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ABSTRACT

The proposed design is a CMOS-based, time-to-digital, on-chip
and lost-cost temperaturesensor. Without relying on any bipolar
transistor or analog-to-digital converter, the required chip area is
relatively small and the power consumption is low. Its simple structure
allows it to be freely embedded onto any CMOS IC chip. The sensor
generates a digital code proportional to temperature by time-to-digital
method. The code with a lookup table can be directly used to indicate
current thermal status. The test chip fabricated in the UMC CMOS
90nm 1P9M process has a extremely small area of 0.01004mm2. The
effective resolution is around +0.14°C without calibration and exactly

0.1°C plus perfect linearity with calibration.
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Chapter 1

Introduction

1.1 Motivation

Nowadays the growing market of portable systems demands low-cost
on-chip temperature sensors. Besides, almost every essential part of IC device
requires thermal monitor to prevent the device from overheating which is

detrimental to electronic devices, especially for high performance IC chips.

The important applications of on-chip temperature sensors include:
1) The power consumption control in"VLSI chips, such as CPU and chipsets;

2) The environment temperature monitor or control of consumer electronics.|[1]

The researches on smart or integrated temperature sensors started in the
mid-seventies, together with the development of the Integrated Circuit (IC)
technology. In the early works on smart temperature sensor, bipolar substrate
transistors are utilized to make a temperature sensor compatible to standard

CMOS technology.

Recently, it is well-known that delay of a logic gate has a positive
temperature coefficient if the supply voltage is large enough in comparison with
threshold voltage of device [2]. This characteristic can be utilized for
temperature measurement to reduce the complexity and eliminate error

correction techniques. A novel work [12] presented a smart temperature sensor



using delay lines to generate pulse width which is proportional to temperature.
Figure 1 is the overall structure of the smart temperature sensor. The delay line
and a XOR gate will generate a pulse width proportional to temperature. This
pulse will circulate and shrink in the cyclic time-to-digital converter until the

pulse completely vanishes.

:

N, T,

g

A

. Temperature linear Time to digital
dependent delay line 5 ) converter

Fig.1 The Overall structure of the smart temperature sensor [12]

This structure has brought a new choice for small area, low complexity and
low power when designing a temperature sensor. But when supply voltage is
scaled down and a wide range of measured temperature is required, the practical
temperature versus delay line will derive from the linear one considerably.

Therefore, its implementation is limited in a small area of applications.

1.2 Contribution

The pulse-shrinking mechanism in Chen’s design [12] is not working

properly in sub-90nm process due to some timing issues. It is because the



pulse-shrinking process is very unstable such that the amount of shrinking is
quite variable and non-constant in every circle. That leads to much greater
nonlinearity of the output digital code word. After a series of experimental
simulations, an alternative approach to implement the time-to-digital conversion
has emerged. It is the opposite of pulse-shrinking mechanism, that is, the
pulse-expanding mechanism which is a major break-through in the proposed

work.

In addition there is no resemblance found in 90nm or more advanced
technology node for the time that this proposed design is tested. That means this
design is the only temperature sensor that works in sub-90nm technology node
so far. It’s because crosstalk effects seem to render more noise and glitches
which can cause timing problems in nanoscale process [3]. And the proposed

design simply manages to_avoid certain problems of this kind.

1.3 Thesis organization

This thesis is organized as follows. In Chapter 1, the Introduction describes
the motivation to do the proposed design. In Chapter 2, the Overview of Related
Works takes a look at the characteristics of the past and recent works concerning
the smart temperature sensor or the likes. In Chapter 3, the Proposed
Architecture and Algorithm details the whole idea of the temperature sensor and
the dissimilarity in comparison with the predecessor. In the subsections, the
Design concept depicts how the sensor works, the Algorithm introduces how the
theory is derived, what it is based on and by what methods it is used. In Chapter

4, the Circuit Design and Performance Comparison tells more about the specific



circuits as well as performance comparison with the related works discussed in
Chapter 2. In Chapter 5, the Simulation and Measurement results provides
proofs of solid and successful simulation data, the physical of the layout chip
and actual measured data of the fabrication chip. In Chapter 6, the Conclusion
and Future Research emphasizes the key features the design provides and some

possible future work.



Chapter 2
Overview of Related Works

2.1 A short history of smart temperature sensor [4] [5] [6] [7] [8] [9] [10]
[11]

In the late 1990s, analog-to-digital converters (ADCs) were gradually
integrated into thermal sensors by IC designers to compose the intelligent or
smart temperature sensors. The typical block diagram of the conventional smart

temperature sensor is depicted in the following Figure 2.

Temperature
Sensor
—p A/D
—»| Converter
The
Reference

Fig.2 The typical block diagram of the conventional smart temperature sensor

With standard digital CMOS processes, a silicon bandgap reference is
usually utilized in temperature sensors as the reference in the figure above [4],
[5]. It is impossible to keep the temperature of the reference voltage constant in
integrated smart sensors to achieve a comparable accuracy of the nonintegrated
version [1]. The major advantage of smart temperature sensors is low cost with

penalties of less accuracy and limited measurement range. A CMOS smart



temperature sensor with 120uW power consumption was proposed as early as
1990 [6]. The temperature sensor was made of lateral bipolar transistors which

could only be fabricated in a special process.

To be more compatible with standard CMOS technologies, the substrate
bipolar transistor was used instead for temperature sensing in later versions [7],
[8]. A complicated and time-consuming calibration process at two temperatures

by an external microcontroller was adopted to reduce the measurement error
from £7°C to *1°C [7]. Alternatively, the calibration could be done at the
wafer probe by poly fuse trimming at the measured chuck temperature to reduce

the error from +1°C~+5 ‘C to £1'C with external reference [8].

Later, an uncalibrated accuracy of £1°C at room temperature was achieved

by utilizing chopping and dynamic element matching (DEM) techniques [9]. A

more subtle second-order curvature correction combined with chopping and
DEM techniques ensures a three-sigma accuracy of *1.5°C under batch
calibration [10]. A while later, a smart temperature sensor was presented to reach
an inaccuracy within 10.5°C over the range of -50°C to 120°C, which was at

least twice as accurate as previously reported work. This was achieved by
combining offset cancellation, DEM, and curvature correction techniques with

calibration at room temperature after packaging [11].

The following table summarizes the common specifications of smart

temperature sensors in most applications [1].



Table.1 The common specifications of smart temperature sensors

Min Max Unit
Accuracy 0.3 3 C
Resolution 0.05 1 C
Supply Voltage 2.5 5 A%
Supply Current 50 500 HA
Conversion Rate 1 50 Samples/s

The following sections one by one introduce several relevant works that are
categorized as intelligent.or smart temperature sensors. It starts with the earlier
type of CMOS temperature senor -that still uses bipolar transistors or
analog-to-digital converter. Through some certain progress of improvement or
correction, the smart temperature sensor evolves into the recent fully-CMOSed

prototype without any ADCs like the proposed work.

2.2 Micropower CMOS temperature sensor with digital output [7]

This work has managed to have an extremely low-power consumption of
7uW by switching off power supply after sampling. But an important
disadvantage is that the circuit uses substrate bipolar transistors as a temperature

sensing device which can only be fabricated in special process. Other



disadvantages are utilizing a bandgap voltage reference and an analog to digital
(sigma delta) converter which takes up large area, the very low sampling rate at

2 samples/sec, and requiring an external microcontroller for calibration.

2.3 A switched-current/capacitor temperature sensor [8]

This work has achieved an absolutely extreme low-power consumption of
1uW and an error of less than 1°C by a single adjustment of temperature at

wafer probe without any further calibration. However, an obvious disadvantage
is that the circuit also uses substrate bipolar transistors as a temperature sensing
device which can only be produced in special process. Other disadvantages are
utilizing a bandgap reference circuit and ‘an analog to digital converter
(switched-capacitor circuit) which occupies more area, and the low sampling

rate of 10 conversions/sec.

2.4 A Low-Cost High-Accuracy CMOS Smart temperature sensor [9]

This work is an improved version of [7]. The uncalibrated accuracy gets
better than 1°C without the need for calibration by applying chopper and

Dynamic Element Matching (DEM) techniques. Nevertheless, the power

consumption goes up to a high level of 300uW while the chip area rises up to a

very large scale of 4.5mm’. Another noticeable disadvantage is that the circuit

still resorts to substrate bipolar transistors as a temperature sensing mechanism
which can only be manufactured in special process. Other disadvantages are

detaining a bandgap voltage reference circuit and an analog to digital



(sigma-delta) converter circuit which takes up a tremendous amount of area, and

the still low sampling rate of 4 samples/sec.

2.5 A high-accuracy temperature sensor with second-order curvature

correction and digital bus interface [10]

This work is the next-generation version of [9] with second-order curvature
correction and digital bus interface. The inaccuracy due to process spread has
been minimized by applying offset compensation and dynamic element
matching techniques. The further improved of the accuracy has been achieved
by adding a low-cost second-order curvature correction to the sensor. But, the

power consumption and the conversion rate remain untold while the chip area

maintains a still large bulk of 2.8mm’, Another evident disadvantage is that the

circuit keeps using substrate bipolar transistors-as a temperature sensing core
which can only be built in special process. Other disadvantages are holding a
bandgap voltage reference circuit and an analog to digital (sigma-delta)
converter circuit which takes up a huge amount of area, the curvature correction
complicating and augmenting the whole circuit, and again requiring an external

microcontroller for calibration.

2.6 A CMOS temperature sensor with a 3 g inaccuracy of £0.5°C from -50

°C to 120°C [11]

This work is the process-scaled-down version of [10] with integrated

second-order sigma-delta ADC curvature correction and digital bus interface.



Substrate pnp transistors are used for temperature sensing and for generating the
ADC'’s reference voltage. To obtain a high initial accuracy in the readout
circuitry, dynamic offset cancellation, chopper amplifiers and dynamic element
matching are used in the analog front-end circuitry and a linearization technique
is applied that eliminates the second-order curvature. High linearity over a wide

temperature range is obtained by applying second-order curvature correction.
The resolution has scored a remarkably high precision of 0.015°C. Nonetheless,

the power consumption reaches an incredibly high level of 429uW while the
chip area still sums up to large quantity of 2.5mm’. Another un-negligible
disadvantage is that the circuit keeps employing substrate bipolar transistors as a
temperature sensing device which can only'be obtained in special process. Other
disadvantages are holding-up a bandgap voltage reference circuit and an analog
to digital (sigma-delta) converter circuit which accounts for a still huge amount

of area, and the averagely low conversion rate.

2.7 A Time-to-Digital-Converter-Based CMOS Smart Temperature Sensor
[12]

This work is the completely all-CMOS-based version of smart temperature
sensor without any lateral or vertical bipolar transistor. It is featured with
extremely small chip area and low power consumption. In order to eliminate the
burden of the curvature calibration for the BJT-based temperature sensing
circuits, an innovative architecture for smart temperature sensors is presented in
this paper. First, a temperature-to-pulse generator is used to generate a pulse

with a width proportional to the measured temperature. Then, the output pulse is

10



fed to the input of a cyclic TDC to generate the corresponding digital output. A
very important modification of this proposed smart temperature sensor is the
replacement of the conventional ADC by a cyclic TDC. Accordingly, a
temperature-to-pulse generator rather than the bandgap reference is utilized to
generate the thermal sensitive output pulse required by the cyclic TDC. Without

any curvature correction or dynamic offset cancellation, the effective resolution

is better than 0.16°C, the power consumption is about 10 ; W at a sample rate of

2 samples/s and 0.49mW at a measurement rate as high as 1 kHz is feasible.

2.8 A summery of the related works

The following is a table to highlight the unique features and approaches of

every related works.

Table.2 A summery of the related works

Analog to External
Resolution Power Area Conversion Bandgap
Sensor . Digital micro
(O consumption (mm?2) rate(1/s) reference
Converter controller
[7] 0.625 TUW 1.5 2 Yes Yes Yes
[8] 0.25 1uW 3.32 10 Yes Yes Yes
9] 0.25 300pW 4.5 4 Yes Yes Yes
[10] 0.15 N/A 2.8 N/A Yes Yes Yes
[11] 0.015 429uW 2.5 0.125~30 | Integrated | Integrated Yes
[12] 0.16 10pW 0.175 2 No No No

11




Chapter 3
Proposed Architecture and Algorithm

3.1 Proposed Architecture

] |

Reset

3.1.1 Design basis

Delay Line

L

Latch Selector

+ Tp

Thermal Delay Line

Pulse exanding
+ A W delay line

U

Counter

|

Digital Code

Fig.3 The architecture of the proposed temperature sensor
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Figure 3 clearly shows the entire idea of the proposed architecture which is
basically derived from [12]. Its features of the simple structure and low cost are
adapted to the proposed sensor but its method of the pulse-manipulating is

implemented in a different way as the following depicts.

3.1.2 Three points of distinction

First of all, the input going into the circle is merely a pulse generated from
a reset signal through a short delay line and XOR-ing its original one out of an
exclusive-OR gate. It doesn’t matter whether the pulse is linearly proportional to
temperature or not as long as it’s longer than at least 3-ns delay time. Because
any pulse shorter than 3-ns would vanish through the long thermal delay line.
Nevertheless that means it is more flexible and less constrained. Second, there is
a multiplexer, before the pulse enters the circulating loop, to block noise or
jitters from getting into the loop after the pulse in case of any signal ambiguity.
Third and the most importantly, the pulse expands instead of shrinking in the
circling loop. It is the pulse-expanding delay line that makes gradual growth
more constant and stable in the loop such that the linearity with temperature

sustains.

3.1.3 Design concept

The best way for monitoring operation temperature on an IC device is to
integrate the sensor onto the IC chip itself so as to get it close to the heat source.

However, the temperature sensor itself must not take up too much area and

13



generate too much heat on the IC chip, or it will nullify its original usage. In
other words, the sensor has to be as low-cost as possible. There is certainly a
trade-off between accuracy and cost. Therefore, the proposed temperature sensor

is targeted on low-cost version with a little penalty of less accuracy.
3.1.4 Signal flow

First, a regular pulse generator generates a pulse with a width greater than 3
nano second independent of the environment temperature. Next, the output pulse
feeds into the input of a circulating Time-to-Digital Converter to generate the
appropriate digital output. In the following sections, the implemented circuit and

the operation principle of each block will be discussed in detail.

T

Circulating Digital
A Pulse — - Time-to-Digital gl
Generator Piiss Converter @utgur

Output

RESET

Fig.4 The Signal flow of the proposed temperature sensor

Figure 4 plots the block diagram of the proposed sensor. An innovative
circuit composed of a simple pulse generator and a circulating TDC converts the
measured temperature into corresponding digital output. The pulse generator
without any lateral or vertical bipolar transistor generates a pulse with a width
which has nothing to do with the ambient temperature. Since no voltage or

current signal generates, conventional voltage/current ADC are irrelevant to

14



output coding. Instead, the generated pulse with zero thermal coefficients feeds

into a circulating TDC to produce the corresponding digital output.

There is only one input and that is the reset signal. Once reset starts, the
3-ns pulse quickly forms and the counting is ready to commence. Subsequently,
after entering the circulating loop, the pulse propagates through the thermal
delay line and the pulse expanding delay line. The sequence going through these
two delay lines is irrelevant since they function separately and differently and

don’t interfere with each other as illustrated in Figure 5.

>3ns
]
Smf Thermal Pulss-axpanding
I:/‘J delay line delay ine
input pulse to counter
Tll
thermal delay
1stloop
axpanding width E (resolution}
AW o

2nd loop
3th lcop
Final loop

Fig.5 The principles of the operation in the circulating loop

The purpose of the thermal delay line is to generate a clock-like signal

established by a series of pulses separated by the thermal time delay. The

15



interval, which is the delay time determined by the thermal delay line, between
pulses is very linearly proportional to temperature. The following is the equation
of the relation between the delay time and the temperature in the thermal delay

line.

CLVDD — k CLVDD — k CLVDDaVTT (1)
|

T =t +t . =Kk
PLH Al 41,,AV,,,

p pHL

Dsat

The purpose of the pulse-expanding delay line is to gradually widen every
pulse at every round every time passing thru it in the loop until the edge of every
pulse touches one another back:to back. It will appear like that the signal
becomes unity within the entire circulation as the final loop shown in Figure 5.
The expanding width by a specific amount that grows in every round is exactly
the effective resolution of this thermal sensor. The following is the equation of

the relation between the changing pulse width and the length ratio of delay

elements.
AW =B, (g m L g Noo =PV,
ﬂ kPl kNl (VDD _VTN) (VDD _VTN) O'SVDD
(2)

From the equation above, in order to obtain finer resolution that is the
changing pulse width, the length ratio should be just a little greater than unity
and be as close to unity as possible at the same time.

For different degrees of temperature, the delay time of the thermal delay

line gets longer at higher degree since it is linearly proportional to temperature.

16



And it leads to wider intermittent space between pulses and as a result, higher
number of digital code because it takes more loops for the pulse to expand until
the signal reaches unity. Therefore, the number of digital code increases
proportionally with the degree of temperature. For the same degree of
temperature, the finer pulse-width the expanding can attain, the higher number
of digital code the counter can reach, and the better resolution the sensor can
achieve because the equivalent spanning of degree can be resolved by a greater

number of digit code.
3.1.4.1 A simple pulse generator

Figure 6 shows a simple circuit utilizing gate delays to generate the
non-thermally-sensitive pulse. The reset signal is delayed a certain amount of
time by the delay line composed of even number of NOT gates, then XORed
with itself to generate the propagation delay ( > 3 ns) of the delay line as the

required output pulse.

J— RESET

A
A Td1
Delay Line A
Pulse ‘*—— Td?
Qutput B
RESET Pulse
B Qutput
Pulse
Width

Fig.6 A simple pulse generator
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3.1.4.2 A Time-to-Digital Converter

The very distinct modification from the predecessor is moving the thermal
sensitive delay line from the pulse generator to the time-to-digital converter.
Another important modification of the proposed smart temperature sensor like
the predecessor is the replacement of the conventional ADC by a cycling TDC
with block diagram shown in Figure 7. The delay line is composed of even
number of NOT gates. After reset, the input pulse circulates in the cyclic delay
line and is expanded by a specific amount of pulse width per cycle until unity
dominates thoroughly in the loop. The counter is used to count the number of
circulation times of the .input pulse in the delay line and generates the

corresponding digital output.

Thermal Delay Line

|1
g

Fig.7 A Time-to-Digital Converter

3.2 Algorithm

As can be seen from the simple structure of the proposed sensor, there are

18



only two major components that can be clearly expressed by mathematical
methods. One 1is the thermal-sensitive delay line; the other is the
pulse-expanding delay line. The equation derivations and simulation results are

quoted here for references.
3.2.1 The thermal-sensitive delay line [13]

The delay of an inverter is the sum of the charging and discharging time to
load capacitor. When temperature varies, the values of charging and discharging
currents will also vary and the delay will change accordingly. Therefore, it is
straightforward to control the current in'the delay line to achieve a delay that has
linearity to temperature. The existence of a zero to temperature coefficient (ZTC)
point in transconductance © characteristics ~of ~a MOS device by mutual
compensation of mobility and threshold voltage has been investigated [11].
Based on this characteristic.of @ MOS transistor at the vicinity of ZTC point, a

current inversely proportional to temperature can be created.

The transconductance characteristics of an NMOS transistor are described

by the following equation

1 W 2
Il :E:uncox T(VGS _VT) 3)

In this equation, mobility and threshold voltage change with temperature
and have mutual compensation effects. It is usually assumed that threshold

voltage depends on temperature which is described as

19



VT(T):VT(T0)+aVT (T _TO) (4)

Where T, is the reference temperature and Vr is a negative constant in a

range of value. On the other hand, the mobility depends on temperature as

ﬂn(F)=ﬂn(To)(%j ﬂ (5)

If a, = 2 (Zero Temperature Coefficient point), these two effects will
compensate each other and the characteristics of a MOS device will have a

common intercept point (Vgsz, Inz), which is given

VGSZ N VT (To) =y (To) (6)

1 i~ W
o, = 5 H,TITTCo, f Xy (7)

Figure. 8 shows, as an example, the simulation result of transconductance
characteristics for a NMOS transistor with temperature in a 0.18um CMOS
technology. One can see that the characteristics have a common intercept point
(0.88V, 2.064uA). If a NMOS transistor is biased at this point by a voltage Vgsz,
the drain current will not change against temperature. This is the ZTC point for
this device.

If (Vgsz, Ipz) exists, at an arbitrary temperature T, and for Vgs; = Vgsz

+AV s, the drain current is determined by [11]:

20
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Fig.8 Transconductance characteristics of NMOS with W/L=1pum/10um

To produce an inversely proportional to absolute temperature current, we
use two diode connected NMOS transistors with the same dimension biased at
two different voltages Vgs; and Vgsp. The difference between the two drain

currents is calculated as below
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aVTT aVTT

— 1 AVGSI + AVesz ) AVGs1 — AVGSZ 9)
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VT VT

Making AV gs; = -AV s results in

AV

AL =4l [_j )
a1

One can obviously see that the difference between the two drain currents is
inversely proportional to témperature: This amount of current will be used to
bias for an inverter based delay line to obtain delay proportional to temperature.

The propagation delay of an inverter is the sum of charging and discharging

time to load capacitor which-is determined by [15]

T =t, +t, = k—CLVDD (11)

pHL
Dsat

Where tpyp is the high-to-low transition time, tp y is the low-to-high
transition time, k is a constant, and C is load capacitor. Substituting (8) into (9)

results in

T — k CLVDDaVTT (12)
i 4 I DZAVGSZ
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From this equation, we can see that the delay time is absolutely linear to
temperature and has positive temperature coefficient.

In fact, AVgs; and AV gs, vary with temperature and is assumed that

Sgl(T):Avey _AVGsm (13)

gz(T):AVGsz _AVGSZO (14)

In which AV gs1, and AV sy, are the offset voltages from Vgsz of Vs and

Vs2 and chosen as AV s, = -AVgszo. Equation (7) can be rewritten by

AL lDz[;(r)wvm +&(T)+AV,,, _zjx
Ay T

([éjl(T)"'AVGsm]_[é(T)+AV632°]j (15)

o/ 1

If M1 and M5 in Fig.6 are biased such that AVgs, = -AVgsy, and the
changes of AVgs; and AVgs, are small enough and compensate each other i.e.

&1(T) = -&,(T), equation (10) will be still valid in a temperature range of interest.
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Fig.9 The schematic of the thermal delay line

Figure 9 shows the schematic of the bias current source circuit that
generates a current inversely proportional to temperature. All NMOS transistors
have the same dimensions and operate in saturation region. The ZTC point in the
simulation is (0.88V, 2.064pA). In this circuit, we bias two transistors M1 and
MS5 at gate voltages Vgs; = 0.72V and Vgs; = 1.08V at room temperature,

respectively such as AVgs; = -AV sy by using two simple circuits.

Transistors M3, M4, M7 and M8 serve as current mirrors. The bias current
Igias 1s formed by the larger current I, through M5 minus the smaller current I,

through M1 and driven into a diode-connected M9. This current then will be
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mirrored to the transistors M10 and M11 to generate two bias voltages Vy and
Vp for the delay line.

The delay line is a chain of even number of current starved inverters. When
an input pulse goes into the line, it propagates through inverters and is delayed

with time determined by current sources in inverters.

The simulations of the delay line were performed by using a 0.18um
process with a supply voltage of 1.8V. The device sizes for delay line are
lum/2pm for NMOS and 3.5um/2um for PMOS. Figure 9 shows a plot of the
output delay of the delay line versus temperature from -40°C to 120°C. The
simulation results possess excellent linearity and a good agreement with
predicted one. An offset delay appearing in the measurement range can be

reduced by subtracting to'a constant amount of delay with a XOR gate.
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Fig.10 The Delay versus temperature of the thermal delay line
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The corresponding non-linearity error is plotted in Figure 11. The error is
within 0.24 °C in a range of temperature from -40 °C to 120 °C. This error is
mainly due to the variation to temperature of the gate voltages of two diode
connected transistors and a is not exactly equal to -2. This result translates to the

non-linearity error of 0.15% with a curvature correction.

-1 T T T T T T |
40 -20 0 20 40 60 80 100 120
Temperature(°C)
—4— proposed —i— conventional

Fig.11 The Non-linearity error with supply voltage = 1.8V

Another version of the delay line without current source used in [12] also is
designed and simulated for comparison. The dimensions of devices in this delay
line are the same with those in the thermal delay line. The non-linearity error is

unacceptably high 4.4°C within the same temperature range. The performances
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of the two temperature sensors are summarized in Table 3 for easy comparison.

Table.3 The performances of the two temperature sensors

Sensor Inaccuracy Temperature range Power supply CMOS technology
[12] 0.9 °C 0°C-100-°C 3.3V 0.35u
Thermal 0.24 °C -40 °C-120 °C 1.8V 0.18u

This delay line presents a highly linear dependence of delay on temperature.
Based on the characteristic of a CMOS device at ZTC point, a bias current
circuit has been designed to control the delay of the delay cell. The simulated
result has a good agreement with predicted one. Non-linearity is around 0.24°C
without any subtle curvature correction in the temperature range from -40°C to
120°C. The proposed delay line can be used as a temperature sensor block for

smart sensor or built-in temperature sensors in'VLSI chips.

3.2.2 The pulse-expanding delay line

Time-to-Digital Converters have been implemented digitally using either

the inverter chain method or Vernier delay line method [16].

3.2.2.1 Inverter chain method

If the end application does not require a very high resolution, time

digitization can be carried out using a chain of inverters [17]. The
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implementation is shown in Figure 12. The resolution achieved using such an
implementation is one inverter delay (t;,,) and is about 40ps in deep-submicron
CMOS process. This resolution can be further improved by time-averaging [17].
This implementation is very compact but the resolution achievable is limited to
one inverter delay. Even though t;,, is decreasing with scaling of technology, any
finer time digitization is impossible. The number of inverters required in the

inverter chain to cover a dynamic range of T;, is {T}, /tiny}

CLKA inv+ INVn-1 invn
D— - SoT o o
Fax P L FAY
CLKB
Q(0) Q1) Q(2) Q(3) an-1) | Q(n)
Y Y k4 Y L J Y

Pseudo-Thermometer-Code Edge Detector

Fig.12 TDC built with chain of inverters

The TDC output is typically a thermometer or pseudo-thermometer code
that provides a digital representation of the phase difference between CLKA and
CLKB.

3.2.2.2 Vernier Delay Chain method

Vernier delay lines can be used to achieve time digitization with a very high

resolution [18]. In the Vernier delay line method illustrated in Figure 13, two
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buffer lines with delays of t; and t, are used in each stage. The resolution
achieved is of the order of (t;-t;). Since resolution is determined by the
differential delay, this method enables us to digitize time with a very high

resolution [18][19]. Time resolutions of the order of 30ps have been reported

using this method [19].
ty { t,
CLKA bufa_1 bufa_2 bufa_n
T g ""
D Q —» DirQt— D Q|—
Qa Qi Qn-1
> > >
CLKB
o _
bufb_1 bufb_2 bufb_n
t 5 to

Fig.13 TDC built with Vernier Delay Line

The number of Vernier stages required to cover a dynamic range of T, 1s

=

However, if the dynamic range (T,) is large, the area of the phase detection

circuitry grows linearly requiring long chains of delay elements. Since layout of
such an implementation can span a large area, process variations introduced may

nullify the resolution gain achieved using the Vernier line method.
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The pulse-expanding delay line of the proposed temperature sensor invokes

the use of the Vernier line method.
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Fig.14 The effect of the gates" non-homogeneity on pulse width

The pulse-expanding mechanism is controlled by the non-homogeneity of
the gates in the cyclic delay line as shown in Figure 14 [20]. Assuming all of the
NOT gates have the same dimension except for the (n)th inverter whose width is
the B times of those of the others. To simplify the derivation of the
pulse-expanding mechanism, the input pulse is assumed to be stepwise at each
stage for the first-order approximation. When the pulse goes from the (n-1)th

stage to the (n)th stage, the falling time and the rising time can be derived as

follows[21]:
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t,, = 2C, Vi + €L, x 1n(1 -Nop = 2V ) (16)
i an_l (VDD _VTN )2 an_1 (VDD _VTN ) O‘SVDD

t ., = —2C,Vre + L X ln(1 Nop + 2V ) (17)
e kPn_] (VDD _VTP )2 kpn_l (VDD _VTP) O'SVDD

where k.1, Kpn1 are the transconductance parameters of the (n-1)th NOT gate,
and Cp, is the effective input capacitance of the (n)th NOT gate. Assuming Vy
= -V1p, the amount of the pulse expanding from (n-1)th stage to (n)th stage can

be analyzed as tpyy; - tpyr; to yield

AW,
= ot — ton (18)
(g (LVoo = 2V

kPn—l No Moo —Van) Vop =Viy) 0.5V,

Similarly, the amount of the-pulse-expanding from (n)th stage to (n+1)th

stage can be analyzed as tpy; - tpyro as follows:

AWn
=torno —toris (19)
:_CL (L_ | )x[ 2VTN 1 ln(I.SVDD VAN ]

+ X
" kPn an (VDD _VTN )2 (VDD _VTN) O'SVDD

Since the channel width of the (n)th NOT gate is the B times of those of the
remaining NOT gates, we have kn, = Bknn.1, kpn = Bkpn.1, and Cp, = BCrysy =
BCLu1. The total amount of pulse expanding from (n-1)th stage to (n+1)th stage
can be found by adding (16) and (17) to yield:
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AW =AW, | + AW,

_(IB_E) L 1(k——w)a

(20)

where

2V, 2+ 1 Xln(1.5vDD—2vTN)]
(VDD _VTN ) (VDD _VTN ) O'SVDD

is a proportional factor which is approximately layout-independent. Similar to
the propagation delay in a NOT gate with equivalent NMOS and PMOS, the
transconductance parameters and threshold voltage in AW are still affected by
temperature variation. To reduce the thermal sensitivity of AW, the thermal
compensation scheme of the current-mirror and diode-connected configuration
in the Vernier delay line‘1s applied to all of the gates in the pulse-expanding
delay line. The pulse-expanding mechanism will be controlled dominantly by
the aspect ratio difference of adjacent gates. If the delay line is homogeneous
with B = 1, the amount of the ‘pulse expanding per cycle will be zero, quite
reasonably, from (18). Otherwise, the input pulse will be expanded or shrunk for

B> lor B <1, respectively.

The amount of the pulse-expanding per cycle relative to pulse width is
designed to be small enough to get a satisfactory resolution for the smart
temperature sensor. At the end of the pulse-expanding process, pulses will
become all connected and too fully span the entire voltage range to trigger
output counter correctly. To overcome the runt pulse phenomenon, a buffer with
stage-by-stage signal amplification is inserted between cyclic TDC and output

counter in practical implementation. The buftered pulses with full voltage swing
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can make the succeeding counter operate correctly without any ambiguity.

The dead zone T, and the amount of pulse expanding per cycle, or the
effective resolution equivalently, can be calibrated before each measurement

with reference pulses T.r and 2T ¢ as the following [20]:

-
To=—" @1)
© N'-N
N'-2N
Toffset = N'—N Tref (22)

where N and N’ are the measured output codes of T, and 2T, respectively.
With T and T, the measured width of an input pulse T;, with output code n

can be calculated as

Tin = TC xn +T0f'fset — %Tﬁzf

The timing for measuring the input signal is shown in Figure 15. The
calibration technique above can also be used to compensate the error caused by

any physical variation.
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Fig.15 The timing of the input signal measurement
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Chapter 4

Circuit Design and Performance Comparison

4.1 Circuit Design
4.1.1 The pulse generator

As Figure 6 shows in 3.1.4.1, there are only two components in this
generator circuit. They are the buffer-chain delay line that causes the reset signal
pause for about 3 nano second and a standard exclusive-OR gate. Figure 16

illustrates the circuit design,

RESET | Pulse

Fig.16 The circuit design of the pulse generator
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4.1.2 The thermal-sensitive delay line

The circuit design of the thermal delay line has already shown in Figure 9

in 3.2.1 and redrawn as Figure 17 here. The rest depends on the

sizing of the

channel widths and lengths, and the number of element in the inverter chain with

current-mirror configuration.

.....

TE

— OUT

Fig.17 The circuit design of the thermal delay line
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4.1.3 The pulse-expanding delay line

Due to the robustness and a very high resolution in time digitization of the
Vernier delay line, the current starving delay cell of its own has been adopted
into the pulse-expanding delay line. Figure 18 illustrates the circuit design of the
basic delay cells. One of its great merits is the adjustability of the delay time

with merely digital control by setting the inputs of the transistor gates.

Fig.18 The circuit design of the pulse-expanding delay line
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4.1.4 The digital counter

The 11-bit digital counter residing in the temperature sensor is a very basic
ripple counter which simply consists of a few several flip-flops.

In the 11-bit counter of Figure 19, we are using edge-triggered master-slave
flip-flops similar to those in the sequential portion of this kind of binary counter.
The output of each flip-flop changes state on the falling edge (1-to-0 transition)
of the T input.

The count held by this counter is read in the reverse order from the order in
which the flip-flops are triggered.. Thus, output D is the high order of the count,
while output A is the low.order. The binary count held by the counter is then
DCBA, and runs from 0000 (decimal 0) to 1111 (decimal 15). The next clock
pulse will cause the counter to try to‘increment to. 10000 (decimal 16). However,
that 1 bit is not held by any flip-flop and is therefore lost. As a result, the counter

actually reverts to 0000, and the count begins again.
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Fig.19 The binary-counting circuit of the full 11-bit counter
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In the 11-bit counter on the sensor, we will use a different input scheme, as
shown in Figure 20. Instead of changing the state of the input clock with each
click, the TDC sends one complete clock pulse to the counter when the
circulating loop takes one round. For a clear view without taking excessive time,
each clock pulse has a duration or pulse width of 300 ms (0.3 second). The
counting system will ignore any glitches that occur within the duration of the

pulse.

39



<l
ol
ol
<l

Fig.20 The different input scheme of the basic 4-bit counter

A major problem with the counters shown on the page above is that the
individual flip-flops do not all change state at the same time. Rather, each
flip-flop 1s used to trigger the next one in the series. Thus, in switching from all
Is (count = 15) to all Os (count wraps back to 0), we don't see a smooth
transition. Instead, output A falls first, changing the apparent count to 14. This
triggers output B to fall, changing the apparent count to 12. This in turn triggers
output C, which leaves a count of 8 while triggering output D to fall. This last
action finally leaves us with the correct output count of zero. We say that the
change of state "ripples" through the counter from one flip-flop to the next.
Therefore, this circuit is known as a "ripple counter."

This causes no problem if the output is only to be read by human eyes; the
ripple effect is too fast for us to see it. However, if the count is to be used as a
selector by other digital circuits (such as a multiplexer or demultiplexer), the
ripple effect can easily allow signals to get mixed together in an undesirable
fashion. To prevent this, we need to devise a method of causing all of the
flip-flops to change state at the same moment. That would be known as a

"synchronous counter" because the flip-flops would be synchronized to operate
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in unison. Nonetheless, the synchronous counter is more complex and demands
more gate-counts meaning a higher cost. So a ripple counter is the choice in this

design scenario.

The toggle flip-flops utilized in the counter are just the J-K flip-flops with

the ‘J” and ‘K’ held together as illustrated in Figure 21.

If both the J and K inputs are held at logic 1 and the CLK signal (pulses)
continues to change, the Q and Q' outputs will simply change state with each
falling edge of the CLK signal. (The master latch circuit will change state with
each rising edge of CLK.) We can use this_characteristic to take advantage in a
number of ways. A flip-flop built specifically to operate this way is typically
designated as a T (for Toggle) flip-flop. The-lone T input is in fact the CLK
(pulses) input for other types of flip-flops.

T ™~ ™,
s e \

I~ ! 4
y /
y, /

CLK —

Fig.21 The circuit design of the J-K flip-flop
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4.2 Performance Comparison

The performances of recent smart temperature sensors are summarized in

Table 4 for easy comparison. With a relatively simple structure, the proposed

circuit promises the smallest chip area at the same resolution and accuracy level.

Table.4 The comparison with other temperature sensors

qonr | ResOlution Error Power Area | Conversion | Temperature | CMOS
(C) (C)  |consumption| (mm?) rate(1/s) | range (‘'C) | Technology

[7] 0.625 *1 TUW 1.5 2 -40~120 2U
[8] 0.25 | IpW 332 10 -55~125 0.6
9] 0.25 2 300uW 4.5 4 -40~127 0.7u
[10] 0.15 1.5 N/A 2.8 N/A -50~120 0.74
[11] 0.015 0.5 429uW 2.5 0.125~30 | -50~125 0.5u
[12] 0.16 -0.7~0.9 10pW 0.175 2 0~100 0.35u

Proposed 0.14 *1 47.8uW | 0.01004 1k -40~100 0.09u
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Chapter 5

Simulation and Measurement results

5.1 Simulation results

There are two sets of simulation results. One is for tape-out design which is
the old one; the other is for new design that has solves the timing issue in the
Fast-Fast Case. In every chart, there are R-squared value notations and their
equations which indicate how linear the curves are. The closer to unity the

R-squared value is, the better linearity the curve is.

5.1.1 Pre-Sim

Figure 22 depicts the characteristics of codeword and temperature about all
three cases for the old design in the Pre-Simulation results. As shown from the
figure, only at the high temperature range about 85°~90°C does the Fast-Fast
case have the issue of non-responsive behavior. Because in the Fast-Fast case at
the high temperature range the resolution goes to a very high level such that it
surpass the capability of the sensor to distinct. Probably due to irresolvable and
very thin pulse width, the TDC can not recognize the bypass pulse and thus
ignores the counting. The other two cases, Typical-Typical and Slow-Slow, are

working properly in the entire temperature range from -40° to 100°C.

43



5000

4000

—+FF

3000 |

=z v =23.619 +992.04 —=—33

% R =0.7075 - TT

§ — Linear (FF)
Linear (TT)

oo b Linear (35)

y = 6.0556x + 34.2
R =0.9805

_&‘.J-/‘—'/‘—/i—(

y = 28303 + 115.78
. Toes T TTRI-0070

40 -30 20 -10 0 10 20 30 40 50 60 70 80 90 100

Temperature

Fig.22 The code word vs..temperature characteristics of the Pre-Sim for the old

design

Figure 23 illustrates the characteristics of codeword versus temperature
about all three cases for the new design in the Pre-Simulation results. As can be
seen from the figure, the timing issue in the Fast-Fast Case has been solved and
the non-responsive behavior has been reduced. As for the other two cases, the

performance is much the same.

44



1600 |

1400
¥ =85733x + 71428
RI=09638

1200

—+FF
—=— 55
—TT
— Linear {(FF)

¥ = 39070 + 310,00 Linear (IT)
R = 0,009 /*/‘/‘ Linear (55)
600 R

1000

Code'Word

800

/r(_._/'* ) )/_.,-/‘/H.

e 200 V'._)/k/»//_)f v =2.3143% + 10771
] rRY=09845

40 30 -0 -10 0 10 20 30 40 50 €0 70 80 90 100

Temperature

Fig.23 The code word vs. temperature characteristics of the Pre-Sim for the new

design

5.1.2 Post-Sim

Due to the tremendously time-consuming post-simulation, only the
Slow-Slow case for the old design has been simulated with every 5-degree step.
In the Slow-Slow case Post-Simulation results as illustrated in Figure 24, the
characteristics of the code versus temperature curves of all three cases are much
similar to those of the Pre-Sim. Only the linearity and the resolution are far from
perfect, but still acceptable. If the perfect linearity and the resolution are
mandatory, the calibration circuit is necessary to correct the curve to align

absolutely straight.
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Fig.24 The code word vs. temperature characteristics in the Post-Sim for the old

design

As for the new design, the Post-Simulation results of the Fast-Fast case
have been competed in only partial temperature range as illustrated in Figure 25.

But that is enough for proving the well working of the new design.

46



1400 r

1300 r

1200

y = 7.0802% + 6467
R =09831

1100 r

——FF
— Linear (FF)

1000 r

900 r

800 r

700

0 5 10 15 20 25 30 EE] 40 45 50 55 60 65 70 75 80 85 90 95 100

Temperature

Fig.25 The code word vs. temperature characteristics in the Post-Sim for the

new design

5.1.3 Layout arrangement

Also, there is a phenomenon worth mentioning in the layout of the thermal
delay line. The formulation of delay elements can not continuously stretch too
long for the integral nonlinearity (INL) will dominate so overwhelmingly that
the resulting digital code will not be linearly proportional to temperature at all.
Hence, the thermal delay line is arranged as about 70 to 120 delay elements per
line while the total number of delay elements remains constant. In this scenario,
there is a trade-off between the resolution and operation range. While the delay

line extends longer, the resolution gets higher and the operation range is
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narrower; contrarily, as the delay line retracts shorter, the resolution goes lower

and the operation range turns wider. Figure 26 illustrates the idea.
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Fig.26 The phenomenon of the layout arrangement

This phenomenon also explains and justifies why the new design works

better than the old design does.

49



5.1.4 Tape-Out chip

Figure 27 demonstrates the tape-out chip for the old design of the proposed
temperature sensor without calibration circuit. There are four major parts in the
core:

1) The Magenta Rectangle indicates the Pulse Generator

2) The Red Circle indicates the 11-bit Counter

3) The Green Triangle indicates the Pulse-Expanding delay line
4) The Yellow Square indicates the Thermal-sensitive delay line

Without the calibration circuit included, its sensor core only takes up a
extremely small area of 0.12lmm’ x 0.083mm, that is 0.01004mm°. Including

the I/O pad, the total area only occupies 418um x 478um, , that is 0.199804

2
mm .
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Fig.27 The tape-out chip of the proposed temperature sensor without calibration

circuit

Figure 28 illustrates the tape-out chip for the old design of the proposed

temperature sensor without calibration circuit.
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Fig.28 The tape-out chip of the proposed temperature sensor without calibration

circuit and I/O pad

Figure 29 illustrates the layout for the new design of the proposed
temperature sensor with calibration circuit which resides to the left of the sensor
core.

With the calibration circuit included which is twice the size of the sensor

core, the core area takes up a small area less than 0.220mm x 0.150mm, that is
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0.033mm”. Including the I/O pad, the total area still occupies 418um x 478um,

meaning that it is I/O Pad dependent.

Fig.29 The layout for the new design of the proposed temperature sensor with

calibration circuit and I/O pad

5.2 Chip Design and Measurement results

5.2.1 Chip Design
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The chip die photo was taken as Figure 30. The chip design is much the

same as the layout of the tape-out chip described above.

11-bit
Digital
Counter

Pulse-expanding
delay line

Fig.30 The chip die photo and the chip design

5.2.2 Measurement results

The measurement results of the tape-out chips are shown in Figure 31.
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According to the monotonically-pitching curves of the two codewords, these are
most likely the TT Case and the SS Case. The Typical Case has fluctuations
during two different ranges. One is from 5°C to 20°C and the other is from 45°C
to 65°C. The Slow Case shows very good linearity during the low temperature
range and has an unstable state only between 65°C and 70°C. This corresponds
to the prediction of the simulation results that the Slow Case works the best.
Probably due to low yield rate, the Fast Case doesn’t show up any successfully
working chip. Nevertheless, only the old design is subject to this issue, while the

new design isn’t.
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Fig.31 The measurement results of the tape-out chip

The temperature sensor chip was fabricated in the CMOS 90nm 1P9M

process of United Microelectronics Corporation (UMC). Its core has a extremely
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small area of 0.121mm x 0.083mm. The effective resolution is around +0.14°C

without calibration and exactly 0.1°C plus perfect linearity with calibration. The
price for resolution of exactly 0.1°C and perfect linearity is twice chip area due
to additional calibration circuit as plotted in Figure 29. The power consumption
averages at 48uW, still acceptable with conversion rate of 1k and good sensing

range.

5.2.3 Testing Environment

The test signals with different pulse widths were generated by Agilent
Logic Analysis System 16902 A feeding into the test chip. The test circuit of the
proposed TDC sensor was put in a heater called Low Temperature Incubator.
Agilent Logic Analysis System 16902A was also implemented to collect the
output codes of the TDC sensor-and to-synchronize the operations among the
measurement equipments and the TDC test board. DC power supply is provided

by Agilent DC Supply E3632A.
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Fig.32 The testing equipments and the test chip

Fig.33 The Agilent Logic Analysis System 16902A

57



Fig.34 The Agilent Logic Analysis System 16902A
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Fig.35 The Low Temperature Incubator

Fig.36 The test chip
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Chapter 6

Conclusion and Future Research

6.1 Conclusion

The CMOS temperature sensor features an extremely small chip area,
low-power consumption with good conversion rate of 1k/s and wide operation
range. Discarding any bipolar transistor, external resistor and replacing of
voltage analog-to-digital converter used in conventional versions with a
circulating TDC, the occupied chip. area is merely 0.01004mm’, which is less
than one-tenth of those of most former versions with no calibration circuit. As
shown by the experiment results, the digital output of the sensor is highly linear
and no curvature correction or dynamic offset-cancellation is required to reach
satisfactory accuracy. The resolution reaches as precise as 0.14°C. The
operational temperature range spans as widely as from -50°C to 120°C.These
features make the sensor excellent for accurate low-power portable applications
with VLSI or SOC integration. Its simple design and low cost grant it to be
easily integrated into any CMOS IC chip. In addition, it’s unique and exclusive

on the sub-90nm technology node in the present time.

6.2 Future Research

To achieve better performance yet requires careful refining and tuning. The
calibration circuit in this work indeed provides much better resolution and

perfect linearity but it is still not good enough. In order to achieve perfection

60



more sophisticated design and calibration must involve in the future work.
However, the perfection comes with a heavy cost of chip area and power
consumption. So the future research will focus on the non-calibration-needed
and even lower-cost version on-chip smart temperature sensor with more
precision and greater linearity. Techniques like curvature calibration and digital

set-point programming could be taken into consideration.
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