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Abstract

In this thesis, we make a discussion and architecture improvements that focus on the
design of all-digital smart temperature sensor. Additionally, the method of auto-calibration has
been joined into our design to make the sensor to be automatic in calibrating operations. And

so we call it an all-digital smart temperature sensor with auto-calibration.

This thesis will introduce the critical components in smart temperature sensor and
analysis the advantages or disadvantages of each architecture. Besides, we talk about the
conventional calibration method of smart temperature sensor and why auto-calibrating

method is in need, and we present the architecture and operation flows of the temperature

F
F

calibration and the process variations compensation.

1
— e

.v"rl.

Finally, we summarize !Gur~three desrgns m the ttxesls* the all-digital temperature sensor
test chip, the full-fledged Versrdn ali dlgltal s’mart temperature sensor and the all-digital smart
temperature sensor on FPGA board Because the ﬁrst test key did not include all the
techniques in the thesis, by comlf’a'a_rrrrg the first ;r:dtsecond designs, we can clearly see the
improvement of our novel method of calibration and compensation. The last design is focus
on the integration with SoC system. We implement a simpler all-digital smart temperature

sensor with the FPGA board and integrate the sensor with ARM CPU by the AHB, and then

use the device on FPGA board to display the temperature information.

In this research, we have presented a novel fully digital CMOS smart temperature sensor
with 65nm CMOS technology. It has tiny chip area and low power consumption, and the
traditional two temperature points calibration can be eliminated to reduce the testing cost of

sensor in mass production.
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Chapter 1

Introduction

1.1 Introduction to Smart Temperature Sensor

Thermal sensor is an instrument which uses the characteristic of physics to measure the
temperature or temperature gradient. There are lots of thermal sensors today, and the most
popular thermal sensor in our live is the Mercury-in-glass thermometer [1]. However, after the

thermometers have been manufacturedj'ftﬁlyn‘have to be calibrated to optimize the sensor

accuracy. To be a good thermem’eter the temperature gradients of a thermal sensor should be

Lr-'“-,

as linear as it can for easy cahbratmg wrth comrpon twowpomt calibration. Otherwise, we will

need to calibrate every temperature pornts of ai thermometer and that’s impossible for mass

\ —ir !

production. L S

&

In 19™ century, the computer and IC design were booming and start to play an important
role in human life. Because the conventional thermal sensors generally have large area and
they are difficult to be integrated with digital interface. Even though the conventional thermal
sensors have a long development time, they are still unsuitable for integration with VLSI or

system-on-chip (SoC) design. Therefore, the smart temperature sensors came out.

1.2 Motivation

In recent years, the advanced CMOS process makes it possible to integrate many designs

into a single chip. The number of central processing units on a single embedded system chip



is also extended to 8 cores or even more [2]. When multiple chips are integrated and
fabricated on the single chip, the power consumption wasted on the I/O buffers and the
board-level interconnection parasitic RCs can be saved. However, system integration also
increases design complexity and power density. Additionally, because the area of chip is
increased, the on-chip variations will become significant in local process corner
differentiation. As a result, on-chip thermal sensing or monitoring is very important for

system reliability and dynamic thermal management [3-[6].

Traditionally, designer must to design for worst case to make sure that the chip can work
normally under process, voltage and temperature (PVT) variations. However, design for worst
case could be too pessimistic and it also increases the design complexity [7]. Thus not only
the design time but also the area and powﬁ;r Ff Chlp are increased. Additionally, when the chip

i

is working close to the crltlcal porn‘r (ex hot spo”t) the system will do some operations like

\

dynamic frequency scaling (DFS) 8- [9] and make the cth-away from critical point.
| | » ."

.\- -
.,.\-- o ||

Thermal monitoring on a chip iS' a 'wgy --'to" ”rheaﬁure the temperature variations. It uses

1
|'lI

on-chip thermal sensors to provi(j'q--;jgﬁe run-time thermal profile of a system. When hot spot
occurs, the thermal management circuit can send request to the system controller to stop the
current operation or to slow down the system clock frequency, so that the chip temperature

can be kept below the specified temperature limitation, and therefore the reliability of the

system can be improved.

In generally, we can use simulation result to analyze the power consumption of each
module on a chip, and then disturb the high power consumption modules in chip
floorplanning to prevent overheat [10-[12]. Nevertheless, prevention is not enough. We still
have to uniformly place many temperature sensors on the chip to detect the local temperature
variations of the chip in run-time. The requirements for these temperature sensors are small
area, low-power consumption, and easy to calibration. Temperature sensors should have

2.



extreme low-power consumption to avoid self-heating effects to the system. Moreover,
temperature sensors must be easy to perform absolute temperature calibration and have
sufficient conversion rate (> 1000 samples/sec) to monitor the run-time thermal profile of a

system.

Traditionally, the BJT-based smart temperature sensors [13] are widely used in many
applications. The BJT-based smart temperature sensor converts the measuring temperature
into a voltage or current firstly, and then the analog-to-digital converter (ADC) converts
voltage or current information into digital codes. However, the BJT-based smart temperature
sensor usually has large chip area and high power consumption due to the ADC circuit and
the band gap reference voltage circuit. And the BJT-based smart temperature sensor also

needs the second order curvature corfggtitl)'l’hi*--.gircuit and post-silicon transistor trimming to
improve the accuracy of temperature: measulreme;ﬁ Sigge there are many temperature sensors
on the chip, it is not possiiggl:%:;tf)‘ perfon; eﬁélﬁtc té:r-'ni)%rature calibration and postsilicon
\ [ | =l |
transistor trimming for every teﬁ;pellrafure.—sengo_r:é:.--"'Anﬂ""it also takes more efforts to integrate
I B |

L

3 4 '
the analog circuits with the digital circuits. As a, result, the BJT-based smart temperature

& A =

sensors are not suitable for dynamié?hermal manageﬁient in system-on-a-chip (SoC).

The all-digital time-domain smart temperature sensor which uses the time-to-digital
converter (TDC) to quantize the delay pulse into temperature information is proposed in
[14-[16]. The all-digital architecture make can be easy to be ported to different processes in a
short time, and it is also easy to be integrated into the digital systems. However, the
temperature sensors [14[16] still need to perform two temperature points calibration before
the temperature sensors can be used. Since there are many temperature sensors on the chip,
and therefore how to reduce the calibration cost of the temperature sensor array becomes very

important now.

Thus the temperature sensor with dual DLLs to perform one temperature point

-3



calibration is proposed in [17]. The reference clock with a multi-phase delay line can generate
a fixed delay in PVT variations to calibrate the temperature errors. However, the temperature
sensor with dual DLLs occupied too much chip area with high power consumption at

milli-watt level.

1.3 Thesis Organization

In this thesis, we discuss about the implementations of all-digital smart temperature
sensor in 65nm technology and the proposed algorithms for auto-calibration. The proposed
auto-calibration method can greatly reduce the cost of sensor’s calibration. The rest of the

thesis is organized as follows.

[ 1
F ]

In chapter 2, we discuss about I§evjérbll "Prqlportional to Absolute Temperature (PTAT)

— e

circuit architecture that used i

n sthart temﬁe}é\fu;e sensor- and explain how they work. Because

Eren, "

- —

all-digital circuit is easy for }ntegqéltjan Wiﬂ‘l—sldél; desiéﬁ, we will mainly focus on digital

PTAT circuit architecture. ' A0
| e {

;A b,
B a

In chapter 3, the design for aiigﬁigitai “smiart teﬁiﬁerature sensor circuit is presented. Here
we will split the main sensor circuit into two parts, the PTAT pulse generator and the
Time-to-Digital Converter (TDC). In the part of TDC, we will introduce several types of TDC
in detail and discuss about their advantages or disadvantages that used in our smart

temperature sensors.

In chapter 4, the proposed algorithm for thermal sensor auto-calibration is presented. Our
smart temperature sensor can perform auto-calibration in room temperature when system is
reset. After the auto-calibration, the run-time thermal profile of a system can be monitored.
Another part in chapter 4 is the compensation to process variations and this operation can

greatly reduce the effects of process variations, and it is also automatic when the system is



reset.

In chapter 5, the specification, measurement and simulation results of the smart
temperature sensors are shown. The first smart temperature sensor test key only includes the
auto-calibration of temperature with single slope. The second test key is the full-fledged
version all-digital smart temperature sensor, unlike the first test key has some modifications in
TDC architecture, and the auto-calibrating method in this design includes the auto-calibration
of temperature with dual slope and the process variations compensating. The third design is a
special corresponding design with ARM CPU system for system-on-chip integrating

achievement.

In chapter 6, we make a conclusion of this thesis and describe the further work about

'

several design issues which can be extgn’dh iﬂllj tﬁ‘&qear future.
4 y




Chapter 2

Proportional to Absolute Temperature

(PTAT) Circuit

2.1 Bipolar Junction Transistor (BJT) Based

PTAT Circuit
J..f""'l lJl I"--.‘l\
I'sias, | _—!I_B-lé.s e \
19 91 Ol =
» Output
A
ADC code
AVBE
+ -
+
1 1+ ]

|||7

Fig. 2.1: The architecture of the conventional BJT based thermal sensor.

Traditionally, the BJT-based PTAT circuit is regularly used to design the on-chip thermal

-6-



sensor in conventional CMOS technology (i.e. > 0.35um) [13]. The Fig. 2.1 shows the

architecture of the conventional BJT based thermal sensor.

In Fig. 2.1, the AVge which is the difference between Vg of the two BJTs can be

expressed as

KT
AVge = Tln( p) (2.1)

Where p is the ration of BJT bias current Igjas and I’gias.

In the equation 2.1, we can see that, A\y BE | is proportional to the temperature. Therefore,

the conventional BJT-based Sensor- ‘can use an arrah)g to dlgltal converter (ADC) to convert
the voltage information into d}gltal temperature data. ""::'_.-:""
| l ' .- ;

.\- -
--.\- L . N

However, the reference Volt.‘clge of- ADC --'Wil'lﬂ-be :':éffected by the temperature variations.

!
!

Even though the BJT based PTAT 01rcu1,t has good linearity in temperature and voltage

\,_

converting, the mismatch of the ADC’s reference Voltage will still restrain the accuracy.

2.2 Delay-Line Based PTAT Circuit

Besides the BJT circuit, the delay time of logic gate cells also can be used to measure the
temperature variations [14]. When a signal pass through a logic gate, there will have a
propagation delay between the input and output of the gate, and that’s what we call a gate

delay.

The propagation time for a NOT gate can be expressed as



TPLH +TPHL (22)

T, =

Where Tpy and Tpyy are the high-to-low and low-to-high propagation time.
In [19], we can see that the high-to-low and low-to-high propagation time of a NOT gate

can be expressed as

SV, =2
Ty =—o¥m G xln(l Voo VTNJ 2.3)
Ky Wop =V ) Kn Voo —Viy) 0.5V,
_2C,V. C, A1l (15V. +V
Toy = 2C Vi, 4 'I;l l'X\ﬁ}IE-. oo TP] 2.4)
ke (Von +Vip ) Ko (Vop#Via) - 0.5V,
.'\_ I.. ; | r ' .

Where Kk, = 2,Cox W/ L':QN A ﬁ;COX (W /L), are the trans-conductance
parameters and Cy is the effective toad cap‘a'fcﬁance-d}f»the NOT gate.

By Eq. 2.3 and Eq. 2.4, the Eq. 2.2 can be derived as

- (L/W)C, ><1n{1.5VDD —2VTJ 2.5)
ﬂCox (VDD _VT ) O'SVDD

In [21] and [22], we know that



km
U=, LTL] , km=-12~-20 (2.6)
0

V;(T)=V; (T,)+a(T-T,), a=-05~-3.0mV/°K 2.7)

So we can see that if the temperature rises, the mobility p and threshold voltage V1 will
both decrease. Additionally, Vpp is much larger than the threshold voltage of a CMOS gate, so
the propagation time for the NOT gate will be dominated by the mobility. In other words, the

propagation time for the NOT gate will be increased when the temperature is rising.

Generally, the support voltage Vgsfisi 'mﬁeh lower in 65nm than 0.35um (i.e. 1.0V in

" -~

65nm and 3.3V in 0.35um) and the threshold\voltage aiso has a decreasing (i.e. about 400mv

in 65nm and 600mv in 0.35 pm) If Wﬁ take ti'rcrsp parameters into Eq. 2.5, we can see that the
& - i

affection of V1 become more s1gn1ﬁcant in 65nm HoWever the simulation result shows that
I'\ 2 ; ."
the linearity is good enough f01g. _,t;er'nper_amg_e moi}j_toring. The delay line we used in our

-

simulation in 65nm CMOS technology was composed of 100 delay cells. We simulated the
delay line with different temperature to observe the variations of propagation time, and the

result is shown in Fig. 2.2.
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Fig. 2.2: The simulation result of the delay line’s propagation time vs. temperature.

J
*.,,,-f ] ¢
: J. E

In Fig. 2.2, the delay 11ne s propagatlon delay has a good linearity with temperature (i.e.

r-square is 0.99994347). Therefore the deiay hne Whlch is composed of delay cells in 65nm
| | | |

r

CMOS technology is feasible to be a thermai meter All we have to do just to quantify the
l . o ’ I

change of propagation delay 1nfortpg§_1on. ;

2.3 Oscillator Based Inverse PTAT Circuit

As we discuss in the above section, the delay cells’ delay is proportional to absolute
temperature. If we design a ring oscillator constructed by delay cells, the oscillating frequency

will be

f=r (2.8)

Where T is the period of the ring oscillator. And by Eq. 2.2 and Eq. 2.5, the Eq. 2.8 can
be derived as
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f = 1 _ ﬂCox (VDD _VT) _ln(l'SVDD _2VT } (2.9)
Torn + Tou A (L/w)c, 0.5V

With Eq. 2.6 and Eq. 2.7 we can see that the frequency f should be inverse proportional
to absolute temperature. The Fig. 2.3 present the oscillator based IPTAT circuit, the counter is
used to count the oscillating pulse in a fix time. Because the oscillating frequency is IPTAT,

we can expect that the code generated from the counter is also IPTAT.

Output
code

Fixed Pulse

Counter

140.000

135.000

130.000

125.000

Output Code

120.000

115.000
0 20 40 60 80 100

Fig. 2.4: the simulation result of the oscillator based IPTAT circuit vs. temperature.
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Fig. 2.4 shows the simulation result of the oscillator based IPTAT circuit output code
with different temperature. In this design, the resolution is limited by the oscillating frequency.
If we reduce the number of delay cells in the delay ring, the oscillating frequency becomes
higher, and the resolution can be improved. However, if the frequency is too fast, it is hard to

design the counter.

2.4 Summary

The proportional to absolute temperature circuit is a basic building block in all-digital

smart temperature sensor. Just likes mercury-in-glass thermometer refer the expansion and

'
F

contraction of mercury to reflect the te,rrrﬁerltﬁ‘re., Variations, the smart temperature sensor also

_'v-|-| -

needs to refer something to measure the change, of temperature Because the difficulties in the

g,
‘-.J

oscillator-based IPTAT crrcult demgni, the proptpsed smart temperature sensor uses the delay

line for temperature referring. IrI the followmg chapter we will discuss about the proposed
\ ."
sensor architecture and how it use_s:.athe PTAT infoi,:rr_ration then converts into digital code to

become a real thermal meter.
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Chapter 3
All-Digital Smart Temperature

Sensor Circuit

3.1 The Proposed All-Digital Smart

Temperature Sensor Overview

System
Reset )
Clk
] Ref Pulse
" Generator —J' Temp_out[12:0]
Coarse code — >
‘ ] [7:0] o
Start —| Sub Start v »| Calibration | Status
. Circuit
Generator Main _ R
Sensor Circuit Fine code
R [5:0]
Sub ,
start1
Sub start2 " Delay pulse

Fig. 3.1: The block diagram of the proposed smart temperature sensor.

The block diagram of the proposed smart temperature sensor with auto-calibration circuit
is shown in Fig. 3.1. It has four blocks: Sub start generator, reference pulse generator, main
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sensor circuit and the calibration circuit. Sub start generator for start signal triggering
controlling. Reference pulse generator is for sensor’s process variation calibrating. The main
sensor circuit and the calibration circuit are used to measures the temperature variations and
auto-calibrate the measurement result. In detail, the main sensor circuit measures current
temperature information and outputs digital codes (coarse code[7:0], fine code[5:0]) to the
calibration circuit to calculate the temperature in the neighborhood of the on-chip temperature
sensor. We will discuss the algorithm in calibration circuit and its operation flow in the next

chapter.

The architecture of the proposed main sensor circuit is shown in Fig. 3.2. It is composed
of the propagation to absolute temperature (PTAT) delay pulse generator and the

time-to-digital converter (TDC). The fo}kﬁ\#lng sections will describe the components of the
e N

!
- e

main sensor circuit in detail. 4 e

E-.

L glimpmib,
L o 1 ERY
PTAT Delay Pulse Generator
[T T T T === 1
| L_) |
|
W _—_ _ _____ |
e —— l
: TDC Coarse TDC output [12:5] |
—L{TDC Cell Line A P :
| ]_ _ Code Counter 4 (Coarse code) |
|
: , TDC Fine Code TDC output [4:0] |
| 7 Decoder (Fine code) |

Time-to-Digital Converter (TDC)

Fig. 3.2: The main sensor circuit in our all-digital smart temperature sensor.
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3.2 Proportional to Absolute Temperature
(PTAT) Pulse Generator

To reduce the chip area, the delay line used in PTAT delay pulse generator is a cyclic
delay line [23] which is shown in Fig 3.3. The cyclic delay line used a XOR logic gate with
the external signal "Start Signal" to generate a pulse and the pulse width is proportional to the
absolute temperature (PTAT). The cyclic delay line will start to oscillate after the signal "Start
Signal" is enabled. The delay counter counts the number of positive edges of the signal
"oscillating_pulse". When the delay counter reaches the specified number, the signal
"delay pulse" will be enabled. Then the signal "Start" and the signal "delay pulse" are

inputted to the XOR gate to generate theJ,si'gpal "PTAT pulse" for the TDC. Fig. 3.4 shows

F ] b
",
5

- |

the timing diagram of the cyclic delgx"lgi?ne. :

. %1 ¥

Oécilllating pulsé

Start D—D—D—D— %

Signal

_\ PTAT
7 D_' pulse

Fig. 3.3: The cyclic delay line.

The pulse width of the signal "PTAT pulse" can be controlled by the delay counter, and
the pulse width should be wide enough for the next stage TDC to quantize it into digital codes.
In addition to the above viewpoint, more delay cells used in the cyclic delay line means that

the "oscillating_pulse" output frequency is reduced, and the power consumption of the cyclic
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delay line is reduced, too. But if the number of delay cells is increased, the area of the cyclic
delay is also increased. Thus we need to trade-off the area and the power of the PTAT pulse

generator circuit.

Another viewpoint is that the sensor resolution to temperature is dependent on the width
of PTAT pulse. The wider the pulse is, the higher resolution we will have. However, if we
want to make the PTAT pulse to be wider, we have to either increase the length of delay line
or expand the bits of delay counter. Moreover, those methods will both increase the power
consumption. This tradeoff also affects the TDC design in resolution. If we want our sensor to
have a 0.1 °C resolution to temperature and the width of PTAT pulse will be increased 100ps
with 0.1 °C rising, then our TDC behind PTAT pulse generator must have a limitation of
resolution with 100 ps. In other words,” }h‘éirés\?}ution of PTAT pulse width to temperature is

1 5

P Y
interlocking with the resolution qﬁTDC to-pulse width.

& b b 4
£ = oSl Vel )

e, .. e
\\.\ T F . | TR N

Reset J_‘ | B 22
Start
eyl R N S O I O A
pulse
Delay counter 0 < 1 2 (3 (4 s § o mapn2 ) 0
Delay pulse 2%
L

PTAT pulse —‘

Fig. 3.4: The timing diagram of the cyclic delay line.
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3.3 Time-to-Digital Converter

After the PTAT pulse is generated by the cyclic delay line. The time-to-digital converter
(TDC) is used to quantize the pulse width information into digital codes. The following
subsections introduce four different types of TDC: the clock sampling TDC and veriner delay
line based TDC are for survey and comparing to our design. The ring based TDC and PVT
compensated ring based TDC are novel architecture we present, and the ring based TDC is the

mainly using architecture in our proposed all-digital temperature sensors.

3.3.1 Clock Sampling TDC

Fig. 3.5 shows the clock sampling 1:]3(# wgth pulse and reference clock input.

Pusein ——— & >
Output
Counter Code
Reference
Clock

JUUUL

Fig. 3.5: The architecture of clock sampling TDC.

The TDC used the reference clock to sample the input pulse and counts its width. This
architecture has good linearity and is almost PVT independent. Additionally, the TDC

resolution is directly determined by the reference clock frequency. The higher the frequency
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input, the better the resolution we will have. However, the high-speed reference clock
frequency will force us to design a high speed logic gate and counter, and thus the design

complexity is also increased.

3.3.2 Vernier Delay Line Based TDC

The vernier delay line based TDC has a very fine resolution [24[25] because the
sub-gate-delay technique. It uses two different delay lines, one with delay o and the other
with delay B, and the resolution of the TDC can be (a - ). The Fig. 3.6 shows the vernier

delay line circuit.

i | \,.\
Otuput [1] Otuput [2] Otuput [N]
Delay o |Delay o Delay o Delay a
NIIE [ T > >1
D a D oH D a

R el N et N

Delay Delay Delay B Delay j3

Fig. 3.6: Vernier delay line.

Even though the vernier delay line has a fine resolution in quantization, the input pulse
range is limit by the length of delay line. However, the timing-domain smart temperature
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sensor must extend the PTAT pulse for higher resolution in temperature measurement. So the
limitation of the input pulse range makes the vernier delay line to be unsuitable in thermal

applications or may need to extend the delay line and thus the chip area become very large.

3.3.3 Ring Based TDC

To have a small chip size of TDC, the cyclic TDC was present in [26]. Even though the
cyclic TDC reduce the consumption of area, the resolution is limited by the oscillating
frequency of the cyclic delay line. However, if the oscillating frequency is too fast, the

counter behind the delay line will be very difficult to implement.

The proposed ring based TDC is corrlJthied of the TDC cells ring, the coarse counter and

A [
e | '\

the fine code decoder to achieve hig_l}ﬂ:fésoluﬁon ‘i}gag_ltization for wide range input pulse width.

The Ring Based TDC is showéinF 1g37—‘“ E,ﬂ
: ; '.(.-—-—. . - *.__. - i

TDC Cell
Input Pulse -

D>
%

D QR D QR Toc 9D QQ D Q
Cell [30]

1% + 1’ +

Recover Coarse Code
[7:0]

TocHD Q] 4D Qn
cell[0]

1> P

3 Decoder | Fine Code
[5:0]

h i

Fig. 3.7: The ring based time-to-digital converter (TDC).
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In the proposed ring based TDC, 32 TDC cells are used to compose the TDC cells ring.
For signal counting, only the last TDC cell has a NAND gate instead of a AND gate. When
the signal "input pulse" is enabled, then all cells in the TDC cells ring will pass the signal
from the previous cell, and the TDC cell line starts to oscillate. The TDC coarse counter
counts the arrival positive edges to generate the TDC coarse code. This operation is continued
until the signal "input pulse" is disabled. Then the residual pulse width information can be
generated by the fine code decoder. The timing diagram of the ring based TDC is shown in

Fig 3.8.

Input Pulse

comer 0 X T X2 X3 X4 X5 X8 X T X®X
TDC Cell [0] |_
|_
|
(

9

TDC Cell [1]

TDC Cell [2]

TDC Cell [3]

TDC Cell [30]

TDC Cell [31]

Coarse Code 0 X 9

Fine Code 0 X 6

Fig. 3.8: The timing diagram of the ring based TDC.

An ambiguous condition exists in this ring based TDC architecture. If the "input_pulse"
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falling when the positive edges of the oscillating signals arriving the counter, there will be a
counting error. So we need an additional recovery circuit to compensate the counting errors.
The recovery circuit uses a recovery latch to latch the signal passing information and compare
with the counter’s LSB. The condition could appear when the value of recovery latch and
counter’s LSB are different, and then the recovery circuit uses the residual pulse width

information which has been latched to compensate the coarse code.

Eventually, the output of the TDC coarse counter (recovered) and the fine code decoder

are combined as the TDC_output[13:0].

3.3.4 PVT Compensated Ring Based TDC

i
F
A
]
ol |

The variations of process, Voltage and temlgerature (PVT) will cause a non-negligible

.-r'

i
i

effect on TDC resolution andJnake a mlsfnatch in TDC result [27] such as two similar TDC
quantization results correspond‘ to two pulses. leth dlfférent pulse width. To compensate the
effects which are caused by PVTﬁ VaI’llatIOIlS the PVT .compensated ring based TDC has been
presented. The architecture of the~-'P§:ZT coﬁlpénsato;}i;;;}rlng based TDC is shown in Fig. 3.9. We
modify the ring based TDC in above section and make the delay buffers in each TDC cells

can be “compensated”. In other words, the gate delay of delay buffers is adjustable, and then

we can fix the mismatch caused by PVT variation.
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€COCer | Fine Code
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4 B
Fig. 3.9: The architecture of AVT"Qompensated ring based TDC.
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I L . : !
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Fig. 3.10: The (a) architecture of the delay buffer, and (b) schematic of the delay element in

each delay buffer.
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For higher tuning resolution and better linearity, we use the interpolation-based delay cell
[28] to be the delay buffer in each TDC cells. Fig 3.10 shows the architecture of the delay

buffer in the PVT compensated ring based TDC.

The reference pulse generator produces a pulse with fixed pulse width and feeds it into
TDC, and then the TDC will quantize the pulse width into digital codes. Without PVT
variations, theoretically, the TDC will make no mismatch and the fixed pulse will be
converted into a fixed code. Under PVT variations, if we can control the delay buffer’s delay
and make the fixed pulse always be quantized to a fixed code, then the mismatch of the TDC

can be eliminated. Fig. 3.11 shows the operation flow of the TDC compensating.
,./"in \\..
The PVT compensating TDC w411 stal‘t self-testlng and adjust the delay buffer’s delay

i

until the TDC code of the ﬁxedreference-pulse matchas lhe TDC reference code which we
have stored in the controller. The l1“DC|refere1J1ce codé is from the simulation of the TDC

quantization result for the fixed rqference pu1se under yyplcal case (TT, 1.0V, 25°C).

B .v’" I \'\:\\ ]
& 0 Sl S
& o
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!
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Current TDC code
>

TDC reference code

| | Shift PVT_code left
Set the flag = L

Fig. 3.11: Operatioh flow of the

The main problem of the proposed PVT compensated TDC used in the smart
temperature sensor is that the compensated delay range and resolution. Under the process and
voltage (PV) variations, we need a wide range to compensate the delay shifts. But under the

temperature (T) variations, we are desirous of better resolution.

\ 4

pulse <

generator

ompare the curren
TDC code and TDC
reference code

[ i
. ,‘.I

Fixed reference pulse.

TDC code under PVT variation.

\ 4

Current TDC code

< TDC reference code
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TDC reference code
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B
TDC testing
finish
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b

-24 -

Shift PVT_code right
Set the flag = R

TISC’S PVT compensating.




3.4 Summary

Time-to-Digital Converter is one of the most important components in time-domain
all-digital smart temperature sensor with timing-domain. The TDC’s resolution and mismatch
will have influence on the final output of the temperature sensor. Additionally, area, power

and conversion time of TDC also need to be considered. So choosing a suitable TDC

architecture is very significant.
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Chapter 4
Auto-Calibration Technology In

Smart Temperature Sensor

4.1 Thermometer Calibration

Thermometer calibration provides a way to regulate the temperature quantization

uncertainties and mismatch which are cgl_u"'sleld*--lgy PVT variations and make the same value of

1

two sensors correspond to different 'témp@ra{urcs. 'Tn“-egber words, the thermometer calibration

.

R, S~
is in order to optimize the sensoraccuracy: !

L i,.. L s

b

4.1.1 Conventional Calibration-Method
The normal calibrating method to smart temperature sensor is using a thermometer with

high accuracy and comparing the sensor output with the absolute temperature, and then

trimming the sensor to correct the mismatch caused by process and voltage (PV) variations.

The calibration procedures are usually be performed at two levels, the die-level [29] and

package level. Here we mainly discuss about the calibrating method after the die is packaged.

All smart temperature sensors need to be calibrated individually. In a widely use
calibrating method like two-point calibration, we have to make the environment around the
senor to be thermal equilibrium and comparing the sensor output to a thermometer which has

been calibrated to finish the calibration for one point, and then repeat the above operation to
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finish the other calibration for another point. A significant cost in the above calibrating
method is that it will take a long time more than 15 minutes to make the environment to be
thermal equilibrium. Additionally, the time for thermal equilibrium need to be doubled

because every sensor needs to do this twice to complete the two-point calibration.

Another calibration method for smart temperature sensor is the reference voltage
calibration [30]. However, the reference voltage calibrating method can only be used in smart
temperature which is composed of voltage PTAT circuit like BJT based smart temperature
sensor. Even though the reference voltage calibration does not need a temperature-stabilized
environment [31], the BJT-based temperature sensor is still not suitable for dynamic thermal

management applications. Therefore, for product cost reducing and dynamic thermal

management, an all-digital smart tempegaﬁ#é‘--@ensor with self -calibration or auto-calibration

i h

[*] is in need. it s

.v"rl
TR

e =

y
a5y

4.1.2 Auto-CaIibratic\')“r\lf N/l;felthod_l _':.f.___.‘

i]

) |

| B = '
" = e . ,"I

I' '_.-'::_a" . IK::\'\ I
The calibration circuit in“gur al-digital- $mart temperature sensor includes the

temperature calibration circuit and the process compensating circuit. We will discuss process

compensating circuit in the next section.

The main sensor circuit is composed of the cyclic delay line and the TDC. Although the
temperature information is already converted into the digital codes, these digital codes must
be calibrated before output. This because the process, voltage, and temperature variations
make it impossible to create a fixed mapping between the absolute temperature values (°C)
and the TDC’s output codes. The timing diagram and operation flow of the temperature

calibration circuit is shown in Fig. 4.1 and Fig. 4.2.
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Reset _ﬂ « §

Start [ 22 [ 1 %
|

Enable
(Delay_pulse)

|
TDC output 0 SS % 1909
ref_code 0 Sg X 1909

Status
%

X 1919

1909

R ==

Temp_ out[12]

(Lock)
Temp_out [11:0] 0 Ez 0 2 0 >< 260

Fig. 4.1: Timing diagram of Jrhe temperature calibration circuit.
o s

o

:

h
#

& :.'-~ SRR T e}
\ . P o P

When system is reset, the! .on- th,p temperature is assumed to room temperature at 25°C.
a | /
\ N N g
Thus the reference code for room temperature can be' generated In Fig. 4.2, when the signal

5 — /

"Start" is enabled in auto—cahbratrfér:;fphase_,-tkre_ﬁrﬂsttj:gtsltput of the main sensor circuit is stored
as reference code for the temperature calibration crrcuit. After the reference code has been
stored, the signal "Status" is pulled up to indicate that the sensor is ready for temperature
measurement. Then when the temperature of the smart temperature sensor is changed, the new

temperature value can be calculated from the difference between reference code and current

TDC output code.
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Fig. 4.2: Operation flow of the temperature calibration circuit.
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Fig. 4.3: the timing c}l’a%ram of'the temperature calculation.
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To calculate the current témpera‘alma by the dxfference between reference code and
current TDC output code, first w% ha,ve to compap@ the code in "cmp_buf" and TDC output.
The value in "cmp_buf" will be 1;11‘[(12-{1126&1 to ref co\de" which was the TDC code we stored
at 25°C. If "cmp_buf !=tdc_code", then we use the slope (i.e. "10" in Fig 4.2) that has already
been store in the smart temperature to add or sub to the "cmp buf"' until "cmp buf =
tdc_code". In this stage, there is a register call "opt buf" and its value is been initialized to
"250" (the origin point at 25°C). Incidentally, the unit digit of the value "250" is for decimal
calculation (i.e. 25.0°C). Following the calculation of "cmp buf", the "opt buf" will also be
added or subtracted by "10". After the "cmp buf" is bigger than "TDC code" with add
operation or smaller than "TDC_code" with subtract operation, the slope will set to be tenth

and the number we add or subtract to "opt buf" will be changed form "10" to "1", and then

repeat the temperature calculation above to approach the final temperature output. Finally,
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when the "cmp_buf" is equal to the "TDC code", the value in "opt_buf" will be the temperate
value that we calculated and output. Fig 4.3 shows the timing diagram of the temperature

calculation, and the final output is 31.8 °C.

After the calculation is finished, the lock signal "Temp out[12] (Locked)" will be pulled
up to indicate that the temperature output is valid. In practical applications, one of the on-chip
temperature sensors can use the traditional two temperature point calibration. And the
temperature at system reset can be determined from this calibrated sensor. As a result, the
reference code generation is more accurate in other non-calibrated temperature sensors.
Additionally, since the smart temperature sensor eliminates the two temperature points
calibration on every temperature sensors, it is very suitable for current thermal management
applications in SoC era. y b

4.1.3 Auto-CaIibraﬁT\é‘ﬁ;Me;fliﬁd\'\)ikith éﬁﬁi-SIope
-. =

L

i
I-. L =

Calculating temperature line.

Real temperature curve.

TDC output code

0 95 100 Temperature

Fig. 4.4: The mismatch between the real temperature and the calculated temperature.

The temperature rising (flowing) tendency corresponds to the TDC output codes is not a
straight line. Actually, it is a curve, and this will make some mismatches in our temperature
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calculations which are based on slopes. The Fig. 4.4 shows the mismatch between the real
temperature curve and the calculated temperature line with one slope. For easy understanding,

the curvature of the real temperature curve in this figure is much bigger than it really is.

o (_Zgléulating temperature line.
g
O _—
_S Real temperature curve.
>
=%
5
O
O
O
|_
0 50 100 Temperature
W il | | o | I
b e
| B |
l[‘.. b= G
" (_ZE;IéuIating temperature line.
O
O _—
_S Real temperature curve.
3
=%
5
O
O
0O
|_

0 75 100 Temperature

(b)

Fig. 4.5: The change for choosing temperature calculating origin, (a) 50 °C and (b) 75 °C
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There is another problem we found that the choosing for temperature calculating origin.
In section 4.1.2, the origin we assume for temperature calibrating is 25 °C. If we change the

origin, the temperature calculating mismatch should be different, just like the Fig. 4.5.

Fortunately, the origin we chose is a good position for mismatch reducing between
calculating temperature line and real temperature curve. Furthermore, if we choose the origin
point at 75°C, the effect seems similar to the origin point has been set at 25 °C, and that’s why
the two-point calibration for temperature sensor usually takes this proportion of the two

calibration points.

In Fig. 4.4, we can see that the large errors occur at the two extreme points, 0 °C and 100

°C. For further errors elimination, we use the dual slope temperature calculating method. The

'

Fig. 4.6 shows the concept of the dualf,slibjﬁéjté\ﬂxgerature calculating method.
4 Y

. e

25°C

Fig. 4.6: The dual-slope temperature calculating method.

We spilt the original slope into two parts, the slope o and slope B, where the slope o is

used for temperature calculating between 0 °C to 25 °C and the slope [ is used between 25 °C
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to 100 °C. In our temperature calculation in the above section, the slope will be change when
the calculation is passing through 25°C (top down or bottom up). The simulation result in Fig.
4.7 shows that the max measurement error of the proposed temperature sensor can be reduced

to -1.2 ~ 2.2 °C by the dual-slope temperature calculating method.

In fact, if we have more segments of different slopes, the accuracy will be increased in

our temperature calculation. Nevertheless, more segments and slopes mean more storage.

5

4
°3
2 — Dual slope
9 Single slope
52 W}“\ T ATV o

1 \7A WE™N B ’&V” — T U VI T Ty ~ Z\\m

A
. w | |

0 20 40 60 80 100

real_temp (°C)

Fig. 4.7: The comparison of simulation result between dual slope temperature calculating and

single slope temperature calculating.

4.2 Compensation for Process Variations

In the above section, we have discussed about the calibration for temperature. The other
part of the calibration circuit, is the process compensating circuit. In Chapter 1, we saw that
process variations in smart temperature sensor can be compensated by dual delay lock loops

[17]. However, the consumption of area and power are very large.
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Fig. 4.8: The operation flow of the process compensating circuit.
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The presented process compensating circuit in full-fledged version smart temperature
sensor uses the quantization result of the pulse with fixed width to choose the slope which is
been used in temperature calibrating calculation to compensate the process variation. The

operation flow of the process compensating circuit is shown in Fig. 4.8.

Every time when system is booting or resetting (we assume that the booting environment




is 25°C), the reference pulse generator will produce a pulse with fixed pulse and feed it into
TDC, and then output a reference code. After the reference code has been generated, it will
compare to the two thresholds which are threshold (TT, FF) and threshold (TT, SS), where the
first threshold (TT, FF) is the average of the TDC code by simulation at (TT, 1.0v, 25°C) and
(FF, 1.0v, 25°C) and the second threshold (TT, SS) is the average of the TDC code by
simulation at (TT, 1.0v, 25°C) and (SS, 1.0v, 25°C). If the reference code is higher than the
threshold (TT, FF), then the smart temperature sensor is operated at fast case and the slope
will be set to FF. If the reference code is lower than the threshold (TT, SS), the smart
temperature sensor is operated at slow case and the slope will be set to SS. Otherwise, the
sensor is at the typical case, so the slope will be set to TT. The slope which has been selected

will be used in temperature calibrating cal¢u

ation in the temperature calibration circuit.
A [

b
.,

Reset |_|

| Fixed width |
Enable
(Delay_pulse)
Pro_testing
Pro_type X >< TT
TDC output X >< 321

Fig. 4.9: The timing diagram of the process compensating circuit

Fig. 4.9 shows the timing diagram of the process compensating circuit. The delay pulse
with fixed width is generated by the reference pulse generator, and then the TDC output the
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quantization result of the delay pulse for comparing to threshold (TT, FF) and threshold (TT,
SS). Here we assume that threshold (TT, FF) = 400 and threshold (TT, SS), so the TDC
output "321" is smaller than threshold (TT, FF) and bigger than threshold (TT, SS). As a result,

the process type "Pro_type" will be decided to typical and so will the slope.

4.3 Summary

In this chapter we discuss about the calibration circuit in our smart temperature sensor.
The conventional method of temperature sensor calibrating like two-point calibration can be
eliminated. Additionally, the calibration of temperature and compensation of process are both
automatic at the chip (system) is booting or resetting, the calibration efforts of temperature

[
'

sensor can be significantly reduce. F il
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Chapter 5

Implementations and Measurement

Results

5.1 All-Digital Smart Temperature Sensor Test
Chips

5.1.1 Specification ~

Eren, "

The proposed all-digital smart tempera’turé sensor test chip is fabricated on a standard
performance (SP) 65nm CMOS process The spec1ﬁcat10ns and characteristics are shown in

| ,l l’
table 5.1 and table 5.2, and the mlcr_ophotograph of the test chip is shown in Fig. 5.1.

Table 5.1: The features of the proposed all-digital smart temperature sensor test chip.

Components Type
Delay line Cyclic Delay line.
TDC Ring Based TDC.
Calibrating Method One-point auto-calibration with single slope.
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Table 5.2: The features of the proposed all-digital smart temperature sensor test chip.

Parameter Value Unit
Resolution 0.143 °C
Power Consumption 55 (w10KHz) uw

Area 644 x 644 (with IO pad) um~2
Temperature range 0~ 100 °C

PTAT pulse
generator

~ Calibration |
circuit

Fig. 5.1: The microphotographic of the all-digital smart temperature sensor test chip.
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5.1.2 Simulation Result

Fig. 5.2 shows the simulation results of the all-digital smart temperature sensor test chip

in different temperatures ranges from 0°C to 100°C under typical process.

110

90 |

= = predict_temperature

output_temperature

corresponding_temp (°C)

-10 0 20 40 60 80 100

real_temp (°C)

N = I ey ] '

\- % .\_ ___ P = -
.

Fig. 5.2: The simulation results d;f the él-l—:d—i-git':al;'s-mart:'temperature sensor test chip from 0 °C
o B =
to 100.°C under typieal process.

-

The line "predict temperature" means the ideal temperature predictor, and the line
"output_temperature" means the real output temperature value of the smart temperature sensor
circuits. The difference between these two lines is often caused by nonlinearity of the delay
line in smart temperature sensor, the bit resolution in calibration circuit, and the TDC
resolution limitation. Additionally, the simulation results of the all-digital smart temperature

sensor test chip under different process variations are shown in Fig. 5.3.
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E’,j
g 70 — = predict_temperature
._:E;A 5 0 output_temperature
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10
4
10y 20 40 60 80 100
real_temp (°C)

(b)

Fig. 5.3: The simulation results of the all-digital smart temperature sensor test chip from 0 °C
to 100 °C under process variations, (a) FF and (b) SS.

Because the process variation will affect the slope of temperature rising/falling trend, the
accuracy of the temperature sensor become worse. Fig. 5.4 and table 5.3 show the accuracy of

the all-digital smart temperature sensor test chip.
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Fig. 5.4: The accuracy of the all-digital smart temperature sensor test chip simulation results.
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Table 5.3: The accq.f_;am.‘c{bf thq,-"éiﬂll-l;-'di'g,\i‘fal sma;f_'t.qmperature sensor test chip.

| IMax, || Mln Avg. Unit
Errors ;? M4‘.O e j 63'-0 +2.13 °C
L i 2 ;
% - == 7
Errors L 2l NG
o 40,0~ N0 +2.75 °C
(w/ process variations) 3

5.1.3 Measurement Result

The measurement environment of the all-digital smart temperature sensor test chip is

shown in Fig. 5.5.
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Fig. 5.5: The measurement envif;?nméﬁtlbfthé_ ﬁil-dig}ital smart temperature sensor test chip.
AN

{,;;'Z’ ____.-"\‘.- | __}:‘B{'g,
o

The installations on the Oven temperature incubator from left to right are thermometer
for absolute temperature measurement, power supply for pad power and core power, light
emitting diodes (LEDs) for chip output displaying and two Agilent 33220A waveform
generators for the "start" signal triggering and the reference clock (20MHz). Fig. 5.6 shows

the measurement results of three chips.
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Measurement #2

= = = Measurement #3
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real_temp (°C)

Fig. 5.6: The measurement results of three all-digital smart temperature sensor test chips.

The interval in temperature measurﬁ*anh‘E is 5°C and the measurement range is 0°C to
60°C because the printed 01rcu1t beaTd (PCB) is not‘heat res1stant In the three measurements
we can see that the slopes of temperatu:re rlslng/falhng Trend are smaller than the slope in

'r\ | l u ' - I|'

typical and hence we can say thaﬁ the. three measured ChlpS are all trending to slow case. Fig.
I

5.7 and table 5.4 show the accurac'y of the fhree chips fneasurement results.
o Ny

e
il .
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8
6
4 = M t #1
;O 5 — easuremen
‘é 0 1 N R —1 — 1 | 1 Measurement #2
: 2 ANGEEEEET .
— S = = = Measurement #3
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Fig. 5.7: The accuracy of three all-digital smart temperature sensor test chips measurement

results.
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Table 5.4: The accuracy of three all-digital smart temperature sensor test chips measurement

results.

Max.

Min.

Avg.

Unit

Errors

3.6

-5.8

+2.39

°C

5.1.4 Comparisons of Recent Smart Temperature Sensors

Table 5.5: Comparisons of the all-digital temperature sensor test chip with recent smart

terppéqfltlﬁr@ SEnsors.
£ i Y
) Y aw - Conversion
Resolution Error =SESSS AFE Y “Area Range | CMOS
“pt-Calibration | . Power . {—* 5 Rate
(°C) °Cc) 1 ' & . 1 (mm?) (°C) Tech.
. | » (samples/s)
One-point, e
Yowith | 247w
[13] 0.01 +0.1 (30) , v | 45 10 -55~125 | 0.7um
pd,sf,t.ﬁ_sjlicon---' @ 3.3_y\\.~\".~
trimming
0.49mW
[14] 0.16 -0.7~0.9 Two-point 0.175 1K 0~100 | 0.35um
@33V
8.4uW
[15] 0.058 -1.5~0.8 Two-point N/A 2 0~75 | FPGA
@25V
) 36.7uW
[16] 0.0918 -0.25~0.35 Two-point 0.6 2 0~90 0.35pum
@33V
One-point
12mW
[17] 0.66 -1.8~2.3 with 0.16 5K 0~100 | 0.13um
@12V
dual DLL
Test Auto 55 uW
0.143 +10 0.01 10K 0~100 65nm
chip calibration @ 1.0V
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Table 5.5 lists the comparisons of the smart temperature sensor test chip with recent
smart temperature sensors. In all-digital smart temperature sensors [14], [15] and [16], the
all-digital smart temperature sensor test chip can achieve higher conversion rate with low
power consumption. And the two-point temperature calibration is eliminated in the proposed
smart temperature sensor design with auto-calibration. Although the temperature error is very
small (= 0.1°C) in [13], this BJT-based temperature sensor is not suitable for dynamic thermal
management applications. And in [17], the high power consumption and large chip area

makes it is also not suitable for dynamic thermal monitoring.

5.2 The Full-Fledged Mersion All-Digital Smart
Tempe ratl{{?e;’fsé.mzs_‘??fw,,f

5.2.1 Specification ,

The all-digital smart temperd%ﬁ;é sensor test ChlplS fabricated on a standard performance
(SP) 65nm CMOS process. The specifications and characteristics are shown in table 5.6 and

table 5.7, and the chip layout is shown in Fig. 5.8.

Table 5.6: The features of the proposed full-fledged version all-digital smart temperature

Sensor.

Components Type
Delay line Cyclic Delay line.
TDC Ring Based TDC.

: : One-point auto-calibration with dual slope and
Calibrating Method o ]
Process variation compensating.
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Table 5.7: The specifications of the full-fledged version all-digital smart temperature sensor.

Parameter Value Unit
Resolution 0.139 °C
Power Consumption 150 (@10KHz) uw

Area 644 x 644 (with 10 pad) um”2
Temperature range 0~ 100 °C

Ref pulse
generator

Calibration PTAT pulse
circuit generator

Fig. 5.8: The microphotographic of the full-fledged version all-digital smart temperature

sensor test chip.
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5.2.2 Simulation Result

Fig 5.9 shows the simulation results of the full-fledged version all-digital smart

temperature sensor in different temperatures ranges from 0°C to 100°C under typical process.

110

° /
70

\
)

g
E. = = predict_temperature
2 /
Z 50 = output_temperature
E Z
£ 30 r

10 -

-10
0 20 40 60 80 100

real_temp (°C)

Y - e 7

Fig. 5.9: The simulation results .'Slf th‘e--fhll\?ﬂédgéd"'\'zer‘sﬁbn all-digital temperature sensor from

0°C ﬁ1;'0 100 °C under typical process.

5 %
& %
4 (.—’ e "-.\ 1
Lo = =+ o q._..'--\."\_.\

& L]

Just like the above section, the line "predict temperature" means the ideal temperature
predictor, and the line "output temperature" means the real output temperature value of the
all-digital smart temperature sensor circuits. The difference between these two lines has been
reduced by the TDC with delay cells as the delay buffers instead of latches and the dual slope
calibrating method. The simulation results of the all-digital smart temperature sensor under

process variations are shown in Fig. 5.10.
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Fig. 5.10: The simulation results of the full-fledged version all-digital temperature sensor
from 0 °C to 100 °C under process variations, (a) FF and (b) SS.

We can find that the process variation effects have been reduced significantly with the
proposed process compensation. Fig. 5.11 and table 5.8 show the accuracy of the full-fledged

version all-digital smart temperature sensor. Compared to previous all-digital smart
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temperature sensor test chip, the accuracy has been improved.

— Typical

Fast

errors (°C)
o
A

-2 = = =Slow

0 20 40 60 80 100

real_temp (°C)

Fig. 5.11: The accuracy of the full-ﬂedgtichi‘*\@rsion all-digital temperature sensor under
A i B
_—process variations.
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Table 5.8: The accuracy of th\g“ fuIl-ﬂe@ged_,vers'ion“-'.lall-digital temperature sensor under
' process variations.
[ 2 b

| ey o :‘\:\\\.:\
“eMax. Min. Avg. Unit
Errors 2.2 -1.2 +1.17 °C
Errors
o 2.6 -1.2 +1.17 °C
(w/ process variations)

5.2.3 Measurement Result

The measurement environment of the full-fledged version all-digital smart temperature
sensor is similar to the all-digital smart temperature sensor test chip which is shown in Fig.

5.5. The Fig. 5.12 shows the measurement results of three full-fledged version all-digital

-50 -



smart temperature sensor chips.
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5.12: The measurement r_es,u-l‘féwéf ghr@é,jfu{l-ﬂeageg all-digital smart temperature sensor
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Fig. 5.13: The accuracy of three full-fledged version all-digital smart temperature sensor chips

measurement results.
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The interval in temperature measurement is 5°C and the measurement range is 0°C to
60°C because the printed circuit board (PCB) is not heat-resistant. In the three measurement
results we can see that the slopes of temperature rising/falling trend are smaller than the slope
in typical and from this we can say that the three measured chips are all trending to slow case.

Fig. 5.13 and table 5.9 show the accuracy of the three chips measurement results.

Table 5.9: The accuracy of three full-fledged version all-digital smart temperature sensor

chips measurement results.

Max. Min. Avg. Unit

Errors 34 -5.1 +2.35 °C

5.2.4 Comparisons of Recent Smart Temperature Sensors
Table 5.5 lists the comparisd‘ps_,gf th"e'full'-ﬂe@gec’ll version smart temperature sensor with

i /

recent smart temperature sensors. The proposed des1gn keeps the characteristic in all-digital
and auto-calibration of the smart temperature sensor test chip above. Additionally, the
full-fledged version all-digital smart temperature sensor improves the accuracy of temperature

measuring with a little power consumption rising.
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Table 5.10: Comparisons of the full-fledged version smart temperature sensor with recent

smart temperature sensors.

) Conversion
Resolution Error ) ) Area Range | CMOS
Calibration Power ) Rate
(°C) (°C) (mm?®) (°C) Tech.
(samples/s)
One-point
with 247TuW
[13] 0.01 0.1 (30) 4.5 10 -55~125 | 0.7um
post-silicon @ 3.3V
trimming
0.49mW
[14] 0.16 -0.7~0.9 Two-point 0.175 1K 0~100 | 0.35um
@ 3.3V
) 8.4uW
[15] 0.058 -1.5~0.8 Two-point N/A 2 0~75 FPGA
@2.5V
3670w
[16] 0.0918 -0.25~0.35 Two-peint |/l 0.6 2 0~90 0.35um
{ 1 @33V
e One-pOiTL o), -
Brmotee, e == F2mMW L
[17] 0.66 -1.8~23 N Withges  (wsmn, ~0.16 5K 0~100 | 0.13um
F —@ 12V |/
| dilDLL oo T )
Test £ Atito |7 S5UW
0.143 +10 } /| 0.01 10K 0~100 65nm
chip calibration | @ 1:0V/
L7 = \,
Full o i . %
Auto 150 uW
fledged 0.139 -5.1~3.4 0.01 10k 0~60 65nm
calibration @ 1.0V
version
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5.3 All-Digital Smart Temperature Sensor
Implemented with FPGA.

5.3.1 All-Digital Smart Temperature Sensor in CCU SoC

Criti-Core Integration Project

Multithreaded Applications
Compiler (Panoramic 3-D video player)
(w/ MT-library)

_ Operating system
Debugging and (w/ thermal-aware multithreading)
Race-detection

Thermal Thermal
Sensor ‘ alerts
Host > | Core Core Core Core g |
processor = =0
< c O g
= 28 = |
?—3 Host R
Q ¢i—-”> Interconnectlon g |
= | [Mem - I/F ~
S| |banks| | & | |
o anks Q | (5 S |
Core Core Core Core ||a || © |
1/ 0 bus I %N :‘g’ ‘l v

Single embedded system chip

Fig. 5.14: The Cirticore computer system architecture.

Software
level

Hardware
level

syueq Mowsaw
Artal

This work was supported in part by the National Science Council of Taiwan, R.O.C.,

under Grant NSC98-2220-E-194-013. In this project, we will design an on-chip all-digital

thermal sensor and integrate the sensor into Cirticore architecture for thermal information

supporting to raise the reliability of the whole computer system. The Cirticore computer
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system is a multi-core CPU system and its architecture is shown in Fig. 5.12.

5.3.2 Implementations on FPGA

In the first year demo of the National Science Council (NSC) project, the Criti-Core
CPU will be implemented on FPGA to present the performance of multi-core CPU. Therefore,
we have to port a smart temperature sensor which is completely all-digital for Criti-Core

integrating onto the FPGA board.

Because the propagation delay of logic gates on FPGA is so large, the ring based TDC in
section 3.3 can not have a fine resolution. Therefore, the TDC in this smart temperature sensor

is the clock sampling TDC. Additionally;

.

<

t}hle proposed auto-calibrating method can not be
used on the FPGA, we use the twg);p'"aint éaliﬁfza_tign and simpler smart temperature sensor

-
T,

o

architecture to port onto FPGAboard[l 5"]'-_%&'1\(1 "'the_. smqﬁ:@émperature sensor is shown in Fig.

5.13. | | ¥ l

&

Start —4[ Delay Line
y D Counter Output

code

Clk

Fig. 5.15: The smart temperature sensor for FPGA porting.

The signal "Start" is controlled by the external I/O on FPGA board, and the reference
clock "CIk" is the internal clock of FPGA board [33]. Every temperature measuring will start
when the signal "Start" rising. After every measurement, the output code will be written to the

memory address where the ARM CPU continually polling.
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5.3.3 Corresponding Design with ARM CPU

For corresponding design with ARM CPU, we must make our temperature sensor
become a peripheral device of the ARM CPU. Therefore, we have to build the Advanced
microcontroller bus architecture High-performance Bus (AHB) for interconnection between

the ARM CPU and the peripheral device (i.e. smart temperature sensor) [34].

Bl Eash PocescsVew: ZSyemYews Execue Oppomn Wmdow Heb

c m :__I EI 1 l-:.: |_.l . T x H 5
Ilw TR | AL e - <l e
= =i ARHIXEL S 0
oETM_D
waid sySlespiclock_t aec)
]
68 cleck © scacr time = clockij:
63 clock © end rime = 3¢ * 1000 & ITAEE CiIRE!
mn uhile[cleck([] € end Time]
71 printf|"clock = WA\n", clocki))!
! ]
T
74 int madn(]
%
-] int ir
L walatile walgned int coda;
m 1= 0
% code =
B primce ("Iyscem Dm!!NRT) )
Bl Ser XTALCLE[30)2
a2 FA{¥[volatile umsigned int ")fxCOSGO004) = CwOOO000E
Lk} SA{Tvolatile umsigned int ")OxCOSD000T} = GeOODDO00E;
:F] [*{volatile unsigned int "} GoDG000000] = O=000O0000; #/30RAN
iT{volatile unaigned inE *)GoCOBGOO00) = x000G000L;: //vakeap master
|
MEMEIGEE S 0 - Comonle Syviem Cretpt Monrior
Sysres Onf® RDI Loy | Bebuglog |
TOC Code = 45140 Layg e
M AL Mosdube Server ADG v1 . [Buid rumber 805} Atacheng
AN AL Mesiuds Seroi 805 o1, 2 [Hud vk BIGE TFIFE
AFM AL 151 > ASTHE RO Protocol Correerter ADS +1 2 [Bud
AR MubHCE V2 2 [Buld 10595] Copgnght (o) BRM Limited 1538
Conrected to TAF 0L ARMIIEEL-S on Senve localo”. Litle£

Fig. 5.16: The output of the smart temperature sensor on the FPGA board.

After the measurement is finished, the temperature information will be written to the
memory address which the ARM CPU is continually polling. Every time the data of the
memory address has been changed, the ARM CPU will read the new data just as shown in
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specified Fig 5.14 (by AXD Debugger for ARM Developer Suite 1.2).

Because the auto-calibration can not be used on FPGA, we must do the two-point
calibration for the temperature sensor. The two-point calibration can be implemented in a
ARM executable file with C code, so the output result form the smart temperature sensor
circuit can be calibrated by the ARM CPU and display the temperature information in Celcius

degree (°C).

To display the temperature information which was outputted from the smart temperature
sensor on FPGA, we use the ARM CPU to control the general purpose input/output (GPIO) of
the FPGA board, and then use GPIO to output signals to control two external seven-segment

display for thermal displaying.
_,..-J"flJ i ..\'\,..

5.3.4 Criti-Core Prg_jeetﬁqmo.j;---..., -

B, =,

b S 8 e

[ ' - .I-'I
This demo of Criti-Core pfbjeét-- is altMay 7,20 10, in National Chung Cheng University
I B |

\
L

I" . .". & . !
and the installations of the demo epvitonment are listed below:

= b
LE

> ARM RealView ® Versatile/PB926EJ-S Board.
> AXD Debugger for ARM Developer Suite 1.2
> FLUKE 5411 Thermometer.

> TATUNG THD-90] hair dryers.
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(b)

Fig. 5.17: The (a) demo environment and (b) thermal information displaying from the smart
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temperature sensor on FPGA board.

At first, we show the temperature measuring result (on 7-seg display) of the smart
temperature sensor at room temperature (about 25°C), and there is a thermometer for absolute
temperature measurement to measure the temperature on the FPGA board. After a while, we
use the hair dryer to rise the temperature around the FPGA, and then the presents of the
thermometer and 7-seg display were both increasing with the temperature rising. The Fig.
5.15 shows the demo environment and thermal information displaying from the smart

temperature sensor on FPGA board.

5.4 Summary

In this chapter we have shown the ,paelrf‘brmance of all-digital smart temperature sensor

i \,

with auto-calibration. The accuraeY and temperature range is acceptable for normal SoC

\

devices. Moreover, we also pQrted a smart temperature sensor onto a FPGA board and built
| | ' G ."

the interconnection between cen‘tral proeessmg 'LlIllt (CPU) and smart temperature sensor. So
l

the CPU can read the sensor s output codes and do calibration, and then display the

£ o

temperature information by the perlpheral deV1ces

= '--. o
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Chapter 6

Conclusions and Future Work

In this thesis, we have presented several solutions to build up an all-digital smart
temperature sensor with self-calibration. Additionally, for the critical components in smart
temperature sensor like the PTAT circuit and TDC, we have surveyed many architectures and
analyzed their advantages or disadvantages in our design. The two chips, the all-digital smart
temperature sensor test chip and the full-ﬂecliged version all-digital smart temperature sensor

F
I

use the cyclic delay line as the PTA",E-"(':jiricL.\i'\t"*to save the area, and the ring based TDC to

i —_—

achieve long width pulse quanttf‘}'/mg w1th ﬁne resolutlon And the last corresponding design

Ln-.'“-,

with ARM uses the clock samphng IDC for easy portmg and integration.

The calibration of temperatur\le 1n the. Zﬂl%di'git;%l srpart temperature sensor test chip is with
one slope, the error is 3.6 ~ —58|fC n measurem:ants of three chips between temperature
range from 0 to 60 °C. However, the simulation result shows that the error will be -7.0 ~ 10
°C under process variations and this is really not an acceptable mismatch. The full-fledged
version all-digital smart temperature sensor uses the calibration with dual-slope of
temperature. Comparing the simulation result with the all-digital smart temperature sensor test
chip, we can see that without process variations, the errors has been reduced form -6.0 ~ 4.0
°C to -1.2 ~ 2.2 °C. Additionally, the process compensation method can greatly reduce the
errors of full-fledged version all-digital smart temperature sensor under process variations. By

simulation result, the errors only increase from -1.2 ~ 2.2 °C (w/o process variations) to -1.2 ~

2.6 °C (w/ process variations).
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The smart temperature corresponding design with ARM uses the two-point calibration.
However, this design focus on the integration and interconnection with Criti-Core system, so
the sensor architecture and calibrating algorithm are much simpler than the above two
all-digital smart temperature sensors. By this viewpoint, if we can hand over the calibration
works to CPU then we can save the area, power and design complexity of the smart
temperature senor. But this could raise an extra overhead to CPU loading when the number of

sensor is very large on a singe chip.

The performance and accuracy of a chip design will be affected by the process, voltage
and temperature (PVT) variations. In this thesis, our calibration and compensation methods
can reduces the influence from process and temperature variations, but the voltage variations

have not been compensated yet. Nonnaljy: i‘[F"E;‘.dependency of cell delay on voltage variations
is much stronger than the dep'qndeflcy,, .on-..tcn{perappre variations [35] and will cause a

n,

Ry O AN, 5 =
significant mismatch in sensotr;s‘accuracy: | . % -
‘ ' S B

| r

\ i
\ | L

Another problem of smart ta-%npéfatung__s_ensb‘f"is tfle hysteresis effect [36] which has been
[ o 4 '

| - /

discussed extensively in recent f'years _Hyl_s__‘tereis%ﬂ%_\%:ffect is a condition that appears in
temperature sensor’s measuring tl:rough a sequeﬁ;;al temperature range. If a temperature
sensor is measuring from cold to hot, it will follow a particular curve, and then if we reverse
the measurement from hot to cold follow the above operation, the particular curve should be
the same in theory. Nevertheless, there will be an offset between the two curves. The

influence of hysteresis effect on smart temperature sensor is very hard to observe because the

simulation can not be presented.

From the above problems, we can see that there still has many difficulties in all-digital

smart temperature sensor design and they should be investigated for the further research.
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