

SoC Design Lab, Department of Communications Engineering,
College of Electrical and Computer Engineering, National Chiao Tung University
Hsinchu 30010, Taiwan

Abstract

Low power and accurate temperature sensing device is an essential element in
many applications, such as biomedical system and instrumentation application. With
the development of Integrated-Circuit(IC) technology,-a new temperature sensing
device has been developed. ‘It has been named as ”Smart temperature sensor”. This
thesis focuses on the design of the back-end interface of the smart temperature sensor.
A sigma delta ADC with high resolution (12 bits) for dc-like signals is designed and

implemented in TSMC 0.18um process.

The developed circuitry is composed of a sigma-delta modulator, which utilized
CIFF architecture and CDS technique for low-power, low-voltage operation and
low-frequency noise reduction, and a back-end SINC filter for line-noise attenuation.
A power consumption of 12.917uw and energy consumption of 0.646uJ for each
conversion in normal mode and 2.014uW power consumption in sleep mode is
achieved. This design is suitable to the temperature sensing system for the low-power

and high-resolution conditions.
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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Motivation

In the development of human civilization, temperature sensing has been demanding
and sustaining. Many reference temperature points, such as freezing and boiling point
of water and the temperature of human body, has been found so that comparison
between these fixed point can be.made for temperature judgment. With the judgment
temperature information, corresponding response. can-be made for the measuring
system. Therefore, accurate temperature sensor, which sense and convert the

temperature signal, is an essential element in-many applications.

The resistance thermometer, such as Pt-100 and the thermistor, dominated the
market of temperature sensors in the past five years. However, with the development
of integrated circuit(IC) technology, the smart temperature sensor, which is a novel
temperature sensing device, has been researched and developed. The smart
temperature sensor integrates the front-end BJT or MOS sensing unit and the

back-end analog-to-digital electrical interface.

—— e —

Sensor Part Interface
The unknown Electronics The corresponding
temperature value _:—' CMOS —— —+— | temperature value
| or ADCs |
input | BJT : output
' [
L !

The smart temperature sensor

Fig.1-1 Architecture of the smart temperature

1



Chapter 1 Introduction

Here, both of it can easily be implemented in semi-conductor process. For the
reasons, the smart temperature sensor is suitable for system-on-chip (SoC) application,
which is the advantage of the new temperature sensing device than the conventional

Sensors.

In the system of smart temperature sensor, the analog-to-digital electrical interface,
which determines the performance of the whole system, is a critical building block. A
high performance A/D converter is needed for accurate converting the external analog
temperature signal to digital voltage signal, which can be processed by the back-end
digital systems. Here, the analog-to-digital electrical interface can be classified to
three different types by the corresponding principle of conversion [1]. It is “frequency

conversion”, “duty-cycle conversion” and “sigma-delta modulation”.

Previous researches indicated that the sigma-delta A/D converter has the best
trade-off as the back-end A/D interface when comparing to frequency conversion or
successive-approximation conversion-{1]. In-recent researches, accurate and wide
sensing range smart temperature sensor with sigma-delta A/D as the electrical

interface has been published [2]-[7].

In this paper, a 12bit sigma-delta A/D converter with 12.9uW power consumption
and 0.646uJ energy consumption for each temperature conversion in Normal mode
and 2.014uW power consumption in sleep mode is designed. It will be integrated into

an advanced all CMOS temperature sensor system.
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1.2 Organization

In Chapter 2, a brief introduction and an overview of analog-to-digital converters
(ADCs) will be the beginning. After that, fundamental principle of first-order
sigma-delta ADC for dc-like signal will be mentioned. Next, higher order architecture
will be discussed. Finally, the performance metrics of sigma-delta modulator (SDM)

will be the end of this chapter.

Chapter 3 describes the expectation and challenges of designing advanced
all-CMOS smart temperature. The system level design consideration will be followed,
which includes the analysis of power and. energy issue of the back-end sigma-delta
ADC, describes the system level design considerations, SDM topology selection and
system parameter decision. The discussion of non-ideal effects, such as finite OP gain

and thermal noise, ends this chapter.

The topic of Chapter 4 is design of.the sub-circuits used for realizing the whole
sigma-delta ADC. Transistor level design of the sigma-delta modulator which
includes an OPAMP, a bias circuit, a 1-bit quantizer and a non-overlapped clock
generator and the SINC filter will be discussed. Next, the layout level design will be
followed. Finally, the system simulation result will be showed and compared with the

related researches.

In Chapter 5, the testing environment and experimental result of the sigma-delta

ADC is presented.

Chapter 6 ends the whole thesis. Brief conclusion and the future works will be

arranged in this Chapter.
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Chapter 2
Fundamental of Analog-to-Digital Conversions

in Temperature Sensing Application

This chapter begins with a brief introduction and an overview of analog-to-digital
converters (ADCs). The fundamental principle of first-order and higher-order
sigma-delta ADC for dc-like signal will be followed. Finally, the performance

metrics of sigma-delta modulator (SDM) ends this chapter.

2.1 A Brief Introduction of ADC

Despite real life signals that we ‘meet in-our daily life are analog signals, digital
signals, which can easily be encoded and have the characteristic of low-distortion,
are preferred to be used in many applications. For the reasons, analog-to-digital
converters (ADCs), which convert real word signal to digital forms, are essential

elements in our life.

In the process of signal conversion, the working principles of analog-to-digital
converter can be classified to two major operations. The first one is the
discretization in time, which can be called as sampling. After sampling, the second
operation is the quantization in signal amplitude. A simplified block diagram of

ADC can be shown as Fig.2.1
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Sampler Quantizer

t) —/ — X(n

2

—» y(n)

Fig.2.1 Simplified block diagram of ADC.

After analog-to-digital conversion, the signal transfer curve of analog-to-digital

converter can be made, as shown in Fig.2.2.

output —

input

LSB$

Fig2.2 Ideal transfer curve of ADC

For Fig.2.1, the LSB of an N bit ADC can be called as the quantization step and it

can be written asA :Vf%, .

Since quantization happened in the process of conversion, quantization error e,

will exist. The relations between quantization error e, and quantization step

v : S :
A= '% in correctly working situation can be written as:
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q (2.1)

N | D>

A
<€, <—
2

Here, an assumption is made that the quantization noise is a white noise.

Therefore, the quantization error is uniformly distributed in the range ofi%, as

shown in Fig.2.3.

EXq) ,

% vz

Fig.2.3 Power spectrum density of quantization errore,

Therefore, the power of quantization error can be calculated as:

2

r A
P = I e’ p(e,)de = e 2.2)

Next, the power of a sinusoidal wave can be derived as:

1(2NAY 22N A2
RnZE[ > j =3 2.3)

where N is the bit number of the quantizer
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With previous equations, the

ideal signal-to-noise ratio (SNR) of an

analog-to-digital converter can be derived as:

P
SNR, =10log (F]

e

=10log A8

A222N

2

12

=10log(2"")+10log @j =6.02N +1.76(dB) (24)

It can easily be realized that one bit resolution increasing will also increase

6.02dB in SNR.

For an analog-to-digital converter, the signal bandwidth and the system resolution

are two important parameters. Trade-off between signal bandwidth, resolution and

circuitry complexity always happen in the design of analog-to-digital converter.

Corresponding ADC architecture is designed-and developed for different bandwidth

and resolution requirement, as depicted in Table 2.1.

Application Resolution | Bandwidth | Architecture of ADCs

Microcontroller Low-Med |.Low-Med-|'Successive apprx, Algorithm,
Cyclic

Dc, sensor application | High Low-Med | Dual-slope, Voltage-to-frequency,

and LF. measurement Incremental sigma-delta

Audio High Med Successive apprx, Sigma-delta
modulation

Video Med-High | High Flash, Pipeline, Low-OSR
sigma-delta modulation

Telecommunication Med High Flash, High-OSR sigma-delta

modulation

Table 2.1 Corresponding ADC architectures for different resolution/bandwidth applications

After the brief introduction of ADCs, the A/D conversion principle of temperature

sensing will be further introduced at next section.
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2.2 A/D Conversions in Temperature Sensing Application

This section will briefly introduce the commonly used working principle of A/D
conversions in temperature sensing. Frequency conversion will be described first,
followed by duty-cycle and sigma-delta modulation [1]. Finally, a comparison

between these conversions will be discussed.

2.2.1 Frequency Conversion

In frequency conversion A/D conversion, the outside analog temperature signal
will be convert and founded in corresponding signal frequency. The principle can be

interpreted by a simplified circuit diagram, as shown in Fig.2.4.

Iptat <¢> /

[ 51 _U | Fout
® L :

Iptat Cl—

Vref =

The operation of the temperature-to-frequency conversion

Fig.2.4 Simplified circuit architecture of frequency conversion ADC

In the process of conversion, two phases can be classified:

Phase I: Iptat charges C1. When the voltage on C1 reaches Vref+Vhyst, Fout
switches to 0. Here, Vhyst is the hysteresis voltage of the comparator and Iptat is the

positive-to-absolute-temperature current source.

8
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Phase II: The charge on C1 starts to discharge. When the voltage on C1 reaches

Vref-Vhyst, Fout switches to 1.

Finally, the output frequency can be calculated as:

F,, = — o (2.5)
out ClV '

hyst

After previous derivation, it means that the temperature information can be found

in signal frequency.

The advantages of frequency conversion are the simplicity of the circuitry. A ptat
current generator, a hysteresis comparator and a capacitor is sufficient for the whole
circuit. The frequency domain signal-is easy to interpret by CPU or other digital

systems.

Despite advantages of the circuitry,.disadvantage of the circuitry is the poor
accuracy. The output frequency signal is determined by Iptat(so does Rptat), C1 and
Vhyst. These determination factors are all prompt to be influenced by process

variation.

The overall comparison result between other conversions will be discussed at

2.2.4.

2.2.2 Duty-cycle Modulation

Duty-cycle modulation which is a method that will not be affected by absolute
value of determination factor will be introduced in this section. The basic

measurement principle of the duty-cycle modulation can be shown as Fig.2.5

9
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J S1 _U | Dout

C1—
Iptat (D Vref =

The operation of the duty-cycle conversion

Fig.2.5 Simplified circuit architecture of duty-cycle modulation ADC

During a conversion period, as depicted-in Fig:2.6, the bandgap current source Ibg
charges C1 during T1 and the.positive-to- absolute-temperature current source Iptat

discharge C1 at the whole period T.
Y

A

0 > t
T1 T T+T1 2T
Fig.2.6 Conversion period of the duty-cycle modulation ADC

Since the charge on C1 at the end of each period is always the same for a constant
temperature signal, the charged and discharged charge on C1 is equal during on

period. Therefore, a derivation of the duty-cycle can be made:

(2.6)

Finally, the duty-cycle of the conversion can be calculated as:

10
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T
D =L 2.7
T (2.7)

Since the ratio of Dout is positive to Iptat, It means that the temperature

information can be interpreted by the duty-cycle of the ADC.

Process variation of Iptat and Ibg can be eliminated if both the current sources are
derived from the same resistor. This is also the advantage of duty-cycle modulation
ADC. Since the duty-cycle is not determined by absolute factors, higher accuracy

can be obtained.

However, in realistic application, the duty-cycle clock may not synchronize with
the system clock. Other circuitry i1s needed to overcome this problem. Therefore, the

accuracy may be reduced.

2.2.3 Sigma-Delta Modulation

In incremental sigma-delta modulation, the temperature information can be
converted to the digital word at the output of ADC. Here, the basic principle of the
first order incremental sigma-delta ADC will be introduced and the architecture can

be shown as Fig.2.7.

;1 | Vnorm _
u :@ > R — | Sigh(X) | — 17— y
-z
Discrete-time Comparator
integrator

The operation of the first order incremental converter

Fig.2.7 Simplified circuit architecture of incremental sigma-delta ADC

11
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In Fig.2.7, all of the signals have been normalized to Vref. And we can derive

that:

vmrm[n1=§<u[i]—y[i]> (28)

With proper signal management, it can be ensured thatV e [1,—1]. Next, in time

norm

step N, a derivation can be made that:

1
< (2.9)

G—%gym

y =Vin
where u= %ref
n-1

It shows that the error between the-mean-input value and %Z y[i] is bounded
i=0

1
by~ .
N

n-1
The digital output word can be defined as Dout = %z y[i]. And %can be seen
i=0

as the quantization error of the ADC. Thus, we can calculate that:
1 LSB U,

— == 2.10
N 2 2nb|t ( )

U, IS the maximum normalized input voltage and u,, =1in this case. Finally,

we can derive that:

1 LB 1

N 2 - 2 nbit

(2.11)

It means that to achieve n bit resolution, the ADC must operate through N = 2™"

cycles.

12
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The advantage of sigma-delta modulation is that the output is determined by the
ratio of capacitors, which eliminates process variation. Oversampling and Noise
shaping techniques are also be utilized in sigma-delta modulation, higher accuracy
can be obtained. The output digital word can be sent directly to the following digital

systems or the outside word without other synchronization hardware.

However, as in eq.2.11, longer conversion cycle is needed for higher resolution
requirement. In this situation, higher system frequency for adequate conversion time
may occur. This does not meet the efficiency consideration. In other hand, lower
conversion cycle is needed for the same resolution by using higher order architecture.
Nevertheless, overloading situation may occur in higher order architecture without

proper signal management.
After previous introductions of the commonly used conversion, comparison
between them will be discussed in next section.

2.2.4 Comparison of Conversions
In this thesis, high accuracy requirement and better system integration for using

deep-submicro process must be concerned. Here, classification of the previous

conversions can be made by their sampling frequency, as depicted in Table 2.2.

Application Architecture

Nyquist-rate ADC Oversampling ADC
DC, sensor application | Frequency conversion Sigma-delta modulation
and LF. measurement | Duty-cycle modulation

Table2.2 Classification list of the commonly used conversion in temperature sensing
Despite the simplicity of the two Nyquist-rate ones, there are limitations on high

precision Nyquist-rate ADC design:

13
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1. In deep-submicro CMOS process, it is hard to manufacture high precision

passive analog element, such as resistor, that Nyquist-rate ADC relies so much.

2. Although there are methods to eliminate passive element variation for
duty-cycle modulation, additional circuitry is needed to interpret the duty-cycle
signal. Synchronization and locking problem may happen so the accuracy may be

reduced.

3. Nyquist-rate ADC is easily suffered from the coupling interference of the high
speed digital signal on system-on-chip (SOC) integrating environment. It means that
the coupling noise suppression ability of Nyquist-rate ADC is worse when system

integration is needed.

In contrast, oversampling-ADC has the following characteristics which make it

suitable for such application.

1. The switch-capacitor architecture used in sigma-delta modulation is less
sensitive to pulse-like switching noise coupled from digital part of the system due to

the sample and hold characteristic.

2. Parameters in sigma-delta modulation are determined by capacitor-ratio in
stead of the absolute value of it. Precise capacitor matching can be achieved by

proper floorplan of layout.

3. Sigma-delta modulation utilizes the skill of oversampling and noise shaping.

Therefore, higher SNR ratio can be achieved in signal band.

14
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4. The digital output word of sigma-delta ADC can be used directly by the digital
system without additional interpretation circuitry, which makes the system

integration easier.

After comparison, the oversampling ADC is better for realization of high accuracy
instrumentation application than the Nyquist-rate ones. Overloading situation of
higher order sigma-delta architecture can be avoided by proper parameter chosen.
Therefore, sigma-delta ADC is the chosen architecture for implementation in this
thesis. The detailed analysis of the ADC in our application will be discussed in the

following chapter.
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Chapter 3

System Level Design Consideration

The design challenges and expectations of advanced all-CMOS smart temperature
sensor will be discussed at this chapter. Next, power and energy consumption
analysis will be followed, which describes system level design consideration of the
sigma-delta ADC. Finally, discussion of non-idealities effects, such as finite OPAMP

gain and thermal noise..., ends this chapter.

3.1 Design Challenges and System Specifications

In beginning, Contributions and challenges of designing advanced all-CMOS
smart temperature sensor will be described at section 3.1.1. Next, specifications of

the designed ADC will be introduced at section 3.1.2.

3.1.1 System Limitation and Design Issues

As described in section 2.2.4, the sigma-delta modulation has the best trade-off
between accuracy, simplicity and circuit integration. So far, the smart temperature
sensor with the best performance has also been implemented in sigma-delta
modulation [6]. Table3.1 lists the performance of smart temperature sensors with

sigma-delta modulation in recent researches [2] ~ [7].
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Reference [Process |[Range |Inaccuracy|Supply |Power |ADC area
\voltage [resolution
JSSC, 0.7um |-40°C +1.0°C 2.2V~ [55uW~ [8bits, first 1.5mm?
1996(2] CMOS |~120°C 5.0V |125uW |order SDM
JSSC, 0.6um | -50°C | 1 50c [2.7V~ [33mW-~[i0bits, SAR |54
1998[3] CMOS [|~125°C 5.5V [6.8mW JADC
ESSCIRC, [0.7um | -40°C 3V~  [300uW~|10bits, first 2
+1.0°C 3.0mm
1999[4]  |CMOS [127°C 5.5V  [550uW |order
CTSDM
JSSC, 0.5um -50°C 2.7V~ [350uW~ |15.5bhits,
o | £0.5°C 2.5mm?
2005[5] CMOS |~125°C 5.5V [750uW [second
order SDM
JSSC, 0.7um | -55°C| 1g1°c [2.5V~ |187uW~[16bist, second ,
b005[6]  [cMOS |-125°C 55V 120w Jorderspm | 4™
ISCAS 0.25um | -55°C 1.8V~ {300uW~[9bits,SDM
£1.0°C 1.0mm?
2006[7]  [TSMC [|~125°C 3.3V . [2.2mw '

Table 3.1 Summary of researches of sigma-delta modulation-smart temperature sensors

From table 3.1, it is clear ‘that the temperature sensing range is wider, -55°C ~
125°C sensing range is achieved, and the-temperature inaccuracy is lower, +0.1°C

inaccuracy is accomplished.

Despite the improvements in sensing range and inaccuracy, large semiconductor
process is still used without corresponding process reducing. It will limit the
integration between smart sensor and related systems in deep-submicro process,
which have been a commonly used process in many industrial products. Therefore,
an advanced all-CMQOS smart temperature sensor, which can easily be implemented

in deep-submicro process, is the design goal and contribution.

However, there are design challenges for deep-submicro all-CMOS smart

temperature sensor design:

17
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a. BJT element, which is commonly used for designing front-end sensing
device, cannot be used for its poor parasitic performance in deep-submicro

process.

b. In this situation, MOS element must be used for designing instead of the BJT
element. However, high linearity MOS temperature sensing device is hard to

design in deep-submicro process.

c. Due to the lower supply voltage in deep-submicro process, the design of high

resolution back-end analog-to-digital electrical interface is difficult.

For the design challenges, a high linearity CMOS PTAT and reference generator
has been designed in deep-submicro process and published at 2006 [8] by our design
group as the solution for challenge a-and-b. Therefore,-the topic of this thesis is to
design a low power and energy consumption back-end-A/D conversion circuit for

the all-CMOS smart temperature sensor system.

3.1.2 ADC Design Concept and Specifications
In this project, two main specifications of the ADC can be determined:
a. Resolution Consideration:

The application temperature sensing range is from -55°C to 125°C and the
temperature inaccuracy is set to +0.1°C for biomedical application and wide range

environment measurement. The required resolution of the ADC can be calculated as:

125 — (-55)
0.1

2bit > — 210.81 ~ 211 (3.1)

It means that at least 11bits resolution is needed for the ADC
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b. Signal Bandwidth Consideration:

In this application, the measured temperature signal can be seen unchanged during
the whole process of conversion. Therefore, the signal bandwidth of the sigma-delta

ADC is dc.

The other specifications such as sampling frequency and conversion time will be
discussed detailed after selection of ADC architecture. Hence, only resolution and
bandwidth specification is presented here. Next, there are design concepts of ADC in

our application which make it suitable for temperature sensing applicaiton.

Here, the designed ADC must have the following characteristics:

a. Low-power and low-energy. consumption.must be concerned. It means that
power and energy consumption must be minimized with the prerequisite of
sufficient accuracy.

b. In this application, “one shot™ type operation is needed. The ADC has to
work normally when it needs to convert the temperature signal while power

down after temperature conversion for power saving.

For the reasons, proper ADC architecture which is suitable for low-voltage and
low-power consumption must be concerned and analyzed. Detailed discussion will

be arranged at section 3.2.

3.2 Architecture Selection of Sigma-delta ADC

This section will discuss the architecture used in our designed Sigma-delta ADC.
Proper circuit topology which is suitable for low-voltage and low-power sigma-delta
modulator will be introduced. Followed by architecture selection of digital filters,

two different types of digital filter will be discussed and compared.
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3.2.1 Architecture Selection of Sigma-delta Modulator

From section2.2.3 and section2.2.4, we know that longer conversion cycle is
needed for first order sigma-delta modulation with higher resolution. Thus, it may
occur that the sampling frequency is much higher than system conversion time.
Therefore, the conversion efficiency of first order sigma-delta modulation is lower
and it is not suitable for higher resolution application. In practice, higher order

architecture of sigma-delta modulation will be used to overcome this problem.

However, we know that there are several architectures of higher order sigma-delta
modulator. Here, proper architecture which is suitable for low-voltage operation and

low-power consumption must be analyzed.

The most general topology of sigma-delta ‘modulator is the Cascade-Integrator
with Feed-Back path (CIFB) architecture. Here, a second order CIFB sigma-delta

modulator, as in Fig.3.1, will be discussed:

e(z)

X(z)

2-1_1 yl(2) 2-1_l y2(2) -|- >Y(z)
OI _ 1-z 1-z

Fig.3.1 Architecture of second order CIFB sigma-delta modulator

The transfer function of this modulator can be derived as:
Y(z)=27X(2)+(1-2")%e(2) (3.2)
Where the signal transfer function (STF) and noise transfer function (NTF) can

be given by:
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STF =22 and NTF =({1-z*)
Next, the output of both integrators y1 and y2 can be presented as:

yi(z2)=z'1-z)X(2)-z'A-zDe(2) (3.3)

y2(2)=27°X(2)-z"(1-z")e(2) (3.4)

From eq.3.3 and eq.3.4, we know that both the output of the integrators is

function of X (z) . It means that the output of the integrator will relate to input signal.

In the situation, it can be observed that:

a. If the input signal is-large, larger output. amplitude may occur since the
output is function of input. Next, higher slewing requirement is needed to the
OPAMP, which is the critical element of integrator. Next, much power
consumption is needed for. CIFB.sigma=delta modulator which makes it not

suitable for low-power concerned application.

b. In temperature sensing application, wider stable input range is needed for
wider sensing range. Nevertheless, overloading situation may easily occur in
CIFB architecture sigma-delta modulator because it’s larger amplitude at
output of the integrator. It means that wide sensing range requirement is hard

to be achieved by using CIFB architecture.
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Due to the nature restriction of CIFB architecture, the other topology which is
called the Cascade-Integrator with Feed-Forward path (CIFF) architecture
sigma-delta modulator will be introduced [9]. The architecture of a second order

CIFF architecture can be shown as Fig.3.2:

e(2)

X(@ @ Y(2)
Fig.3.2 Architecture of second order CIFF sigma-delta modulator
Similarly, the transfer function of the CIFF modulator can be depicted as:
Y(2)= X (z)+ L=z )%e(2) (3.5)

where the signal transfer function (STF) and noise transfer function (NTF) is

given by:
STF =1 and NTF =(1—z*f
The transfer function of integrator outputs y1 and y2 can be derived as:

yl(z) = -z (1- 2 7")e(z) (3.6)

y2(z) = 2"%(z) 3.7)
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From eq.3.6 and eq.3.7, it can be observed that the integrator output does not

contain input signal X (z) . After comparison between CIFB architecture, we can find

that:

a.

Since the integrator output contains only quantization errore(Z), which is
usually a smaller signal when comparing to X (Z) , lower amplitude at output
of integrator can be achieved. Next, it can relax the slewing requirement of

integrator. Hence, the power consumption of the modulator can be reduced.

Due to its lower output amplitude at integrator, this makes it suitable for
low-voltage operation. Next, occurrence of overloading situation will also
reduce. Wider stable input range can be achieved which makes it proper in

sensing application.

Non-linearity and distortion effects can greatly be reduced because the loop
filter does not process-the input signals. Better performance of the modulator

can be made.

From previous discussion, the Casacde-Integrator with Feed-Forward path (CIFF)

architecture sigma-delta modulator is better for circuit implementation than the

Cascade-Integrator with Feed-Back path (CIFB) one in our application. Therefore,

the CIFF architecture will be used for the topology of sigma-delta modulator in this

designed thesis.

3.2.2 Architecture Selection of Digital Filter

After the architecture selection of sigma-delta modulator, a proper digital filter

which demodulates the bit-stream of sigma-delta modulator is the following
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concerned issue. Here, there are two commonly used filter architecture in sensing
application [10] ~ [12]. Discussion and comparison of the two architectures will be

followed.

The first one is the Cascade-Integrators (Cl) digital filter. The principle of a
second order CIFF modulator with second order CI filter, as shown in Fig.3.3, will

be discussed.

Y(z) dout

X(2)

Fig.3.3 Architecture of second order CIFF modulator with second order ClI digital filter

From Fig.3.3, the output of the first integratorV,; - in.time step n can be derived:

Vul0]=0
V11 = b{Vin[0] - d,V,, )
(3.8)

n-1
Vulnl =bY (v, K],V )
k=0
where d, =+1 is the output of comparator at time step k

Similarly, the output of the second integratorV,, in time step n can be calculated:

Vi, [0]=0
Vi []= Clvil[o] +Vi2[0] =0
V,,[2] = ¢V, [1] +V,, [1] = cL(V,,[1] +V,,[0]) (3.9)

n-1 1-1

ViZ[n] = Clnz_lvil[l] = CleZ(Vin [k] - deref )

1=0 k=0
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With proper signal management, we can make sure that|vi2| <V, . Next, we can

derive that;

21 1 1 & 211
- Vm‘< in Vm dk<+ Vm
(n=Dnclb (n— 1)n =0 k=0 (n—=Ynclb

(3.10)

Here, the output of the Cascade-Integrators (Cl) output, which is the

corresponding digital value ofV, , can be defined as:

m-11-1

2
_ (n—l)nz d, (3.11)

1=0 k=0

Therefore, the quantization error can-be depicted as:

1 2 1 Vg

2™ T M-Yncly 2

(3.12)

Finally, we can calculate that the needed conversion cycle n for nbit resolution:

(n=Dn
I

n,; =109, (clb ) = 2log, (n) +log, (clb) -1 (3.13)

From eg.2.11, we can calculate the conversion cycle needed for 11bits resolution

of a first order sigma-delta ADC isn,, = 2" = 2048. However, if we set b=cl=1

for fast calculation of the same resolution, the conversion cycle for second order

11+1
CIFF modulator with second order Cl filter isn,,, =2 2 =64. It can be found that

the conversion cycle can greatly reduce for using higher order architecture, hence

increase the conversion efficiency.
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The second architecture is the SINC digital filter [10] ~ [12]. Recent researches
reveal that the combination of n-th order modulator and (n+1)-th order SINC filter
has the best trade-off between performance and circuit complexity. Here, a second

order CIFF modulator with a third order SINC filter, as in Fig.3.4, will be discussed:

X(2)

~@_

Y(2)

T

¥ M

Fig.3.4 Architecture of second order CIFF modulatorwith third order SINC digital filter

First, the transfer function-of the general front-end CIFF modulator can be derived

as:

Y(z)=STF-U(z)+ NTF -E(2) =U(2) +

7"

(1-z7?
D(2)

E(2)

7-

where D(z) =1- (2 —albl)z " + (ala2 —albl+1)z >

Next, the transfer function of the third order SINC filter is:

M- L[
M3 1-2z"

where M is the down-sampling ratio

Finally, the transfer function of the whole ADC can be derived as:
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1 1-77
=52 Y 0)
1ty 1 (1-z")y° 1
w1 —1) REARYE -z D(2) o)
_ (3.16)
=U(2)+Q(2)

Here, U(z)is the output of the ADC andQ(z) is the corresponding quantization

error of the whole system. We can calculate the OSR needed of the ADC for

LSB 1
uantizationerrorQ(z) < —=——:
q QD) <= =
n+l
OSR >, 2126
al-a2-U..

(3.17)

. . 1 : .
where w, is the impulse’ response. of mand U . IS the maximum
z

allowable input value

If we set al=a2=1 for fast calculation of the same resolution, the OSR for
second order CIFF modulator with third order SINC filter iSOSR =128. For third
order  SINC  filter, minimum  conversion cycle n needed is
n=23-0SR =3-128 = 384 . Increasing of conversion efficiency can also be achieved

in this architecture.

After discussion, we know that both the architecture of digital filter can be used
for this application. In practice, the CIFF modulator with CI filter architecture can
simply be implemented. In other hand, it is harder to implement the CIFF modulator

with SINC filter one. However, if the low frequency noise that come from power
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line is considered, only the SINC filter architecture can suppress the ac line noise
instead of the CI one. In this accuracy concerned thesis, the noise that may cause
performance reduction should be cared. Therefore, the SINC filter is the chosen one
for circuit implementation. The n-th order CIFF modulator with (n+1)-th order SINC

filter will be used in the following section of this thesis.

3.3 System Parameter Consideration

In this section, power and energy consumption issues will be considered. For
previous section, we know that high order sigma-delta ADC architecture can indeed
increase the conversion frequency. Correspondingly, power consumption may be
higher since much number of «integrators is used. Therefore, a fast analysis and
estimation must be done for sigma-delta ADC order choosing for getting a best

trade-off between power, accuracy, area and circuit-stability.

3.3.1 Coefficient Selection of the second order CIFF Modulator

From previous section, the second order architecture CIFF modulator with third
order SINC filter is decided. In this section, coefficient selection of the second order

modulation will be discussed for power consumption consideration.

First, a general second order CIFF sigma-delta modulator can be shown as Fig.3.5

X(z) .T _I

Fig.3.5 General architecture of second order CIFF sigma-delta modulator
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Four tunable coefficients can be found, which are two integrator gain factor (al,
a2) and two summation factor (b1, b2). The transfer function of the general second

order CIFF sigma-delta modulator can be derived as:

_ -z22)
Y@= X(Z)+1+(ajm—2)z*1 +(ala2b2 - albl+1)z 2 )

(3.18)

The STF and NTF are given by:

L-z*f
STF =1 and NTF = =) -
1+ (albl—2)z + (ala2b2 —albl+1)z

Next, by using the sigma-delta toolbox [12],> NTF with optimized noise

attenuation can be calculated. It can be-shown as:

NTF.(Z) = (z=2)
" 2?2 —1.2257 +0.4415 (3.19)

After comparison of eq.3.18 and eq.3.19, it can be observed that:
albl=0.775 (3.20)
ala2b2 = 0.2165 (3.21)

In this power concerned project, lower power consumption can be achieved by
reducing the output swing of the integrator (reduce the integrator gain factor al, a2),
as shown in Fig.3.6. If the output swing of the integrator can be smaller, relaxing
slewing behavior can also be achieved, which reduces the power consumption of the

integrator [14].
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A\ JAVAV;

AN
/

Vin {} b 1_2_2171

Vref

Fig.3.6 Simplified model between gain factor and integrator output amplitude

However, the smaller the integrator gain, the bigger the summation factor and that
will cause the overloading situation. After simulations by matlab simulink [12], we
choose a1=0.25 and b1=3 for the above requirement, signal scaling and capacitor

matching. The coefficients of the CIFF modulator can be listed at Table 3.6.

Integrator Coefficients Feed-Forward Coefficients
al=0.25 b1=3
a2=1 h2=1

Table 3.2 Coefficients table of the designed CIFF sigma-delta modulator

Next, the modified NTF with-the choosing parameter becomes:

(z-1)°
NTF. (Z)=
mea (Z) 72 -1.252+05 (3.22)

The SNR of the modulator will not degrade significantly with slightly change the

poles of the NTF.

With the above parameter, the OSR needed for the second order modulator can be

. - — -14
calculated by eq.3.17 with al= 0'25, a2=15ngYma = 4.8. It can be calculated

that the require OSR is:

OSR > 301 (3.23)
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Finally, an approximation of OSR is made in power of 2 for the convenience of
clock synthesis in digital part. Therefore, the OSR for implementation in this thesis

is:

OSR =512 (3.24)

Next, the sampling frequency for the dc-like system can be derived as [10]:

(3.25)

f

The frequency 'n, which will be designed for power line noise suppression, is the

first notch frequency of the SINC filter. In this project, fa = 60HZ i3 chosen for the

ac noise of Taiwan’s power:-line. After calculation, the sampling frequency can be

calculated as:

B . 3
f, =60-512=230.72x10 (3.26)

Next, the minimum conversion cycle needed for the SINC filter can be calculated

as:

n=L-OSR=3-512=1536 (3.27)

Therefore, the conversion time needed for each temperature conversion is:

. . N F L . _ -3
t. (conversion time) = N - f,~ =1536 %0.72k_50><10 (3.28)
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3.3.2 Analysis of Power and Energy Issues

From eq.3.17, we can quickly calculate the needed OSR =512 for the parameter
in 3.3.1. Similar analysis can be made for third CIFF modulator with fourth order

SINC filter and the needed OSR = 256.

In a sigma-delta ADC, the OPAMP dominates the power consumption of
sigma-delta ADC and the Dynamic power consumption of registers dominates the
power consumption of SINC filter. Therefore, the following analysis will focus on

the two blocks and finally extended to the whole ADC.

a. power consumption of the sigma-delta modulator

As declare previously, the power consumption of the sigma-delta modulator is
dominated by the OPAMP in the integrator. Next, we know that the power
consumption of the OPAMP s  proportional to its slewing behavior (power is

proportional to fsamp*Cioad)-

Finally, the analysis result can be listed as Table 3.2: (X is the power needed for

the first OPAMP of second order modulator)

modulator OSR for target Power Consumption
Order resolution 1*op | 2™op | 390P Total
2 512 X 0.3X N/A 1.3X
3 256 0.5X 0.45X 0.4X 1.35X

Table 3.3 Power comparison table of second and third order modulators

b. Power consumption of the SINC filter

The power consumption of the filter is accordance with the dynamic power

consumption of registers. Here, the capacitor loading is proportional to the length of
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register. Recent research reveals that the minimum length of register needed without

overflow for the filteris B,,, = L-log, OSR+1[13]. Here, L is the order of the filter.

The analysis result can be listed as Table 3.3: (Y is the power needed for the third

order SINC filter)

Filter OSR for target Register Power Consumption
Order resolution Number

3 512 28*3 Y

4 256 33*4 0.78Y

Table 3.4 Power comparison table of third and fourth order SINC filters
c. Energy consumption of the whole ADC for each temperature conversion

Since the system will enter sleep mode. for power saving after each conversion,
the energy consumption, instead of the power.consumption, is the most important
element for the performance.of ADC. In the situation, longer conversion time is

needed for higher order architecture. Finally, the analysis result can be listed as

Table 3.4:

architecture | Modulator | Filter Conversion Energy Consumption
power power Time Total

Mod2+Dig3 1.3X Y 512*3*1/512 3.9X+3Y

Mod3+Dig4 1.35X 0.78Y | 256*4*1/256 5.4X+3.12Y

Table 3.5 Energy consumption comparison table of ADCs

d. area and stability consideration

Here, assumptions is made that the area needed is dominated by the length of
register in the digital part and the area of capacitor in the analog part. On the other
hand, the stability can be determined by the order of the modulator. The simulation
result can be made, as in Table 3.5: (Al is the area needed of second order

modulator, A2 is the area needed of third order SINC filter)
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architecture Circuit Chip
Stability Area

Mod2+Dig3 Better Al+A2

Mod3+Dig4 Worse 2. 1A1+1.6A2

Table 3.6 Stability and area comparison table of ADCs

From Table 3.5, it can be found that the second order CIFF modulator with third

order SINC filter has advantages both on area and stability than the other one.

After the analysis, second order sigma delta modulator with third order SINC

filter will be chosen for circuit implementation in this thesis.

3.4 Non-idealities Consideration

Ideal circuit model and analysis has been made at previous sections. However,
there are some non-ideal effects that may reduce the performance in realistic circuit
implementation. These unavoidable™ effects can.not be ignored and must be
concerned. In this section, the analysis of the non-idealities will be made for

achieving our requiring specification.

3.4.1 Effect of Finite OPAMP Gain

Finite gain effect of the OPAMP will affect the noise-transfer-function (NTF) of
sigma-delta modulator, which also reduces the performance of the whole ADC. This
section will discuss the effect of finite OPAMP gain and make fast gain requirement

estimation for achieving system specification.

The architecture of a single-ended integrator can be shown as Fig.3.7.

34



Chapter 3 System Level Design Consideration

1 C
Vin o_(;irp%\_(é‘_ri L Vo

Fig.3.7 Circuit architecture of a single-ended integrator

The ideal transfer function of the integrator can be derived by assuming infinite

gain of OPAMP. It can be depicted as:

-1

H(z)=¢ 1_;—21 (3.31)

However, the OPAMP gain cannot be infinite 1n realistic implementation. In this

situation, the transfer function'will become:

1+k,+k,

H(z):ks-(l— j >
& 1—(1— o "j-z‘l

(3.32)

_C, _C
where k, = %I andk, = %I

To the sigma-delta modulator, the finite gain of OPAMP will slightly change the

position of pole of NTF from unit circle. When the distance of the zero exceed

C : : . :
about#-c—', the noise attenuation of NTF begins to degrade. After analysis, we
S

can find that the degradation of NTF can be accepted when the gain of

OPAMP A, > OSR . However, this is only a rough estimation of finite gain [15].
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Further analysis can be made by Matlab toolbox. The finite gain effect model can
be established into the sigma-delta modulator model, for more precision estimation

[16]. The simulation result of a ramp input is show Fig.3.9.

13 T T T T T T T

o

405 -

015

037 L 1 1 1 L 1 1
b 48 0.4 02 o 0z o4 08 [11:]

Fig 3.8 Output of the ADC for a ramp.input (infinite OPAMP gain)

The X axis is the input voltage and Y axis is the quantization error (LSB). Here,

o= T T T T T T T

02 -

0% L I L L 1 L L
08 05 04 02 a 02 04 05 08

Fig.3.9 output of the ADC (40dB gain at first OPAMP and 40dB gain at second OPAMP)
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0
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08 L6 04 02 1] 02 [.T] a6

Lid:]

Fig.3.11 output of the ADC (60dB gain at first OPAMP and 60dB gain at second OPAMP)
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006 -

D15 -

03 L I 1 1 1 1
08 08 0.4 02 [} 0.2 0.4 05 03

Fig.3.12 output of the ADC (80dB gain at first OPAMP and 80dB gain at second OPAMP)

The effects of finite gain can be observed from above simulation results. After
simulation comparison, we chose 80dB gain at first. OPAMP and 80dB gain at

second OPAMP for a safe design margin.

3.4.2 Thermal Noise and Capacitor Sizing

In analog circuits, the thermal noise that comes from the passive and active
elements will affect the whole performance. To sigma-delta modulator, the effect
caused by thermal noise at the first integrator is most critical one. The architecture of

the first integrator can be shown as Fig. 3.13.
Vr- Vr+

s
=
%
N =
@)
<N =}
ke
ONH
—a
6

Fig. 3.13 Circuit architecture of the first integrator in sigma-delta modulator
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The thermal noise caused by sampling capacitor and the OPAMP can be derived

[15]:

(3.29)

where K is the Boltzmann constant and T is the absolute temperature

Due to the oversampling characteristic, the noise in signal-band will become:

1

Vi,
Vip &

~ 3.30
OSR (3:30)

For full scale input amplitude, the in-band noise must be attenuate 92dB, which is
a conservative over-design in.resolution specification, below the signal power. So

we can calculate that:
v V. 1
V., =t <107%%.(2BR)?. 2
" OSR ( 2 ) 2
4kT

=C,2 V; 1 =17.4246 <107 =174.246( fF)
92 (YDDy2 K~
107 ( > ) > OSR (3.31)

Finally, C, =200 fF is set for realistic implementation.

Here, simulation by Matlab Simulink [17] model can also be done, the established

model can be shown as Fig.3.14:
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Fig.3.14 Matlab Simulink model of the designed sigma-delta ADC

The simulation result of a ramp input for. infinite OPAMP gain can be shown as

Fig.3.15:

o1

a1 1 | 1

Fig.3.15 output of the ADC (for C,, =200fF and with finite OPAMP gain)

3.4.3 Settling Behavior of OPAMP
To a switch-capacitor (SC) circuit, the settling behavior can be classified into

two steps. The first step is called sampling and the second part is called integration,
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as shown in Fig.3.16.

integration

sampling

Vi o—6" o " >~ |l
/_\P 0
1 -

— CL

/___

Figure 3.16 Sampling and integration period of a loop filter

The settling behavior can be shown as Fig.3.17. Slewing situation happen when a

large input signal enters the loop and the OPAMP will charge the loading linearly.
Next, when the differential input voltage is less than x/EVOV , the OPAMP will enter

settling region and it will charge the loading exponentially.

Since there are bandwidth limitations in OPAMP, settling error will occur at the
end of integration period. Therefore, analysis of settling behavior must be made when

designing the OPAMP for performance consideration.

Settling error

=]

N

SR Tlinear

Figure 3.17 Settling behavior of OPAMP
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In previous section, the non-ideal effects, which include finite OPAMP gain,
thermal noise and settling behavior, has been presented. The detailed transistor level

design will be discussed in next chapter.
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Chapter 4

Circuit Implementation

In this chapter, sub-circuits designed for the sigma-delta modulator which
includes a folded-cascode OPAMP, a mode-controllable bias circuit, a
non-overlapped clock generator and 1bit quantizer will be introduced at beginning.
After modulation introduction, the design of the SINC filter will be presented. Next,
layout level design will be followed. Finally, system simulation and comparison

with related research ends this chapter.

4.1 Design of the Sigma-delta modulator

From the discussion of section 3.3.1, a second order sigma-delta modulator is

needed for this thesis. The designed fully differential sigma-delta modulator can be

shown as Fig.4.1.
Cff1
3
Vr- Vr+ } =Cff2
b IQ Cl2 11 l_
= T T : : R CK1
Vin1 ﬁﬁls_i', | \?2 :Cqu( 2 2 Cﬁﬁ:(g_ o

2 Quantizer

Vin2 @fﬁl—f —(ff&z J—fn—:ll : Cﬁg-:'i(f- | o
?FJZ_
3::%“&

Fig.4.1 Architecture of the designed second order sigma-delta modulator
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The CDS technigque and dynamic CMFB circuitry is eliminated for easier
representation. The detailed sub-circuits used will be discussed at the following
section. The designed folded-cascode OPAMP and a mode-controllable BIAS circuit
which control the working mode of the whole modulator will be first. Next,
integrator with correlated double sampling (CDS) technique will be introduced for
offset and low-frequency noise cancellation. Finally, discussion of non-overlapped
clock generator, 1-bit quantizer and the common-mode feedback circuit will be

arranged.

41.1 The Designed Folded-Cascode OPAMP in Sigma-delta

Modulator

As discussed in section 3.4,.there are non-idealities that affect performance of the
ADC. From section 3.4.1, the gain requirement of the OPAMP can be determined

preliminary.

Next, the architecture of OPAMP. must be ‘decided for further analysis. The
conventional OPAMPs, which is two-stage OPAMP, folded-cascode OPAMP and
telescope  OPAMP, are candidates in our thesis. After comparison, the
folded-cascode OPAMP can reduce the compensation capacitor when comparing to
the two-stage OPAMP and has higher output swing can be achieved when
comparing to the telescope OPAMP for the same gain requirement. Therefore, the
conventional folded-cascode OPAMP is chosen for the implementation architecture

in this thesis.

44



Chapter 4 Circuit Implementation

The architecture of the folded-cascode OPAMP is shown as Fig.4.1.

vdd

MP10
121 wips S Vb3
Vb5 : l
_| - MP11
L 11
| 1
MP7 mpg Vb1
°_| = MP1 MP2 I l Lo Vouto— 11
Vin
Vb2
o | |
|y — 1
MN3 | MN4

MN5 | MNé6
Vb4

Fig.4.2 Architecture of the folded-cascode OPAMP

Next, the slewing behavior-and settling behavior will be considered separately as

discussed in section 3.4.3:

First, the slewing behavior ‘will be considered. The slewing behavior will
determine the output current of the OPAMP. From Fig.4.2, we can analyze the

slewing behavior clearly.

Vr- Vr-

Fig.4.3 Feedback architecture of the integrator
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In this design, we set 40% of a period for slewing. Hence, we can derive that:

1> Q _ Vi -(C1+Csl+Cp)

t %T%

- (0.8p+0.3p+0.2p)-V,, -5-f,  (41)

Since we know that V,, =1.8V and f, =30.72K, we can calculate that:
| >(0.8p+0.3p+0.2p)-V,, -5-f, =3.59424-107 ~360n(A) (4.2)

We can observe that at least 360nA current is needed.

Secondly, the settling behavior will be considered. From Fig.4.2, we can derive

the total time constant of the integrator and it can be shown as:
T, =——— (4.3)

where f, is the unit-gain frequency of the OPAMP and £ is the feed-back factor
Next, we set 60% of a period for settling, we can calculate that:

t >ra-nbit~ln2:;ﬂ.nbit-ln2 (4.4)

settle —
T u

where nbit is the required resolution of the system
After calculation, we can calculate that:

f, > 264.75KHz (4.5)
Therefore, the OPAMP must meet the previous specification for achieving the

required performance.
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In this design, the aspect ratio of the OPAMP is listed as Table 4.1:

Aspect Ratio of Operational Amplifier
No. length | width multi
M11 2um 0.25um |8
M1,M2 2um 0.25um |4
M3,M4 10um | 0.50um |4
M5,M6 10um | 0.50um |4
M7,M8 10um | 2.50um |4
M9,M10 | 10um | 2.50um |2

Table 4.1 Aspect ratio of the designed folded-cascode OPAMP

The reason why larger channel length is used for some transistors is that only
hundreds of micro ampere is.needed for the output current from eq.4.2. All the

transistors in the designed OPAMP work on saturation region.

The performance summary of the OPAMP is listed as Table 4.2:

Technology / Supply voltage TSMC 0.18um 1P6M / 1.8V
DC gain =76.886dB
Unity-gain Frequency =299.09KHz
Phase Margin =88.042°
Output Swing 0.338v~1.588V
Input Common-Mode Range 0.321Vv~1.192V
PSRR+ / PSRR- 54.574dB / 56.811dB
Bias Current(l) =400nA

Power consumption =5.213uW

Table 4.2 Specification table of the designed OPAMP
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The specification of the designed OPAMP follows the derived ones as eg.4.2 and
eq.4.5 with slightly overdesign for the convenience and realistic implementation. It
can found that only 5.213uW is needed with the required specification. That makes

the designed system much competitive.

4.1.2 The Designed BIAS Circuit in Sigma-delta Modulator

In section 3.1.2, it is mentioned that the “one shot” working type of ADC is
needed for sensing application. In this thesis, a mode-selectable BIAS circuit is

designed for the desired function. The architecture of the BIAS circuit is shown as

Fig.4.3:
vdd
MB1 MB2 ME3 MBS
vb5 F nll_ 4[ vbd
- MB4 M
Ijl_ [ vb3
Vres-o{ Mres _— | El_
R1
1 | e | e | N
| I | =
L MB7 MBS MB10 MB12
f—t——f—— w
MB9 MB11 MB13

Fig.4.4 Architecture of the mode-controllable BIAS circuit

When the voltage Vres becomes high, the transistor Mres turn off so that the
current of BIAS circuit becomes zero and so does the OPAMP circuit. The whole
integrator is power down and enters the “sleep mode”. When the voltage becomes
low, the BIAS circuit works normally and so does the OPAMP. The whole system
converts the temperature signal and enters the “normal mode”. Since the integrator
dominates the power consumption of the sigma-delta modulator, the method can

greatly reduce the power in sleep mode.
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The aspect ratio of the BIAS circuit is listed at Table 4.3:

Aspect Ratio of Bias Circuit

No. length | width multi
MB1 2um 0.25um |1
MB2 2um 0.25um |5
MB3 2um 0.25um |2
MB4 10um | 0.25um |2
MB5 10um | 2.50um |1
MB6 10um | 2.50um |2
MB7 10um | 0.25um |1
MB8,MB10,MB12 | 10um | 0.50um |2
MB9,MB11,MB13 | 10um | 0.50um |1
R1 12M

Table 4.3 Aspect ratio of the mode-controllable BIAS circuit

4.1.3 Correlated Double Sampling (CDS) Technique

In this application, the measured value ‘must be absolutely accurate. Therefore, the
offset voltage of the OPAMP, which.comes from mismatch of the device, and flicker
noise, will affect the system. Comparing with the chopping technique, the CDS
technique has lower power consumption and can easier be implemented in discrete
time sigma-delta modulator. The circuit architecture of integrator with CDS

technique can be shown as Fig.4.4 [18]:

A B —— Vo

Fig.4.5 Integrator with CDS
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Two phases can be classified for analysis the CDS technique can be classified:

At phasel, the circuit works on sampling mode, as in Fig.4.5:

: 1 Coff
Vinle i(?sl L -

= -1 1+ vos
+
VOSTE?

— Vo

Fig.4.6 Architecture of CDS integrator at phasel

It can be calculated that at time stept = nT :

QCsl(nT) = Csl 'Vin (nT) (46)

Qcoff (nT) 7 Ccoff 'Vos (47)

chl(nT) = C:csl ’ (Vos _Vout (nT )) (48)

The charge on each capacitor can be calculated.

Next, the circuit works on integrating mode, as in Fig.4.6:

Csl Coff

+] |- -1 1t _
+ 1= ov I I+ vos L Vo

+
Vos (f)

Fig.4.7 Architecture of CDS integrator at phase2
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With charge redistribution, we can derive that at time stept = nT +%:

T
Q(cu)(nT + Ej = Q(cu)(nT )_ Q(Csl)(nT )

= CCIl ’ [0 _Vout(nT + szj = Ccu ’ (Vos _Vout (nT))_ CCsl 'Vin (nT )

T
= _Ccu 'Vout(nT +Ej = CCIl V s Ccu 'Vout(nT )_ CCSl 'Vin (nT)

0!

(4.9)
Finally, at time step t =nT +T (next sampling period). It can be derived that:
_Ccu V, (nT +T)+ Ccu -V, s = CCIl V, s —Ccu 'Vout (nT)_CCsl 'Vin (nT)

out (o) 0

= _Ccu 'Vout (nT +T ) = _Ccu 'Vout (nT )_ CCsl 'V'n (nT)

i (4.10)
The Z-transform of eq.4.10 can be derived as:
—Coir Vou (Z) 2=—=Cqp; - Vou (Z)_ Cea*Vin (Z)
= Cqy V. (2)-(z-1)=C¢,, -V, (2) (4.11)
Therefore, the transfer function of the CDS integrator can be written as:
Vos® _ 1 27 (4.12)

V,(z2) z-1 1

From eq.4.12, it can found that the transfer function does not relate to the offset
voltage Vos. The effect of low-frequency flicker noise in the integrator can also be

eliminated with the CDS technique.
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4.1.4 Dynamic CMFB Circuit

For fully-differential OPAMP circuit, a CMFB circuit must be used for settling the
output common mode voltage of the integrator. A dynamic CMFB circuit is used
here for its power-efficient property. The architecture of the dynamic CMFB can be

shown as Fig.4.7: CMFB

S2 S1

o0—c6o 6o f’l. s.{o—o Vb
v cs L Cet L Lce L Cs2

1 2
vemo 0—gp——L— TL &T L3
Vout1l Vout2

Fig.4.8 Architecture of the CMFB circuit

Here, Vcmo was set to the require output .common mode voltage. The Switch

connected to CMFB use CMOS switches and other switches use PMOS switch only.

4.1.5 1-bit Quantizer

A power-efficient 1 bit quantizer, which is.composed of a comparator and a SR, is
shown as Fig.4.8. When the CLK is high, the comparator with positive feedback

quickly compares the input voltage and the comparison result is locked by the SR

latch.
vDD T
M!a Ilt:Sa ;ﬂb Mth _n:!sa I:a_ M8b 6b
CLK QO Voutt
on

—O/out2

e L e O

i Vin2 —
V'mo—l M1a o—l M1b _||1i|7_a M7b |_

Fig.4.9 Architecture of 1-bit quantizer
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4.1.6 Non-overlapped Clock Generator

The on-chip non-overlapped clock generator circuit is shown in Fig.4.9. Four
non-overlapped clock signals, which are CK1_a, CK1, CK2_a and CK2, can be

generated with one reference clock.

[>o—ocki_a
Clock

O ck1

Y

ck2

[>oock2a

Fig.4.10 Architecture of the non-overlapped clock generator

The sub-circuits used for sigma-delta modulator has be introduces. The design of

the SINC filter will be arranged at next section.

4.2 Design of the Digital SINC Filter

As the analysis of section 3.3.1, a third order SINC filter is needed for
demodulating bit-streams of the sigma-delta modulator. Here, the detailed design

will be presented.

The transfer function of a third order SINC filter can be written as:

H(Z)=i(l_ 2 j (4.13)

where M is the down-sampling ratio of the SINC filter
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From eq.4.13, we can observe that the SINC filter has the properties of low-pass
and down-sampling. The SINC filter is composed of the chains-of-integrators part
(front-end) and the chains-of-comb filter part (back-end). Here, the minimum length

of register needed without overflow can be calculated as [13]:

B, =L-log, OSR+1=3-log, 512+1=28 (4.14)

Next, the signal flow diagram can be depicted as Fig.4.10:

1 —-» 28 28 28 28 = 16

—P— Z_l -D—> Z_1 »D— Z_1 >

T T T

16 16 16 16
L *512 =j :T >
L 771 L 77t L 7!

Fig.4.11 Signal flow diagram of the third-order SINC filter

For the corresponding resolution in this application, we reduce the length of
register to 16 bits at the chains-of-comb filter part for the required resolution. The
minimum conversion cycle and conversion time has also been derived in eq.3.27 and

£q.3.28.

In realistic circuit implementation, the back-end comb filter can be simplified for
area and power saving after proper analysis. The back-end comb filter part can be

shown as Fig.4.11.
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X[n] 16 16 16 16 y[n]

z‘lj L z‘lj 77!

Fig.4.12 Architecture of the back-end comb filter

The transfer function of the comb filter is:

y[n] = x[n]—3x[n—1] + 3x[n — 2] — x[n — 3] (4.15)

Next, we can recalculate it as:

y[n]=x[n]-X[n-1] - x[n=1] - x[n 1]+ X[n - 2] + X[n = 2]+ Xx[n = 2] - x[n-3]  (4.16)

For the lower operating frequency of the comb filter part, only one register for
repeating using is needed. The signal flow diagram for implementing eq.4.16 can be

shown as Fig.4.12:

C0 —»

Reg Files

C1L —™

1'S

1 i_

c2 __k -0 / : n— C3
N V
-\t / e\ e/

<—O

Fig. 4.13 Signal flow diagram of the simplified comb section
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The working period is:

Ist:x, +¢

2nd :1st — Regl
3rd : 2st —Regl
4th : 3rd —Regl
5th: 4th + Reg2
6th : 5th + Reg2
7th: 6th+ Reg2
8th: 7st —Reg3

Finally, the hardware needed of the designed third order SINC filter can be listed

as Table 4.4:

Registers

Add/
Sub

Sinc3 28 bits*3
filter 18bits *1

Add*3
Sub*1

Table 4.4 hardware summary of the filter

With the simplified method used, greatly reduction of hardware needed and area

consumption is achieved.

After the design of modulator and filter, layout level design will be presented at

next section.
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4.3 Layout Level Design of the Sigma-delta ADC

The physical layout diagram of the designed ADC is shown as Fig.4.13. This
circuit is fabricated in a 0.18um 1P6M 1.8V standard CMOS technology with MIM

process.

E ]
JIH\“MHII====
g L B o o OO (R KR o 1 A
L ey
EEEEL
FiEE R
LI

Eﬂﬂlﬁﬁg
B

Fig.4.14 Layout diagram of the designed sigma-delta ADC

Variations of process, such as mismatch and parasitic effects, must be considered
for better performance. Several principles of layout must be obeyed to reduce these

effects:
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(1) Symmetry layout of transistors and capacitor in modulator

(2) Multi-finger transistor to reduce the parasitic effects

(3) Dummy Cell to reduce the mismatch effects

The Chip size is 1.068x1.063mm? including ESD protection PAD and

0.391x 0.501mm?* for active area. The package type is S/B 40 pin, as shown in

Fig.4.14.
NOT31
] s
e SN A\ \ 7. 7 A
N R L ) o e )7
i B g
NE=iE D
N b M3 L
BE :
TEE = = No.21
PIN No.1 <— -~ &8F  ASEeRlasas s g 08
s . h :_ q
i
7 o ¢\
/ ull-; E f‘: s
EIE i HH 3
N
7 7 1 '~ ,I\
,,,,,,, | % o
No.11

Fig.4.15 Diagram of chip with S/B 40 pin package

The pin assignment is listed as Table 4.5

Pin Name Description
1 pwd_pad Sleep or Normal mode
2 vn Differential input 2
3 vp Differential input 1
4 vrp Reference voltage2
5 vrn Reference voltagel
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6 routl Variable resistor 1
7 A pad_gnd Analog pad GND
8 A pad_vdd Analog pad VDD
9 agr_gnd Analog guard ring gnd
10 agnd Analog core GND
11 avdd Analog core VDD
12 rout2 Variable resistor 2
13 vemi OP common voltage
14 vcom CMFB voltage

15 vcmo OP common voltage
16 gb_pad SDM negative output
17 ck_pad Clock input

18 dgr_gnd Digital guard-ring power
19 dgnd Digital core GND
20 dvdd Digital core VDD
21 D_pad. gnd Digital pad GND
22 D _pad vdd Digital pad VDD
23 CHIP.OUT[15] pad Digital output

24 CHIP_OUT[14]_pad Digital output

25 CHIP-OUT[13] pad Digital output

26 CHIP_OUT[12] pad Digital output

27 CHIP_OUT[11]_pad Digital output

28 CHIP_OUT[10] pad Digital output

29 CHIP_OUT[9]_pad Digital output

30 CHIP_OUT][8]_pad Digital output

31 CHIP_OUT[7]_pad Digital output

32 CHIP_OUT][6]_pad Digital output

33 CHIP_OUT][5]_pad Digital output

34 CHIP_OUT[4]_pad Digital output

35 CHIP_OUT][3]_pad Digital output

36 CHIP_OUT][2] pad Digital output

37 CHIP_OUT][1] pad Digital output

38 CHIP_OUT][O0]_pad Digital output

39 EXT_RESET_N_pad Register clear

40 g_pad SDM positive output

Table 4.5 Pin assignment of the chip with S/B 40 pin package
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4.4 System Simulation and Comparison

In this section, system simulation result of the sigma-delta modulator, digital
SINC filter and the whole sigma-delta ADC will be presented. After all the

simulation, comparison between related researches will be arranged.

4.4.1 Simulation Result of the Sigma-delta Modulator

Here, a low-frequency sine-wave is used as testing input for sigma-delta
modulator. Simulation result of tt corner 25°C 8192-point fft for a 3.75Hz sine-wave

input can be shown in Fig.4.16.

40 -

Output spectrum [dB]

120 L M| L L o
10° 10" 10° 10° 10 10°

Fig.4.16 Simulation result of 8192 point fft at tt corner 25°C for a 3.75Hz sine wave

The fft shows that the simulated (signal-to-noise and Distortion ratio)
SNDR =76.921dB and ENOB =12.485bit . It meets the system specification of

11bit resolution.

Secondly, the simulation result of ff, ss, fs and sf corners fft for the same
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condition can also be shown as Fig.4.17.

yyyyyyyyyyyyy

ff corner

SS corner

fs corner

pppppp ]

sf corner

Fig.4.17 Simulation result of ff, ss, fs and sf corner 8192 point fft at 25°C

The summary of SNDR and ENOB for each corner is listed in Table 4.6:

Corner SNDR (dB) / ENOB (bit)
tt 76.921/12.485
ff 78.565/12.758
sS 70.463 / 11.462
sf 79.102 / 12.847
fs 71.313/11.523

Table 4.6 SNDR / ENOB summary for all corners

Since the ADC will be used for wide range temperature sensing, the fft simulation
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result for the extreme temperature value is shown as Fig.4.18.

Fig.4.18 Simulation result of 8192 point fft for extreme temperature values

The summary of SNDR and ENOB for different temperature is listed in Table 4.7:

temperature SNDR (dB) / ENOB (bit)
-55°C 73.282 / 11.880
25°C 76921/ 12.485
125°C 78.670/12.781

Table 4.7 SNDR / ENOB summary for different temperature values

It can be found that the sigma-delta modulator can meet the system specification

at different corner and temperature values.
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Finally, the post-layout simulation of the sigma-delta modulator is shown at

Fig.4.19.

20

40

60—

Output spectrum [dB]

80

120 | | e L L
10° 10 10° 10° 10° 10°

Fig.4.19 tt corner 25°C 8192-point 3.75-Hz-sine wave fft result (post-sim)

The fft shows that the simulated (signal-to-noise and Distortion ratio)
SNDR = 74.0893dB and ENOB/'=12.0148bit for_post-layout simulation. It can also

meet the system specification of 11bit resolution.

The summary of SNDR / ENOB and power dissipation for pre-layout simulation

and post-layout simulation is listed in Table 4.8:

Simulation Result Pre-sim Post-sim
Input Frequency(Hz) 3.75

SNDR(dB) / ENOB(bit) 76.9210/12.4850 74.0893 /12.0148
Power Dissipation(uW) 12.165 12.578

Table 4.8 Performance summary of modulator for pre-sim and post-sim

Finally, the power consumption of the modulator in normal mode and sleep mode

can be listed as table 4.9.
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Mode Normal Sleep
Supply Voltage 1.8V
Power Consumption 12.578uW 1.997uwW

Table 4.9 Power consumption comparison of modulator at different mode

It can be observed that 84.123% power consumption can be saved at sleep mode.

Therefore, greatly power saving can be achieved for the method used in this thesis.

4.4.2 Simulation Result of the Third Order SINC Filter

Here, we put the signal flow diagram, as in Fig.4.11, again for analysis

conveniently.

—D— 2 ~D— 771 rd— 77 >
T T T
—>$512 e, ) >
1 L] L

Fig.4.11 Signal flow diagram of the third-order SINC filter
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The simulation result of third order SINC is shown in Fig.4.20

SINC2 Filter & SINC3 Filter (R=512)

_20_.2 ................... ................... .................... ...............
_40_.2 ................... il

B0 ................ ................ Lo

Amplitude({dB)

ol || - -

100 ) | T .................. ..........

120 _ .................... ................ ................. ...........

i I
100 150
Frequency{Hz)

Fig.4.20 Frequency domain simulation of second and third order SINC filter

From, Fig.4.19, it is clear that the third order one can have better noise attenuation

than the second order one.

The hardware implementation and power consumption of the SINC filter is listed

in Table 4.10:

Registers | Add/ | Gate Count | Power
Sub
Sinc3 | 28 bits*3 | Add*3 2437 0.339uW
filter 18bits *1 | Sub*1

Table 4.10 Hardware implementation summary of filter

In this thesis, power saving mechanism is also used in the designed filter by clock
gating. The power consumption of the SINC filter in normal mode and sleep mode

can be listed as table 4.11.
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Mode Normal Sleep
Supply Voltage 1.8V
Power Consumption 0.339uwW 0.017uwW

Table 4.11 Power consumption comparison of SINC filter at different mode

4.4.3 Simulation Result of the Designed Sigma-delta ADC

The DC input simulation is shown in Fig.4.21. In Fig.4.21, the X-axis is the input
DC voltage and the Y-axis is the corresponding quantization error in LSB. The LSB

for the system specification can be calculated as:

2-1.8
Viss = 125+ (259), ; 0002) (4.17)
0.1

02+ & |

&
03+ -

041 -

05 I I \ I I \ I
Bg) E E E

Fig.4.21 Input voltage (x-axis) V.S. quantization error (y-axis) diagram

It is clear that all the quantizationQ,,,,, < 0.5V ;. Therefore, the designed ADC

error

can meet our system specification
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The simulation result of nanosim is shown in Fig.4.22 for co-simulation, the

analog modulator and the digital filter, verification.

Fils Sigeal View Wavelom Anzleg Tooh Window Haip
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Fig.4.22 Nanosim simulation result of the ADC

In Fig.4.21, the input voltage is DC 0.9V. Since the reference voltage Vref is 1.8V,

it means that the digital output'is.0.5. In binary format, 0.5 can be presented as:

0.5, =0.100000000000000
4 0 0 O

(4.20)

Therefore, the co-simulation function of the whole ADC is correct

Finally, the power consumption of the designed Sigma-delta ADC in normal mode

and sleep mode can be listed as table 4.12.

Mode Normal Sleep

Conversion time 50ms

Power Consumption 12.578uW+0.339uW 1.997uwW+0.017uW
=12.917uW =2.014uW

Energy Consumption 0.63uJ+0.016uJ Not needed
=0.646uJ

Table 4.12 Summary of power and energy consumption for the designed ADC
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In normal mode, the power consumption of 12.917uW and 0.646uJ for each
temperature conversion is achieved. On the other hand, only 2.014uW power
consumption is needed in sleep mode. The power reduction rate is 84.048% in sleep

mode for the proposed method.

4.4.4 Comparison with Related Researches

The simulation results of this thesis are all shown in previous section. In this

section, the comparison result will be presented.

The performance comparison of Sigma-delta ADCs, which is used in smart

temperature or instrumentation application in recent researches, is listed at Table

4.13.
. IConversion Energy |Norma|ized|N.Energy/resqution
ReferencelProcess|Resolution X Power
time (per-conv.)] Energy (uJ/dB)
JSSC, [0.5um i 432.01uW-] -10.80uJ | 1.336uJ
15.5bit 25ms 0.0143~0.0305
2004[5] |CMOS ~880.42uW| ~22.01uJ | ~2.852uJ
JSSC, [0.6um ) 323.98uW| 21.61uJ | 1.945uJ
22bit 66.7ms 0.0146~0.0272
2006[10] {[CMOS 599.98uW | ~40.02uJ | ~3.6021uJ
ISCAS, |0.7um i 212.50uW | 42.50uJ 2.81ud
12bit 200ms 0.0388~0.0855
2008[19]|[CMOS ~467.50uW| ~93.50u) | ~6.183
This ]0.18um )
12bit 50ms |12.917uW| 0.65uJ 0.65uJ 0.0089
work |TSMC

Table 4.13 Performance comparison table of sigma-delta ADC

From Table4.13, it is clear that the designed sigma-delta ADC has the lowest

power and energy consumption than the other ones. Since the process used is
different, Normalization in energy consumption is also done [18]. Lowest
normalized energy consumption is achieved for the process normalization one. Next,

we know that the resolution is determined with corresponding application.
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Energy-per-resolution parameter is also made for resolution normalization. It can be
found that the designed ADC has the lowest energy-per-resolution. Therefore, the
designed sigma-delta ADC is highly competitive in temperature sensing and

instrumentation application.

Circuit implementation, simulation and comparison have been presented in this

chapter. Testing and measurement consideration will be discussed in next chapter.
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Chapter 5

Testing Setup and Measurement

5.1 Testing Environment Setup

A testing setup for the fabricated chip is presented in this section. Fig.5.1 shows the

die photo of the developed chip.

Fig.5.1 Die photo of the fabricated chip
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Two measurements must be made for the fabricated chip:

(a) The SNR of the sigma-delta modulator

(b) The accuracy of the sigma-delta ADC.

The testing environment of (a) is shown in Fig.5.2.

Keithley 2400

or Hp 33120A
Battery
Clock
Power Supply Generator
Agilent
1 1 54561D

_ CHIP
Sine-wave Oscilloscopes

Signal- SINC
SDM —q : Modulator
% generator filter output
Matlab

Logic
- analyzer analysis
Stanford Research DS360
Agilent
T T 16902A
Reset Mode select

Fig.5.2 Testing environment of the sigma-delta modulator

It includes a low-distortion signal generator (Standford Research DS360), a
low-frequency clock generator (Hp 33120A), a low noise power supply (Keithley
2400), a mix-signal Oscilloscopes (Agilent 54561D) and a logic analyzer (Agilent
16902A). Due to the slower frequency, a bread board is used for fast functional testing.
The photo of testing environment is shown in Fig.5.3.

When testing the SNR of the sigma-delta modulator, a low-frequency sine-wave is
given for input signal. Next, the output of the modulator can be shown in Oscilloscope
and will be captured by logic analyzer at the same time. Finally, by using matlab for

fft analysis, the SNR of the modulator will be calculated.
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Fig.5.3 Photograph of the measurement environment

Next, measurement environment of (b) can be shown in Fig.5.4.

Agilent
16902A

Filter output

Logic

Analyzer

Battery Hp 33120A
Power Supply Gglleorcalior
| !
CHIP |.>
Dt | o 1| M [T T s
Battery
T !
Reset Mode select

Logic

analyzer

Matlab
filter coding

Modulator output
Agilent
16902A

Fig.5.4 Testing environment of the sigma-delta ADC

Here, a dc input which comes from battery is given for input. Next, the output of
the modulator (q) and the output of the ADC (Digit out[0]~[15]) will be captured by

logic analyzer simultaneously. The function of the digital filter can be verified by
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Chapter 5 Testing Setup and Measurement

comparing the data of the logic analyzer and ideal out from matlab filter coding with
g. Finally, accuracy of the ADC can be analyzed by comparing the dc input and output

from logic analyzer.

5.2 Measurement Result

(a) Measurement result of the sigma-delta modulator

Fig.5.5 shows the measurement result of the fabricated chip with 1.875Hz input

frequency.

40k

Output spectrum [dB]

-100 —

120l T ol e b o
10 10 10° 10 10 10
Frequency [Hz]

Fig.5.5 Measurement result of 1.875Hz sine wave

The fft shows that the measured SNDR = 59.7664dB and ENOB = 9.6356bit . It can
be found that degradation of the modulator occurs. In the testing environment, the
noise which comes from the voltage supply may be the major cause since the

sampling frequency of the developed circuit is slower.
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Therefore, a measurement is made by using 1.8V battery as the voltage source
which eliminates the noise of supply voltage. The measurement result for 1.875Hz

input is shown in Fig.5.6.

20

60—

Output spectrum [dB]

801

-100 —

120 L L L | L
10° 10! 10° 10° 10" 10°
Frequency [Hz]

Fig.5.6 Measurement result of 1.875Hz sine wave (with battery)

The fft shows that the measured SNDR = 64.7768dB and ENOB =10.4628bit . The

system specification of 10.81bit resolution is achieved.
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(b) Measurement result of the sigma-delta ADC

The DC input simulation is shown in Fig.5.7. In Fig.5.7, the X-axis is the input DC
voltage comes from battery and the Y-axis is the corresponding quantization error in

LSB. The LSB for the system specification can be calculated as:

218
125 — (-55)
0.1

Vi = =0.002(V)

quantization error(LSB)

NS e/
4 \/_n \/ \

input vlotage(V)

Fig.5.7 Input voltage (x-axis) V.S. quantization error (y-axis) diagram

It is clear that the quantization error of chipl and chip2 can meet the specification

of quantizationQ,,,, <0.5V . In chip3, 0.5VLSB offset voltage occurs. Process
variation between transistors in the OPAMP may cause the effect despite CDS
technique is used in the developed circuit. However, system level trimming can be

used for eliminating the effects since the offset voltage of each chip is fixed.

75



Chapter 5 Testing Setup and Measurement

Finally, Table.5.1 shows the power consumption of the designed ADC. It can be

separated by two parts: the analog part and the digital part:

(a) Power consumption of the analog block (modulator only)

Part Analog Block(modulator only)

Type Post-layout Simulation Measurement
Power consumption 10.59uW 12.042uW
(Normal work mode)

Power consumption 0.013uwW 0.016uwW
(Sleep mode)

Table.5.1 Power consumption of analog block

(b) Power consumption of the digital block (Analog clock generator + SINC filter +

output buffer)

Part Digital Block

Type Post-Sim Post-Sim Measurement
(Without bread (With bread (With bread
board loading) loading) board loading)

Power consumption 2.327uW 39.8266uW 43uW

(Normal work mode)

Power consumption 2.001uwW 36.6071uwW 41uW

(Sleep mode)

Table.5.2 Power consumption of digital block

It can be found that the power consumption of analog part is nearly the same.
Larger power consumption at digital part can be explained by post-layout simulation

with bread board loading.
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5.3 Summary

A summary of the developed sigma-delta ADC can be listed as Fig.5.3

Technology / Supply voltage TSMC 0.18um 1P6M / 1.8V
Sampling frequency 30.72KHz

Absolute resolution 10.81bit

Power dissipation @Normal mode 55.042uW

Power dissipation @Sleep mode 41.016uW
Conversion time 50ms

Energy consumption (per conv.) 2.7574u]

Chip size(core)/ (full chip) 0.391-0.501mm? /1.068 -1.063mm?

Table.5.3 Performance summary of the developed ADC

The circuit present in this thesis is the design and implemented of a low power
sigma-delta ADC for temperature sensing application. Architecture analysis for low
power issue is made in chapter3. In-chapter4, transistor level design of each block is
considered. The measurement result reveals that the developed ADC can meet the
system specification and has-the [lowest energy consumption when comparing to

recent researches [5] ~ [10] ~ [19]:
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Chapter 6

Conclusion and Future Works

6.1 Conclusion

This thesis describes the design and implementation of a low power and energy
consumption sigma-delta ADC for advanced all CMOS smart temperature sensor. A
low power second order CIFF architecture sigma-delta modulator which is composed
of a mode selectable CDS ‘integrator and a low power quantizer is designed. A
simplified third order SINC filter is also-implemented for demodulate the bit-streams

of the front-end modulator.

The designed ADC is implemented in TSMC 0.18um process. The absolute
accuracy of 11bit is achieved for the designed sigma-delta ADC which is sufficient for
+0.1°C accuracy from -55°C ~125°C temperature range. The front-end sigma-delta
modulator can have 74.0893dB SNDR and it can also achieve the required
specification even in wide temperature operation. With the CIFF architecture, low
voltage operation and relaxing specification of OPAMP, which reduced the power
consumption, can be achieved. The power consumption of 12.917uW and 0.646uJ
energy dissipation for each conversion in Normal work mode is the lowest one
between recent researches. On the other hand, only 2.014uW power consumption is

needed in Sleep mode. 84.048% power reduction rate is achieved.
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6.2 Future Work

The future work is to integrate the high linearity PTAT sensor part. A low power
interface for connecting the sensor and ADC must be designed. High performance

current-to-voltage circuitry and a preamplifier are needed in this design.

System level chopping and dynamic element matching (DEM) technique may be
used for eliminating the offset voltage caused by process variation. The connection
between front-end sensor and back-end ADC will continuously be made by out group.
A low-power high accuracy smart temperature sensor with wide sensing range is

expected to be implemented in the near future.
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