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Abstract

Sensors advanced greatly in the field-of semiconductor in recent years. A notable
trend is to realize a sensor in a standard CMOS:; processing. A combination of
micro-sensor and circuits decrease the-complexity of package and make cost down.
On the other hand, low-voltage low-power techniques are necessary to increase the
battery life time in the future. How to decrease the power consumption is a serious
problem in our design.

In this thesis, a low-power low-voltage front-end circuit of the thermopile is
implemented. The amplifier working in weak inversion is introduced in order to
reduce the power consumption. Because the output signal of the thermopile is very
small, a chopper amplifier is needed in the front-end circuits to improve the SNR.
Also, a switch-capacitor lowpass filter will be implemented following the chopper
amplifier. To reduce the effects of process variation of amplifiers, a offset-cancellation
technique is introduced. Dummy switches are used to reduce the clock feedthrough
noise in our design.

In this thesis, the front-end circuit is realized with TSMC CMOS 0.18 um. It
includes chopper amplifier, filter, and post amplifier. The core area is 0.78 umx
0.78 um. The clock is 6.4k Hz, the power is 5.6 £W , the signal bandwidth is 50 Hz.

Index Terms — chopper amplifier, switched-capacitor circuits, low-voltage,
low-power, offset cancellation
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Chapter 1 Introduction

Chapter 1

Introduction

1.1 Motivation

In recent years, IC processing technologies have a great improvement. It not only
increases the performance but also scales down the price. In the intelligent sensor,
how to scale down the price is important. Therefore, the sensor using standard
(CMOS) technology is cheaper than previous system solution. Another advantage in
sensor using standard technology is that it can combine with the circuit. The circuit
for signal processing, A/D conversion, on-chip calibration can increase the
performance in the smart sensor. Therefore, integrating the micro-sensor and circuit is
a trend to scale down the price and increase the performance.

The temperature sensor is an important device in smart sensor market. The
applications of sensors have many aspects, like ear thermometer and home climate
control. Ear thermometers, the temperature measurement are widely used in hospital,
Fast and accuracy are the important point. The home climate control is similar to the
ear thermometer. It is important to check the temperature in the room then to enhance

the comfort level of the room. The thermopile is one of the temperature sensors. The

-1-



Chapter 1 Introduction

thermopile can transfer temperature to the heat then transfer the heat to the voltage.

Because the voltage from the thermopile is too small, the thermopile sensor is
limited by the offset and noise of the input of the amplifier. Therefore, to remove
noise and offset voltage is a main subject. The solutions that can remove offset
voltage and low frequency noise are invented. Examples of these are the autozero and
chopper technology. The principle of the autozero technique is that the offset
cancellation is done in two phase [1]. The principle of the chopper technique is to
move the offset voltage to a high frequency and modulate back to the base-band. The
offset is only modulated once, so the higher frequency needs to be canceled.
Therefore the low frequency noise can be cancelled and the input signal is maintained.
The signal noise ratio (SNR) is improved.

In this thesis, the low-voltage, low-power front-end circuit of the thermopile is
present. Using the amplifier which works in weak inversion enables the front-end
circuits to achieve tens of micro voltage. How to cancel the offset and low frequency

noise is included in it.

1.2 Basic Concepts of Thermopile

In recent years, the thermopile techniques are-developed and commercialized
[26]. The well-known product is-the iinfrared temperature sensor which use in the ear
thermometer. Aside from the ear thermometerand pyrometer, the new application that
includes the automated climate control and other housed held such as microwave

ovens and hair dryers are invented.

In this thesis, the thermopile sensor is introduced. The thermopile is a popular
device using the concept of the see-back effect. The principle of the see-back effect is
shown in Figurel.1.The mate. A, B, and C have different thermoelectric
factore, ,ay.and «,. The junctions of the metal A and B are at higher temperature
T, (hot point) and the metal C is at lower temperature T, (cool point). Therefore, the
differential voltage is produced. The voltage across A and B is proportional to
temperature difference and the metal A and B.

Vi = (“A — Qg )(Th _Tc) (1-1)

At thermoelectric sensor consists of several thermocouples connects in series that
form a thermopile. In recent years, the thermopile sensors use the silicon and metal as
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the thermoelectric material.

According to differential metals, the voltage can be produced. The equation in

semiconductor is:

AV =AT -a, (1-2)
where the ¢, is the see-back coefficient for material and AT is the temperature

difference between the end of the conductor. According to the principle, the

temperature sensor can be design.

Metal A .T° b .
T MetalC y
MetalC

c_—D0 -

MetalB T

AB

Figure 4.1 The see-back effect

1.3 Thesis Organization

This thesis is organized into"five chapters.” In Chapter 1, this thesis and the
thermopile are briefly introduced. In Chapter 2, the basic concepts of chopper, the
MOS working in the weak inversion, and the noise autozero technique are introduced.

In Chapter 3, the noises of the amplifier, and design amplifier, filter architecture
and clock generator are outlined. In Chapter 4, the total architecture of the thermopile
is presented. The pre-amp, filter and the post-amp are include it. In Chapter 5, the

front-end circuits are mentioned and compared.
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Chapter 2

Noise and Dynamic Offset

Cancellation Technology Analysis

2.1 Introduction

Some of the fundamental issues in the design of amplifier will be reviewed in
this chapter. Input signal is influenced by the noise produced by the amplifier. The
discussion of the noise source is presented in the Section 2.1. Next, in Section 2.2 to
2.4, the dynamic offset cancellation technologies is introduced. Section 2.2 present the
technology named Autozero (AZ) [1]. In Section 2.3 and 2.4, there are two basic
techniques that are used to reduce the offset and low frequency of amplifier. Section
The Correlation Double Sampling (CDS) is introduced in Section 2.3. Chopper
Stabilization (CHS) is introduced in Section 2.4.

2.2 Type of Noise

There are two basic noise sources from the analog circuits. The noises are
produced by the electronic device. First, the major source of noise in the resistor is
thermal noise. It appears as white noise and can be model as an independent voltage
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source. Second, another noise source is flicker noise (1/f noise) [23]. Unlike thermal

noise, it just only appears in the low frequency.

2.2.1  Thermal Noise

The thermal noise is the random motion of the electrons in a conductor.
Therefore, there is some fluctuation in the voltage measurement even if there is not
any voltage source.

The thermal noise in the spectrum is white. It distribute uniformly in the
frequency spectrum. Like the thermal noise of a resistor R, it is module as voltage

source, shown in Figure 2.1

SV‘kf)
2
R Vn

oA 0

Noiseless \\-/

Resister

f
Figure 2.1 (a) Thermal noise in-resistor, (b)-Power spectrum density
The thermal noise of a resistors R with-the one-side spectral density is
Sy(f)=4KTR, f>0. (2-1)

Where k=1.38x10® J/k is the Boltzmann constant, T is the absolute temperature,

and the R is the resistance of the resistor.
In MOSFET, MOS also exhibits the thermal noise. Normally, the thermal noise

of the MOS is model by a current source. Its spectral density is:

2

In® = 4KTgpmy . (2-2)

Like Fig 2.2. The coefficient » is derived as 2/3, therefore the spectral density can
be written as mz =4KT % Im-
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— Figure 2.2 The thermal noise
— ® 1, =4KT/gm i MosFeT

2.2.2  Flicker Noise

Some noises appear in the low frequency is called flicker noise [23]. The reason
of the flicker noise is that when silicon crystal reaches the interface, many dandling
bonds appear. It takes extra energy and later releases energy. This phenomenon
introduces the flicker noise as shown in Figure 2.3. Simultaneously, the flicker noise
is also called 1/f noise.

Dangling Bonds _, /% 357 5 Lt

Silicon Crystal

Figure 2.3 The.production of the flicker noise

Unlike thermal noise, the flicker noise is not white. The energy of the flicker noise

Is concentrated at the low frequency. Its spectral density is:
vio Ko 1
" C WL f

(2-3)

where K, is the fabrication parameter, C_ is the gate capacitor per unit area, and W
and L are the size of the MOS. The spectral density of the flicker noise is shown in
Figure 2.4 and the thermal noise is included [2]. The magnitude of the flicker noise is

inversely proportional to the frequency.
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V, (log(V /vHz))
A
Flicker noise
Flicker noise corner frequency
/ Thermal noise
> f

Figure 2.4 Noise spectrum of noise

In Fig 2.4 the intersection between flicker noise and thermal noise is called
flicker noise frequency.

2.3 Autozero Technigue

The autozero technique (AZ).[2] ts a method of offset voltage cancellations. It
can improve the SNR of the system. The -correlated double sampling is similar to
autozero technique. Next, in Section 2.3.1, the AZ is presented. Then, in Section 2.3.2
the correlated double sampling is outlined-fatter:

An autozeroing amplifier isshown in Figure 2.5. The principle of autozero

technique is to cancel offset voltage in two phases. In first phase ¢, input voltage is
set zero, then let offset voltage be sampled on C_,. In second phase ¢,, when input
signal enter to the amplifier, the offset sampling on C_, is subtracted than amplified.

Through this way, the offset voltage can be cancelled. In the meantime, the low
frequency noise is also cancelled. Because, when noise is in low frequency, the
characteristic of it belong to DC. So low frequency noise can be regard as DC offset.

In order to remove low frequency and offset voltage, sampling frequency ( f,)
must higher than 1/f noise corner frequency. So the noise lower than f_ can be

stored on the C_, it will be cancelled in the next phase. However, the noise comes

form switched is also sampled on theC_, . Therefore, the noise lower than f_ folded

back to increase the noise level. Therefore, the noise level must be higher than

thermal noise as shown in figure 2.6.
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Figure 2.5 Principle of autozero technique
V, (log(V /+/Hz))
A

s, Flicker noise

+1Flickérnoise corner frequency

Thermal noise

_‘,:\}

= f (log[Hz])

Figure 2.6 Noise power spectrum of autozero

2.3.2 Correlation Double Sampling

The correlation double sampling technique (CDS) [1] is regarded as a special
case of the AZ (autozero). As its name indicates, the offset voltage and low frequency

noise are sampled at each phase.

In AZ, there are two phases to remove offset voltage. The first one is used to
sample the low frequency noise and offset voltage, the second one is used to cancel
the offset voltage and amplify the input signal. Therefore, the AZ phase may require
one additional phase. The characterization of the CDS like AZ is suitable for SC

(switched capacitor) circuit.

Figure 2.7 shows the architecture of the integrator with double sampling. When

-8-
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¢, is on, the offset voltage and low frequency noise are sampling in the capacitor.
When ¢ is on, the offset voltage can be cancelled. Therefore, only the signal is

transferred to the capacitor C, . We assume the input signal is zero for analysis.

|
| IC,

\ Vout
- O

/
=<
o

—

\/
(b) ()
Figure 2.7 The integrator with CDS (a) architecture, (b) during ¢, (c) during ¢,

2.4 The Chopper Stabilization Technique

The chopper stabilization technique (CHS) [2] [7] [17] is different from the AZ
and CDS. Unlike AZ and CDS, the chopper stabilization technique does not use
sampled data to cancel offset voltage. In next section, the principle and the circuit of
the chopper stabilization technique are introduced.

2.4.1 Basic Principle

The principle of the chopper stabilization technique is that the input signal is
modulated to the higher frequency, amplified and modulated back to the original
frequency [17][13]. At the same time, the low frequency noise is modulated to the
higher frequency, but only once. Therefore, the filter is followed by the chopper
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amplifier, in order to cancel the noise in the higher frequency. This technique is
different from AZ (autozero). In AZ, the noise is sampled on clock phase. In CHS, the
noise is modulated to the higher frequency then try to cancel it. The principle

of the chopper is shown in Figure 2.8.

m, (t) m, (t)

Vin :l l Vout

A(f) —
Vos+Vn
Ving Vin 4 Vin 4
Signal tone Signal tone
A
Signal tone 4 \
noise noise
— > g R S o R
fT fT fT

Figure 2.8 The principle of the chopper technique

The input signal is multiplied by the square-wave carrier signalm,(t) . After the
modulation, the signal is transposed to the higher frequency. Then the signal in the
higher frequency is amplified, at the same time the offset and noise is produced. After
amplifying the signal, the signal tone must be modulated to the original spectrum. The
noise is modulated to the higher spectrum by m,(t). Therefore, the low frequency

noise can be cancelled since the noise is modulated again.

-10 -
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Vin Vinxm (t) Vinxm (t)

A A Ar

Vin A(Vin)

v

[
»

Figure 2.9 The principle of chopper in time domain
In the time domain, the input signal is inverted by the first modulation signal as
shown in Figure 2.9. After the second modulation clock, the signal is transferred to the
original state. In this case, the amplifier gain is infinite, the bandwidth is infinite, and

it does not introduce any delay.
The amplifier has a constant gain A as shown in Figure 2.10. There are some

differences in block function. The function‘ef the V , is not the same with square

wave, it become a sine-wave. The amplitude of the sine-wave is (4/7)(A-Vip).

Vin Vip x My (0) Vi, xm, ()

A V §

4l z-A-V, 1 41 7-A-V, /\/\/\

—~V

T T Ot T/é\/T t T2 T
_4lz-AV]

Figure 2.10 The principle in the time domain

The modulation technique of CHS is made up of m/(t). The m/(t) is

modulation signal. The period of the modulation signal is T (1/ f ) and its

chopper

magnitude is+1as shown in Figure 2.11. The purpose of the modulation signal is to

transpose to other bandwidth [30].

-11 -
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m (t) m (t)

A

v

V, (—(X)—Ves ®

Figure 2.11 Chopper modulation

The Fourier series of the chopper modulation is:

N=o00
f(x)=ag+ X { a, c032r1—7[+br]sin2r]—7Z } (2-4)
n=1 T
+1, O<x<I
f(0)= : (2:5)
-1, —<x<T
2
The coefficientof a, a, b,:
1T
a,=[f(x)=0 (2-6)
To
1 2A7z
a =——| f(x)-cos——xdx =0 2-7
" T/2£ ) e @0
1 . 2nrw 4 1
—— [ f(X)-sin—xdX=—-— 2-8
T g ) T r'n 28
Therefore, f(x) is presented:
f(x):i 5 1sinna)t:i{sina)t+lsin30ﬁ+£sin5wt+.. } (2-9)
7T n=135.. N T 3 5

In Equation (2-9), the original signal is modulated to the odd harmonic frequency
( fopper )- Te NOise is modulated to the odd harmonic frequency, the noise is filter out.

The PSD(Power Spectral Density) of the chopped output signal V_(t) is obtained by

n=— n=odd N

%U%ﬁgf S %ﬁ{f—%} (2-10)

the low frequency noise and offset voltage are shifted to the odd harmonic.

2.4.2  The architecture of the chopper amplifier

In general, there are a gain amplifier, a low pass filter, and a modulation circuit in

-12 -
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the architecture of the chopper amplifier as show in Figure 2.12. The modulation
circuit is made up of the switches as shown in Figure 2.13. The modulation signal is

the square wave. Therefore, if the signal passes the switch, the signal is modulated.

+0 ¢1(0

™ hs 5.
Vin Vout
A A>¢ﬁ e\

o ?¢1o/c?

Figure 2.12 The architecture of the chopper

m (t) O ¢10/C O

4 2
L S P A ~

Figure 2.13 The circuit of, the:modulation signal

If the chopper frequency is higher than the flicker corner frequency, the noise is
filtered out through the low pass filter. At the'same'time, the signal of the baseband is
extracted. In the frequency domain, the major.noise is the thermal noise as shown in
Fig 2.14.

V. (log(V /+/Hz))

“~Flicker noise

. Flicker noise corner frequency

Y Thermal noise

> (log[Hz])

Figure 2.14 The spectrum after filter
2.4.3  Non-ideal effect in circuit

The modulation circuit chopper amplifier is most often realized using MOS
switches. Therefore, no-ideal effect is introduced by the switches. In general, there are
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two major non-ideal items: clock feedthrough [1], and channel charge injection [1].

When the clock signal is turned off rapidly, the MOS switch couples the noise to
the sampling capacitor through its gate-source or gate-drain, as shown in Figure 2.15
[23]. The clock feedthrouth is produced:

Vclk

Vin / _:I_& Vout

Figure 2.15 Clock feedthrough

where C,, is the sampling capacitor, V,, is the clock signal. The error AV is :

clk

C W

AV =V, o
C,W +C;

(2-11)

C,, stands for the overlap capacitance per unit width; V, is the magnitude of the
clock.
Channel charge injection shows in Figure 2.16. When the switch is on, the charge

Q. (2-9) stores in the channel of the switches. When the switch turns off, the charge
(Q,) flows to the terminal point (drain or source). If the charge flows to the drain

point with sampling capacitance, the error voltage (AV ) will appear. In this case, it
has an assumption that the quantity of the charge that flow to the drain is only half.
The charge in switch is:
Q. =wWIC (v, -V, -V,) (2-12)

— chox (Vdd _Vin _Vth)
2C,

AV (2-13)

Therefore the error voltage AV is the residual voltage. In the chopper amplifier, this

phenomenon causes other offset voltage as shown in Figure 2.17.

-14 -



Chapter 2 Noise and Dynamic Offset Cancellation Technology Analysis
L
‘ Q.
Vin ) (l Vout
I~

Figure 2.16 Channel charge injection

A

+Vspike \ \

-V,

t

spike

Figure 2.17 Spike signal of the switch

2.4.4  Practical Implementation Issue
In practice, the dummy switch is used to cancel dynamic offset as shown in

Figure 2.16. The signal of the switch is accomplished by the clock ¢, and its

counter-phase ¢, . When ¢ of the major switch (S ) is turned off, the channel

charge splits equally to the drain and source terminals. Therefore, the dummy
switches with shorted drain and source place in the drain and source. The size of the
dummy switch is half of the major switch. The channel charge splits equally to the

source and drain.

dummy dummy
¢ ¢ ¢,
L L L
[3 Tst T3

Figure 2.18 The dummy switch

-15 -



Chapter 2 Noise and Dynamic Offset Cancellation Technology Analysis

The modulation signal used in differential chopper amplifier is shown in Figure
2.18[3]

¢, ¢ b
B

s (3 T+¢v T3 .
R /
I
[+ T v T3

. ) 9, )

Vin 1 1L L Vout
[+ T v T3
9, ) ¢z\
B
[+ T v T3

Figure 2.19 The NMOS chopper realization

2.5 Summary

In this section, the dynamic offset,cancellation is presented. It includes the
autozero, correlated double sampling, and.chopper:stabilization technique. In contrast
to the autozero amplifier, the noise of thé chopper ‘amplifier is less than the noise of
the autozero amplifier. There are other noises which caused by sampling clock in the

autozero amplifier. Therefore, the signal in“the order of only few 4V is suitable for

the chopper amplifier to resist the low frequency and offset voltage.
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Chapter 3
Design Considerations for
Low-Voltage Low-Power

Chopper Amplifier

3.1 Introduction

Design considerations for low-voltage and low-power chopper amplifier will be
discussed in this chapter. First, the MOS transistor working in weak inversion is
presented in Section 3.2. The circuits working in weak inversion is designed under the
low-power and low-voltage environment. In Section 3.3, the architecture of the filter

is introduced. At the end, the clock generator is outlined.

3.2 Weak Inversion in the MOS Transistor

In the region of weak inversion [19] [24], the gate-source voltage is less than the
threshold voltage V,. Although the gate-source voltage is small, the voltage is still
high enough to create depletion region. In the weak inversion, the channel charge is

less than the charge in the depletion region. Therefore, the diffusion current is the
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major part of the total current.The drift current is negligible. In contrast to strong
inversion, the channel current is the major part of the total current.

Equation (3-1) is the drain current of a MOS in weak inversion [20]:

Ves-v;
Vv
Ip =Ipge "7 [Pexp(—ﬁ)} (3-1)
Ut
KT . .
Where U, =—is thermal voltage. K is Boltzmann constant

(1.38x10%J /" K). T is the temperature in degrees Kelvin. qis charge of an electron
(1.6x107C). n is the slope factor of the curve. The n is related to the changes in the
surface potential Ay, . Ay, is controlled by the oxide capacitance C, and the

depletion-region capacitance C . Therefore,

dy, __ G, _1 (3-2)
dv,, C,+C, n

In Equation (3-1), the characteristic currentsis:

)

I, =2npU, %e-"" (3-3)
Where f=uC W /L, p=electron. mability,-and'W L are the channel width and

channel width.

In Figure 3.1, the weak inversion and strong inversion cure are illustrated. As
V., below the threshold voltageV, , the device is in the weak inversion. In this range,
the curve of the current is exponential (3-1). Above the threshold voltage, the range
belongs to the saturation region. In the saturation region, the current is larger than that
in the weak inversion. Its current equation is a square function. Therefore, the device

in the weak inversion is suitable to low-voltage low-power circuit.
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log 1, v Square

A
Exponential

P

TH GS

Figure 3.1 MOS weak inversion characteristics

In the weak inversion region, the transconductance can be found by
differentiating V., [24] [5]. This result is

— dID

= =1
dV,

W
9. DOT

1 V., —U \Y I
exp(—=——71)| 1-exp(——=) | =—2 3-4
STRAARTTS ){ P )} = (3-4)

T T

From Equation 3-4, the ratio of the transconductance to the current of an MOS

transistor is:

1
e (39

D

In Equation 3-5, the ratio is independent of-the overdrive. It is related with the n slop

factor (n) and thermal voltage (V,). Inicontrast to the saturation region, the ratio of the

transconductance to the current is related to the overdrive voltage as show in Equation
(3-6)

2Kl
9m _~vnlp _ 2 2 (3-6)

Ip Ip Ves V5 Vo

Under the overdrive voltage in strong inversions, g_/1rationis:
VOV =VGS —UT = 2nU-|- (3'7)
The value in Equation (3-7) is about 78 mV when n is 1.5. The ratio of the

transconductance to the current versus overdrive voltage is illustrated in Figure 3.2.

It is the key point between the strong inversion and the weak inversion.
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Weak inversion

Strong inversion

v
<

GS

0 2nU,
Figure 3.2 Transconductance to current ratio versus overdrive

The other parameter of the small signal model is the resistance variation. For
weak inversion and strong inversion, the channel-length modulation effect is the same.
Thus the variation of r, with drain current is inversed current as shown in Equation
(3-8)

r,=— (3-8)

where 4 is the channel-length modulation factor. |, is the drain current. In Figure

DS
3.3 the drain current versus drain-source voltage in weak inversion is illustrated. The

size is W=5um and L=5um in TSMC 0.18 process. The drain current is almost

constant when V_, >3U, . It implies the variation of r_ is small.

TV, S = 78my

6ln /

" 7 VSVED0T5

500 / :

450 /

40n !

35m o l

300 o I

25m I

g - Vo —Vi= 0.2

I GS T :

15n o

o

N 7 VSV =015
I D: lﬂam ZDIDm BDIDm 4D|Dm

Figure 3.3 Drain current versus drain-source voltage in weak inversion
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Next, the mid-band voltage of the common source stage is considered. The
mid-band gain is
Again = _gmrds (3-9)

In the strong inversion, the gain varies with 1 as

A =20 =J2TK (310)

In the weak inversion, the mid-band gain approaches a constant value. It is
independent of drain current |, as shown in Equation (3-11).
A ot l L

SN 1 \VA PR\ VA

(3-11)

3.3 Filter in Chopper Amplifier

The filter in the chopper amplifier takes an important role. Its purpose is to
cancel the noise out of the bandwidth. Therefore, in order to improve the signal to
noise ratio, the filter is an important issue. Switched-capacitor filter is introduced

latter.
3.3.1 Fundamental of Switched-capacitor circuit
In switched-capacitor circuit.is shown-in‘Figure 3.4 [21]. To analyze this circuit,

V,andV, are the DC voltage. When "¢, 7is'on, “C, is charged toV,. When ¢, is on,
C,is charged to V,. The ¢ and ¢, are non-overlapping clocks. The charge in
capacitor C, can be presented with mathematic:

AQ=C,(V,-V,) (3-12)

The average current | is equal that the charge in the capacitor divides the clock

period.
L =ol=V) (3-13)
T
¢ 9,
€ €L Ron
V1 _-|_£__L—-I1 V2 V1 ._/\/\/\/\—Q Vz
C
:l_: 1

Figure 3.4 Resistor equivalence of the switched-capacitor
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At the same time, the equivalent resistor can be shown as:

oot (3-14)
R,
Therefore, the equivalent resistor of the switched-capacitor is:
R, ==t (3-15)
Cl Cl fs

Switched capacitor integrator is an important role in discrete time integrator [21].
It uses in the switched-capacitor filter or sigma-delta modulator. Usually,

parasitic-sensitive integrator and parasitic-insensitive integrator are introduced.

The parasitic-sensitive integrator is shown in Figure 3.5. At the time(nT —T),
the voltage across the capacitor C, is Vo (nT —T). Therefore, the charge on C, is
equal to CyVeo(nT —T). When this time (nT-T), ¢ is just off and g,is off. The
input signal is sampled on C,. The charge.on C is equal toCV_(nT —T). When ¢,
is on, the charge on C, is transfer to the Gy« Therefore, the charge on C, is added to

the charge onC, . This causes the voltage acress C, is:negative.

4,
5 o .

- V(1)

co

= L

Figure 3.5 Parasitic-insensitive integrator

In Figure 3.6 the behavior during ¢ and ¢, is illustrated.

This phenomenon is presented by mathematical equation:
CoVio (NT _TE) =CyVio (NT =T) —=CVi (nT -T) (3-16)
At the end of the next ¢, the charge on C,at time (nT)is equal to the charge at

time(nT —TEJ . It can be shown as:
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CoVeo (nT) = CoVeo (nT-T)- CVgi (nT-T) (3-17)
C, C,
y J
T
Vi (nT —T) L Vei (T =) T
ci -
&_CJ_ - v.nT-T)° ° L |° Voo (NT =)
; A o A O
1 [
- L7 -

Figure 3.6 The parasitic-sensitive integrator

Equation (3-17) is further presented as:

CV, (n)=CV_(n-1)-CV,(n-1) (3-18)
Taking (3-18) z-transform, it obtains:
V (Z2)=27V_(Z) —% ZN,(Z) (3-18)
2
-1
HZ) -=8) -Gy 4 (3-19)
V,(2) Gy 1=Z

The parasitic-insensitive intégrator is a critical circuit to develop high-accuracy
circuit. As its name, it is insensitive to" parasitic capacitor [21]. Therefore, the
parasitic-insensitive integrator is usually used for high-order high-resolution circuits,.

The parasitic-insensitive integrator is made up of four switches as shown in
Figure 3.7. When ¢ ison, C, ischargedto CV_ (nT -T). Then C, turns on, the

charge on C, discharge to the C,.At this moment, the output voltage is positive.

In Figure 3.8 it can be presented in mathematical:
CV, (nT _TE) =C\V_ (nT-T)+CV,(nT -T) (3-20)
At the end of next time (nT ), the charge on C, is the same at the time
(nT —%). Therefore, the Equation (3-20) is:

CV, (nT)=CV_(nT-T)+CV,(nT -T) (3-21)

Its z-transform is presented:
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V. (z2)=2"V,(2) +% zV.(2) (3-22)
C, ) z*
H Z)= 1 3'23
(2) [le_zl (3-23)
||C2
11
V, (t) C, Vv, (1)
- { 3
‘r; %\ ’
I
Figure 3.7 A non-inverting delaying integrator
C, C, .
T
(T — V(T ——) T
Vei (NT -T) . _ Voo bOE=T) Cé 2 \ Veo(NT =)
cll ) J-cl
- A T A
[l LD

(@) (b)
Figure 3.8 Behavior in each clock (a) ¢, ,(b) ¢,

There is another parasitic-insensitive integrator as shown in Figure 3.9. It is

different from the non-inverting integrator. When clock ¢ is on, the capacitor is
charged to V;(t). Then the charge passes through C, to change the amount of the

output voltage. In other words, when ¢, turns on, the charge across C, is the same

as the old charge. It stands for CoV.,(nT _TE) =CyVo(NT =T) , so its behavior
and the z-transform are introduced.
T
CoVeo (NT) = CyVeo (NT —E) —CV;i (nT) (3-24)

CoVeo (NT) =CoVeo (NT =T) = CyV¢; (nT) (3-25)
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C) 1
H(z)=—| 21 3-26
{22, o2
||
C,
V() 4 ,01\_Hcl b ] V(1)
, l\@ A
= = -‘_— +

Figure 3.9 Delay-free integrator

3.3.2 The Architecture of Filter

Next, the architectures of the filter are introduced. It includes the first-order and
second-order filter .

A first-order active-RC filter is shown inFigure 3.10. The resistors are replaced
with delay-free switched capacitors, Therefore, the discrete-time first-order filter is

illustrated as shown in Figure 3:11;

— ANA—

V. () | | \ \ Y, (5)
A

Figure 3.10 A first-order active-RC filter

According to the Figure 3.11 the transfer function is:

Call—2 WV, =—CaVy (2) - CoVi (z) —C (1— 2 1)V, (2) (3-27)
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[C1+czjz_ C

Vo(2) Ca Ca

H(z)=_-0\"/ _ _ 3-28

@ Vi(2) 1+ 8y, 1 &%)
Ca

ﬁ’a/ D-J\—‘C}_!f/ ot TC;_R‘%/ o—
%, ?, &\ 2
L1 L]

C

V, éz) Icl \ v, o(Z)

A

Figure 3.11 Discrete-time-form

Next section, the architecture of the-second-order filter is introduced. The one is
the low-Q biquad filter, the other‘is high-Q biquad-filter. These filters are made up of
inverting integrator and non-inverting.

First, the architecture of the low-Q biquad filter is illustrated in Figure 3.12.
According to the block diagram, the transform function of the architecture is
illustrated. It design the coefficient according to the specification. The discrete-time

architecture is illustrated in Figure 3.13. In Figure 3.12 the transfer function is

2
H () = Vout (S) _ Kos® +kiS +Kg

(3-29)
Q
The z-transfer function is shown as Figure 3.13:
H(z)=—(k2 +k,)z° + (kk, —k, —2k,) + K, (3-30)

(A+k,)+ (kK —k, —2)+1

According to the equations, designing filter is done.
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Vin(s) Y

Vou:[ (s)

Ko / @ 1 -,
s _

n |-

k +k,s

Figure 3.12 The block diagram of the biquad filter

k,C,
5)¢ ¢

o—

+ L - -
C 22_1- F
Vi) kG “ k.C; ” “ Vi(2)
0 (/ﬁl(/ﬁ:}\_'w } ﬂ% ’;[:?5: - - )
- = -=‘-_ + = = J=__ +
KC,
o
o

Figure 3.13 A low-Q switched capacitor biquad filter

The other architecture of the filter is high-Q biquad filter as shown in Figure 3.14
This value of Q in this architecture is limited to 5 or less. The elements in high-Q
biquad filter is not too large. If the element is too large, it may be not realized. The
transfer function of the high-Q biquad filter is shown as Equation (3-29). To replace
resistor with switched-capacitor integrator, the architecture of the discrete-time form
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Is described as shown in Figure 3.15

Voi(©)

a)O
S/Q
V.(s) k[ T
in ——— a)o l 1
T : :
Ikls/a)0
' k,s
Figure 3.14 The high-Q biauad filter
k,C
¢;1/ 42 ¢l P
i o)
1ol
k,C,
C, C,
—— L Il
V,(2) KC k.C, Vo (2)
o—ﬁ/ - )1—%;& _\ ?/ )—?io/ \ o)
¢2 ¢2 A ¢2 ¢1 A
T ) Tl +
kZCZ
k3C2

Figure 3.15 High-Q switched-capacitor biquad filter

Taking the z-transform in Figure 3.15, the transform function of the high-Q filter is

H (Z) _ VO(Z) _ k322 +(k1k5 + k2k5 —2k3)Z +(k3 - k2k5)
Vi(2) 2% + (kyks + kskg —2) +(1—kskg)

(3-31)

According to Equation (3-29) (3-31), the switched-capacitor filter is designed for the
specification.
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3.4 Low-Voltage Switch

At low supply voltage, it is difficult to drive the switch. Under this condition, the
overdrive voltage is lower than threshold voltage. The switch is not open entirely. The
signal must have some loss, it is a serious problem in sampling circuit. How to drive
the switch at low supply voltage must be solved. The switch conductance for different
input depending on supply voltage is illustrated in Figure 3.16. In Figure 3.16 (a) it is
at standard voltage, Figure 3.16 (b) at low supply voltage.

gds
A A
gds
NMOS
NMOS
PMOS
gds min .---------------:::..1-------’.t‘ ----------- .
———= SWiN(aesi
V "" g o, Vov
3 e ok e
Vthp Vdd _Vthn Vdd

Figure 3.16 Transmission gate conductance at (a) standard, (b)low supply voltage

Low threshold voltage is one of the'solution to be solved the switch at low

supply voltage. The threshold voltage is given by

Vo = o = 2420 472 Ve (3-32)

(048

The above equations show that theV, depends onV, . The bulk to source

junction causes the threshold voltage increase due to the body effect. So in order to
drive switches at low supply voltage, the threshold voltage needs to be decreased.
Therefore, the body effect reversed, the threshold voltage can be decreased.

However, decreasing the threshold voltage causes another problem. When
switch is off, there is leakage current between bulk and source. If this condition
happens, the resolution of this circuit must lower. Non-ideal items is hard to be
expected.

The voltage multiplier is another technique. It converts the lower voltage to

higher voltage. In higher supply voltage, the overdrive voltage is higher enough to
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drive the switch. The aliasing phenomenon can be decreased. Figure 3.17 shows a
voltage boosted clock driver. Fist, C and C,are charged to V,, which passes
through cross-coupled NMOS M1 and M2. When clock input signal, goes high, the
output voltage must be pushed to 2V, . However, the output voltage can not
achieve 2V, , in transition time charge sharing happens. So the capacitor C, must be
large enough, charge sharing effect will be decreased little. On the side, latch-up can
be avoided; the voltage doubler is used as shown in Figure 3.18. The bulk of the

PMOS M3 is tied to a voltage doubler.

MlFl w2

Vbulk CKSW
- o]
1%
-o-
- 5 & C, _ — M3
CK =
o—

Figure 3.17 Voltage boosted clock driver
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\Y

dd

._l
Mfr"]j \/— mz .

Figure 3.18 \oltage doubler

3.5 Summary

In this chapter, the MOS: transistor working in weak inversion, switched-
capacitor circuits, and low-voltage switch techniques are introduced. There are the
elements in the chopper amplifier. In order to work-at low supply voltage, the MOS
working in weak inversion is needed. The switch-working at low supply voltage is
another important issue. Summing up"this issue, how to design a low-voltage

low-power circuit is a critical thing.
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Chapter 4

The Front-end Circuit

of the Thermopile

4.1 Introduction

The MOS transistor working in weak inversion, switched-capacitor filter, and
switches at low supply voltage are introduced in the previous chapter. Some of them
are used in this thesis. The amplifier working in weak inversion is necessary for low
supply voltage. The MOS working in strong inversion is not realized under low
supply voltage. In contrast to strong inversion, weak inversion is suitable for low
supply voltage. The amplifier working in weak inversion is used in switched-capacitor
filter, preamplifier, and post-amplifier. On the side, the total architecture is illustrated.
The preamplifier, switched-capacitor filter, and post-amplifier are introduced detail.
The noise of the preamplifier is also carefully calculated in this chapter. Finally, the
front-end circuit of the thermopile sensor (preamplifier, filter, and post-amplifier) is
realized in this thesis.

4.2 System Architecture

In Chapter 2, the architecture of the chopper amplifier is introduced. The
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preamplifier, filter, and post-amplifier are the parts of architecture. The front of the
chopper amplifier is a thermopile sensor. The thermopile sensor detects the
temperature to transfer to the voltage. Then the voltage passes through chopper
amplifier, filter, and ADC. Finally, the signal is transferred to digital form [3] [14].
The block diagram is shown in Figure 4.1

Chopper Amplifier
m(t) m(t)

sensor é"[>—'é

Figure 4.1 Block diagram of the temperature sensor

\4

Vout
\ H—
LPF

Sensor Signal In this thermopile sensor, the signal specification is:
Type: voltage
Temperature range: 32" ~ 44

Signal magnitude: 10V /0.2C
Signal bandwidth: 50Hz

The output voltage rang of the thermopile sensor is from 10 4V to 600 4V . This
signal magnitude is only a few micro volts. The noise power must not be too large
under this condition. In this thesis, the system resolution is 8-bit. When the resolution
is 8-bit, the signal to noise ratio is worked out. Its value is approximately 50db.
According to signal to noise ratio (SNR) the noise power is calculated as [6]

600V

\/E' Nrms

The noise root mean square is approximately 1.38 4V . Therefore, the noise root mean

SNR = 20xlog = 50db . (4-1)

square can not be over 1.38 £V in the output of the sensor.

Chopper Amplifier Due to the magnitude of the sensor signal is too small, and the
bandwidth is DC value, the signal to noise ratio does not achieve the specification [5].
The chopper amplifier is used to cancel the low frequency noise to increase the signal

to noise ratio. Therefore the gain of the system must be another issue. Thinking about
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signal to noise ratio, the gain of the system must achieve to 60db. The open loop
amplifier is used in this block

Low Pass Filter In this architecture, the purpose of the low pass filter is used to
cancel the noise [7] [4]. According to the noise root mean square value, the
second-order switched capacitor filter is implemented. In this low pass filter, its pass
band frequency is 50hz, and its stop-band frequency is 500hz. Due to this
specification, the total noise power is integrated in this spectrum range. The value is

the total noise power.

4.3 Implementation of Chopper Amplifier

The chopper amplifier is the first stage. The first stage is an important element in
all system. The noise power behind the chopper amplifier can be negligible. Because
the gain of the chopper amplifier is large, the input referred noise changes small. So
the major noise is produced in thefirst stage. Therefore the flicker noise and thermal
noise comes from the first stage-are considered. The chopper amplifier can cancel low
frequency noise (flicker noise). Therefore the thermal noise dominants noise power.

How to decrease the noise power:is. important.
4.3.1 Noise Consideration

In order to consider the thermal noise of the amplifier, the noise model must be
considered. In Chapter 2, the noise of the MOS transistor is brought out. It includes

the thermal noise and flicker noise. The noise model can be shown in Figure 4.2

Q

VA(T) 1,2(f)

® :>0—V€(§)—|

Figure 4.2 Noise model

The equivalent model includes flicker and thermal noise. The noise divides by g_?
to the input. Hence, the PSD of an equivalent input noise is calculated as
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1 k¢

8
Seq(f)=—KT —+—— 4-2
ea()=3 gm WLC, f (42

According to the equivalent input noise, the input referred noise in amplifier is
illustrated. Each noise of the MOS transistor is independent each other. Therefore,
they are uncorrelated. Next, current mirror and telescopic circuit working in weak
inversion are discussed. Figure 4.3 shows the total noise source in current mirror

amplifier [7].

Figure 4.3 Noise analysis

The V.’ includes the flicker noise and thermal noise. First, the thermal noise is only

calculated. The \7”2 is shown as %ﬁ The total thermal noise power is presented
9,

Vo,total2 :anz(gml out) +Vn3 (gm3 oul) +Vn5 (ng oul) +Vn7 (gm7 oul)

+Vn22(gm2rout)2 +Vn42(gm4rout)2 JrVn62(9m6rout)2 +Vn82(9m8rout)2 (4-2)

Because the circuit is symmetry, the total noise power can be presented as

ototal 2(Vn1 (gml out) + 32(gm3 out) +Vn5 (ng out) +Vn7 (gm7 out) ) (4-3)

The \7n2 is replaced byzﬁ, the Equation (4-3) is shown as:
g

m

2 8KT 8KT
Vo,thermal” = 2(39 . (Im1 out) +— 30 (Im3 out)
m m
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8KT ,  8KT ,
+ (ngrout) + (gm7r0ut) ) (4-4)
39 3

mb5 m7

The Equation (4-4) is divided by(gmlRom)2 , therefore the total input referred thermal

noise spectral density is:

V2| t()ta|(f) — 16kT [1+ gm3 + gm5 + gm? j (4_5)
' 30m1 Om1 9m1  9m1

Second, the flicker noise is considered. The output noise spectral density is

2 f 2 kf 2
V. flicker = 7= (Imifout)” + (gm3rout)

f-CoWily f-CoWsls

k¢
+—
f-CoxWsLs

k¢

2
b (gt 4-6
f.CoWo L (9m7 out) (4-6)

2
(ngrout)

The input referred noise can be shown as:

2 Ky Ky Om3 ?
Vi flicker = 1 =
' f-CoWily " frCaWolat dm

k e K 2
+ f (ngJ it f (gm7j (4_7)
f-CoxWsLs \"Oms f-CoWzk7 \ Om
The flicker corner noise frequency is‘presented, when the flicker noise is equal to the

thermal noise as V2i,theram| :Vzi, flic ker - According to the Equation (4-5) and (4-7),

the flicker noise corner frequency is obtained.
In the telescopic amplifier, the noise is analyzed. The manner is the same with
current mirror amplifier. In Figure 4.4, the noise in the telescopic amplifier is shown

as
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Figure4. 4 Noise analysis in telescopic current

The input referred flicker and thermal noise are shown as

16kT Im3
& f)= 1+205 4-8
|,thermal( ) 3gm1( gmlj ( )
2
— k Kk
2 f f g
\% i, flicker = 7= '1+f oL { m3j (4-9)
“LoxWil “CoxWolod Om1

In a word, the thermal and flicker'noise are shown.in MOS circuit.

In Section 4.2, the noise power is calculated. The filter bandwidth is set. Because
the chopper amplifier cancel the flicker noise, the thermal noise dominants the total
noise power. The noise bandwidth is known form the filter bandwidth, the thermal
noise power is obtained. The current mirror amplifier is taken as example. The g,y
is calculated. First, the g, is equal each other. Second, the thermal noise power
spectral density is calculated 80nV / JHz in due to filter bandwidth. Therefore the

transconductance g, can be presented as:

V2, reram (1) = oL (1+ Ims | O | Om? ] - (80nv)? (4-10)
39m1 9m1 9m1 9Im

According to Equation (4-10), g, is13.8 #A/V . Thereforethe g, mustbe
less than 13.8 £A/V .

4.3.2 Noise Efficient Factor
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We are interested in minimizing noise in strict power. They are tradeoff between
noise and power. Noise efficient factor is considered. Noise efficient factor is related
with noise and power. According to noise efficient factor, we distinguish between

differential architectures. The noise efficient factor is introduced in Equation (4-11).

21
NEF =V.. total . 4-11
”"”“S\/n-vT -4KT - BW #1D)

Where V

ni,rms

is the input-referred rms noise voltage. | is the total current. BW is

total

the amplifier bandwidth. V; is the thermal voltage.

The noise efficient factor is an important factor. It is used to designing the

chopper amplifier. The value of the NEF is smaller, the chopper amplifier is better.
4.3.3  Figure of Merit

There is another index to design chopper amplifier. The amplifier focused on
noise and low supply voltage. Therefore, the figure of merit focused on noise, power
and area, the equation is

FOM :;. (4-12)
NxSxP

Where N is the noise density. Pis the. power dissipation. S is the chip area. According
to the FOM[8], the tradeoff between cost and power dissipation is distinguish. In
contrast to the NEF (noise efficient factor), the FOM (figure of merit) focus on area.
Therefore the cost is considered.
4,34 Summary

In order to design the chopper amplifier efficiently, the factors as NEF, FOM are
considered. On the side, the SNR is another issue. Therefore, the signal before ADC
must be large to suit to the specification. The signal must be large than 0.5v to achieve

SNR. The gain of the system must be large 60db. The gain can be divided as Table 1

Pre-amplifier Post-amplifier
Type 1 60db 0db
Type 2 50db 10db
Type 3 40db 20db
Type 4 30db 30db

Table 1 The gain of the block
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The best type is chosen. Because the chopper amplifier is modulation signal, the
chopper amplifier must be faster than the modulation signal. First, we assume that the
modulation signal clock is 10k hz, the chopper amplifier must be faster than the 10k
hz.

This key point lists following to design the chopper amplifier

(1) The unity gain frequency,

(2) Thermal noise value,

(3) Flicker noise,

(4) Flicker noise corner frequency,

(5) Slew rate,

(6) Noise efficient factor,

(7) Figure of merit.

Integrating with these rules, the chopper amplifier is designed. The design flow
is illustrated as shown in Figure 4.5. First, the unity gain frequency is decided, then
the transconductance and current is found.:Next, the slew rate of amplifier is checked.
If the slew rate is suitable for the:Specification; the flow can continuous. However the
slew rate may be not suitable for the specification. In:this condition, the flow must be
return to start. When the slew rate is completed, next step decide the MOS transistor
size. Finally, the noise efficient factor and figure.of merit are calculated. In this flow,
the size of the differential pair is considered in‘the FOM.

The noise efficient factor and figure of merit are the bases of the amplifier
comparison. According to the parameter, the gain of the first stage can be
distinguished. The parameter of the current mirror and telescopic amplifier are listed
in Table 2. In Table 2, the gain of each block is decided and the telescopic amplifier is

design in the first stage .
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Figure 4.5 The design flow

First Stage | gm (v /A) l, (nA) Noise(nv /\/E) NEF FOM
60db 125 4.875 26 4.3 4,598
50db 39 1.521 50 4.6 23
40db 12 0.486 85 4.5 73
35db 89 0.347 99 4.5 232

Table 2 Current mirror type

- 40 -




Chapter4  The Front-end Circuit of the Thermopile

First Stage | gm (uV /A) I, (nA) Noise(nv /M) NEF FOM
60db 125 4.875 26 2.1 12
50db 39 1.521 33 2.2 73.2
40db 12 0.486 60 2.25 2.9
35db 39 0.347 20 8.2 721

Table 3 The telescopic amplifier type

Table 2 and Table 3 are suitable for the slew rate. Therefore, the solution is
suitable for the specification. Last, we choose that the gain is 40db in first stage.

4.4  Filter Design

4.4.1  System Architecture
According to the signal bandwidth, the pass-band frequency is 50 hz. In this

thesis the filter type is butterworth. Its characteristic-of the butterworth is flat in pass

bandwidth and stop bandwidth. The transfer function of the second-order low pass

filter is shown as

Vo(s) 98596

Vi(s) 5% +444s+98596

The Bode Diagram of the transfer function is shown as Figure 4.6

H(s) = (4-13)

Bode Disgram

20

20 |-

Magritude (dB)

30

_an

50 |-

60 L= ; = .
10° 10 10° 10

Figure 4.6 The Bode Diagram
4.4.2  Switched Capacitor Low Pass Filter
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In Chapter 3, the parameter insensitive integrators and design flow are

introduced. The switched capacitor filter is implemented by these items [22]. The

transfer function is already known. The parameter of the switched capacitor low pass

filter can be decided. The transfer function belongs to the low-Q switched capacitor

filter in Figure 3.13. The parameter is shown as Table 4. In the thesis, the clock signal

is 6.4k. Therefore, the capacitor value is calculated.

K, k, e

k6

0.049 0.049 0.049

0.064

Table 4 The parameter of the switched capacitor filter

4.4.3 Filter Noise

In Section 4.3, the input referred noise in the amplifier is introduced. In this

section, the noise in the switched capacitor integrator is shown in Figure 3.7[23]. In

Figure 4.7, the noise is illustrated when the ¢, is off.

Vn Ron Cl
|
|

Figure 4.7 Noise model during ¢
Its PSD is shown as
Sn.g, = 4kTRyp .
Its transfer function is derived:

H(s)= Vers) 1

Vp(s) 1+sz’

where 7 =R C,. Hence, the thermal noise in C, is calculated.

4KTRyy kT

VA = [ Su_g(F)H(j2A )2 df = e

(4-14)

(4-15)

(4-16)

In Figure 4.8, the ¢, is high. The total noise is illustrated. In this condition, the

amplifier small-signal and the switch noise are analyzed.
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O _ O Ovout
: v G V R,
O + o= m
(a)
Rn i C Va2 R,
Fn “ Vi
| + O
V. + Ve -
n v G,V <R
= Vn O% = =
(b)

Figure 4.8 (a) amplifier small-signal,-(b). noise model in ¢,
In Figure 4.8 (a) AG, R >1, wherel,f=65/C;+C,; and R = 0.In Figure 4.8(b)

the noise voltage cross C, is presented

_Vi(8) =V (8) _ Vi (8) =V, (5)

Vv = :
1+s7 1+s(R,+1/G,)C,

C1

(4-17)

The transfer function is H(s) =1/1+ sz . The total noise power in switch is calculated

o KTR
V2. =[S, (f)H(j2rf) df = on
cl,sw (I) v )| (j2m )| (Ron+1/Gm)Cl
KT /C,
- 4-19
(1+1/x) (4-19)

where x=G_R . The noise power in amplifier is also considered. We assume the

transfer function of amplifier is H(s)=1/1+sr

op !

where 7, =2R, +1/g,.The

thermal noise is (16/ 3) KT /g,, from the Equation (4-8). Therefore, the noise in the

integrator is

S., (16/3)kT/g, 4kT/C,

~ - . (4-20)
At 4(2R_+1/9)C, 3 1+x

H(j2z f)df =

no,op

VZCl,op = .(I; S
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The total noise power includes the switch noise during ¢, the switch noise, and the

amplifier noise during ¢,. The three noise sources are uncorrelated. Therefore the

total noise power is

v 2Cl,total = k—T[1+ X ﬂ} = %(Mj

C, 1+x 1+x 1+x
_ E(H_l’ 6 J (4-21)
Cl 1+X

where x=2R_ g,.If x>1 the total noise power can be approach to be 2kT /C,.

The noise power in switch capacitor is

— f
VZ=vi —B_. 4-22
cl cl fS/2 ( )

Where f is signal bandwidth. Considering SNR is 50db, the unit value of the switch

capacitor is obtained. If the signal is 60mV, the noise power is calculated to achieve
the specification. Therefore, the switch capacitor must be over 242f as shown in
Equation (4-24).

_ 2
- f 0.06 2
V2 <vi.—B { J =(23.V)° . 4-23
cl=>Vel fs /2 \/5-1778 ( H ) ( )
According to the noise power, the'switch capacitoris shown as:
C - 2kafs /2 a2t (4-24)

B

10
0—6/¢1¢~v| P
Vi@ 4 s00f 7. Vi(2)

o—o/z;\—l?—ﬂ—l— - N | ——
_‘__

Figure 4.9 The architecture of the low pass filter

In Figure 4.9 the architecture is shown. Its clock signal is 6.4k hertz. This architecture
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Is implemented with correlated double sampling. Its purpose is to cancel the offset
voltage.
4.4.4  The Linearity of the Amplifier

The amplifier in weak inversion is some drawbacks. First, the linearity of the
amplifier is bad. Second, the gain is not high enough. Therefore, some circuit
techniques are introduced [27]. Because the transconductance is proportional to the
current, the linearity is not enough than the circuit in saturation region. Therefore

input range is very small. In Figure 4.10 shows the improvement amplifier.

e I 4 "

Total

(@) (b)
Figure 4.10 (a) the linearity circuit, (b)-transconductance
In Figure 4.10, the center of.the transconductance is removed to V. The input

range increase in linearity . The V_is

Vos =Vbe1 —Vhe3 T nﬁ- (4-25)
q s
According to the Equation (4-25), we can design the size of the input pair. Due to the
linearity, the output voltage can not achieve large. Otherwise, the signal is aliasing.
Another drawback is the gain is not high enough. Therefore, Figure 4.11 shows
the technique to enhance the gain [18]. The main characteristic of the circuit is to

increase branch in the current (lgandl,,). Using the bigger ratio (I;tol;) is to

increase the gain. If the I is half of the I, , the current mirror gain is:

. 2
9aiNn = gmy - fout3 * Ims * (fouts /7 Tout7) = Im1 9_3 Ims - (Touts // Tout7)
m

=2-Om - (fouts // Tout7) - (4-26)

According to the Equation (4-26) the gain is increase due to the branch.
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1 M, [[M, M, |[M,
b Egﬁl [
v V- Iy I Vi m
e R
A% A\

Figure 4.11 The improvement gain circuit

4.5 Post Amplifier

The gain of the first stage is 40db, so the post amplifier is needed [28]. The

charge transfer amplifier is used. During ¢, the signal stores the charge on the
capacitor C, . Then next clock is on, the charge'on. C, transfers to the capacitor C,.

According to the capacitor ratio;the signal is amplified [16].
ch ch

VA
‘A

. C1
Vin+ ¢
0_0/0_3_ > ° \Jut-
o]
"4 C1

v LT e
I
|

74

ch ch

Figure 4.12 The post amplifier

- 46 -



Chapter4  The Front-end Circuit of the Thermopile

V, V,
g oc Q" e
N |
Vip + Fi \\\II Vip — Clll \\\ Vin -
T |+ ° |1+ °
C
Vi — 1
g] ll - —0 Clll - o
' ¥ Vin + I //// Vin+
[
(o] Cz (5 I lCz
Vem Vem

Figure 4.13 Behavior (a) ¢ ,(b) ¢,

Figure 4.12 shows the architecture of the post-amplifier. Figure4.13 shows the
behavior during clock ¢ and ¢,. Because the resistor of the MOS transistor in weak
inversion is very large, the capacitor is suitable than resistor feedback.

Another issue is noise in the closed loop amplifier. In Section 4.4.3 the noise is
introduced. The main noise source is focused.on capacitor C,. Therefore, there are
two noise sources in closed loop amplifier. One is-thermal noise on amplifier, the
other is switch sampling noise. The noise is

\% 2c1,sw =V ch,op +V 2c1,sw = l::_T(l—l_ ﬁj : (4'27)

1

Where x=2R_g,,. The noise is approximatelyzcﬂ. According to the Equation

1

(4-27) and the magnitude of the signal is 0.25v, the capacitor C, must be large than
200f.

4.6 Clock Generator

Figure 4.22 shows the clock generator in the system. The clock signal is made up

of the NOR gate and inverter chain. The clock ¢ and ¢, are non-overlapping

signal. The clock signal is delay through the inverter chain and NOR gate. According

to the delay time, the inverter and NOR gate is designed. The clock ¢, and ¢,, are
slightly advance than the clock ¢ and ¢,. The external noise can be separated by

DFF. The clock signal is used in low supply voltage. Therefore, the clock boosted

-47 -



Chapter4  The Front-end Circuit of the Thermopile

driver must be used to increase the higher voltage. In Chapter 3 Figure 3.17 and
Figure 3.18 is implemented in clock boosted.

D

P oo oo PP
JE T
D

Ol

Figure 4.14 The clock generator

4.7 Simulation Result and Circuit

The blocks of the architecture are introduced above sections. According to noise
corner, the clock signal is 6.4k hz. Inorder.to design the low-power system, the
preamplifier is 40db. Considering thes=swing of the weak inversion circuit, the
post-amplifier is 20db. Next, the total circuit and simulation result are illustrated.

The MOS transistor in weak inversion is sensitive to the temperature. Therefore,
in Figure4.23, the bias circuit is.shown. The temperature coefficient of the PTAT

circuit is positive, and the temperatare ‘coefficient of the V.. is negative. So the

current 1, isinsensitive to the temperature.

JHG T A

PTAT

Figure 4.15 Bias circuit
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The chopper amplifier uses the linear telescopic amplifier. The linear amplifier is
introduced in Section 4.3. In this thesis, the gain of the chopper amplifier is 40db.

Vi <—| - L vV,
B

p O— | Vo
de. R
7 A4

Figure 4.16 The chopper amplifier
Figure 4.25 shows the CMEB. The_form.of the CMFB is discrete-time. During

¢ the charge samples on capacitorC,, then during-¢,, the charge on capacitor C,
transfer to the capacitor C,. Therefore, the'common mode feedback voltage is locked

[25].

¢ ¢, ( ( 2 )

Ven o6~ 016 0— | 6 >0 o V.,
Cl :: CZ C1 C2

Vs o6 01670 0 o0 oV,

V,, <*+—

Figure 4.17 CMFB circuit

Figure 4.26 shows the current mirror amplifier. This amplifier is used in the
switched capacitor circuit. The gain of the current-mirror amplifier is higher than the
telescopic amplifier. The reason is introduced in Section 4.3. In the switch capacitor
circuit, the amplifier is usually over 60db. The linearity is needed in the system.

Therefore, the developed circuit shows as Figure 4.26.
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—_— —_—

e

-
=

Figure 4.18 The current mirror amplifier
Figure 4.27 shows the signal of the architecture. Figure 4.28(a) shows the signal
from the chopper amplifier. Its value is 0.6v .Figure 4.28 (b) shows the signal from

filter. Figure 4.28 (c) shows the signal from post-amplifier.
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Chopper Amplifier

SC filter

Figure 4.19 The front-end circuit of the thermopile sensor

SC Amplifier
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(c)
Figure 4.20 The signal output (a) the chopper amplifier, (b) filter ,(c)post-amplifier

The Table 6 shows the specification of the chopper amplifier. The input referred

noise is49nV /VHz .

gain 40db
PM 88

PSRR(10k) 46db
CMRR(10k) 86db

Input referred noise(6.4k)  149nV //Hz

Power consumption 2.43uW

Table 5 The specification of the chopper amplifier
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HHH]
[LHH ]

Figure 4.21 The layout of the*front-endcircuit for temperature sensor
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Chapter 5

Conclusions

5.1 The Figure-Of-Merit:(FOM)

In order to make a fair comparison, the noise efficient factor (NEF) and figure of
merit are introduced in Section 4.3. The noise efficient factor is a criterion in chopper
amplifier. The noise efficient is presented in Equation 4.11.1t is relative with the total

current, signal bandwidth, and noise root mean square value. It is

2 Itotal (4_11)

NEF :Vni rms '
™\ 7-V; -4KT - BW

However, the noise efficient is not relative with the total area. Therefore, the figure
of merit is introduced following the noise efficient factor. The figure of merit about the
chopper amplifier is

FOM-— 1+ (4-12)
NxSxP

The figure of merit is relative with noise, power and area. It provides another criterion to
distinguish the chopper amplifier. The Table6 shows the coefficient to distinguish the

chopper amplifier.
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Name & Year | Vpp | BW Input NEF | Power Process
Noise
Hammel,2005[3] 1.8v 4k 7nV /VHz 319 | 242uW | 0.18 x m CMOS
Yoshida,2005[8] 1v 100k | 50nV /</Hz 42 500 W | 0.18 z m CMOS
Mustafa, 2004 [9] 5v 1k 16nV /</Hz 7.4 750 4W | 1.6 4#mCMOS
Uranga,2004 [10] 5v 3k 6.6nV //Hz 5.3 1.3mw | 0.7 xmCMOS
Hammel,2003[6] 3v 10k | 48nV/JHz | 184 | 275uW | 051 mCMOS
Yamu,2002[16] 18v | 45k | 56nV/yHz 44 | 775u4W | 0.18 x m CMOS
Bakker,2000[2] 5v 2k 27nV /\Hz 14 1mw 1.6 £ m CMOS
This Work 0.9V 50 50nV //Hz 47 | 5.6uW | 0.184mCMOS

Table 6 The efficient factor for the front-end circuit

Name & Year | Vpp | BW: | “Power Area Process FOM

Hammel,2005[3] 1.8v 4k 242 W 1.4.mm?2 0.18 # m CMOS 81

Yoshida,2005[8] 1v 100k | S00%W-|0'88 mm? 0.18 £ m CMOS 45
Mustafa, 2004 [9] 5v 1k 750 u W 1.6 4 m CMOS
Uranga,2004 [10] 5v 3k 1.3mwW 2.7mm? 0.7 u m CMOS 43
Hammel,2003[6] 3v 10k | 275u'W 0.5 4 mCMOS
Yamu,2002[16] 18v | 45k | 775uW | 052mm? | 0.35u4mCMOS 44
Bakker,2000[2] 5v 2k 1mw 6 mm? 1.6 # m CMOS 6.17
This Work 1.8 50 56uW | 0684mm? | 0.18umCMOS | 5414

Table 7 The FOM comparison.

5.2 Conclusions

The front-end circuit of the thermopile is implemented in this thesis. The chopper
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amplifier removes the offset voltage and low frequency noise to improve the SNR. The
low pass filter sets the bandwidth of the total system. In order to achieve low-power
low-voltage, the amplifier working in weak inversion is practiced. The offset cancellation
technologies are fitted out in switched-capacitor filter. The total system is implemented in
discrete time form. The clock signal is 6.4k, and the signal bandwidth is 50 hz under 0.9
supply voltage. Because the amplifier working in weak inversion, the total power

consumption is approximately 5.6 xV in this thesis. From the simulation result, the

fundamental signal component to the largest distortion component is over 60db.
Therefore, the noise dominates the denominator of the signal to noise plus distortion ratio
(SNDR). For achieving 8-bit resolution, the noise is only considered under this condition.

However, there are problems in this architecture. Although the amplifier working in
weak inversion decreases power consumption, the total area increases. The area is a big
problem in weak inversion. Therefore, area and power consumption are tradeoff in
designing circuit. Moreover, the low-power front-end circuit extends the battery life. The

battery is used efficiently in thermopile sensor.

-56 -



Bibliography

Bliography

[1] Christian C. ENZ, and Gabor C. temes, *’ Circuit Techniques for Reducing the
Effect of OP-Amp Imperfections: Autozeroing, correlated Double Sampling, and
Chopper Stabilization™, Proceedings of the IEEE, November 1996

[2] Anton Bakker, Kevin Thiele, and Johan H. Huijsing, > A CMOS
Nested-Chopper Instrumentation Amplifier with 100-nV Offset *’, IEEE Journal
of Solid-State Circuits,Vol.35, NO. 12, December 2000

[3] Fannik Hammel Nielsen and Erik Bruun, *” A CMOS low-Noise Instrumentation
Amplifier Using Chopper Modulation “’, Analog Integrated Circuit and Signal
Processing, 42, 65-76, 2005

[4] A. Uranga, X. Navarro, and N. Barniol, “’Integrated CMOS Amplifier for ENG
Siganl Recoding *’, IEEE Transcations on Biomedical Engineering , Vol,51,
NO.12, December 2004

[5] Benoit Gosselin, Virginie Simard and Mohamad Sawan,”” An Ultar Low-Power
Chopper Stabilized Front-End For Multichannel Cortical Signals Recoding™,
CCECE2004- CCGEI2004, Niagara Falls,May/mai 2004

[6] Jannik Hammel Nielsen and Torsten Lehmann, *> An Implantalbe CMOS
Amplifier for Nerve Signals * Analog Integrated Circuits and Signal
Processing,36, 153-164,2003

[7] Reid R. Harrison,and Cameron_Charles; A Low-Power CMOS Amplifier
Neural Recording Applications **, IEEE Journal of Solid-State
Circuits,VOL.38,NO.6 Jung 2003

[8] Takeshi Yoshida, Yoshihira Masui, Takayuki Mashimo, Mamoru Sasaki and

Atsushi Iwata, ** A 1V Supply 50nV:/a/Hz  Noise PSD CMOS Amplifier Using
Noise Reduction Technique.of Autozeroing and Chopper Stabiliazation ** 2005
Symposium on VVLSI Circuits Digest of Technical Papers.

[9] Mustafa Dagtekin, Wentai Liu, Rizwan Bashirullah,”” A Multi Channel Chopper
Modulated Neural Recording System™, 2001 Proceedings of the 23" Annual
EMBS International Conference, October 25-28, Istanbul, Turkey.

[10] A. Uranga, N.Lago, X. Navarro and N.Barniol,”” A Low Noise CMOS Amplifier
for Eng Signals™, ISCAS 2004

[11] Christian Menolfi, and Qiuting Huang, ** Low-Noise CMOS Instrumentation
Amplifier for Thermoelectric Infrared Detectors™ IEEE Journal of Solid-State,
\Vol.32, NO.7, July 1997

[12] Christian Menolfi and Qiuting Huang, > A CMOS Instrumentation Amplifier

with 600nV offset, 8.5nV /~/Hz noise and 150db CMRR **, IEEE 1998 Custom
Integrated Circuits Conference.

[13] Christian MEnolfi and Qiuting Huang, ** A Fully Integrated, Untrimmed CMOS
Instrumentation Amplifier with Submicrovolt Offset *” IEEE Journal of
Solid-State Circuits, Vol.34, NO. 3, March 1999

[14] MichielA. P.Pertijs, Andrea Niederkorn, Xu Ma, Bill Mckillop, “’A CMOS Smart
Temperature Sensor with a 3o Inaccuracy of £0.5°C from-50°C to 120°C

[15] A.Bakker and J.H Huijsing, > A CMOS Chopper Opamp with Integrated
Low-Pass Filter”

[16] Yamu Hu and Mohamad Sawan, ** CMOS Front-end Amplifier Dedicated to
Monitor Very Low Amplitude Signal from Implantable Sensors’ Analog
integrated Circuits and Signal Processing, 33, 29-41, 2002

-57-



Bibliography

[17] Laszlo Toth and YannisP. Tsividis, ** Generalization of the Principle of Chopper
Stabilization” IEEE Transactions on Circuits And Systems-I: Fundamental
Theory and Applications, Vol. 50, NO.8, August 2003

[18] Libin Yao, Michiel S.J. Steyaert, and Willy Sansen, “’A 1V 140 W 88-db Audio

Sigma-Delta Modulator in 90-nm CMOS”’ IEEE Journal of Solid-State Circuits,
\ol. 39. 11, November 2004

[19] David J. Comer, Konald T. Comer, ** Using the Weak Inversion Region to
Optimize Input Stage Design of CMOS Op Amps “’, IEEE Transactions on
Circuits and Systems- II : Express Briefs, Vol. 51, NO. 1, January,2004

[20] Fabio A. Salazar ,Julio C.G. Pimentel,Marco A. Pacheco, Marley \ellasco, “’
Micro Power CMOS Analog Cells *’

[21] D. Johns and K.W. Martin, Analog Integrated Circuits, Wiley, New York, 1997

[22] Phillip E. Allen and Douglas R. Holberg, CMOS Analog Circuit Design, Oxford,
New York, 2002

[23] Behzad Razavi, Design of Analog CMOS Integrated Circuits, MCGRAW-HILL
International Edition, 2001.

[24] P. R. Gray et al., "Analysis and Design of Analog Integrated Circuits,” 4th Ed.,
John Wiley & Sons, Inc., 2001.

[25] Richard Schreier and Gabor C. Temes, Understanding Delta-Sigma Data
Converters, Wiley, New York, 2005.

[26] R. Muanghlua, S. Cheirsirilul, and S. Supadech, ** The Study of Silicon
Thermpolile ** IEEE,2002

[27] Jieh-Tsorng Wu, Analogy Integrated. Circuit Class Slide, June 20,2005

[28] Andrea Baschirotto, A. Gola, E. Chiesa, E. Lasalandra, F. Pasolin, M. Tronconi,
and T.Ungretti, A +1—g- Dual-Axis Linear Accelerometer in a Standard

0.5 #m CMOS Technology for High=Sensitivity-Applications *’ IEEE Journal of
Solid-State Circuit, Vol.38, NO. 7, .July2003

[29] % # i 2 2P R U R AN FTTRABR IR Ta < F,2003

[30] & 4 Z @A ART AT B e~ BRIPNE k2 my’ Fes A F 2004

-58 -



