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ABSTRACT

This thesis presents the design of a high precision temperature sensor. BJT-Core ,
(- independent bias generator and delta sigma modulator are the important blocks
of the system. 16 bit incremental delta sigma modulator is used to convert the
temperature variations to digital value. The offset cancellation techniques such as
correlated double sampling and chopping are used to achieve the high precision.
Dynamic element matching is used to get good matching between the component
which results in high accuracy. The spread in the base emitter voltage is trimmed
by using a digital delta sigma modulator. The substrate PNP transistor is used

to get temperature dependent voltage which is converted to temperature reading.

The design goal is to achieve an accuracy of 0.1°C from —55°C to 125°C.The

conversion time is 100ms. The sensor is implemented in UMC 180nm technology.
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CHAPTER 1

Introduction

1.1 Motivation

The temperature sensors are widely used in many applications, ranging from in-
strumentation to household appliances. The low cost of production and high ac-
curacy in sensor output are the typical features demanded by these applications.
Compared to conventional temperature sensors, CMOS temperature sensors are
smarter and have better cost advantage. The digital output data from CMOS
temperature sensors is directly interfaced with a microprocessor. The temper-
ature sensor fabricated in IC technology can be combined with other electronic
components on a single chip to build special application systems. Although, it has
several distinct features, the limited accuracy in the output is its drawback. These
temperature sensors are produced in standard CMOS technology and the temper-
ature errors are typically calibrated and corrected at one temperature to meet the
low cost of production. This accounts for the low accuracy of these sensors. The
improvements in sensor design and the calibration procedure are implemented to

overcome the drawback , maintaining its cost advantage and other features.

CMOS temperature sensors have been a part of academic and industrial research
for more than two decades. Several techniques have been introduced to improve
the acuracy of the sensor. Thermal management in home and personal appliances
had become a major area of concern for the past few years. The equipments
with microprocessors need efficient temperature sensing mechanism to track the

processor’s temperature and regulate it accordingly.



1.2 Design Objective

The main objective of this work is to design a High precision CMOS temperature

sensor with accuracy of +/— 0.1°C over the temperature range of —55°C' to 125°C'.

1.3 Basic design principles

The basic principle of the temperature sensor is to convert the temperature vari-
ations into an analog signal of voltage, current or any temperature dependent
parameter. This analog signal will be converted into digital representation by
an Analog to Digital converter circuitry in the temperature sensor. The digital
representation of the temperature requires a reference signal which is used to com-
pare the temperature dependent analog signal. This type of measuring method is

known as ratiometric temperature measurement.

Bipolar Junction Transistor (BJT) is a good choice to get temperature dependent
voltage signal and temperature independent reference signal. The thermal volt-
age %T and the silicon bandgap voltage Vo can be employed for the ratiometric
measurement in temperature sensors. The thermal voltage generates a voltage
Vprar that is proportional to the absolute temperature (PT AT') and the bandgap
voltage generates the temperature independent reference voltage VREF[1]. An
Analog to Digital Converter is implemented in the sensor system to convert the

ratio of these signals into its digital representation.

The temperature dependent voltage is generated by the difference in the base
emitter voltages of two substrate pnp transistors which is biased at different cur-
rent densities (1:p). As the temperature increases,the base emitter voltage of the
transistor decreases at a rate of 2mV /K. The base emitter voltage is equal to the
silicon bandgap voltage when extrapolated to OK. A factor aAVgg is added to

the absolute base emitter voltage to compensate for its decrease with temperature



and thus resulting in a temperature independent reference voltage V REF'.

1.4 Design requirements

The accuracy of the temperature sensor depends on the accuracy of the temper-
ature characteristics of the bipolar transistor. The design should take care of
transistor non linearities to not cause significant temperature errors. Essentially,
the temperature error resulting from the inaccuracy of Vg alone should be with
in 40.1°C. The design of the CMOS temperature sensor has two important mile-
stones, the first one is the design of a bias current generator circuit for the bipolar
transistors which is tuned to operate in a region well suited for accurate tempera-
ture sensing and the second one is the design of Analog to digital converter which
coverts the voltages to desired temperature reading. Sigma Delta ADC’s are used

in the design which gives the best results for accurate temperature measurements.

1.5 Thesis organisation

The rest of the thesis is organized as described below.

Chapter 2 discusses the measurement principle of the temperature system and
the complete system overview

Chapter 3 discusses the design of BJT core and the principle behind the gener-
ation of reference voltage and temperature dependent voltage in detail

Chapter 4 deals with the design of the bias generator circuit for BJT

Chapter 5 deals with the design of Delta Sigma Modulator

Chapter 6 summarizes the integration and layout of different blocks in the sensor



CHAPTER 2

Sensor System and Measurement

2.1 Measurment Principle

The base emitter voltage Vg of a BJT is given by

kT Ic
Ver = — In(= 2.1
e = (Is) (2.1)

where k is Boltzmann’s constant, ¢ is the electron charge, Ig is the transistor’s
saturation current, 7" is the absolute temperature and I is collector current of the
BJT. The saturation current of the BJT has strong temperature dependency and
the temperature coefficient of the base emitter voltage is negative. From equation
(2.1) it is evident that, the difference between two BJTs base emitter voltages that

carry 1:p current is proportional to temperature and this value is given by

kT

From equation (2.2), AV is directly proportional to temperature. AVgg can be
digitized with respect to a reference voltage to get the temperature measurement.
The bandgap reference voltage is a temperature independent voltage. This voltage

is generated by adding aAVgzg and Vgg.
Veer = Vee + alAVgg (23)

« and p are chosen as 12 and 6 respectively to get temperature coefficient of Vygp
as zero around room temperature. An ADC converts aAVgg to a digital value

with reference to Vzgr which can be used for temperature measurement. The



digital temperature reading D,,; can be expressed as

OZAVBE

REF

Doyt = A.

+B (2.4)

A and B are constants and D,,; is in degree Celsius. A and B can be found by
minimum meansqaure linear fitting of O‘VAR% and temperature measurement. For

UMC 180nm technology substrate pnp transistor, A= 665.33 and B= -277.77.

2.2 System Overview

The block diagram of the temperature sensor system is as shown Figure.2.1. The
BJT-Core is giving input to DSM depending on the value of bs. The DSM is
integrating Vpg or AVpgr and giving the output bit-stream bs. The average value

of bit-stream is found by low-pass filtering the bitstream using decimation filter.

The average value is equal to which is used to get digital temperature

aAVBE

VREF
output as given by expression(2.4). Biasing of BJT Core is done using special bias
circuit.

The incremental XAADC is a good choice for the sensor application. The signal

. [, - Ve - : D
bias bias| pipolar > A bs| decimation out
. . ' ! . —>
circuit core | Vee ~| modulator filter

Figure 2.1: Block diagram of the sensor.

in the sensor application is low frequency and the required resolution is high. This

makes the incremental XAADC a proper choice for this particular application

2.2.1 Temperature Reading Technique

The output of temperature sensor is in digital format. To get the digital output, we

need to convert analog input to digital output using a ADC. The incremental delta

>



sigma ADC (Charge balancing converter) is well suited in this scenario since it
requires very small signal frequency and high ADC resolution. The ADC converts
AVgr and Vpg value to digital temperature reading. The block diagram of an

incremental DSM is as shown in Figure.2.2. The loop integrates V;n or Viy —Vgzer

+C|k

Vle>JV£LJ' s

(/«
VR&er

Figure 2.2: Block diagram of incremental DSM.

and if the comparator input is higher than the threshold voltage, it gives output bit
as one. If the comparator output is one , the input of the loop filter is V;y — Vrpr
and if it is zero ,then input of the loop filter is equal to V;y. The average value
of the output bitstream is equal to % . For the temperature measurement |,
the digital value of O‘VAR% is needed. Viy is aAVgg and Vygr is the bandgap
reference voltage in the case ADC in the temperature sensor. Since Vzgp is the
sum of «AVgg and Vgg , this can be implemented as shown in the block Figure.

2.3. From the Figure.2.3 it can be seen that the input to the loop (V) is a.AVpg

+C|k
AVige |O‘ Ty, Jvmt; J =bs
| Vin Y- v,
r -
Ve >€>VREF‘/

Figure 2.3: AY modulator in temperature sensor.

if bs=0 and —Vgg when bs is one. So the the system can rearrange as shown in

Figure.2.4[2]. This is more convenient because only one of the outputs from BJT-

6



Core , either AVgg or Vgg is needed at a time. The output of BJT-Core is fed as
input to A modulator. The BJT-Core is designed in such a way that its output
is AVgg if bs is zero and Vgg if bs is one. Design of BJT core is discussed in
chapter 3. This means V;y — Vgzpr is directly taken from BJT-Core. This concept

can be exploited in DSM design. Due to negative feedback in the modulator, the

AVige
5y

+ Vint

[P T

+C|k

Vgg— ¢

Figure 2.4: AY modulator in temperature sensor.

charge added at the input of the modulator on an average is zero. The charge
added while integrating a. AVgp is removed during the integration of —Vpg. This

charge balancing can be expressed as

(1 — ,u)CkAVBE = /LVBE
Oé.AVBE

o= Ver + a.AVgg
. Oé.AVBE

VeEF

(2.5)

where p is the average value of the bitstream bs. p is used to calculate the

temperature. From equation (2.4) ; the digital temperature can be expressed as

Dout = A/J + B (26)



2.3 Accuracy of reading the value

To get the required accuracy of 0.1°C' , the random error due to mismatch and
noise has to be reduced to the level of of 0.01°C. This accuracy can be expressed
as the accuracy requirement in AVgg and Vpg. The sensitivity of the digital
output with respect to AVgg, Vg and « is calculated by differentiating it with

corresponding variable.

8D0ut . A.OéVBE (2 7)

O0AVgE a (VBE + Oé.AVBE)Q ’
ODpi  AaAVgs 8
0VgE a (VBE + Oé.AVBE)2 .
0D _ A AV VaE (2.9)

Oa (VBE + Oé.AVBE)Q

8Dout 8Dout
8AVBE ? 8VBE

and ag;“t are plotted against temperature and the accuracy require-
ment in Vpgr, AVgg and « are found out. The plots are shown in Figure.2.5,
Figure.2.6 and Figure.2.7. It is evident from the plots that, the sensitivity of
Vee, AVggand « depend on temperature. The worst case for Vg is at high
temperature. For AVgg, the worst case is at low temperature and for «, it is at
temperature around 50°C. The error tolerable for Vg is 314V and for AVgg, it is
2.3,V for reducing the temperature error at level of 0.01°C. Similarly, 6 x 1073%

accuracy is demanded for a to achieve the same.

2.4 Curvature Correction

The collector current of BJT can be expressed as

Ip = Igexp (qu;E) (2.10)
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Figure 2.5: Sensitivity of sensor output with respect to Vgg.
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Figure 2.6: Sensitivity of sensor output with respect to AVgg.
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Figure 2.7: Sensitivity of sensor output with respect to a.

The saturation current /g is dependent on mobility and intrinsic concentration of

silicon. The temperature dependency of Ig can be expressed as [3]

Is(T) = CT" exp (%;9'0) (2.11)

where C is a constant, Vg is the extrapolated bandgap reference voltage at 0K
temperature and 7 is modelling parameter which comes from device physics. The
value of Vo and 7 are 1.17 and 2.38 respectively for UMC -180nm 25m? substrate

BJT. Substituting equation(2.11) in equation(2.10) , VBE can be expressed as [1]
where

Vouny(T) = S(n )T —T, - Tln(%)) (2.13)

T

and T, is the reference temperature where Vg is linearized. It is evident from
expressions 2.12 and 2.13 that the dependency of Vg on temperature is nonlinear.

The term Vgoygy is the indication of non-linearity. Since Vg is nonlinear, the

10



band-gap reference voltage Vgpp is also nonlinear.

leads to non-linearity in output of the sensor.

Vrer (V)

140
Temperature (°C')
Figure 2.8: Reference voltage for different values of bias current.
T T T T T T T T T T
0.8 = [bias o= 2Ibias == 3Ibias N
—— 4Ibias A 5Ibias - GIbiCLS
0.6 —h— 7Ibias i
O 04 |
Z 02f 1
g
A *
—
L —0.2 1 |
o
Z 04| .
—0.6 s
_08 | | | | | | | | | |
—60 —40 —-20 O 20 40 60 8 100 120 140
Temperature (°C)
Figure 2.9: Non-linearity of temperature reading (D). (Output is trimmed at

The curvature of Vygpr considering the temperature dependency of resistor in
the bandgap reference is as shown in Figure.2.8. The reference voltage Vzpr shown
with bias current I, is the conventional bandgap reference with zero tempera-

ture coefficient around the room temperature. The reference voltage plotted with

1.34 —

The non linearity in Vggp

= ‘[bias L._ 2Ib‘ias +‘ 3[bias |
—— 4[1)2'(13 —h— 5Ibias —-©— 6Ibias
1.32 —fe— 7Ibias

1.3}

1.28 |

1.26 | oo u T
Lol Se—3¢ % % % % 3% % 3% % X

| | | | | | | | |

—60 —40 —-20 O 20 40 60 80 100 120

room temperature
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different bias currents is as shown in Figure.2.8. From the Figure 2.8, it is clear
that as bias current increases the temperature coefficient of Vzgr becomes more
positive. The corresponding non linearity in the output of the temperature sensor

is shown in Figure.2.9.

The non linearity can be reduced by the proper choice of temperature coefficient
for Vggr. The temperature coefficient of Vzppr can be changed by changing the
bias current. It is evident from the Figure.2.9 that the slight positive temperature
coefficient for Vzgr reduces the non linearity at output of the sensor[4]. From
Figure.2.9 it can be noted that the emitter current value between 21y, and 3145
gives minimum error with respect to linear fit output. The unit emitter current

(Ipias) chosen is 1.3uA.

12



CHAPTER 3

BJT Core

The BJT Core generates voltage Vgr or AVgg. The Delta Sigma Modulator
(DSM) integrates it and creates the bitstream values which is used for temperature
measurement. Vpg is generated by passing a current through BJT and AVpg
is generated by passing 1:p current through two different BJTs and taking the
difference between their Vzg value. Since either Vg or AVpg is integrated by the

DSM modulator at a time, it is possible to use same BJT for generating Vg and

AVBE.

3.1 Generating AVzg

The difference between the base emitter voltage of two BJTs which carry currents
in 1:p ratio will give AVgg. The value of p used is 6. The matching between the
current sources should be high enough to reduce the random variation in AVgg

lesser than the required level to keep the temperature error less than 0.01°C.

3.1.1 Matching requirement between current sources

Current sources with 1 : p ratio is used to generate AVgzg. For this purpose, p+ 1
identical current sources are used. Mismatch between current sources will lead to
error in AVgg. So to make error within the limit of accuracy, the current sources
are to be matched. Let I be the average value of the p+1 current sources, then

current source can be express as I1(1+4;). If j current source is a unity current



source,

;irzl
I;
kT i=1,ij
AVBE =—1In L7
q I;
Pl
2
kT kT + ==
= In(p)+ —In| —& 3.1
O (3.1)

Since 9; is small and average value of d; is zero , the equation 3.1 can be simplified

as

KT KT p+1
AVpp ~ “—In(p) — =L, (3.2)
q q P

Knowing the maximum tolerable error in AVgg and p=6, the matching in the
current sources should be less than 5.72x 1073% to get the required temperature
accuracy for sensor. This order of matching is not achievable. For this reason,

Dynamic element matching is used.

3.1.2 Dynamic Element Matching in the current sources

The error due to mismatch can be reduced by dynamically selecting the unit
current source from p + 1 current sources. This average error due to mismatch
can relax the matching requirement between the current sources. If I is used as

unit current source, Vppy is the corresponding base emitter voltage and assuming

14



0; and average value of 9; are small

I;
kT i=1.4
AVBEk =—1In Lk
q I
pt+1
> b
kT kT + =2
= —1 +—1 P
. n(p) ;0 155,
kT KT p+1 kT 1.\?
q q p 2q D

Since the mean value of d; is zero, the average value of AVgg can be written as

kT kT (]il ‘)2 (3.4)

A‘/BE,cwg = 7 ln(p) + 2_q 7

Now the required matching between the current sources are 1%. The p+1 dynamic

element matched current sources are used to generate AVgp as shown in Figure3.1

5].

VDD
from bias
circuit - - IFJ rj Ir‘J If‘J fJ F‘J I

7X|bias

bs | pEM

® ! control F— s N TN S T TS oYy N

(e T
—>+

QL {QR

L

Figure 3.1: Generating AVgp with DEM current sources.
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By switching the current sources appropriately , each current source can be di-
rected towards 7, or Qr. One of the current sources is directed to one BJT and
the rest of them are to other BJT to generate AVgg. The error due to mismatch

can be averaged out by alternating the unit current source in each DSM cycle.

3.2 Generating Vzp

VpE is generated by passing current through the BJT. Only the substrate PNP
is available in CMOS technology. The collector of the substrate PNP is the p-
substrate of the die and it is always connected to the ground. So the way to bias

the BJT is by fixing the emitter current Ig. Vgg of the BJT can be expressed as

kT I B
Ve = i In (Em) (3.5)

Since Vg depends on the absolute value of Ig, 8 and I, the spread of these
quantities affect the value of Vgg. [-independent biasing scheme is used to make
the value of Vg independent of 5. This is discussed in chapter 4. The spread
in Is and I, are corrected by using trimming. There are so many trimming
techniques available in the literature. Scaling the emitter, scaling the bias current
and adding programmable PTAT voltage are some of them. These techniques
require a lot of chip area. In this work, delta sigma digital to analog converter is
used to get high trimming resolution. Figure.3.2 shows the Vpp generator using
bitstream controlled trimmed bias current [6]. Iy, is generated from the 1:6
current sources which is used for generating AVgg. This can be done because the
DSM integrates either AVgg or Vg at a time. One of the seven current sources
is controlled by the DDSM output and others are controlled by the course tuning
input C. The other six current sources can be switched on or off by using input C.
Depending on the DDSM output, the current Iy, goes back and forth between

Cdpias and (C' + 1).1p45. The average value of Iy, can be controlled by using the
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Figure 3.2: Generating Vpg using trimmed current sources

digital input F. Total trimming range available in this arrangement is 0 to 7/p;qs.

Vg can be written as

kT (IE(1+51E) B )

Vep = —1In
PET g Is p+1

kT (IE 3
— (£

kT
il & 1) + 2 In(l+ep,) (3.6)

q

1, is the relative error in the emitter current. From the equation (3.6) it can be
seen that, to make Vgg error due to spread in the emitter bias current less than
31V | the range of trimming has to be made 10bit. So 10bit trimming range is
needed to make the error due to spread in bias current in the order of 0.01°C' at
the output of the sensor. This is done using the course tuning using the input C
and fine tuning using DDSM. This implies that a trimming resolution of 8nA is

needed to achieve the same. This can achieved by 8bit first order DDSM.
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3.3 Delta Sigma Digital to Analog Converter

As discussed in the section 3.2, Vg has to be trimmed to avoid the effect of spread
of saturation current €7, and the spread of emitter bias current e;,. Trimming is
done by using AY DAC. The block daigram of conventional A DAC is shown in

Figure.3.3. For the trimming, it gives a digital input F to the delta sigma. Here

Ng N, 1

X%’E% NL | DAC —=LPF —
f Rfy Rfy y

IF : Interpolation filter

NL: Noise shaping loop
DAC : D/A Converter

LPF : Analog low pass filter

Figure 3.3: Block diagram of a AY DAC.

this value is same for at least during one reading of the sensor. One reading of
the sensor is obtained by averaging 800 A cycles. So the digital input is same
for the 800 AX cycles. It means that the digital input is interpolated as the same
value for 800 cycles. So the oversampling ratio R is 800. The general structure of
the noise shaping is as shown in the Figure.3.4. In the Figure.3.4 x,y and e are
input, output of DDSM and truncation error respectively. In the z-domain this

can be written as

Y(2) = X(2) + (1 — H(2)) E(2) (3.7)
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Figure 3.4: Error feedback DDSM.

Comparing equation 3.7 with usual DSM output, it can be shown that

STF(z) =1

NTF(z) =1- H(2) (3.8)

The word length and gain of the loop are chosen in such a way that the modulator
is stable. For Q bit truncator, maximum OBG of the NTF possible is 2% [7].
Since the required accuracy is 8bit , the first order noise shaping is used and
H(z) =1 is chosen to get the first order NTF. The first order DDSM is as shown
in Figure.3.5. This digital delta sigma is coded in verilog and synthesized using
the tool Designvision. The synthesized netlist is placed and rooted by using the

tool Encounter.

e Ly

71 |

Figure 3.5: First order digital delta sigma modulator.
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3.4 Complete funcioning BJT Core

The full schematic of the BJT-Core is as shown in Figure.3.6. If bs=1 and ¢, is

from bias
circuit i ! N < < X
= Vpiaspz yJ i i i

|
E 5 5
C _,|
b Control for the 6,/ §Q/Z S%ZST%{ Sll?/;sjf S&:( ?32 S%Z
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- T T T O O r
o { | | | )|
X( bs.¢, bs.q, & & bs.@, bs. g, 4&<
? T T
X =8 (5p/15p)
y =8 (1.51/1p)
! - Vas + .
W/L=2 (0.24/0.18)
QL.Qr.Qp = 2(5um x 5pm)
Qm & bs.@, Qp bs.q, 2 (_I; .
L .

Figure 3.6: The complete BJT-Core.

high , the trimmed bias current flows through (); and the remaining current flows
through the dummy transistor ) p which carries the unused current. The emitter
of transistor Qi is shorted to ground and Vays is equal to —Vggr. While the
currents between @), and Qi swap, the value of Vay is equal to —Vggg. If bs=0
and ¢ is high, 61;,s current flows through Qg and I,;s current flows through @,
and Vay, becomes AVgg. During ¢, , the current swaps between (Qr and @), and
Vax, becomes —AVgg. If bs=0, AVgg is integrated twice by using six times higher
sampling capacitor than in bs=0. So clock ¢; and ¢, reduce the time period when
the bs=0. The layout of BJT-Core is done and the functionality is verified using

RC-extracted simulation.

The output of BJT-Core with clock is as shown in Figure.3.7. The required match-
ing of current source is 1% and this is verified by the Monte Carlo analysis. The

Histogram obtained for 1000 samples is as shown in Figure 3.8.
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Figure 3.7: The RC extracted simulation result of BJT-Core.
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CHAPTER 4

BJT Bias Circuit

4.1 (- independent bias generator

The base emitter voltage of BJT can be written as

KT Io

VBE == -In(;)
KT Bl
g (Is(ﬁ + 1)) 4

where k is Boltzmann’s constant, T is the temperature in kelvin, q is the electron
charge, I is the collector current of the BJT, Ig is the emitter current of BJT and

S is current gain of BJT. The current gain of BJT () depends on temperature

_______________

EStart—Up circuit E Mim

| M?j E|' M1 oy M3 SUMS 7o the BIT Core
! : | | | v

E : Ibias m'lbias p-lbias praspt
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' | :|I ja ja

: ! | i |
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: i Rbias

E M8:| i Qa1 Qs2 Qg or Qg Vee

| : Rbias

b ! m

:_ ______________ : v _I_

Figure 4.1: - independent bias generator makes the Vgp value independent of
current gain of BJT.

significantly. This leads to temperature error which is higher than tolerable range.



Nominal value of £ is 1.38 in 0.18um technology. The circuit to generate Vpg
value independent of the current gain of the BJT is as shown in Figure 4.1][2]. The
difference between base emitter voltages (AVgg pias) of Q1 and Q2 can be written

as

AVBEpias = Vee2 — VBEI

kT
= " In(m) (4.2)

where 1:m is the current ratio in QB1 and QB2. Here m is chosen to be 10.
Since the negative feedback ensures that the voltage between two terminals of the

op-amp is zero,

Rbias m-[bias
m (B+1)

Rbias~Ibias - = AVvBE,bias (43)

Ly, = (B4 1) AVBE bias
e 5 Rbias

(4.4)

The currents through )7, or Qg are mirrored from M1 and Ig is equal to p.lpqs.

Substituting this in equation (4.1) , Vg is given by

kT pAVBE bias
VBE=—In|———
" ( Rbias~IS

q

It is clear from equation (4.6) that , Vg value is independent of 5.

The offset in the (§- independent bias generator introduces error in Vgg. It is
not possible to trim out the spread in the value of Vzg completely. The major
sources of error in the circuit shown in Figure.4.1 are offset of the op-amp and
mismatch between )1 and ). FError due to these factors should be less than
accuracy requirement while reading AVgg and Vgg.The BJT core designed is as

shown in Figure.4.1. The input referred offset of op-amp Vg directly appears as
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an error in AVpgpies Which in turns appear as an error in Vpg. Vpg with the

offset at op-amp is given by|§]

VBE = kT In (p(’AVBE,bias + Vos))
q Rbias-IS
(4.6)
kT PAVBE pias kT Vos
= —In|——— —n{l1l4+ ——"—
q n( ]SRbiaS )+ q n( * A‘/BE,I)ias)
(4.7)
kKT PAVBE pias Vos
~—1 ’ 4.8
q n( IsRbias ) * In(m) (48)

The error should be less than the maximum tolerable error in Vg (314V). This
leads to Vpg value less than 71uV for m=10. This level of offset is very difficult
to achieve. So chopping is used to reduce the offset of op-amp in §- independent
bias generator. A finite voltage difference exists between op-amp terminals due to

finite open loop gain (Apy). This is approximately equal to %. This causes

AVBE bias

an error of Ao n(m) in Vgg. To make Vg error within tolerable range, the open

loop gain has to be higher than 1100,or 61dB. This can be easily achieved.

The start-up circuit is necessary for this circuit to work as expected. When switch-
ing on the supply, there is a possibility that the emitter of (Qpo and @, are at
zero voltage and the current through these are zero. This is also a valid operating
point of the circuit. But this operating point is not the desired one. If emitter of
(B2 is zero and then switching on M7 makes it nonzero. If loop starts working,
the emitter voltage of ()ps is high and M7 is switched off, then the start-up circuit

has no effect on the functioning of the circuit.

4.2 Offset cancellation

As found in section 4.1, some offset cancellation technique is needed to achieve

the required accuracy. Chopping is used to cancel the offset of the op-amp [2].
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The circuit used is as shown in Figure.4.2. The switch position in ¢; is shown in

_______________

L||'\"2

Iblas lOIblas

To the BJT Core
Vhiaspl

Vbiaspz

+

Vp
cho ‘? in

%ﬁ—§§_
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M3=4(1.5u/1p) M4=40(1.5W/1p)
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R1,R2 =10R M7 = 2(0.25p/2)
M5,M6 = 2(0.25u/21)
All switches are NMOS transistors with 2(0.241/0.18)

Figure 4.2: Chopped - independent bias generator.

Figure.4.2. During ¢, in BJT-Core , bias current is switched to (), and during ¢,
bias current is switched to QQg. If there is any offset present in the bias generator
circuit, one BJT (Qr, or Qg) is biased with positive offset and other with negative
offset. Integrator in the DSM is integrating the sum of this Vgg. So effectively
the offset effect is nullified. There will be residual offset due to exponential nature

of BJT characteristic.

kT (p(-AVBE,bms + Vos)) n le (p(-AVBE,bms - Vos))

VBEL + VBER = 7 In

RI'ISL R2~ISR
kT AVgpgpi kT 2
ﬂ—m<p‘@m >~—Gﬁiﬂ (4.9)
q \/RlRQ\/[SRISL q A‘/BE,bias

It can be seen that Vg required for the op-amp is less than 2mV. And also there

is no matching requirement between @Q;,QQr and Ry, R,.
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4.3 Op-amp in (- independent bias generator

The folded cascode op-amp is used in chopped [- independent bias generator.

The output current mirror is chopped synchronously with the chopper in the (-

independent bias generator to keep the negative feedback. The speed of op-amp is

chosen in such a way that the voltage Viiqsp1 in Figure.4.2 settles during switching.

This op-amp is driving the gate of the current sources present in the BJT-Core.

These transistors are large in size to achieve the matching. The tail current is made

61V to settle Viqsp1 node voltage in Figure.4.2 and it settles within the clock period

of chopping. The op-amp is configured in the unity feedback and the magnitude

M11
l_

Vbiaspl

l

0.5pA

_”:‘|v|12 E‘Ml? Vs | MO Ms\j |:‘M4
Viiasp2 M6
ol MS:H IE Vbiasp2
Mt w2y, o
oo o— Vout
el
N

V..
M14:”_ E Mlblf:1sr12

l_ Vbiasnl
M131:| EMlS M91] |’:]Mlo
-
MO = 24(2/1p) M9,M10 = 20(0.75u/3u)
M1,M2 = 16(2u/1p) M11,M12 = 2(2u/1p)
M3,M4 = 8(2u/1p) M13,M14 = 2(0.75u/3u)
M5,M6 = 8(2u/1p) M15,M16 = 2(0.75u/3)
M7,M8 = 8(0.75u/31) M17 = (2u/12p)
All switches are PMOS with 2(0.24/0.18)

Figure 4.3: Opamp with output current mirror chopped.

AV
M7 :”—'—BMS biasn2

Vbiasnl

and phase response loop gain is plotted with 2pF load capacitor. The magnitude

and the phase response in as shown in Figure.4.4 and 4.5 respectively.
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Figure 4.5: Phase response of the loop gain.
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Table 4.1: Summary of opamp in the - independent bias generator

DC loop gain 79dB
Unity gain frequency (Cr,=2pF) | 4.1MHz
Input referred offset 1.6mV
Power consumed 20.7 p W
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CHAPTER 5

Delta Sigma ADC

The incremental delta sigma ADC is used for the conversion of analog value to
a digital value which in turn is used for the temperature reading. As discussed
in chapter.2, this can be achieved by using incremental delta sigma ADC (charge
balancing converter). But the exact charge balancing does not practically. This is
equivalent to quantization noise in the ADC. The error due to this factor has to
be in the order of 0.01°C' to get the overall accuracy of 0.1°C. From equation 2.6
the error in p can be found. The error that is tolerable in p is 1.5 x 107°. This

leads to an accuracy requirement of the ADC equal to 16bits.

5.1 Modulator Loop Design

Delta-sigma modulator with 16 bit accuracy is needed for converting the temper-
ature to digital output. In sensor application , the frequency of the signal is small
so that the incremental AY ADC is used. The shaped quantization noise at the
output of ADC is filtered using decimation filter. For the first order delta sigma,
simple counter can be used as decimation filter. But 2! AY. cycles are needed to
get an accuracy of 16bits. The desired conversion time is 100ms. In order to get
this conversion time, sampling frequency of DSM has to be high. This leads to
high power dissipation. So the first order modulator is not a good choice. The
sampling frequency can be reduced by using second order modulator. For the
second order modulator , in band noise is lesser than that in first order so that it

is possible achieve the same bit accuracy using less number of delta sigma cycles.



The general CIFB second order delta sigma loop is as shown in Figure.5.1. The
coefficients of the loop variable decides the NTF of the system. The second order
modulator with single bit quantizer is used to achieve the design goal. The single
bit quantizer has to use an OBG which is less than 1.5 for the stability of the

loop. The Butterworth and inverse chebyshev are common functions used as NTF

u(n)

Figure 5.1: Second order Delta Sigma loop with CIFB structure.

functions. In butterworth implementation, g; value is zero. For high OSR, ¢;
value is very small since second zero is close to w = 0. Very small coefficients are
difficult to be implemented in switched capacitor type DSM. So the Butterwoth

NTF function is used to implement the loop filter.

As described in chapter.2 when output of the DSM is zero, a. AVgg is integrated
and when output is one, —Vpp is integrated. The BJT-Core switches according
to the DSM output. This means that the first subtraction is happening inside
BJT-Core. The DSM loop includes the BJT-Core also. So the output from the
BJT-Core is V;y — Vggr. So the path containing bs; has to be avoided from
the conventional CIFB structure. The coefficient is calculated using delta sigma
toolbox by setting b3 = 0. Since b3 is not part of the loop, this change will
not affect the NTF, but STF is going to change. For second order delta sigma
modulator, a; = b; and as = by and for butterworth NTF, g, = 0. Since a; = by
and ay = by , this can be pushed through the summing node and make the block
diagram as shown in Figure.5.2. Since the quantizer is one bit, ¢, can be scaled
to limit the integrator swing. k; = ajcy, b = by and ky = ¢ in the Figure.5.2. The
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NTF function as shown in Figure.5.3. Since in the sensor the ADC is working

only at 40% ADC reference OBG slightly higher than 1.5 not an issue.  The

+C|k
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k k
E Xintl(n5 Z_'21 Xintz(ny J V(n)

u(n) +

Y
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Figure 5.2: Second order Delta Sigma loop with CIFB structure.
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Figure 5.3: NTF of the modulator.

same modulator topology is configured for the incremental operation as shown in
Figure.5.4. In incremental operation, the modulator state needs to be reset after
every reading. By using the delta-sigma toolbox, the coefficients found and scaled
the node and and k;,b and ks are chosen as 0.25 , 2/3 and 0.5 respectively.The
DSM noise mainly comes from quantization noise, thermal noise from switch and
noise of the first op-amp. The quantization noise is made 10dB lesser than the
targeted SNR. The thermal noise from switch and noise of the op-amp are made
smaller than the minimum required voltage accuracy of input to read ( That is
equal to 2.3uV while reading the AVpg). The sampling capacitor Cy is chosen as
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Figure 5.4: Second order Incremental Delta Sigma Modulator.

5pF. While integrating AVgg, the sampling capacitor becomes 30pF to achieve
six times gain than in Vgg. The accuracy of second order incremental DSM is

approximately 2log,(N) — 1 [9]. 800 cycles are chosen for one reading.

5.2 Realization of aAVzp

The « value is realized by sampling the AVgzg input twice and each sampling gain

of ¢ is realized by increasing the number of sampling capacitor from one to §.

5.2.1 Input sampling capacitor matching requirement

Let C be the average value of the 5 capacitors. Then ith capacitor can be ex-
pressed as C(1+¢;). Assuming j capacitor is used for sampling Vpp and &

capacitor for the sampling of AVgg,
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- zdeal0(1+5j)

~ Qigeat(1 — 85 + (6;)%....) (5.1)

To get the percentage accuracy of 6 x 1073% in «a , the percentage variation in
capacitor value needs to be 6 x 1073%. This level of matching is not achievable.

So it is necessary to use some kind of matching mechanism between capacitors.

5.2.2 Dynamic Element Matching

So one of the matching techniques is DEM. The capacitor used for the sampling
of Vpp is chosen dynamically and the average value of a is made closer to the

desired value.
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Figure 5.5: DEM on input sampling capacitor.

If the number of cycles during which Vg value is integrated is exactly equal to a

multiple of « , the gain error will be completely averaged out. So the gain error
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after N Delta Sigma cycles is given by [8]

N-|

o=z

Ja

& — Ujdeal 1
— | == 0; 5.2
< (52)

i

«

1

0; is Gaussian distributed. So the bound of equation (5.2) is

& — Qdeal

Omaz (5.3)

«

To get the percentage accuracy of 6 x 1073% in «, the percentage variation of

sampling capacitors should be less than 2%.

5.3 Opamp Design

Considering the above discussed concern, the op-amp needs to be designed. The
first op-amp design is more crucial than the second op-amp, since the input referred

noise at the input of the modulator is attenuated by the gain of previous block.

5.3.1 First Opamp

The maximum error that can be tolerable while reading Vg and AVgg are 31uV
and 2.3V respectively. So when the first integrator is integrating its input, the
settling error due to finite gain and finite bandwidth of OTA is made less than

this value. Settling error due to finite gain is given by

(5.4)

Cs \ Vi
Settling error due to finite gain = <1 + == )

Cintl AO

where Cs is the sampling capacitor, Cj,; is the integrating capacitor and Aq is
the dc-gain of the op-amp. To make settling error less than 31y for Vg and 2.3u

for AVgg at all temperatures , the first op-amp requires a dc gain of above 100dB.
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The limiting reading is the AVgp reading at high temperature. Similarly there is
a settling error due to finite bandwidth of op-amp. The op-amp speed has to be
high enough such that the desired settling is happening at some fraction of clock

cycles. The settling error due to finite bandwidth is given by

—tset

Settling error due to finite bandwidth(in%) = e+ (5.5)

where . is the time of settling and 7 is the time constant associated with domi-
nant pole of the closed loop. To make settling error less than 31y for Vg and 2.3
for the AVgzg at all temperatures, t,; = 117. Settling time is decided such that
one forth of the clock time is required for integration. While integrating AVgzg, the
clock time available is one fourth of A clock period. So the bandwidth required
is decided by the accuracy requirement in AVgg. The required UGB is higher
than 0.6MHz.

Since the gain required is higher than 100dB, the gain boosted folded cascode
opamp is used. PMOS input pair is used because input common-mode is zero.
The schematic of the op-amp is as shown in Figure.5.6. The tail current used is
10pA to reduce the thermal noise floor in the required range. M9 and M10 are
made in large size to reduce the flicker noise corner less than half of the sampling
frequency. The commom mode feedback used for the op-amp is as shown in
Figure.5.7. OP1 is folded cascode op-amp with NMOS input pair and the OP2 is
folded cascode op-amp with PMOS input pair. The schematic of OP1 is as shown
in Figure.5.8 and OP2 is as shown in Figure.5.9. The common mode feedback
circuits of these opamps are shown in Figure.5.10 and Figure.5.11. The open
loop magnitude and phase responses of the opamps are shown in Figure.5.12 and
Figure.5.13. The common-mode feedback loop magnitude and phase response are
as shown in Figure.5.14 and Figure.5.15 respectively. The settling of opamp is
tested by configuring the designed opmap as integrator and applying a pulse. The

settling of the opamp meets the accuracy requirement.
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Figure 5.6: Schematic of the first op-amp.
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Figure 5.7: Schematic of the common-mode feedback of first op-amp.
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Figure 5.8: Schematic of the folded cascode op-amp with NMOS input pair.
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Figure 5.9: Schematic of the folded cascode op-amp with PMOS input pair.
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Figure 5.10: Schematic of the common-mode feedback of folded cascode op-amp
with NMOS input pair.
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Figure 5.11: Schematic of the common-mode feedback of folded cascode op-amp
with PMOS input pair.
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Figure 5.12: Magnitude response of opamp .
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Figure 5.13: Phase response of opamp .

39

107




80 T T T T T T T T T T T TTTTT T T T T T T T T T T T TTTTT
60
g
— 40
<]
e
I
= 20
<
=
0,
_207 | Ll Ll | Ll Ll
10° 10* 102 103 104 10° 106

Frequency (Hz)

Figure 5.14: Magnitude response of commonmode feedback loop .
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Figure 5.15: Phase response of commonmode feedback loop.
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5.3.2 Second Opamp

The noise of the second opamp is attenuated by the first stage of the modulator.
So the noise performance is not so critical here. A scaled down version of the
folded cascode opamp designed for the first stage is used here. The schematic
of the opamp is as shown in the Figure.5.16. The switched capacitor common
mode feedback is used for the second opamp. The schematic of the common-mode

feedback is as shown in Figure.5.17. The common mode settling is verified by the

1.8V
T
M21 Mlsrj M17rj V. Mo M3 M4
| | | biaspl | Vemb
| = | |
mio) w15 ) [M16 M5 M6
1as
\V; E I: _P_”: :I Vbiaspz
i o Vo[ M1 M2 |Vim
0.5pA LV, Vop
M20
I Vbiasnz <“ I M7 M8
Ml]lJ lV__| [‘ M12 l] Vbiasnl
biasnl M9 M10
L
M21,M18,M17 = 2(2W/1p) M13,M14 = 2(0.75W/3y)  M3,M4 = 8(2W/1p)
M19,M15 = 2(2u/1p) M16 = 2(2u/10p) M5,M6 = 8(2W/1p)
M20 = 2(0.75p/271) MO = 16(2u/1p) M7,M8 = 8(0.75u/3p)
M11,M12 = 2(0.75u/3p) M1,M2 = 4(2W/0.5p) M9,M10 = 16(0.75u/3p)

Figure 5.16: Schematic of the OTA used in the second integrator .
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All switches are transmission
=Cl1 = C2 gates with NMOS=2(0.24/0.18)
% Vg and PMOS=2(0.24/0.18)
Vom :NKC N_ ch
Figure 5.17: Switched capacitor common mode feedback in the OTA of second
integrator.
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transient analysis. The gain and phase of the op-amp is plotted by putting the
ideal common-mode feedback. (Since switched capacitor common-mode is used,
ac analysis is not possible). The gain and phase of the op-amp are as shown in

Figure. 5.18 and Figure.5.19 respectively.
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Figure 5.18: Magnitude response of the second op-amp.
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Figure 5.19: Phase response of the second op-amp.
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5.4 Quantizer Design

The modualtor uses a single bit quantizer which compares the second integrator
output with zero and generates output bitstream (bs). The inverter cross coupled

latch is used for this as shown in Figure5.20. When LC is equal to one ,the

vdd
M5 |_E
(pstore _|_ _(pliore
o M10 M6
bs M3 I I M4 bs
?pstore e M12 LR M8 Bl 7(pstore
1
LC L w11 ags M7 L LC
’]| M14 |[‘ M2 vinm
_ M13 M9 _

Mo J—LE

MO = 2(0.2414/0.18) M6,M7 = 2(0.2414/0.18})
M1,M2 = 2(0.24/0.18y1)  M8,M9 = 2(0.24/0.18p1)
M3,M4 = 4(0.24/0.18y1)  M10,M11 = 2(0.241/0.184)
M5 = 2(0.24/0.18y) M12,M13 = 2(0.244/0.18})

M14 = 2(0.24p/0.18p)

Figure 5.20: Schematic of the quantizer latch

output of second integrator is sampled as the parasitic capacitor of the input of
the inverters. LE is one, depending on the relative value betweem V;,,,, and Vi, If
Vinp 1s higher than Vj,,,,, the value of bs is one , otherwise it is zero. This is called
degeneration of latch. When ¢4 is one , the degenerate value goes to buffer and
this is the output of DSM. This bit value goes to BJT-Core and decides whether
Ve or AVgg is to be integrated in the next DSM cycle. This output needs to be

routed to clk generator and to DEM logic for the appropriate operation.
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5.5 Offset and flicker noise cancellation

Since the low frequency signal is coming as the input, the flicker noise and the
offset of the op-amp are concerns. The circuit of first stage integrator is as shown

in figure.5.21. Let the offset does not change from ¢; phase to ¢, phase. (Similar
1
ST~
-
C

C
! .
&
I

s
os

Figure 5.21: Correlated Double Sampling.

case can be applied for 1/f noise, since 1/f noise corner is very much smaller
than sampling frequency). At the end of ¢; phase, the charge stored in Cj is
Cs(Vos — Vin(n)) and in Cipy is Cine(Vos — Vour(n — 1)). During ¢ phase,charge
stored in Cy is Cs(V,s) and in Cjy is Cine(Vis — Vour(n)). Equating the charges in

both phases of the clock,

Cs(‘/os - ‘/zn) + Cint(‘/os - ‘/out(n - 1)) - Cs(‘/os) + Cint(‘/os - V;Jut(n))
Cs
Cint

Vout(n) = Vour(n — 1) + Vi (5.6)

Ideally the offset and 1/f noise completely cancel each other by this technique.
This technique in literature is known as correlated double sampling. The problem
with this technique is the folding back of broadband thermal Noise. The folded

back component is given by[10]

Sfold,white ~ (Wffc - 1) SOSinC2 (7;_f) (57)

44



fe1s -3dB frequency of the system and f; is sampling frequency. If noise bandwidth
of 7 f. is half of the sampling frequency , there is no folding back component. In
general f, is higher than f,, since the integrator’s settling requirement is deter-
mining f.. So for the first op-amp, thermal noise is made smaller to take care the
folding back component . It can be seen from the Figure.5.22 and Figure.5.23
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Figure 5.22: Input refred noise of first opamp with CDS.
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Figure 5.23: Input refred noise first opamp without CDS.

that due to CDS, the noise at the band of interest is reduced considerably as

expected.
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5.6 System Level Chopping

CDS technique ideally nullifies the effect of offset and 1/f noise. But charge in-
jection from the switches leads to error in reading value. To avoid this, fully
differential topology is used . In fully differential topology, the change in voltage
across capacitor due to charge injection acts as common-mode signal as long as the
switches are well matched. But the mismatch between sampling switches leads to a
differential charge injection. For minimum size transistor ( W=0.24um, L=0.18um
), the mismatch threshold voltage is approximately 24mV (Ayr ~ 5mV um). This
leads to an amount of 0.01fC' differential charge injected to the sampling capac-
itor. This creates a 30,5t Of 61V at the input of first integrator. (Sampling
capacitor is 5pF'). The accuracy requirement of AVpg is 2.3uV. To reduce the

residual error to the level of accuracy required, the system level chopping is used.

From above, it is evident that the residual offset is due to charge injection spike
in the switches used for CDS and charge injection is directly proportional to sam-
pling frequency(f;). Residual offset can be reduced by adding another chopper
switches which switch at much lower frequency (fecsop) than CDS frequency. This
technique is known as system level chopping. The system level chopping periodi-
cally flips the polarity of charge injection spike introduced by the CDS switches.
Now the residual offset is determined by the charge injection mismatch between

the system level chopper switches. Since chopping frequency( fenop) is lower than

fs

chop

.The circuit

sampling frequency( fs), the offset ideally is reduced by a factor of
that implements system level chopping for delta sigma modulator is as shown in
Figure.5.24. System level chopping frequency should be higher than two times
the bandwidth of the signal. It is assumed that the bandwidth will be very small
, since temperature is a slowly varying signal . The system level chopping fre-
quency is selected as 40Hz: four cycles of chopping in 800 delta sigma cycles.
(Hand calculated residual offset= 641/200 = 30nV).
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5.7 Complete Modulator

The modulator which is implemented contains correlated double sampling and
system level chopping to reduce input refered flicker noise and offset. The chopper
implementation is as shown in Figure.5.25. At the input of the delta sigma, input
is chopped by using a chopper switch. To keep the integrator sign correctly, the
capacitor of each integrator is swapped using a pair of chopper switch. The output
bit from quantizer is taken according to the value of the chop clock signal. The

MUX is used for this purpose. = The modulator is tested by the applying the
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L2 \
: [ T bs 5CB V
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e F/HY 1 [l A F/HY i
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84 |

DFF
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Figure 5.24: Second order delta sigma modulator.

dc value at the input and output bitstream is filtered by using sinc? decimation
filter. The accuracy is measured by linear fitting the output with straight line and
by finding the error between input and output. The SQNR obtained is 17.3bits.
Four chopping cycles are used in one conversion cycle. So the offset is modulated

to second zero of the decimation filter.
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Figure 5.25: Chopper switching used for system level chopping.
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Figure 5.26: Timing of delta-sigma modulator.
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CHAPTER 6

Complete system and the layout

The BJT-Core , S-independent bias generator and the delta sigma modulator are
combined and formed the high precision CMOS based temperature sensor. The
temperature reading is tested by simulating it at few sampling temperatures and
confirmed the accuracy of the sensor. There exists non-linearity about 0.2°C" after
curvature correction. This is corrected by a look up table. The value of non-
linearity is stored in MATLAB and corrected after decimation filter. The output
getting from the schematic level simulation is imported to MATLAB. The sinc?
filter is used as decimation filter. The decimation filter is coded in the MATLAB.
The bit-stream obtained is low pass filtered and corrected the output using look-up
table and obtained the final reading. The layout of the analog blocks of the system
is shown in Figure.6.1. All digital blocks are coded in verilog and synthesized using
the tool Designvision. The synthesized netlist is placed and rooted by using the

tool Encounter.
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