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Abstract

This report is about designing and implementing an on-chip lower power and
area temperature sensor for an ultrasonic probe. The sensor was designed,
implemented in schematic and simulated using the Virtuoso software for ana-
lysis and verification. The design of the circuit is based on another published
paper [24], but with more smaller transistor dimensions in 90 nm CMOS tech-
nology. The sensor works in the sub-threshold region with only 600 mV of
power supply. It operates over the temperature range of 0-120 ◦C, with max-
imum pulled current of 218.66 nA and mere power consumption of 131.2 nW
at the highest temperature of 120 ◦C. It has an inaccuracy range of -3.3 to +7.6
◦C with very high linearity and stability performance. It is based on measuring
the temperature using the differences in gate-source voltages of a MOSFET
which is proportional to the temperature in the sub-threshold region.
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Chapter 1

Introduction

Ultrasonic imaging technology plays a vital role in the field of medical science
which has advanced immensely. It has made diagnosis processes easier, bet-
ter, safer and readily available for everyone in the current world. A ultrasonic
transducer, also called a probe, is the main component of ultrasound imaging
system. This paper is focused on designing an integrated CMOS temperature
sensor with low power, area and cost for the ultrasonic transducer. The tem-
perature sensor is designed in 90 nm CMOS process with sub-threshold MOS
operation which draws maximum current of 218.66 nA at the highest temper-
ature of 120 ◦C with a supply voltage of 600 mV which result in maximum
power consumption of 131.2 nW. The sensor has an inaccuracy of -3.3 to
+7.6 ◦C for temperature range from 0 to 120 ◦C. Apart from medical devices,
this temperature sensor can also be used in many other applications where
maintaining a certain range of temperature is necessary such as automobile,
aerospace, agriculture, industrial, computers, appliances and many other types
of machinery.

1.1 Overview and Motivation
Some portion of the background information and knowledge needed for this
design work were acquired in the project prior to this thesis [1] .Also, that pre-
ceding project has some contribution in the motivation for this master thesis
work. This is revised with more discussion from a few number of papers
which have been studied and materials from some other authentic sources.
The presentation from the project report is given below in the following two
paragraphs.

Over the past several years, ultrasound imaging has been adopted as one
of the most crucial technique for medical analysis and diagnostic tests. It is
favored over the traditionally established methods such as X-Rays, CAT scans
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Figure 1.1: Four different ultrasound views of the heart. Clockwise from
upper left: apical two chamber view, apical four chamber view, parasternal
long axis view, and parasternal short axis view.[2]

and MRI due to its real time capabilities, cost effectiveness and safety. Ultra-
sound waves are non-invasive, does not use ionizing radiation and can gen-
erate real time 3D/4D images with high frames rates. Such characteristics
enable the precise examination of the development of a fetus as well as brain
and hips of infants, and moving tissues of a beating heart along with assess-
ing the damage after a heart attack. One of such image is shown as example
in figure 1.1. This made it the interesting technology of choice in the fields of
obstetrics and cardiology respectively. Its other uses include the diagnosis for
the causes of infection, pain and swelling in the internal organs of the body
and they also assist and guide in carrying certain types of biopsy.

Sound waves are used in ultrasound imaging for producing images of what
is going on the inside of the body. During an ultrasound test, the patient is lay
on a table, a gel is applied to prevent the formation of air pockets which can
block the sound waves that creates the images and a specialized person moves
a device called transducer over the body parts. Sometimes, the transducer is
attached to a probe which is inserted into the body through a natural opening.
One example could be a transducer inserted into the esophagus while sedated
which obtains the image of the heart. A transducer is a device which is used to
generate ultrasound waves, being able to emit the ultrasound waves and detect
the ones which are reflected back. The information from the reflected waves
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Figure 1.2: Picture of (a) L22-8 CMUT probe and (b) a probe scanhead.[3]

such as speed of sound, time to return of each echoed wave, and the distance
of the transducer from the tissue boundary is used by a scanner and processor
to produce three dimensional real time images of tissues and organs. Then
finally the doctor examines and interprets the images in order to diagnose
and treat certain conditions. One such CMUT probe and a probe scanhead is
shown in the figure 1.2.

As there are many types of probes, some are either placed over the skin of
and others are inserted inside the human body for scanning purposes. There-
fore, it becomes one of the very crucial point to monitor the heat dissipation
or temperature of this probe. This is required for the safety of both the pa-
tient as well as the device. Otherwise, overheating may take place causing
harm to the skin or internal organs of the human body and even damaging
the probe, both of them are quite expensive. Moreover, maintaining a specific
temperature is very important once again for both the patient and as well as
the device. The device has to operate in a certain specified range of temper-
ature for proper functioning and monitoring of the patient. The accuracy and
responsiveness of the device is also crucial for the diagnosis of the patient
which may also collapse if this temperature range is exceeded. Even if it can
be known whether the probe is too hot or too cold and the correct prevention
steps could be taken in order to ensure the safety of both the device and the
patients without risking the life of both.

Since most of the physical, biological, chemical, mechanical and elec-
tronic systems are effected by temperature, there is no doubt that it is of the
most often measured environmental quantity. As it is one of the most com-
monly assessed variable and hence therefore it is not surprising that that there
are many ways to do this. An electronic circuit in addition with certain biolo-
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gical processes and chemical reactions performs well only in a specific tem-
perature range. Here comes the use of temperature sensors and there are many
ways of sensing the temperature. The temperature could be sensed directly by
contact with the source or remotely from the radiated heat of the source. The
wide variety of temperature sensors includes thermocouples. resistance tem-
perature detectors (RTD), thermistors,infrared and semiconductor (CMOS or
Bi-Polar) sensors. A vital role is often played by temperature sensors in many
applications. Even though it is also required in the applications where temper-
ature itself is not the main issue rather other components might not function
properly if certain range of temperature is exceeded. Hence temperature must
be monitored within the applications for these reasons.

It is necessary to measure the temperature of chips accurately as it is oper-
ating. This is required because the reliability and speed of such CMOS circuits
is affected by the temperature of the chips [4]. It is needed to measure a tem-
perature sensitive electrical parameter in order to know the temperature of a
chip as it operates. Hence, a temperature sensor should be designed in such a
way that it uses that temperature sensitive parameter for measuring the chip
temperature. Performance with high efficiency and low budget temperature
sensors are in huge demands in the following utilization for the exceptional
development of portable systems is becoming more than ever expected [5].

1. Control the heat dissipation on VLSI chips.
2. Compensate for the cross temperature sensitivity of other sensors in

micro systems.
3. In automated consumer products like domestic appliances and cars.
4. In production plants that are automatic.

The most dominant aspect of temperature sensor is its power consumption
apart from cost and performance. In order to fit the temperature sensor on
a VLSI chip without manipulating the operating power of the chip, it is of
utmost important that the sensor power is as minimum as possible [6]. Fur-
thermore, also make such sensors feasible to be able to use in battery driven
products to reduce errors due to self heating. It increases the power density
significantly when multiple chips are integrated and fabricated as a one single
chip. A "hotspot" is a generated localised area of high temperature result-
ing from huge switching activities in certain area of such a densely packed
chip [7]. Unusual temperature gradients are caused by these hotspots across
the chip which causes major threats to the robustness and reliability of the
product. Thus, for the dependability of the system it is required that dynamic
thermal management and on-chip thermal sensing is carried out properly.
Consequently, it has become essential for the on-chip temperature sensors to
be very energy efficient. This could be attained by the following two means:

4



1. If the temperature sensor idle state duration could be increased.
2. If a single temperature sensing operation energy consumption could be

reduced.

A temperature sensor with high frequency would be good enough to meet
these requirements. As this would result in faster completion of per temperat-
ure sensing operation and thus the sensor could have settled for more idle time
in order to save energy consumption. Compact size is also important beside
this higher conversion rate for both the smaller portable consumer products
such as an ultrasonic probe or where multiple temperature sensors are needed
to be placed for example a micro processor.

It has been always a seen phenomenon of rising temperature in current
CMOS process technology than the previous one. This is because of the lar-
ger integration possible after every single time the CMOS process technology
have scaled down in addition with the considerable amount of enhancement
of the state-of-the-arts microprocessors [8]. Firstly, the consequences of the
scenario with environment of such high temperature is the degraded func-
tionality of the power management system due to the increased leakage of
currents. Secondly, this temperature level is nearly associated with the life
time of the product.So, it is a key job to monitor those thermal changes for
the systems to be highly efficient. Also, it is not the correct way to measure
the temperature of the chip by recording the temperature of the surface of
the packaged chips over on-chip measurement since self-heating takes place.
For that reason building of on-chip temperature sensors, for accurate thermal
monitoring and management of the products, is embraced by huge numbers
of commercial companies.

The advantages of the CMOS on-chip temperature sensors of low pro-
duction cost and simpler interfacing with other electronic circuits made them
superior over the traditionally temperature sensors which depends on off-chip
components. Variations in the temperature effects the reliability and perform-
ance of a system and so it is essential to monitor these thermal changes using
small sizes and low power temperature sensors [9]. These embedded temper-
ature sensors are well known for their usage in the field of VLSI for illustrat-
ing excess heat dissipation on-chip over time due to higher and higher level of
integration. There has big a boost in the evolution of such embedded temper-
ature sensors after the exposure of RFID and wireless sensor network (WSN)
applications. Power consumption is of supreme value rather than the required
sensing accuracy and range for using in similar applications. These are the
highlighted reasons which made this topic interesting and motivated for the
work to be done passionately.
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1.2 Goals and Objectives

Prior to this thesis, a variable gain amplifier with low power consumption and
high bandwidth was designed for an ultrasonic probe used for medical ima-
ging in the specialization project TFE4580 [1]. The schematic was drawn,
simulated and verified in 90 nm CMOS technology using the leading soft-
ware in analog industry called Virtuoso. A fully differential amplifier with
source degeneration topology was used for varying amplification with bet-
ter frequency response, stability, linearity and low noise power. All of the
specifications provided were fulfilled by the implemented VGA and ensured
accordingly using the simulation results.

Taking a step further from the specialization project, the goal and objective
of the project has moved to designing and implementing a temperature sensor
for the ultrasonic probe. The temperature sensor should be able to embed
in the chips of the probes, hence should have low power consumption, cost
and area. Again, the schematic is drawn, simulated and verified using the
leading analog industry software namely Virtuoso. It was also mandatory to
have minimum errors and maximum possible accuracy with better linearity,
stability, sensitivity and lower noise. In addition, quite a temperature range
should be considered for proper thermal monitoring of the ultrasonic probe
with very low supply voltage and pulled current.

Schematic simulations were to be carried out for observing DC operating
points and MOSFETs operating regions by the Virtuoso software. The out-
put results and graphs from the simulations of the designed and implemented
CMOS circuit for the temperature sensor were to be plotted and interpreted
for verification, comparison and discussion. The corresponding errors of the
designed temperature sensor were to be measured and noted for mentioning in
the paper along with the sensitivity of the sensor for different process corner
analysis. Monte Carlo simulations were to be executed for different run num-
bers with single number of point to know the resulting output and correlating
errors, if this temperature sensors were to be fabricated in different chips.
Noise analysis was also followed through to know about the noises caused in
the temperature sensor circuit to avoid additional errors. The derived output
besides errors graphs and relative tables with values and parameters data are
provided in the result chapter.

1.3 Major Contributions

The following points are the highlighted major contributions that the designed
and implemented on-chip temperature sensor exhibits.
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• The CMOS temperature circuit has a mere power consumption of 131.2
nW for operating at the maximum temperature of 120 ◦C with power
supply of only 600 mV and maximum drawn current of just 218.66 nA.
• A wide range of temperature from 0-120 ◦C is covered by the designed

and implemented temperature sensor circuit.
• A sensitivity of +1 mv/ ◦C with error in the range of -3.3 to +7.6 ◦C is

achieved through linear approximation.
• The temperature sensor is also suppose to occupy extremely small area

as it is designed in 90nm CMOS process technology with widths and
lengths of few hundreds of nano meters with few exception of high
widths of some micro meters.

1.4 Report Structure
The rest of the report is organized in the following manner:
Chapter 2 - Background Theories : This chapter holds all the key theories
and terms that are used in the report. It is important to get introduced with
these information and knowledge for proper understanding of this report.
Chapter 3 - Methodology : The chosen solution is explained in this chapter
with full detailing focusing on the approach and the reason of choice for se-
lecting this solution suitable for the designated task.
Chapter 4 - Results and Analysis : All the results are presented in graphical
and tabular form with appropriate interpretation of the outputs. The findings
of the work are explained, evaluated and verified with genuine reasoning.
Chapter 5 - Discussion : Here, the outcomes of this implemented design
work is discussed with different views and arguments for comparison with
other similar works. Also, strengths and weaknesses of the project work is
talk about in this chapter.
Chapter 6 - Conclusion and Future Works : This is the final chapter of
the paper consisting of the summary of the entire work with highlighted parts
of the work is revisited. In addition, the possible scope for improvement and
extension of the work is illustrated.
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Chapter 2

Background Theories

This chapter comprises of the theoretical background knowledge related to
the design of a temperature sensor. It would not be possible to cover all the
theories and also it would be unnecessary to include information that are not
used in the implementation of the project. Hence, emphasis is put only to the
theories that are more or less directly connected to the work. These are used
as the building blocks for the project in the design process for the temperature
sensor with proper reasoning for selection.

The objective of this chapter is to introduce the different types of temper-
ature sensors that could be implemented along with different types of current
mirrors for biasing the circuit in detailing. By doing so, the readers will have
better grip and required understanding for assessing the implementation pro-
cess report. The demonstrated topics here might be regarded as known to most
of the people but it is always recommended to recollect those knowledge. Ac-
curate references are provided were required for the sources of information
used in the search of background theories with one being the specialization
project done in the previous semester.

2.1 Temperature Sensor Circuit

A temperature sensing circuit could be constructed by a numerous number of
ways. First of all, a temperature sensor could be realized in either of one of the
3 mentioned probable devices in CMOS technology as per the specifications
requirement and those are the following [5]:

1. MOSFETs operating in weak inversion
2. Vertical bipolar transistors
3. Lateral bipolar transistors

Secondly, a circuit for temperature sensing classified into two more types
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and they are as noted down [8]:

1. Voltage domain temperature sensor
2. Time domain temperature sensor

The voltage domain temperature sensors converts the measured temperature
either into base-emitter voltage of a BJT or gate-source voltage of a MOS-
FET. Using an Analog-to-Digital converted (ADC), this voltage could be in-
terpreted into a digital code. On the other hand, the time domain temperature
sensor translates the evaluated temperature into a time delay proportional to
this temperature change. And, a Time-to-Digital converter (TDC) is used to
convert this delay to a digital code.

2.1.1 BJT-based Temperature Sensor
Temperature can be measured using a bipolar transistor substrate in most of
the CMOS technology has been known for very long time. The difference
in the base-emitter voltages of such substrate PNP transistors (diodes), when
operating in different emitter current, could be used to measure temperature.
This is because this difference in the voltage is proportional to the absolute
temperature (PTAT) [10]. However, many external factors and non-idealities
do effects this PTAT voltage but there are various ways for compensating
them. In CMOS technology, two types of bipolar transistors are found namely
(i) lateral bipolar transistors and (ii) substrate (vertical) bipolar transistor. The
nature of the substrate bipolar transistor for behaving more ideally and being
less sensitive to external pressure make them preferred [11]. Using the base-
emitter voltage of such a substrate pnp transistor as a medium to compute
temperature is the most forthright path to use it as a temperature sensor [12].
One important point to be noted is that every VBE based temperature sensor is
must to be calibrated using a reference temperature and voltage. The voltage
VBE(Tr) is a very dominant problem here and thus the sensitivity is dependent
on the process. Transistors operating at two different current densities whose
base-emitter voltages difference (∆VBE) is used for tackling this problem of
process dependency [13]. (∆VBE) is PTAT, with being independent of the ab-
solute value of the collector currents and as well as no dependency on the
process parameters, if the ratio of the collector currents is maintained to be a
constant value. This attributes of (∆VBE) based temperature sensor makes it a
great choice for worthy of use in integrated circuits.

2.1.2 Time-to-Digital Converter based Temperature Sensor
Another interesting method for measuring the temperature is to first generate a
pulse which have a width proportional to the temperature using a temperature-
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to-pulse generator. After that, the output pulse is supplied to the input of a
cyclic time-to-digital converter (TDC) for converting to the equivalent digital
output code for interpretation. A pulse responsive to the temperature could be
produced using a straightforward circuit by taking advantage of gate delays.
Then a delay line which is made up of even number of NOT gates, will cause
a delay of a specific amount of time to the start signal. After that, this delayed
signal can be XORed with itself to generate the necessary output pulse from
the propagation delay of the delay line. Conventionally, an analog-to-digital
converted (ADC) can also be used in place of a TDC. But, an ADC consumes
much more power and occupies much more area then a TDC. A simple TDC
is nothing again but delay line of an even number of serially connected NOT
gates. The input signal revolve around the cyclic delay line after each reset.
This circulated input signal is contracted by a certain amount of width per
cycle before it is fully vanished. The co-relative digital output is then spawned
by calculating the number of the input pulse rotations in the delay line by the
counter.

2.1.3 MOSFET-based Temperature Sensor

MOSFET’s could be used as constituents for sensing of surrounding tem-
perature when they are operating in sub-threshold region. Their gate-source
voltage is taken into consideration for perceiving the absolute temperature.
Utilizing an ADC, this voltage might be fed and converted to corresponding
digital output. Very lower power consumption is attainable because of the op-
eration of the MOSFETs in the sub-threshold region where the gate-source
voltage is lesser than the threshold voltage.

A proportional to absolute temperature (PTAT) current generator circuitry
is displayed in the figure 2.1. A switched capacitor is included in replacement
for a traditional resistor and the circuit is build upon a β multiplier self biasing
sub-circuit. When this circuit set up is run in the strong inversion region, it
acts as a constant Gm biasing circuitry. On the other hand, the same circuit
behaves as a PTAT current generator, when it is operated in the sub-threshold
region. A capacitor CS2 and two switches sw3 and sw4 are used to build the
switched capacitor sub-circuit, which is directed with an external reference
clock with frequency fREF . The equivalent resistance RSC , between the source
node of M2 and the ground, is evaluated to (CS2 fREF)−1. Hence, this equivalent
resistance RSC can be manipulated by changing the external reference clock
with different frequency fREF . Moreover, few hundreds of nano ampere or
less current is drawn by the MOSFETs as they are biased in the sub-threshold
region, making it an ultra low current operated circuit.

The drain current ID of the MOSFET biased in a sub-threshold region
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Figure 2.1: A PTAT current generator. [14]

exhibits an exponential function in terms of gate-source and drain source
voltages. The equation of this drain current ID is given by:

ID = KI0ex p(
VGS − VT H

ηVT
)(1− ex p(

−VDS

VT
)) (2.1)

I0 = µCOX (η− 1)V 2
T (2.2)

where,

• K is the aspect ratio (W/L)
• µ is the carriers mobility
• COX is the gate-oxide capacitance
• VT (KBT/q) is the thermal voltage
• kB is the Boltzmann’s constant
• T is the absolute temperature in ◦K
• VT H is the threshold voltage
• η is the sub-threshold slope factor [15]
• q is the electron charge

The equation for the drain current ID can be simplified down to the fol-
lowing when drain-source voltage VDS is greater than 0.1 V:

ID = KI0ex p(
VGS − VT H

ηVT
) (2.3)
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The gate-source voltage VGS1 of the MOSFET M1 can be written as the
sum of the gate-source voltage VGS2 of the MOSFET M2 and voltage drops
across the switched capacitor resistor RSC , that is:

VGS1 = VGS2 + IPTAT RSC (2.4)

Equal amount of current is driven through the MOSFETs M1 and M2,
therefore the expression formulated for output current IPTAT of the PTAT cur-
rent generator is as follows:

IPTAT =
ηVT ln(K2/K1)

RSC
= fREF CS2

ηkB T
q

ln(
K2
K1
) (2.5)

Here, the output IPTAT current is proportional to the absolute temperat-
ure because both of the CS2 capacitance and fREF frequency of the external
reference clock are constants, hence independent of the temperature.

2.2 Current Mirrors
A current mirror is a circuit which can be used to copy current from one
branch of active transistor to one or more branches of active transistor(s) by
controlling and manipulating the current through one of them. Their basic
usage incorporates supplying bias current for ensuring that the transistors are
operating in the desired region and also can be employed as an active load in
an electronic circuit. Regardless of the output load, the output current can be
kept constant with the help of such circuitry.

2.2.1 CMOS Current Mirror
This portion of the background information is taken from the previous spe-
cialization project [1] with no new material found on this. A CMOS current
mirror is a two-port circuit which takes an input current Iin and generates an
equivalent output current Iout = Iin ideally when both the transistors are of
same sizes and operating in the active region as shown in the figure 2.2. The
input resistance of an ideal current source is zero and the output resistance
is infinite. Thus the current mirror is able to mimic the input current regard-
less of the source and load impedances connected because it has low input
resistance of 1/gm1 and high output resistance of rds2

.

2.2.2 Cascode Current Mirror
A cascode current mirror is illustrated in the figure 2.3 and looking into the
drain of Q2 it can be simply examined that rds2 is the output impedance. It

13



Figure 2.2: A CMOS current mirror. [16]

is same as that of a CMOS traditional current mirror. Henceforth, thinking of
Q4 as a current source with a source-degeneration resistor value of rds2, the
output impedance can be evaluated easily. The output impedance of a CMOS
current mirror gets multiplied by the gain of the cascode device gmRds due to
its addition. It reduces the available output voltage swing as a part of this is
used to keep the cascoded transistors in the active region.

2.2.3 Full Wilson Current Mirror
The circuit for the full Wilson current mirror is shown in the figure 2.4. From
the figure it can be concluded that for a constant Iin, VDS of the MOSFETs
M1, M2 and M4 are held at a fixed value. This results in the advantages of
increased output impedance and stabilizes the output current Iout further more,
that is, its accuracy is enhanced. The output impedance can be denoted as:

RO ≈ gmrO3rO2 (2.6)

It can be used where very high currents are required as it consists of 4
transistors. It provides very low resistance at the input side. Also, it does not
require any other external biasing.

14



Figure 2.3: Cascoded current mirror. [16]

Figure 2.4: Full Wilson current mirror.

15





Chapter 3

Methodology

The third chapter is basically about the methodological approach adopted for
the accomplishment of the project. The reasons for the choices of the method
and design are explained here in detailing that is appropriate for the plan of the
temperature sensor for an ultrasonic probe. Even the strengths and weaknesses
along with the proper means of collecting and interpreting the collected data
is mentioned here.

In general, there are three performance metrics for the evaluation of an
analog circuit which are showed below with a performance metric triangle in
the figure 3.1.

1. Power
2. Accuracy
3. Speed

In real life it is not possible to design an analog circuit that will have the
minimum power consumption in addition with maximum speed and accuracy.

Figure 3.1: A performance metric triangle.
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There have to be made a trade off between each of these elements in the
performance metric triangle. The choices are made by the analog designers in
accordance with the requirement of the given specifications. Though it could
be though of as a problem in the designing methodology, but keeping these
things in mind and crossing over these hurdles, the following temperature
sensor design is achieved for an ultrasonic probe.

3.1 Design Architecture
First of all, 90 nm CMOS process technology is for the design and imple-
mentation of the designed temperature sensor. It’s lower power consumption
ability along with low cost makes it a very powerful competitor in compar-
ison with Bi-polar or Bi-CMOS process technologies which are more power
hungry and costlier [17]. Hence, it is the best choice for building our designed
temperature sensor.

Secondly, as mentioned earlier a temperature sensor can be realized in
two ways which are (i) voltage domain and (ii) time domain. The time do-
main temperature sensor occupies larger areas and consumes more power at
the required sampling rate [18]. This is the reason, voltage domain temper-
ature sensor approach is applied in the designing and implementation of the
required temperature sensor.Also, it is found from many papers that recently
this type of temperature sensor have achieved higher accuracy and resolution.

Again, a voltage domain temperature sensor could be implemented by
using either BJT transistors or MOSFET transistors. Bi-polar type of sensors
have been found to have very good accuracy in general, but comes with the
cost increased circuit complexity, power consumption and chip area [18]. But,
as our target device is a portable ultrasonic probe, power consumption and
area are of more concern than accuracy. Thus, we opt for the MOSFET based
temperature sensor as the basic building block, which is explained about in
the chapter 2 of theoretical background.

The designed architecture which is demonstrated in the figure 3.2 is based
on the work of a published paper [18]. It comprises of a current source sub-
circuit, which is an improved version of Wilson current mirror. It is used be-
cause of its advantages of more stabilize and accurate current generation with
very low input resistance and very high output resistance, over the traditional
or cascoded current mirror, as have been mentioned earlier in the chapter 2.
The MOSFETs (M1-M5) employs such a current mirror which is self biased
and produces current independent of the loads and voltage sources. The cur-
rent mirror is biased and operated in the sub-threshold region. The produced
current is then copied by the MOSFETs (M12-M14) and supplied to the tem-
perature variable sub-circuit.
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Figure 3.2: The Designed Temperature Sensor Circuit.
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Three pairs of serially connected MOSFETs (M6-M11) is used to config-
ure the temperature variable sub-circuit as can be seen from the figure 3.2. The
root of this configuration came from the MOSFET-based temperature sensor
discussed in the chapter 2. It was said in the chapter that drain current and
gate-source voltage of a MOSFET running in sub-threshold region exhibits
an exponential function. This is similar to the relationship of collector correct
IC and base-emitter voltage VBE of a BJT transistor as described in the second
chapter of this report. The deduction of the summed gate-source voltages of
M7, M9 and M11 from that of M6, M8 and M10 gives the overall output
voltage of the designed circuit, which is found to express a linear relationship
with the absolute temperature. The configuration of the operating MOSFET’s
in the sub-threshold region makes it possible to achieve very low power con-
sumption.

At the end, the MOSFET’s MC1 and MC2 build up the one point cal-
ibration sub-circuit. This is used for calibrating the temperature sensor by
measuring the on-chip temperature at a reference point after packaging.

3.2 Designed Circuit Description
All of the equations in this section of the chapter are from the paper [24] on
which this designed temperature circuit is based on. It has been mentioned
several times that the drain current ID of a MOSFET configured in a sub-
threshold region represents an exponential behaviour with regard to the gate-
source VGS and drain-source voltages VDS. The expression is as follows:

ID = KI0ex p(
VGS − VT H

ηVT
)(1− ex p(

−VDS

VT
)) (3.1)

Here,
I0 = µCOX (η− 1)V 2

T (3.2)

• K is the aspect ratio (W/L)
• µ is the carriers mobility
• COX is the gate-oxide capacitance
• VT is the thermal voltage
• VT H is the threshold voltage
• η is the sub-threshold slope factor [15]

The drain current ID for a MOSFET has no dependency on the drain-
source voltage VDS when it is above 0.1 V and thus the equation 3.1 is reduced
into the following expression:

ID = KI0ex p(
VGS − VT H

ηVT
) (3.3)
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The summation of the gate-source voltage of M2 and drain-source voltage
of M1 is equivalent to the gate-source voltage of M3 of the Wilson current
source sub-circuit. Therefore:

VGS3 = VDS1 + VGS2 (3.4)

Or, it could be also written as:

VDS1 = VGS3 + VGS2 (3.5)

This equation 3.5 could be further broken down into the following expression
by using the equation 3.3:

VDS1 = ηVT ln(
K2
K3
) (3.6)

Next step is to look into the output conductance of the MOSFET M1 operated
in sub-threshold region and is given by the following equation:

GDS1 =
δIDS1

δVDS1
(3.7)

Substituting equation 3.1 and 3.6 into the above equation 3.7, results in the
following expression for the output conductance of M1:

GDS1 =
K1IO

VT
ex p(

Vm − VT H1

ηVT
−

VDS1

VT
) (3.8)

The current through all the branches are same and hence the equation for
current through M1 is the following:

ID = VDS1 × GDS1 (3.9)

Then by substituting the equations 3.6 and 3.8 into the above equation 3.9,
the below expression is derived:

ID = ηK1IO(
K3
K2
)ηln(

K2
K3
)ex p(

Vm − VT H1

ηVT
) (3.10)

From a published paper [19], it is founded that there is a linear relationship
between threshold voltage of a MOSFET and the absolute temperature. It is
expressed by the equation below:

VT H = VT HO − 2VT ln(
n
ni
) (3.11)

And,

VT =
KB T

q
(3.12)

Where,
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• kB is the Boltzmann’s constant
• T is the absolute temperature in ◦K
• q is the electron charge
• n is the carrier concentration
• ni is the intrinsic carrier concentration

It can be observed from the equation 3.10 that the current ID is increased
by temperature, because the voltage Vm - VT H1 is less than 0, as the operating
point of M1 is sub-threshold. So, it can be said that the maximum current is
drawn at the highest temperature which could be restricted using the dimen-
sion of the MOSFETs. Therefore, a trade off have to be made between power
and linearity for fixing the maximum available current. In order to achieve a
suitable point in such a trade off, several simulations were carried out.

The generated current ID is nearly constant and have no voltage source
dependency in the wide range of voltage sources because of the self bias-
ing improved Wilson current mirror sub-circuit. This current is supplied to
the temperature variable sub-circuit to produce the output voltage which has
linear relationship with the temperature.

The MOSFETs M6-M11 are also operating in the sub-threshold region in
the temperature variable sub-circuit. Hence, equation 3.3 could be used for the
relationship between gate-source voltages and currents through those MOS-
FETs. The value of currents flowing through the MOSFETs M7, M9, M10 and
M11 is ID, whereas current though M8 is 2ID and M6 is 3ID accordingly to
the figure 3.2. Summation of the gate-source voltages along M6-M11 would
result in the output voltage of the temperature sensor and the expression for
this is given below:

VOU T = VGS6 − VGS7 + VGS8 − VGS9 + VGS10 − VGS11 (3.13)

The usage of the equation 3.3, results in the expansion of the above equation
as follows:

VOU T = ηVT ln(
ID6ID8ID10K7K9K11

ID7ID9ID11K6K8K10
) +∆VT H (3.14)

where ∆VT H is the equivalent threshold voltage of all the MOSFETS through
M6-M11:

∆VT H = VT H6 − VT H7 + VT H8 − VT H9 + VT H10 − VT H11 (3.15)

The expression above is more simplified by substituting the current values and
the resulting equation becomes:

VOU T = ηVT ln(
6K7K9K11

K6K8K10
) +∆VT H (3.16)
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Finally, the required output voltage is obtained by merging the equation 3.16
with 3.12 and thus the expression is:

VOU T = η
KB T

q
ln(

6K7K9K11

K6K8K10
) +∆VT H (3.17)

This expression 3.17 could be generalized as an equation for a straight
line as follows:

VOU T = mT + c (3.18)

with the gradient m being:

m= η
KB

q
ln(

6K7K9K11

K6K8K10
) (3.19)

and the y-intercept c of:
c =∆VT H (3.20)

The equation 3.18 illustrates a linear behaviour of output voltage with respect
to the absolute temperature. The variable in the equation is, T as the abso-
lute temperature in Kelvin scale, with m and c being constant values which
are not dependant on the temperature. The aspect ratio K6-K11 of the MOS-
FETs M6-M11 respectively and ratio of currents could be used for controlling
the gradient m of the straight line. A precise co-efficient of temperature vari-
able could be anticipated if the lengths of the MOSFETs M6-M11 are kept
very larger than the minimum gate length of the technology. By doing so, we
can minimize the vulnerability of the transistors to the process and geometric
variations as well as the influence of the random doping fluctuations on the
threshold voltages. MC1, MC2 and VCAL is used to adjust the y-intercept c,
which has a dependency on the current ID.

It was very difficult to find the correct sizes, that is length, width and multi-
plier, for each of the transistor used in the designed temperature sensor circuit.
A huge number of simulations were done by changing the lengths, widths and
multiplier value with numerous iterations to find the correct combination that
well suited the requirements. Though it was hectic work, but in analog engin-
eering there is no way around to this. Initially, the sizes of transistors M6-M11
were altered several times and simulated to find the combination that makes
the gradient as close to one at the reference temperature of 65 ◦C. Then, ma-
nipulating the sizes of transistors M1-M5 to, to vary the current which fixes
the y-intercept, as well as the drawn current is dependent on them. Finding the
suitable combination of sizes for M1-M5 was also a difficult task and again
various large number of simulated iterations were carried out.
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Chapter 4

Results and Analysis

This is the main chapter of the report for portraying the methodologies used
for testing the designed temperature sensor circuit and obtaining the corres-
ponding results are described. The post-layout simulations resulting data and
graphs are then analysed and verified by disclosing, explaining and assess-
ing the discoveries of the project work in details. The leading analog industry
software named Virtuoso is used for the purpose.

4.1 Testing Methodology
First of all, the schematic of the designed circuit for the temperature sensor
is drawn with the help of the Virtuoso software schematic L editor. Then, it
is created into a block sing the software in order to be able to be used as a
testbench for the verification process and correlated results generation. This
created testbench is shown in the figure 4.1. The rectangular block denotes
the entire circuit designed for the temperature sensor as a black box to be
tested and verified. The required voltages VCAL and VDD are supplied using
the traditional DC sources and the output is observed across the capacitive
load CL. The other voltage source V in series with resistor R is used for the
generation of the ideal straight line in comparison with the actual output.

4.2 Analysis Methodology
There are several types of analyses provided by the software Virtuoso, which
can be deployed on the testbench for the generation of results and verification
purposes. The simulator is called ADE L which is capable of performing such
analyses over the testbench enabling us to look at the output along with vari-
ous other parameters presents in the circuit that is put under test. Our favoured
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Figure 4.1: The created testbench.

type of analyses is the DC analysis because we are interested to see the output
DC voltage as a function of temperature. It can be divided into further two
sub-groups namely, (i) Numerical and (ii) Graphical analysis. Both of them
are carried out and the outcome is discussed in the following sub-sections.

4.2.1 Numerical Analysis

This is the type of DC analysis which is numerical in nature. Such an analysis
is capable of reflecting all the major parameters of each of the transistors used
in the testbench such as width, length, transconductance, β , etc, in addition
with each node current and voltages. These valuable information could be
used to verify the region of operation of each of the MOSFETs from M1-
M14. Furthermore, the power dissipation can be calculated from the node
voltage and currents as illuminated by the simulator. For this purpose, there
is a option in the ADE L, called annotate DC operating points, which shows
all of the above mentioned attributes on the circuit schematic. The designed
circuit is simulated at the reference temperature of 60 ◦C (taken as the mid-
point between the range of 0-120 ◦C) with VDD of 600 mV and VCAL of 125
mV. The obtained DC operating points of the designed temperature sensor for
an ultrasonic probe is represented in the table 4.1.

4.2.2 Graphical Analysis

This is the type of DC analysis where the output voltage graph is plotted by
sweeping the temperature from 0-120 ◦which is shown in the figure 4.2.

Then, the derivative of this output graph was taken and plotted using the
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Transistor ID (nA)VDS (mV)VGS (mV)W (nm)L(nm)MultiplierOperating Region Function

M1 17.39 37.03 157.56 180 2400 1 Sub-threshold Current Mirror
M2 21.64 441.74 14.64 360 360 10 Sub-threshold Current Mirror
M3 22.35 51.71 51.71 360 360 4 Sub-threshold Current Mirror
M4 -22.33 -548.29 -121.18 360 1200 1 Sub-threshold Current Mirror
M5 -21.63 -121.18 -121.18 360 1200 1 Sub-threshold Current Mirror
M6 66.47 82.09 153.39 120 360 1 Sub-threshold Temperature
M7 22.23 71.29 71.29 360 360 3 Sub-threshold Temperature
M8 44.24 75.46 147.25 120 360 1 Sub-threshold Temperature
M9 22.16 71.78 71.78 360 360 4 Sub-threshold Temperature

M10 22.09 83.37 128.16 120 360 1 Sub-threshold Temperature
M11 22.09 44.79 44.79 360 360 14 Sub-threshold Temperature
M12 -22.23 -446.61 -121.18 360 1200 1 Sub-threshold Current Mirror
M13 -22.15 -370.66 -121.18 360 1200 1 Sub-threshold Current Mirror
M14 -22.09 -314.28 -121.18 360 1200 1 Sub-threshold Current Mirror
MC1 4.24 22.17 110.09 120 2400 1 Sub-threshold Calibration
MC2 4.24 14.91 125 120 2400 1 Sub-threshold Calibration

Table 4.1: DC operating points of the MOSFETs

calculator available in the ADE L simulator is given in the figure 4.3. The
gradient at the reference temperature of 60 ◦C is marked, which is later used
to extract the ideal straight line equation for our designed temperature sensor.
According to the equation 3.19, the gradient is proportional to the aspect ra-
tio of the MOSFETs from M6-M11, which could be manipulated to get the
required gradient. The aim was to target for gradient as close to 1, so that we
will be able to extract a straight line where 1 mV corresponds to 1 C, that is
the sensitivity of the designed temperature sensor (1 mV/◦C). Several attempts
were made by simulating the circuit with different combinations of the aspect
ratio for the MOSFETs M6-M11, until the appropriate value was extracted.

Finally, the ideal straight line plotted by extracting the equation from the
gradient and the point where it meet the actual graph at the reference point
of 60 ◦C. Using the gradient from the figure 4.3 and the point in the figure
4.1 respectively, the following ideal best fit line equation was derived with
temperature T in ◦C scale and represented in the figure 4.4:

VOU T = 180.916mV + 1.0003T ◦C (4.1)

This ideal equation can then be more approximated to get the equation for
the approximated ideal line as:

VOU T ≈ 181mV + T ◦C (4.2)
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Figure 4.2: The actual output graph of the designed temperature sensor.

Figure 4.3: The derivative graph for the output of the designed temperature
sensor.
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Figure 4.4: The graph of the extracted ideal line.

Next, the error between the actual output and ideal line which is the inac-
curacy of the designed temperature sensor was calculated. It was produced by
subtracting the actual graph from the ideal one once again with the help of the
calculator in the ADE L of the Virtuoso software. All the simulation till now
were run on the TT process corner, that is for a typical NMOS and a typical
PMOS. The error graph is displayed in the figure 4.5 with error of -0.2 to +3.7
◦C.

Now, the entire algorithm was run over again twice for the SS and FF
corners corresponding to a slow NMOS and a slow PMOS and a fast NMOS
and a fast PMOS respectively. The correlated actual output graphs are accu-
mulated to present in the figures 4.6 for all the three process corners of TT,
SS and FF to observe the effect on the process corners on the output voltage
with respective to the absolute temperature in ◦C scale. It can be concluded
from the graphs in the figure 4.6 that the output remains similar in all the
cases with equal gradient but different y-intercepts. For the SS corner, the y-
intercept went below than the TT corner, whereas the y-intercept for the FF
corner went up by the same amount.

The corresponding ideal lines are plotted in the figure 4.7 for all the three
process corners. The similar fashion is expected to be observed like those of
the actual output lines with gradients almost equal to 1 and y-intercept being
moved down in the case of SS process corner simulation while moved up in
the case of FF corner respectively.
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Figure 4.5: The error graph of the designed temperature sensor.

Figure 4.6: The actual output graph of the designed temperature sensor for
TT, SS and FF.
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Figure 4.7: The ideal line graph of the designed temperature sensor for TT,
SS and FF.

The exact equation for the ideal lines in both the scenario is given by the
equations 4.3 and 4.4.

For the FF corner, the equation for the ideal line is:

VOU T = 191.816mV + 0.980T ◦C (4.3)

And, for the SS corner, the equation for the ideal line is given by:

VOU T = 169.775mV + 1.014T ◦C (4.4)

Now, the corresponding errors of the designed temperature sensor for the dif-
ferent process corners are observed. It is very important to have a look at them
as they denote the inaccuracy of the implemented temperature sensor on dif-
ferent process corners. The graph is included in the figure 4.8 for comparison
and deciding which process corner should be used for the fabrication of the
sensor, and thus respective ideal line equation could be used for measurement
of the surrounding temperature.

It can be observed from the graph that inaccuracy range in SS has changed
to -0.2 to +5.6 ◦C whereas that of FF has moved to -0.8 to +3.6 ◦C. When
compared with the TT process corner, the upper range of error in SS is seen to
be quite high and the lower range remains almost the same. On the other hand,
error upper range is 0.1 ◦C less in case of FF but the lower range has moved
down by 0.6 ◦C which is not a big issue when compared to changes in SS
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Figure 4.8: The corresponding errors of the designed temperature sensor for
TT, SS and FF.

corner. After all these comparisons and discussions, it seems that FF process
corner is more favourite than SS because of its huge upper range difference
which adds almost 2 ◦C inaccuracy in the measurement of the surrounding
temperature.

When the temperature range is reduced to 0-110 ◦C, the errors for TT, SS
and FF are impressively lesser than the previous range. The error range is cut
down to as much as -0.8 to +2.2 ◦C for the FF process corner. The inaccuracy
range for the TT and SS processes are -0.2 to +1.7 ◦C and -0.2 to +1.9 ◦C,
respectively as shown in the figure 4.9.

Figure 4.10 shows the errors in the different process corners for further
reduced temperature range of 0-100 ◦C. The error in the temperature is further
decreased as far down as to -0.2 to +0.5 ◦C for the SS corner. The inaccuracy
drop for the TT and FF process corners are -0.2 to + 0.8 ◦C and -0.8 to + 1.4
◦C, respectively.

4.2.3 Monte Carlo Simulation

Monte Carlo simulations were carried out with the help of ADE XL simulator
in the software Virtuoso. It was set up with 1 number of point to look for
the mismatch, with different run number/chip number by disabling the nom-
inal simulation run. This was done to look for the errors over the temperature
range from 0-120 ◦C, that might result when the chips are fabricated in the

32



Figure 4.9: The corresponding errors of the designed temperature sensor for
TT, SS and FF with temperature range of 0-110 ◦C.

Figure 4.10: The corresponding errors of the designed temperature sensor
for TT, SS and FF with temperature range of 0-100 ◦C.
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Figure 4.11: The corresponding errors of the designed temperature sensor
for TT, SS and FF with run number 1.

laboratory in large scale in different process corners TT, SS and FF respect-
ively.

The figure 4.11 includes the plot of the errors in different process corners
from Monte Carlo Simulation with run number of 1. It is seen that TT corner
have error in the range of -1.7 to +6.1 ◦C. On the other hand, the error range
of -0.3 to +7.6 C is found for SS corner and that of FF corner was -3.3 to +6.1
◦C.

The graph of the errors for different process corners from Monte Carlo
Simulation with run number 2 is presented in the figure 4.12. It is found that
the error range in TT corner is 0 to +2.4 ◦C, in SS it is -0.7 to +3.7 ◦C and in
FF -1.2 to +3.6 ◦C, respectively.

The Monte Carlo Simulation curves with run number 3 for error of the
different process corners are given in the figure 4.13. It is observed that the
error range for TT is -0.3 to +3.7 ◦C, for SS it is -0.1 to +5.4 ◦C and for FF it
is -1.1 to +3.5 ◦C, respectively.
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Figure 4.12: The corresponding errors of the designed temperature sensor
for TT, SS and FF with run number 2.

Figure 4.13: The corresponding errors of the designed temperature sensor
for TT, SS and FF with run number 3.
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Chapter 5

Discussions

This chapter is all about discussing on the designed of the temperature sensor
for the ultrasonic probe in general. It is started with comparison of this work
with several other related works with focusing on the strengths and weak-
nesses of the project work. The things that were carried out and not possible
to do are also mentioned here. The challenges faced and how they were over-
come with learning outcomes are presented in this chapter.

5.1 Comparison with related works

Sensor Power SupplyPower ConsumptionTemperature RangeInaccuracy Range Process

[5] 2.2 - 5 V 7 µW -40 - 120 ◦C -1 to +1 ◦C —- CMOS
[7] 1 V 150 µW 0 - 60 ◦C -5.1 to +3.4 ◦C 65 nm CMOS
[6] 3.3 V 10 µW 0 - 100 ◦C -0.7 to +0.9 ◦C 0.35 µm CMOS
[8] 1.2 V 288 µW 20 - 120 ◦C -0.63 to +1.04 ◦C 0.13 µm CMOS
[9] 0.5, 1 V 119 nW -10 - 30 ◦C -0.8 to +1 ◦C 0.18 µm CMOS

[20] 2.7 - 5.5 V 429 µW -50 - 125 ◦ -0.5 to +0.5 ◦C 0.5 µm CMOS
[21] 1 V 220 nW 0 - 100 ◦C -1.6 to +3 ◦C 180 nm CMOS
[22] 1 V 25 µW 50 - 125 ◦C -1 to +0.8 ◦C 90 nm CMOS
[23] —- 8.6 µW -55 - 125 ◦C -0.4 to +0.4 ◦C 160 nm CMOS
[18] 0.6 - 2.5 V 7 nW 10 - 120 ◦C -2 to +2 ◦C 180 nm CMOS

This Work 0.6 V 131.2 nW 0 - 120 ◦C -3.3 to +7.6 ◦C 90 nm CMOS

Table 5.1: Comparison of the designed temperature sensor with recent re-
lated works

It could be observed from the table 5.1 that this work operates with the
lowest supply voltage among all, apart from the work of [9] which operates
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with 0.5 V supply voltage, but the difference is only 0.1. One of the significant
achievement of this work is the power dissipation, which is lowest among all
of them except from the work of [24] on which my circuit design is based on.
The work was able to achieve such low power by reducing the drawn current
using very large size transistors compared to this work. The comparison of
transistors sizes among these two works are illustrated in the table 5.2. The
power consumption is also comparable with two other works of [9] and [27],
but they achieve this power consumption operating the sensor at the room
temperature whereas this work and the work of [24] achieved those power
consumption at the maximum temperature of 120 ◦C. The range of temperat-
ure that this sensor work for is also quite wider than most of them, with the
exception for the works of [26] and [29], but they have way very high power
consumption than this work.

Transistor W/L (µm/µm) of work [24] W/L (nm/nm) of this work

M1 1 X (1.5/20) 1 X (180/2400)
M2 10 X (3/3) 10 X (360/360)
M3 4 X (3/3) 4 X (360/360)

M6, M8, M10 1 X (1/3) 1 X (120/360)
M7 3 X (3/3) 3 X (360/360)
M9 4 X (3/3) 4 X (360/360)

M11 28 X (3/3) 14 X (360/360)
M4, M5, M12 - M14 1 X (3/10) 1 X (360/1200)

MC1, MC2 1 X (1/20) 1 X (120/2400)

Table 5.2: Comparison of transistor sizes with the work of [24].

The second noticeable achievement was the use of very small size transist-
ors compared to the work of [24] on which this work was based on. It is de-
signed in 90 nm CMOS process technology which was also used by the work
of [28] but did not receive such low power as this work. Moreover, though the
work of [7] used process technology of 65 nm, it also have very high power
consumption than this work as could be seen from the table 5.1. Apart from
power consumption, size also plays a vital role when designing a temperat-
ure sensor for portable battery operated devices like the ultrasonic probe. Due
to this very small sized transistors, the designed temperature sensor could be
constructed in a very small area on the chip of the device only. From the table
5.2, it can be depicted that the transistor sizes are almost 8 times smaller than
the work of [24] with M11 multiplier reduced by half (14 from 28). This will
result in reduction of the size of the temperature sensor by more than 8 times
for sure. Due to the limitation of time converting the schematic to layout and
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then post-layout simulation were not possible in order to find accurate area
estimation.

The inaccuracy of the designed temperature sensor is quite high among all
of the related work as displayed in the table 5.1. This is treated as one of the
main drawback of the designed circuit. But, it is seen that when temperature
range is reduced, the error in the temperature measurement does reduce also.
A decrease in temperature range by 10 ◦C results in the accuracy to drop below
2◦C which is less than the work on which this work is based. Another reason
for this error is the noise created by the circuit itself which adds weight in the
inaccuracy range. Again, due to time limitation noise reduction work could
not be carried out and applied to the circuit to reduce the generated errors.
Hence, the inaccuracy of the designed temperature sensor is such high.

5.2 Learning Outcomes
The major outcome of this project is to learn about the different topology of
temperature sensors and current mirrors that could be implemented in addition
with strengths and weaknesses of each of them. Getting used with the lead-
ing analog industrial software Virtuoso along with learning about the Monte
Carlo Simulation for looking into the mismatch with different number of fab-
ricated chip numbers was also advantageous. It was beneficial working with
the transistors to learn more about them in deep to have a good understanding
of their behaviour and hold a more stronger grip on them. Gaining experi-
ence in making trade off between power, accuracy and speed for meeting the
required specifications to solve the problem statement.
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Chapter 6

Conclusion

In this thesis work an ultra low power temperature sensor is designed and
implemented based on the work from paper [24] in 90 nm CMOS techno-
logy process. It is simulated using the Virtuoso software and the outcomes are
presented with performance comparison with other related recent works in the
table 5.1. The performance of the sensor is highly linear and stable. It is based
on the difference between the gate-source voltages of the MOSFET’s which
is proportional to the absolute temperature in the sub-threshold region. The
designed on-chip temperature sensor operates in sub-threshold region with
supply voltage of only 600 mV. It covers a wide temperature range from 0-
120 ◦C with inaccuracy of -3.3 to + 7.6 ◦C over this range. The implemented
temperature sensor draws maximum current of 218.66 nA at the highest tem-
perature of 120 ◦C with mere power consumption of 131.2 nW. Furthermore,
when compared to the work of [24], very small sized transistors were uses
which were almost 8 times smaller along with reduced number of multiplier
for one transistor by half which is illustrated in the table 5.2.

The simulation resulting DC operating points are given in the table 4.1 and
corresponding graphs are presented in the figures 4.2 to 4.10. The simulation
was carried out in the 3 different process corners namely TT, SS and FF with
providing the respective ideal line expressions for the output voltage in terms
of measured temperature in the equations 4.1 to 4.4 over these corners. Monte
Carlo simulations were also adapted to look into the effect of mismatch in the
inaccuracy range for different number of fabricated chips and the graphs are
included in the figures 4.11 to 4.13.

6.1 Future Works
First of all, it would be really interesting to go for the noise simulations and
look into the noise that is created by the circuit. After that, the required noise
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reduction techniques could be look for reducing the noise. By doing so, the
accuracy of the designed temperature sensor could be increased by eliminat-
ing the added error in the output due to this generated noise. Furthermore, the
layout could be done in Virtuoso to observe and investigate about occupying
area. Also, it would be fascinating to change the number of pairs of MOS-
FETs used in the temperature core and notice the change in the output, as by
doing so amount of current drawn could be reduce resulting in more lower
power consumption. Finally, Monte Carlo simulations could be run for more
chip number and detect the error due to mismatch.
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