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ABSTRACT 

This thesis work presents an all-CMOS on-chip smart temperature sensor for low voltage 

low power applications. Different temperature sensor front-end topologies have been 

designed and simulated in UMC 130nm process, AMI 0.5um process and IBM 90nm 

process respectively. The circuits designed in AMI 0.5um process and IBM 90nm process 

were fabricated and are being tested.  

The temperature sensor front-end in UMC 130nm process was designed to operate from 

0°C to 120°C. The circuits designed in AMI 0.5um and IBM 90nm can be operated from 

-55°C to 125°C. Proportional-to-absolute-temperature (PTAT) voltage(s) and 

independent-of-absolute-temperature (IOAT) voltage with different sensitivities have 

been produced by different circuits. The temperature sensor front-end designed in UMC 

130nm showed the capability to work as low as 0.6V.  The one designed in AMI 0.5um 

operates from 1.2V. The one in IBM 90nm works from 0.5V [1]-[2]. 

Subthreshold MOSFETs, bulk-driven amplifier and Schottky Barrier Diodes (SBDs) have 

been adopted in different topologies for achieving low supply voltage and low power 

consumption. Dynamic element matching (DEM) and chopping have been used to 

improve the accuracy and robustness of the circuits.  

Different sizes of N-type Si SBDs were laid out and fabricated in AMI 0.5um process. 

The I-V relationships of these diodes have been characterized from -50°C to 120°C 

according to the test results. Model parameters such as ideality factor, effective barrier  
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height and series resistance have been studied. The testing results showed the ability of 

SBDs to achieve the same current level and occupy a significantly smaller area compared 

with MOSFETs under the same process. The zero temperature coefficient (ZTC)-point-

bias-voltage of SBDs are also lower than that voltage of MOSFETs. These characteristics 

imply great potential for using SBDs in low voltage low power circuit designs [3]. 

 

 

 

 

 

 

 

 

 

 

 

 

 



           

Texas Tech University, Yiran Li, May 2012           

 

vi 
 

LIST OF TABLES 

3.1 ZTC-point-bias-voltage for nine SBDs with different sizes…………………………20 

4.1 PSRR and power consumption ................................................................................. 26 

4.2 Comparing results with other published state-of-the-art reference voltage circuits .... 27 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305677
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305678


           

Texas Tech University, Yiran Li, May 2012           

 

vii 
 

LIST OF FIGURES 

1.1 Low-voltage temperature sensor scattered across digital processor chip for on- chip 

thermal management........................................................................................................2 

2.1 (a) Basic structure of gate-driven NMOS input pair amplifier (b) basic structure of 

gate-driven PMOS input pair amplifier and (c) bulk-driven PMOS input pair amplifier ...5 

2.2 Bulk-driven semi-folded cascode amplifier ................................................................7 

2.3 The traditional structure of an PTAT voltage generator circuit. ..................................8 

2.4 The I-V relationship of BJTs ......................................................................................8 

3.1 (a) the cross section and (b) the layout of an n-type Schottky barrier diode .............. 12 

3.2 Layout of different size diodes in Cadence in AMI 0.5um process ........................... 13 

3.3 Experiment setup of SBDs ....................................................................................... 13 

3.4 (a) Effective barrier height 
0

eff

B  and ideality factor n  as functions of temperature and 

(b) SR  as a function of temperature. ............................................................................... 16 

3.5 Current as a function of temperature under different bias voltages for a 0.6x0.6x16 

um
2
 SBD. ...................................................................................................................... 18 

3.6 (a) Measured I-V characteristics of a 0.6×0.6×16 µm
2
 SBD under different 

temperatures. (b) Modeled I-V characteristics of a 0.6×0.6×16 µm
2
 SBD under different 

temperatures. (c) Simulated I-V characteristics of an W/L = (12µm/1µm)×15

 

nMOSFET 

under different temperatures .......................................................................................... 19 

4.1 Schematic of temperature sensor front-end designed in UMC 130nm process .......... 22 

4.2 Simulation results of two PTAT voltages changing with temperature ....................... 24 

4.3 Reference voltage Vref  as a function of temperature, for supply voltages (VDD) from 

0.6V to 2.0V .................................................................................................................. 25 

4.4 Vtemp1, Vtemp0, and Vref changes with supply voltage (VDD) from 0 to 2.0V .............. 26 

4.5 Layout of the temperature sensor front end designed in UMC 130nm process .......... 27 

4.6 Temperature sensor front-end designed in AMI 0.5um process ................................ 30 

4.7 Photo of the Temperature sensor front-end with SBDs array fabricated in AMI 0.5um 

process chip ................................................................................................................... 31 

4.8 Temperature sensor front-end designed in IBM90nm ............................................... 32 

4.9 Basic structure of DEM............................................................................................ 32 

4.10 Layout of the temperature sensor front-end designed in IBM 90nm ........................ 34 

5.1 The photos of chips fabricated in AMI 0.5um (left) and fabricated in IBM 90nm 

(right) ............................................................................................................................ 35 

file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305523
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305523
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305524
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305524
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305525
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305526
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305527
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305528
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305529
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305530
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305531
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305531
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305532
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305532
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305533
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305533
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305533
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305533
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305534
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305535
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305536
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305536
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305537
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305538
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305539
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305540
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305540
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305541
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305542
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305543
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305544
file:///E:/Master's%20Thesis/Thesis_version2.docx%23_Toc321305544


Texas Tech University, Yiran Li, May 2012           

1 
 

CHAPTER I  

INTRODUCTION 

Background and motivation 

Due to the development of integrated circuit designs for varying applications, 

temperature performance has become a very large design consideration [1]. Therefore, 

the designs of on-chip temperature monitor circuits have became a very hot topic 

nowadays. The on-chip smart temperature sensor can be used to sense the chip’s 

temperature, optimize the performance and implement early detection to avoid possible 

thermal damage that may occur [4]. And some of today’s modern circuit designs for 

specific applications are aiming for low voltage and low power consumption with the 

ever increasing demand performance and a smaller package size [1]. This thesis work 

was motivated by these circuit design trends and was aiming for a low voltage and low 

power on-chip smart temperature sensor.  

 Devices and circuits are designed to work at low supply voltages and currents for 

achieving the requirement of low power consumption [1]. In order to obtain low voltage 

and low power consumption, different technologies such as subthreshold MOSFETs, 

bulk-driven technology and Schottky Barrier Diodes (SBDs) were adopted in my designs. 

The SBDs are also can be used to reduce the chip size. 

 This work is supported by the Semiconductor Research Corporation (SRC) under Task 

ID 1836.057, which is for “high accuracy ALL-CMOS temperature sensor with low-

voltage low-power subthreshold MOSFETs front-end and performance-enhancement 

techniques”. 
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Fig 1.1 shows a low-voltage temperature sensor scattered across digital processor chip for 

on-chip thermal management.                                                                                                                                                         

As shown in Fig 1.1, the block in the middle is the temperature sensor front-end core with 

different sensor nodes. The sensor nodes can be placed at different places of the chip. The 

block on the left is an error correction amplifier structure for the temperature sensor 

front-end. The block on the right is a Sigma-Delta modulator which can be used to 

convert the analog signals produced by the temperature sensor front-end into digital 

signals. 

This work focused on the left and middle block for the temperature sensor front-end core. 

Different temperature sensor front-end topologies were implemented in different 

processes.   

Thesis organization 

This thesis work will be organized in the following order. The technologies such as bulk-

driven technology, subthreshold MOSFETs and SBDs which I used in my circuit designs 

Switched-

Current Bias

Special T-

Sensing Core

Clock BoostingChop & DEM 

Control

Vref or 

Vd

C
h
o

p

C
h
o

p

DEM Integrator Quantizer

∑Δ Modulator Core

ΔVd
+

inV
-

inV

VT 

Feedback

Partial PF 

Gain Enhance

OpAmp

Automatic 

Tuning

Sensor Node #k

Sensor Node #1

Sensor Node #N

...

 

Fig 1.1 low-voltage temperature sensor scattered across digital processor chip for on-chip 

thermal management 
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for achieving low voltage and low power consumption which will be discussed in chapter 

2. Chapter 3 will talk about the modeling and temperature characteristics of SBDs and 

SBDs’ potential for varying low voltage low power consumption circuit design 

applications. Then, the temperature sensor front-end topologies designed in different 

processes and their simulation results will be given in chapter 4. At the end, conclusions 

and some future works can be found in chapter 5.  
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CHAPTER II 

TECHNOLOGIES FOR LOW-VOLTAGE LOW-

POWER APPLICATIONS 
 

In this chapter, different technologies used in my circuits design for achieving low supply 

voltage and low power consumption will be discussed respectively. The advantages and 

disadvantage of using bulk-driven technology to design the error correction amplifier will 

be discussed in chapter 2.1. Then the usage of subthreshold MOSFETs and its advantage 

will be showed in chapter 2.2.  At the end, chapter 2.3 will talk about the SBDs used in 

my circuit design.  

Bulk-driven technology 

In order to achieve low supply voltage and low power consumption, bulk-driven 

technology was used to design the error correcting amplifier in my temperature sensor 

front-end. The bulk-driven amplifier can obtain lower input voltage and at the mean time, 

it allows larger input common range. These are the advantages of using such type of 

amplifier. 

Let’s compare the bulk-driven amplifier with other gate-driven amplifiers. Fig 2.1 shows 

the comparisons between gate-driven NMOS input pair amplifier, gate-driven PMOS 

input pair amplifier and bulk-driven PMOS input pair amplifier. 
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Fig 2.1(a) shows the basic structure of a gate-driven NMOS input pair amplifier. In order 

to turn on the two input transistor M1 and M2 which means make them work in active 

region, the minimum input voltage depends on the VGS of the input transistor plus the 

VDSAT of the M3. So we can present the minimum input voltage as minVinput = VGS1 + 

VDSAT3. This minimum voltage is relatively high. For regular temperature sensor front-end 

applications, the input voltages of the error correction amplifier are usually around the 

threshold voltage Vth of the transistors. Thus, this gate-driven NMOS input pair amplifier 

could not be applied to temperature sensor front-end design applications. 

Fig 2.1(b) shows the basic structure of a gate-driven PMOS input pair amplifier. The 

minimum input voltage of such type of amplifier could be very low. But the minimum 

supply voltage of this amplifier depends on the input voltage plus the VGS of the input 

transistor plus the VDSAT of transistor M3, which can be presented as minVDD = Vinput + 

VGS1+VDSAT3.  Let’s take a look at the minimum supply voltage for bulk-driven PMOS 

input pair amplifier which basic structure is shown in Fig 2.1(c). For the structure shown 

M1 M2

Input Input

M3

Vbias

M1 M2

Input Input

M3

Vbias

M1 M2
InputInput

Vbias

Current Bias

(a) (b) (c)

M3

 

Fig 2.1 (a) Basic structure of gate-driven NMOS input pair amplifier (b) basic 

structure of gate-driven PMOS input pair amplifier and (c) bulk-driven PMOS 

input pair amplifier  
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in Fig 2.1(c), the minimum supply voltage can be determined by the VGS of input 

transistor plus the VDSAT across the transistor M3, because for bulk-driven amplifier, we 

even can connect the two gates of input PMOS transistors (M1 and M2) to ground. So we 

can present the minimum supply voltage of the gate-driven PMOS input pair amplifier as 

minVDD = VGS1+VDSAT3, which should be smaller than the minimum supply voltage for 

gate-driven PMOS input pair amplifier.    

To sum up, the advantages of using bulk-driven amplifier are it can achieve lower input 

voltage and has larger input common mode range compare to gate-driven amplifiers.  

But the bulk-driven does have a disadvantage that it introduces a gmb, which can be 

determined by [5]: 

                                                                                                                                         (2.1) 

where                      .  

The introduction of gmb will lead to a reduction of the gain of the amplifier. So in 

typically bulk-driven amplifier designs, two-stage amplifier structures are usually 

adopted to meet the requirement of gain. 

Fig 2.2 shows the bulk-driven semi-folded cascode amplifier I used for the error 

correction amplifier of the temperature sensor front-end design. As shown in Fig 2.2, the 

inputs of this opamp are the bodies of the two PMOS (M9 and M10) transistors so they 

can have their own body potentials.  

2 2

D

mb m m
SB F SB

Ig g g
V V


  




 

0.2 0.5 
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For this certain structure, M9 and M10 couldn’t be gate-driven PMOS pair because as the 

temperature decrease, the input of the two PMOS input pair (M9 and M10) will be 

increase and make the two PMOS input pair no longer work in active region. And as I 

stated before, these two transistors could not be NMOS pair neither. So the bulk-driven 

PMOS input pair amplifier was adopted here.  

The structure of two stage semi-folded casecode structure was used here. The two stage 

structure was used to ensure the high gain of the amplifier. And the semi-folded casecode 

structure was used here. As shown in Fig 2.2, the stack of 3 transistors was used in each 

branch instead of stack of 4 transistors in typical folded casecode structure, which can 

also help to achieve lower supply voltage. 
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Fig 2.2 Bulk-driven semi-folded cascode amplifier  
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Subthreshold MOSFETs 

In traditional bandgap or PTAT (Proportional To Absolute Temperature) voltage 

generator circuits which can be used in temperature sensor front-end designs, the bipolar 

junction transistors (BJTs) were used. The basic structure of a PTAT voltage generator 

circuit is shown in Fig 2.3.   

 

 

 

 

 

 

As show in Fig 2.3, two BJTs Q1 and Q2 with a certain ratio of size are used. The BJTs 

have the following behavior as shown by equation (2.2) and Fig. 2.4: 

                                                                     
BE

TC S

V
VeI I                                              (2.2) 

 

 

 

 

Fig 2.3 The traditional structure of an PTAT voltage generator circuit.  
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The IC is the collector current, the Is is the reverse saturation current, the VT is the thermal 

voltage and the VBE is the base-emitter voltage. But the use of BJTs is relatively 

expensive. Fortunately, we found that when MOSFETs work in subthreshold region wich 

means VGS smaller than threshold voltage VTH of the transistor, the MOSFETs have the 

same behavior with BJTs and the use of MOSFETs is cheaper than BJTs, especially for 

industry large amount productions fabrication. 

The subthreshold MOSFETs have the following behavior [5]: 

                                                                     
GS

TD O

V
keI I                                              (2.3) 

where ID is the drain current through the subthreshold transistor, I0 is the current which 

value is between active and linear region, it has a relationship to the size ratio of 

transistors. kT is equal to ζ times VT where VT = (kT)/q and is changing with temperature. 

The variable k represents for Boltzmann constant, q is unit charge, T is temperature (°K), 

and “ζ  > 1 is a nonideality factor [5]”[2].  

Due to the similar behavior between BJTs and subthreshold MOSFETs, we considered to 

 

Fig2.4 The I-V relationship of BJTs 
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replace the BJTs by subthreshold MOSFETs in traditional bandgap or PTAT voltage 

generator circuits.  

Besides the low cost of using MOSFETs, another advantage of using subthreshold 

MOSFETs is we don’t need to ensure a high gate voltage for the two subthreshold 

MOSFETs because when MOSFETs work in subthreshold region, VGS must be smaller 

than VTH. So the voltage beyond the two MOSFETs can be relatively small. And the 

threshold voltage VTH can be even reduced by advanced processes. These can help us to 

achieve lower supply voltage for the temperature sensor front-end. And these also 

implied the potential of using subthreshold MOSFETs in low voltage low power circuit 

designs. 

Schottky Barrier Diodes  

The I-V characteristics of Schottky Barrier Diodes (SBDs) also show a similar behavior 

of BJTs and subthreshold MOSFETs. So we considered to replace the BJTs in traditional 

bandgap or PTAT voltage generator circuit by using SBDs. 

We have 9 different sizes of N-type Si SBDs fabricated in AMI 0.5um process. And they 

were tested for a large temperature range from -50°C to 120°C. The testing data have 

been studied and the results shows that the circuits can be designed to work at an even 

lower supply voltage and the SBDs will occupy a significantly smaller area than using 

subthreshold MOSFETs and BJTs [3]. More details will be discussed in chapter 3. 
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CHAPTER III 

MODELING AND TEMPERARURE 

CHARACTERISTICS OF SCHOTTKY BARRIER 

DIODES 
 

9 different sizes of N-type Si Schottky barrier diodes (SBDs) have been fabricated in 

AMI 0.5um process. The sizes are 0.6 x 0.6 um
2
,
 
1.2 x 0.6 um

2
,
 
1.2 x 1.2 um

2
,
 
1.8 x 1.8 

um
2
,
 
1.8 x 2.4 um

2
,
 
2.4 x 2.4 um

2
,
 
2.4 x 3.0 um

2
,
 
3.0 x 3.0 um

2
,
 
3.0 x 3.6 um

2
 respectively. 

They have been tested and the I-V characteristics have been characterized from -50°C to 

120°C. A model of SBDs has been studied according to the test results. Modeling 

parameters such as effective barrier height, ideality factor and series resistance have been 

calculated based on the test data [3]. The SBDs showed great potential for low power 

application compared to BJT and subthreshold MOSFETs. In this chapter, the layout and 

fabrication of SBDs will be shown in chapter 3.1. Then in chapter 3.2, the testing set up 

and testing procure will be given.  Chapter 3.3 will talk about how did I modeling the 

SBDs. Chapter 3.4 is about the modeling SBDs. The temperature characteristics of SBDs 

and its great potential for applying to low voltage low power designs will also be shown 

in chapter 3.4.   

Layout and fabrication of SBDs 

Fig.3.1(a) shows the cross section of a SBD and Fig 3.1(b) shows the top view of the  

layout of an n-type SBD. As show in Fig 3.1, the Schottky contact is formed by placing a 

contact to the n-well directly. And the N-terminal in Fig 3.1 which is the ohmic contact of 

Schottky diode was formed by place contacts on the heavily doping area around the 
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Schottky contact [6]. This is how we laid out the basic unit of SBD, which has a Schottky 

contact area of 0.6x0.6 um
2
.
 
 

 

 

 

 

 

 

 

 

In order to get different size SBDs, we use integer multiples of the basic unit of SBD as 

shown in Fig 3.1(b). Fig 3.2 shows the layout of different size SBDs in Cadence in AMI 

0.5um process. 

n-well

n+ implant

n+ diffusion

metal

contact
Schottky 

terminal

n-well

n+

Schottky terminalN-terminal

n+

metal

contact

N-terminal

metalmetal

contactcontact

(a)

(b)  

Fig 3.1 (a) the cross section and (b) the layout of an n-type 

Schottky barrier diode 
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As shown in Fig 3.2, the diode which has a Schottky contact area of 1.2x1.8um
2 
was laid 

out by using six 0.6x0.6 um
2 

diode units. And the diode which has a Schottky contact 

area of 2.4x2.4 um
2 
was laid out by using sixteen 0.6x0.6 um

2 
diode units. 

Testing of SBDs 

The nine different sizes of N-type Si SBDs were tested from -50°C to 120°C with a step 

size of 10°C. At each temperature point, the power supply voltage provided to positive 

side of SBD swept from -1.5V to 1V with a step size of 0.02V. The corresponding 

currents go through the diode for different supply voltages were recorded automatically.  

Fig 3.3 shows the pictures of the experiment setup. 

                            

(a) 0.6x0.6 um
2
                                      (b) 1.2x1.8 um

2
                                      (c) 2.4x2.4 um

2 
     

Fig 3.2 Layout of different size diodes in Cadence in AMI 0.5um process 
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A ESPEC ECT-2 environment chamber which can provide a large range of temperature 

from -68°C to 180°C was used for heating or cooling the SBDs. In order to avoid the 

fluctuation of this environment chamber, we used a thermal mass to keep the SBDs and 

reduce the influnce from the outside environment.  

In order to sense more accurate temperature value around the SBDs, a platinum 100 

resistive temperature detector was used in the experiment. I placed the prob of this 

resistive temperature detector right beside the SBDs. An other side was connected to a 

Keithley 2001 digital multimeter, which can provide the resistance across the temperature 

detector. We have a resistance reference table provided by the productor shows the 

corresponding temperature for different resistance. So according to the table, we can get a 

more accurate value of around SBDs base on the resistance which can be read out from 

the multimeter. This platinum 100 resistive temperature detector has a sensitive of 

0.38Ohm per degree C, which means when the temperature change 1°C, the resistance of 

the temperature detector could change 0.38Ohm. One thing should be mentioned here is, 

although the thermal mass is used to reduce the fluctuation of the environment, some 

 

      Fig 3.3 experiment setup of SBDs 
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fluctuation still exist. So the resistance value of the resistive temperature detector kept 

changing during the experiment. But this fluctuation is usually about ±0.5°C. So this 

fluctuation nearly not affects the experiment results. So the using of thermal mass is an 

effective way to avoid fluctuation of the environment.      

A Tektronix PS 2521G Programmable Power Supply which has a resolution of 8 digits 

was used to provide the supply voltage. A Keithley 2001 digital multimeter was 

connected in series with the SBD to read out the current go through the diode. Another 

multimeter was parallel connected with the SBD to read out the voltage across the diode. 

An NI GPIB-USB controller was used to connect the laptop and the power supply. A 

program written in C# was used to control to sweep the supply voltage, record the current 

values went through the diode corresponding to different voltages across the diode.  

Each diode has different experiment data files for different temperature points. The I-V 

relationships of the diodes were plotted and a model was created base on these testing 

results. These can be found in the next section.   

Modeling of SBDs 

The modeling of SBDs was based on the measurement results of a 0.6x0.6x16um
2 

SBD. 

The I-V relationship between bias voltage and current for SBDs can be represented by 

[7][8]: 

0** 2 exp( )exp( )[1 exp( )]

eff

B

S R

b b b

qV qV
I A A T

k T nk T k T


                                  (3.1) 
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for  3 bV k T ,  

                        0** 2 exp( )[exp( )]

eff

B

S R

b b

qV
I A A T

k T nk T


                                                     (3.2) 

where 
SA  is the junction area of the SBD, **

RA  represents the modified Richardson 

constant of 2 2112Acm K  for silicon [7], bk  represents the Boltzmann’s constant which is 

equal to 23 11.37 10 JK  , n  is the ideality factor, 
0

eff

B  is the effective barrier height and 

T  is the absolute temperature.   

In the equation (3.2), the unknown variables are the ideality factor n  and the effective 

barrier height
0

eff

B  .  In order to calculate these two variables, we can take the natural log 

of both sides of equation (3.2), which results in: 

                                            0( ) ( ) ( )
q

ln I ln I V
nkT

                                                     (3.3) 

where 0** 2

0 exp( )

eff

B

S R

b

I A A T
k T


  . Then, the relationship between the natural log of the 

current and the voltage can be plotted. It will be a straight line and the slope gives 
q

nkT
 

and the intercept is equal to 0( )ln I [3].  
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The currents data corresponding to the bias voltage from 0.1V to 0.2V were used to 

calculate the 
0

eff

B  and n  base on the assumption that these two parameters don’t change 

with bias voltage at one temperature point for a certain size of SBD. Fig. 3.4(a) shows the 

calculation effective barrier height and ideality factor as a function of temperature. The 

triangle spots are the real calculation results and the lines are fitting curves. It is shown in 

Fig 3.4(a) that the effective barrier height 
0

eff

B and ideality factor n  are highly dependent 

on temperature.  

However, when the bias current goes through the diode becomes large, there is a large 

voltage drop between the calculated result of equation (3.2) and the real experiment result.  

This is due to the series resistance ( SR ) of the neutral region of the semiconductor when 
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Fig 3.4 (a) Effective barrier height 
0

eff

B  and ideality factor n  as functions of temperature and 

(b) SR  as a function of temperature. 
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the forward current is large [8]. So a new equation of I-V relationship of SBDs was 

derived with the consideration of the series resistance at large forward current: 

                         0** 2 (
exp( )[exp( )]

eff

B S
S R

b b

q V IR
I A A T

k T nk T

 
                                             (3.4) 

In order to find appropriate SR  for SBD, we applied the calculated 
0

eff

B
, 

n  from equation 

(3.2) into equation (3.4).The SR  was taken as an adjustable parameter with an initial 

range, which was determined by the voltage differences between equation (3.2) and 

equation (3.4) at different bias currents. A MATLAB program was used to run iterations 

of equation (3.4) to find a set of SR  values, that fit the measured results at different 

temperature points over a wide range of forward current biases with minimum error [8]. 

These values are shown in Fig 3.4(b).       

Temperature Characteristics of SBDs 

Fig 3.5 shows the current as a function of temperature under different bias voltages for a  
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0.6x0.6x16 um
2 
SBD. 

As shown in Fig 3.5, when the bias voltage under a certain value (0.61V in this case), the 

current will increase with the temperature. When the bias voltage is beyond one certain 

value, the current will decrease with the temperature. And at this certain voltage, the 

current doesn’t change with the temperature. We call this bias voltage as zero 

temperature coefficient (ZTC)–point–bias–voltage because under this bias voltage, the 

current is independent with the temperature. 

Some state-of-the-art work shows the application of using ZTC of MOSFETs in reference 

voltage and reference current designs [9]-[11]. So this work compared the ZTC-point-

bias-voltage between an nMOSFET and a SBD. The result is shown in Fig 3.6.  Fig 3.6 

also shows the modeling result of SBD. 
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Fig 3.5 Current as a function of temperature under different bias voltages for a 

0.6x0.6x16 um
2
 SBD. 
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Fig. 3.6(a) shows the measured I-V relationship of a 0.6×0.6×16 µm
2
 SBD at a 

temperature range of -50°C to 120°C. As shown in Fig 3.6(a), the bias voltage for this 

SBD to achieve a ZTC point can be observed from these curves at 0.61V. Fig 3.6(c) 

shows a simulation I-V relationship for an nMOSFET with a size of W/L = 

(12µm/1µm)×15 in the same temperature range. It shows that the ZTC-point-bias-voltage 

of this nMOSFET is around 1.2V, which is much larger than this voltage of SBD. This 

comparison result shows the great potential of using SBD in low-voltage low-power 

voltage reference or current reference design.  

This comparison also shows the advantage of using SBD in temperature sensor front-end 

design. Because in typical temperature sensor structure, the current go through the two 
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diodes is about a few micro amp. We can tell from Fig 3.6(a) and Fig 3.6(c) that for 

achieving the same current level, SBD requires lower bias voltage than the MOSFET. 

This implies we can replace the BJTs or MOSFETs in temperature sensor front-end 

structure by SBDs to achieve even lower supply voltage and it will consume less power. 

Another advantage of using SBDs is for achieving the same current level, the SBDs 

occupy a smaller size than MOSFETs which can help to reduce the area of chip.  

Fig 3.6(b) shows the modeling result a SBD of the same size with the one in Fig 3.6(a), it 

shows the modeling result and the measurement result are pretty similar.  

Table 3.1 shows the ZTC-point-bias-voltage for nine different sizes of diodes. The bias 

voltages are all around 0.6V 

Table3.1 ZTC-point-bias-voltage for nine SBDs with different sizes 

 

 

 

 

 

 

 

 

Diode 

size 

0.6x0.6     0.6x1.2     1.2x1.2     1.8x1.8     2.4x1.8     
Bias 

voltage 

0.65V 0.59V 0.60V 0.60V 0.60V 
Diode 

size 

2.4x2.4 

    

3.0x2.4     3.0x3.0     3.6x3.0      
Bias 

voltage 

0.61V 0.60V 0.59V 0.60V  
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CHAPTER IV 

 TEMPERATURE SENSOR FRONT-END 

TOPOLOGIES 
 

Three different temperature sensor front-end topologies were designed and simulated in 

different processes – UMC 130nm process, AMI 0.5um process and IBM 90nm process 

using simulation tool -- Cadence. The circuits designed in AMI 0.5um and IBM 90nm 

have been fabricated and are being tested now.  

In this chapter, the three different topologies will be discussed respectively. And the 

simulation results will also be given. Chapter 4.1 will take about the temperature sensor 

front-end designed in UMC 130nm process. The working principle of the circuits will be 

given in detail. Chapter 4.2 will show the temperature sensor front-end in AMI 0.5um 

process. A Schottky barrier diode (SBD) array will be given in this section. The one 

designed in IBM 90nm process will be discussed in chapter 4.3, the using of dynamic 

element matching (DEM) will be shown in this section also. 

Temperature sensor front-end in UMC 130nm process 
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Fig 4.1 Schematic of temperature sensor front-end designed in UMC 

130nm process 
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Fig 2.1 shows the schematic of the temperature sensor front-end designed in UMC 

130nm process. As shown in Fig 2.1, the circuits have two core – temperature core and 

reference core. One proportional-to-absolute-temperature (PTAT) voltage (Vtemp0) was 

produced in the temperature core. Another PTAT voltage (Vtemp1) and one independent-

to-absolute-temperature (IOAT) voltage (Vref) were produced by the reference core.  

In the temperature core, the PTAT voltage generator circuit structure was used and the 

error correction amplifier A is the bulk-driven semi-folded cascode two-stage amplifier 

which presented in chapter 2.1. Two subthreshold nMOSFETs M1 and M2 are used to 

replace the BJTs in traditional PTAT voltage generator circuit.  

The principle of producing PTAT voltage by this structure is: a high gian error correction 

amplifier (amplifier A) is used to keep the gate voltages of two subthreshold nMOSFETs 

M1 and M2 as close as possible, as VG1 ≈ VG2. Assuming that the gate voltages at M1 and 

M2 are the same, then we have VGS1 = VGS2 + Vtemp0, where Vtemp0 = ID4R1. The ID4 is the 

current goes through the right branch. From equation (2.3), the following equation can be 

derived [2]: 

                                         
  
  
                                                                                   

 

Apply equation (4.1) into equation VGS1 = VGS2 + ID4R1, the relationship between the 

current ID4 and the temperature can be solved as [2]:  
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Where P is the current mirror ratio between M3 and M4 and equals to (W/L)3/(W/L)4. If 

we want to make ID4 and Vtemp0 to have a positive change with temperature, we must 

ensure PI02 > I01 [2]. In this case, the same size of M3 and M4 were used so the P = 1. As 

mentioned in chapter 2.2, I02/I01 is depends on the transistor size ratio between M2 and 

M1. In this case, the size of M2 is much larger than the size of M1. So PI02 > I01 and the 

output voltage Vtemp0 should have a positive change with temperature. The transistor M5 

is called a compensation transistor. M5 works in subthreshold region because the gate of 

M5 is connected to ground which make the VGS5 is always zero. As seen in the simulation 

result, the current goes through the transistor M2 was not very linear at high temperature. 

So this compensation transistor M5 is used to subtract excess current seen at higher 

temperatures from simulation result to make the current goes through transistor M5 more 

linear [4].  

The reference core produced two output voltages: PTAT voltage (Vtemp1) and reference 

voltage Vref. The reason for producing another PTAT voltage is the slope of output 

voltage Vtemp0 produced by temperature core was relatively small, which means the 

sensitivity of this output voltage is small. So in the reference core, another amplifier 

(amplifier B) is used to build a voltage follower structure to amplify Vtemp0 . A reference 

voltage Vref, which should be independent with temperature and supply voltage ideally, 

was produced in reference core also. The basic principle for generating the reference 

voltage is: leak enough current to counter the DWT voltage naturally generated by a 
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diode connected transistor (M20) [12]. In this case, base on the simulation result, the 

currents ID20 and ID19 are both linear PTAT currents.  The current ID21 has a greater 

positive slop than ID19 and ID20 due to some of the current leaking through R4 from ID19.   

This temperature sensor front-end was designed to work under supply voltage from 0.6V 

to 2.0V and with a temperature range from 0°C to 120°C. This work designed using 

simulation software Cadence in UMC 130nm process. 

 

 

 

 

 

 

 

 

Fig 4.2 shows the simulation results of two PTAT voltages as a function of temperature.  

The PTAT voltage (Vtemp0) generated by the temperature core at 0°C has a voltage 

coefficient of 456.2 ppm/V when the supply voltage varies from 0.6 to 2.0V.  The voltage 

coefficient of Vtemp0 at 120°C is 1807.2 ppm/V with the same supply voltage range. 

The approximate sensitivity of this PTAT voltage is around 0.28mV/°C (for VDD = 0.6 

to 2.0V). The linear approximation of Vtemp0 is Vtemp0 = 0.28T + 78 (mV), this equation 

was given by the fitting curve tool in Matlab [2]. 

The sensitivity of Vtemp1 is around 0.842mV/°C (for VDD = 0.6 to 2.0V). The linear 

approximation of Vtemp1 is Vtemp1 = 0.842T + 235 (mV), which is also given by the fitting 

 

Fig 4.2 simulation results of two PTAT voltages changing with 

temperature 
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curve tool of Matlab. The voltage coefficients of Vtemp1 are 2013.7 ppm/V and 7646.6 

ppm/V at 0°C and 120°C respectively.  

As the simulation results shown, the Vtemp1 has a greater sensitivity of temperature than 

Vtemp0. But Vtemp1 also has greater voltage coefficients than Vtemp0 which means the Vtemp1 

is more sensitive to supply voltage than Vtemp0.  

Fig 4.3 shows the reference voltage (Vref) produced by the reference core as a function of 

temperature at differing supply voltages from 0.6V to 2.0V. As we can tell from Fig 4.3, 

the reference core produces a reference voltage of 249mV with variation of ±0.7mV. This 

Vref has a temperature coefficient of 73.1 ppm/°C with the supply voltage of 0.6V and 

Vref has a temperature coefficient of 77.1ppm/°C when the supply voltage equals to 2.0V. 

The temperature coefficient for supply voltage of 0.6V is the best case and the one for 

supply voltage of 2.0V is the worst case. There has not much difference between the best 

and worst cases, which means the simulated Vref is very consistent.  The Vref has a voltage 

coefficient of 1164.7 ppm/V at 0°C and has a voltage coefficient of 2639 ppm/V at 

120°C. Ideally, a good reference voltage requires both temperature coefficient and 

 

Fig 4.3 Reference voltage Vref  as a function of temperature, for supply voltages 

(VDD) from 0.6V to 2.0V 
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voltage coefficient as low as possible, which means the output reference voltage doesn’t 

change by the changing of temperature or supply voltage. It also can be told that in Fig 

4.3, each of the Vref generated at a given supply voltage has a global maximum and 

minimum in addition to a local maximum and minimum.  The nature of the curves helps 

minimizing the variation seen in Vref with change in temperature [2].   

 

Fig 4.4 shows the three output voltages as a function of supply voltage for 0°C, 27°C 

(room temperature) and 120°C. It shows the circuit can work at the supply voltage as low 

as 0.6V. As we can see from the figure, below 0.6V, the voltages drops a lot, which 

means the outputs are no longer working as a PTAT voltage or a reference voltage.  

The simulated power supply rejection ratio (PSRR) and power consumption were 

summarized in Table 4.1. 
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Fig 4.4 Vtemp1, Vtemp0, and Vref changes with supply voltage (VDD) from 0 to 2.0V 
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Table 4.1 PSRR and power consumption 

 

 

 

Fig 4.5 shows the layout of this temperature sensor front-end. It occupy a 130um x 111 

um area. 

 

 

 

 

 

 

 

We compared this work with other published state-of-the-art reference voltage circuits. 

The comparison results are shown in Table 4.2. 

 

 

 

 

 

 

 

 

Fig 4.5 Layout of the temperature sensor front end designed in 

UMC 130nm process 

 
VDD = 0.6V VDD = 2.0V 

0°C 120°C 0°C 120°C 

PSRR @ 100Hz (dB) -54 -47.6 -75.6 -63 

Power Consumption (µW) 18.52 40.62 62.04 136.6 
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Table 4.2 Comparing results with other published state-of-the-art reference voltage circuits 

As shown in Table 4.2, this work has a good and large temperature range. It can achieve 

the minimum supply as low as 0.6V.  

Temperature sensor front-end in AMI 0.5um process 

Fig 4.6 shows the circuit topology of the temperature sensor front-end designed in AMI 

0.5um process.  

As shown in Fig 2.6, this version of temperature sensor front-end adopted the same 

PTAT voltage generator circuit structure with the one which designed in UMC 130nm 

process besides in this version of circuit, the subthreshold MOSFETs were replaced by 

SBDs. The reason we used a SBDs array is that we only have some testing results of 

SBDs fabricated in UMC 130nm process and it’s hard to predict which size of SBD we 

should use and which ratio we need to adopt for produce a good PTAT voltage.    

 This work [13] [14] [15] [16] 

Process (*-µm, CMOS) 0.13 0.35 0.35 0.6 0.35 

Temperature range (°C) 0–120 -20-80 0-80 0-100 0-70 

Minimum supply(V) 0.6 1.4 0.9 1.4 1.4 

Vref (average, mV) 249 745 670 309.3 579 

Temperature sensitivity 

(ppm/°C) 
77.1 7 10 36.9 62 

Line sensitivity 

(ppm/V) 
2369 20 2700 800 6700 

PSRR (TYP @100Hz, 

dB) 
-54 -45 -47 -47 -84@1Hz 
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Another difference between this version and the one in UMC 130nm process is a output 

stage is added to the PTAT voltage generator core and the PTAT output voltage can be 

sensed from this stage. The output stage is designed by a transistor (M5) which can 

mirror a PTAT current from the PTAT voltage generator core, and a resistor (R2) is 

placed to convert the PTAT current into PTAT voltage. And the error correction 

amplifier  used in the circuit is a gate-driven amplifier.  

A SBD model was created by Verilog-A code in Candence according to the test data we 

got from UMC130nm. The SBDs array is an 8 x 8 diodes array. Each row has 8 same size 

SBDs and there are 8 columns for 8 different sizes. The 8 sizes are 0.6x0.6 um
2
, 1.2x0.6 

um
2
,
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,
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We have a diodes selection circuits which can be used to select the number and size of 

SBDs to connect to the bandgap core. We always assume that there is one diode 
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Fig 4.6 Temperature sensor front-end designed in AMI 0.5um process 
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connected to left side, and we can select two or more same size SBDs to connect to the 

right side.  

The simulation result shows that this bandgap can be operated under supply voltage from 

1.5V to 2.0V with a temperature range from -55°C to 125°C.
 
Due to the SBD model we 

created in Cadence is relatively rough. This version was fabricated in March. 2011. The 

photo of the chip is shown in Fig. 4.7. 

As shown in Fig 4.7, Part A is the layout of the temperature sensor front-end, part B is 

the SBDs array and part C is the selection control. 

Temperature sensor front-end in IBM 90nm process 

The schematic of the temperature sensor front-end is shown in Fig 4.8. 

 

Fig 4.7 Photo of the Temperature sensor front-end with SBDs array fabricated in AMI 0.5um 

process chip  
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In this version of temperature sensor front-end circuit, we adopted the same PTAT 

voltage generator circuit structure and use subthreshold MOSFETs. The enhancement of 

this version is dynamic element matching (DEM) is added to cancel the mismatch of the 

process and make the circuit more robust than before [17]. 

The basic principle of using DEM is shown in Fig 4.9.  

 

 

 

 

 

As shown in Fig 4.9, let’s assume this DEM is applied to 4 subthreshold nMOSFETs 

with same size in the PTAT voltage generator circuit. One nMOSFET should be 

connected to the left branch and other three nMOSFETs should be connected to the right 

 

Fig 4.8 Temperature sensor front-end designed in IBM90nm 

 

Fig 4.9 Basic structure of DEM 
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side. DEM is formed by couple of switches. Each switch should be controlled by 

different clocks. The basic principle of DEM is at one clock cycle, one nMOSFET among 

the four nMOSFET will be chosen to connect to the left branch and the rest of 

nMOSFETs will be connected to the right branch. And at the next clock cycle, another 

nMOSFETs will be connected to the left side and others will be connected to the right 

side. This can help to average out the error produced by the process mismatch between 

different transistors.  

The red blocks in the Fig 4.8 are DEM. We have four DEM parts in the circuits. The top 

one is for the three PMOS on top -- M3, M4 and the output stage transistor. They 

switched places according to the clock provided to the circuit. The DEM of the error 

correction amplifier is for the two input PMOS. The one under the amplifier is used to 

make sure the feedback loop is always correct. The fourth DEM is for the subthreshold 

MOSFETs. And one among them will be selected to connect to the left branch and the 

others will be selected to connect to the right branch at each clock cycle. 

This version of temperature sensor front-end has been fabricated on June 2011 and in 

queuing to be tested. Fig. 4.10 shows the layout this temperature sensor front–end. 
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As shown in Fig 4.10, the part A is DEM control part and B is the temperature-sensor 

front-end structure. One thing need to be aware is I placed the DEM and temperature-

sensor front-end structure apart in the layout. There will cause more voltage drop on the 

path which connected between DEM and the front-end. To avoid more error caused by 

this voltage drop, we need to ensure the two paths for left side and right side are using the 

same length. This can help to keep the voltage drop for different sides as same as possible. 

And we also need to make the two paths wide to reduce the resistance of the path.      

 

 

 

 

 

 

Fig 4.10 Layout of the temperature sensor front-end designed in IBM 

90nm 
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CHAPTER V 

CONCLUSION AND FUTURE WORK 
 

This thesis work presents different technologies such as bulk-driven technology, 

subthreshold MOSFETs and Schottky barrier diodes (SBDs) to achieve lower supply 

voltage and lower power consumption in temperature sensor front-end design.  

Three different topologies for a temperature sensor front-end were designed in different 

processes (UMC 130nm, AMI 0.5um and IBM 90nm) and using different technologies to 

achieve lower supply voltage and lower power consumption. Each topology uses the 

same PTAT voltage generator structure and can produce high sensitivity PTAT voltages.  

To enhance the robustness of the circuit, dynamic element matching (DEM) was adopted 

in the circuit design.  

The simulation results showed the circuits can be operated at relatively lower supply 

voltage and thus consume less power.  

The modeling and temperature characteristics of SBDs were also studied in this work. 

Nine SBDs with different sizes were tested with a large temperature range. The I-V 

relationships of these SBDs were plotted. Modeling parameters such as effective barrier 

height, ideality factor and series resistance were calculated or derived from the 

measurement results. The zero temperature coefficient (ZTC)-point-bias-voltage was 

observed from the experiment results. The comparison between SBDs and MOSFETs 

shows SBDs have great potential to apply to low voltage low power temperature sensor 

designs.  
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The next step of this work is to test the chip fabricated in AMI 0.5um and IBM 90nm. 

The photos of these chips are shown in Fig 5.1.  

 

 

 

 

 

 

 

 

 

 

 

Fig 5.1 The photos of chips fabricated in AMI 0.5um (left) and fabricated in IBM 90nm (right) 
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