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Abstract

Due to more circuits integrated on a single chip, but the IC package technology
does not catch up the speed of chip growing. Therefore, the cooling problem should be
considered during the design process. As a result, embedded temperature sensors on a
system-on-a-chip (SoC) to monitor the hot spots becomes more popular.

Most of the temperature sensors can’t resist the influence of voltage variations and
will cause hundreds of degrees Celsius errors. Some of temperature sensors may use a
bandgap reference or low voltage sensitivity circuits to eliminate the influence of
voltage variations which need to full-custom design and can’t be portable to different
process in a short time. In this thesis, the proposed all-digital temperature sensor can
estimate the current supply voltage and compensates for the temperature sensor’s output
based on the supply voltage information to resist the voltage variations. Addition, the
process variations can be removed by three-point calibration.

The proposed temperature sensor uses three ring oscillators to build up the relative
reference modeling (RRM) and proposed 1. Low-temperature sensitivity voltage
classifier. 2. Low voltage sensitivity PTAT (Proportional to Absolute Temperature). The
relationship between the sensor output and the actual temperature value are determined
after three-point calibration. The proposed negative voltage coefficient and zero
temperature difference ratio design is theoretical basis and save the time in searching
cell combinations in previous method.

In this thesis, the proposed all-digital temperature sensor with process and voltage
variation tolerance is implemented in TSMC 90nm CMOS technology. The temperature
sensor can operate at 0.9 ~ 1.1V supply voltage and 20 — 80 Celsius with a maximum

temperature error —4.3°C~4.3°C in the tape-out version. In the cost-down version, the

v



proposed temperature sensor will reduce the conversion to one-twelfth to lower the area ,
power consumption and the speed of reference clock. The maximum temperature error

—1.6°C~1.8°C in the cost-down version.

Keyword: all-digital, temperature sensor, process and voltage variation tolerance,

Relative reference modeling
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Chapter 1 Introduction

1.1 Smart Temperature Sensor for IoT applications

and Battery Operated Systems

As the technologies scale down, more and more transistors are integrated on a
compact size chip, which causes the power density being higher and higher in each
generation. High power density causes the hot spot occurring more frequently which

may affect the chip performance seriously.

Modern CPUs and DRAMs utilize several on-chip temperature sensors for thermal
monitoring which can provide temperature information and detect the hot spots. With
the increase of cores in processor, the complemental number of temperature sensors on
the processor will continuously grow. Of course, these temperature sensors require low

power consumption and with compact size.

Temperature sensors usually embedded in the wireless network for IoT
applications and battery operated system, which often require power management. As
shown in Fig. 1.1, IoT applications or battery operated systems use Dynamic Voltage
Frequency Scaling (DVFS) technique to lower the power consumption and extend the

battery life as mentioned above.

In IoT applications or battery operated system, the temperature sensors are easily
suffered from voltage variation because of operating under different supply voltage or

frequency, and power supplied by battery is inherently less stable than the power
-1-



supplier. However, most of the previously published temperature sensors[1][4][6][10-
11] can’t resist voltage variation or need a voltage regulator which occupied a large

chip area[28]-[30] and not suitable for IoT applications or battery operated system.

<» FARADAY
Uranus™ loT SoC Development Platform — DVFS Operation Modes

: Operation voltage: 1.2V
8°°‘¥7“gm°"°w CPU up to 70MHz
(up to ) Dynamic Frequency Scaler

Clock Gating and
CPU enters WFI|
(Wait-for-Interrupts)

Operation voltage: 0.9V
CPU up to 32MHz
Dynamic Frequency Scaler

Operation voltage: 0.9V
Operation speed: 32KHz Dormant Operation voltage: 3.3V
Mode RTC active only

(RTC)

Fig. 1.1. S modes

(www.eenews -power-iot-0)

1.2 Architec Sensor

—| Thermistor/RTD |
BJT |
MOSFET |

_I

Voltage | Current |

Analog

Conditioner [Resistance |Phase|

Control

Logic & Time | Frequency |

Reference . e, .
eference Digitization ADC (SAR, zA) |
Generator “Unit TDC |
AR FDC |

Digital Code

Fig. 1.2. Architecture of common temperature sensor [1]
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As shown in Fig. 1.2, the design of the temperature sensor need to find out the
component which is sensitive to the absolute temperature value, such as high-
temperature sensitive resistors, bipolar junction transistors (BJT), and metal-oxide-
semiconductor-field-effect-transistors (MOSFET). After designing a temperature
sensing unit, measurable parameter (e.g., voltage, current, resistance or digital pulse
width) which is proportional to the absolute temperature(PTAT) is selected.
Subsequently, the digitization unit like an analog to digital converter (ADC) or a time

to digital converter (TDC) can be used to obtain the digital output.

1.2.1 BJT-Based Temperature Sensor

Ibias | Iblasl ]

+ Vorar

CODE PTAT

Vi | ADC 7>

Fig. 1.3. The BJT-based temperature sensor [2]



Fig. 1.3 shows the temperature sensor which has been designed using bipolar
junction transistors, the proportional to absolute temperature (PTAT) characteristic of
the difference of two base-emitter voltages is used to measure the temperature
information as explained in Fig.1.4. In the equations of (1.1) and (1.2) [2], the PTAT
voltage AVj, can be obtained and then the digitization unit is used to convert the

voltage into a digital output.

~ kT Ipias
Vpe = T ln( 1= ) (1.1)
kT nly; kT Ipi kT
AVpe ~ 71n( % )— TIH( % )=Tlnn (1.2)

The BJT-based temperature sensors can achieve a high linearity, high accuracy,
and wide temperature range and low calibration cost [3]. However, it requires a high
supply voltage in order to bias BJT in the active region with the high power
consumption. Addition, in advanced CMOS technology, the performance of BJT device

is not good which make the BJT-based temperature sensor rare used.

V)4 %g = Vie + OfAVé)e

%80%1'2 —1—\—— —_,7
nIbms Ibias N N , 4
+A%e_ %e ~ &A%e
Vie
) NG
e ~ T
. —/ AN
0= } } -
—_— — — — 273 =70 125 330

Temperature (°C)

Fig. 1.4. The conventional BJT-based PTAT reference voltage [2]
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1.2.2 Resistor-Based Temperature Sensor

The resistor-based temperature sensor, as shown in Fig. 1.5, utilizes the positive
(or negative) temperature characteristic of the resistor which implemented by the
ceramic, the poly or the metal and it needs a stable current or voltage to get the
proportional to absolute temperature voltage or current. After getting the proportional
to absolute temperature voltage or current, digitization units like an analog-to-digital

converter (ADC) is used to get the output.

RST CLK

Vprar = AylgR 1 TCAT

SAR D[8:0]

Controller
Vbac
Ri " V=IgR,,(14TCpaT)
) ) UWRS
Bias
Generator —> s DAC

Fig. 1.5. Resistor-based temperature sensor made by the p+-diffusion resistor [4]

Table 1.1 shows the different resistor type and the characteristics which available
in TSMC 0.18-um CMOS technology [5]. High resolution, high accuracy, high linearity,
low calibration cost, and with large temperature coefficient and low 1/f noise is the first
priority when choose the material. N-well is not suitable to be the material for
temperature sensor design although N-well has a large temperature coefficient. N-well
resistor has a large 2"™¢-order temperature coefficient and needs high calibration cost
and with strong supply dependency which means the voltage variation will influence

the accuracy drastically.



Table 1.1. Different material of resistors and its characteristics [5]

Silicided | Silicided
Resistor type Metal Diffusion | N-well Poly qf 1 c ! .e tieide
diffusion poly
Temperature . Medium
coefficient Large Medium Large or Small Large Large
2" order
Temperature | Medium Medium Large Medium Small Small
coefficient
Vv . .
S.hcct , oy Large Large Large Medium | Medium
resistance Small
Supply .
Small Medium Large Small Small Small
dependency
1/f noise No No No Large Small Small
Stress , .
. Small Large Large Medium Small Small
sensitivity

Silicided diffusion and Silicided poly both have a large temperature coefficient,

small 2nd

-order temperature coefficient, low supply dependency and small 1/f noise,
and are more suitable to be the material of temperature sensor. However, resistor-based

temperature sensor needs to custom design and find out the suitable material, which is

not portable under different CMOS process.

1.2.3 CMOS Temperature Sensor

CMOS technology is the most widely used in nowadays, MOSFET temperature
sensor can integrate with other CMOS circuit more easily. Therefore, MOSFET
temperature sensors are more widely used than BJT-based and resistor-based
temperature sensor. Measuring the temperature is easy by using the temperature
characteristic of drain current. Fig. 1.6 shows the four MOSFET temperature sensor

with a voltage output [6] and the temperature characteristic of the V;s which needs a
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high-resolution ADC to converter the voltage output into a digital output. However, the

high-resolution ADC is hard to design and occupied a large area and power.

Temp[°C]
1 :.P—

Vout1Q Voura : S Tt o
transistor " | LEFEERL
b 3 {1 120
. i S H’f’%
’PDSOl ‘ lI’DSI ll’osz 10n p= st %
: e rc
Vas) M MY E M R
E 0 1 B % AN .’J )\E‘[ c
14 1 VG ou ; ! N ooee
GSO GS! l , b PAT
] DS3 * ’ ,"; oUpir‘:lmg
M3’ 2p - Tour 1V
oy 1V
! siziizizeizie-t- .
VSS VGS UU.O 01 02 03 04 05 06 07 08 09 1.0 1.1 12

" Vs [V]

Fig. 1.6. The four MOSFET architecture temperature sensor [6]

Compared to the voltage domain temperature sensor, time-domain temperature
sensor uses a digital quantization unit like a stable reference clock or a time-to-digital
converter which has relatively low power, small area, and low design complexity than
an ADC. As mentioned above, time domain sensors are more often used than voltage
domain sensors in advanced CMOS processes. Fig. 1.7 shows the delay line based
temperature sensor, common delay cells like, NOT, NAND, AND gate.... are suffered
by temperature variations which means the delay time is proportional to the absolute
temperature, and the temperature coefficient of the delay cells can use to measure the

temperature by quantifying the delay time of the delay cells.

Fixed Pulse 'T_[ Sensor Output
Delay Cell based Time-to-Digital

Delay Line Converter

—

Fig. 1.7. Delay line based temperature sensor
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Tp = M (1.3)

2CLVTN Cyp (I.SVDD— ZVTN)
= + X In (—22—I8 :
Tevn kn(Vpp—VTN)? kn(Vpp—VTN) n 0.5VDD (1.4)
—2CLVrp Cp (1.5VDD+ ZVTP)
= + _— .
TenL kp(Vpp+VTp)? kp(Vpp+ Vrp) : 0.5VDD (1.5)
_ Wy _ Wp
kN - uNCox(_) > kP - upCox(_) (1-6)
Ly Lp

The propagation delay of a NOT gate is discussed in [7], as shown in (1.3), where

the Tp y and Tpy; shown in (1.4) and (1.5), respectively.

From (1.4), (1.5) and (1.6), (1.7) can be derived.

L
/i (W)CL 1.5Vpp— 2Vr
TP i uUCox(Vpp=VT) X ln( 0.5Vpp ) (17)
7\ km
U o=, (—T;) Jkm= —1.2 ~—2.0 (1.8)
Vi= Vpo+ a(T—Ty) , a= —0.5 ~—3.0mV/°K (1.9)

In equation (1.8) and (1.9) [8][9], the mobility u and the threshold voltage Vi
are sensitive to the temperature especially the mobility u. As mentioned above, the
propagation delay of a NOT gate has a temperature dependency which is proportional
to the absolute temperature. The Delay-line based temperature sensor can achieve high
linearity [10] but needs a long delay line to generate the pulse with sufficient pulse
width for the time-to-digital converter (TDC) to lower the quantization error and then

usually result in a chip large area.



Div CLK RO

Rlng CLK RO Frequency C ¢ Sensor_Output
: N S ounter ———
Oscillator > Divider S

Stable CLK

Fig. 1.8. Oscillator-based temperature sensor

Fig. 1.8 shows an oscillator-based temperature sensor which can be implemented

by the delay cells of the standard cell library or custom design.

Periodcrk RO

Sensor Output = X Div_Coef (1.10)

Periodstaple_cLK

The output of the oscillator-based temperature sensor can be expressed as (1.10),
where Div_Coef is the divided ratio of the frequency divider, and the Stable_CLK

is the external reference clock.

The Periodc g po in (1.10) can be replaced by using (1.7) and (1.11) can be
derived, where n is the stage number of the delay cells in the ring oscillator

L
Sensor Output= —————X n XM xln(M)xDiv_Coef (1.11)

Periodstaple CLK uCox(Vpp=Vr) 0.5Vpp

As seen in from (1.11), the sensor output will have temperature dependency, which
is proportional to absolute temperature. Although oscillator-based temperature sensor
does not need a high-resolution TDC but it still requires a high-speed clock which inputs

from the signal generator or a phase locked loop (PLL).



Open Loop
Delay Line

s 1 ®®e
N MUXc /(—T+ CODEwmuxc

CLKowow MUX
CLKexr—* | Controller
CLKrowL

MU X, \i—l—’ CODEuuxm

‘«{ Reference DLL

Fig. 1.9. Dual DLL-based temperature sensor [11]

Another time-domain sensor is the dual DLL-based temperature sensor, as shown
in Fig 1.9. The purposed architecture measures the temperature using two delay lines,
one of them, the open loop delay line(OLDL) is suffered from temperature variation,
the other one, the reference DLL(RDLL) is not. The dual DLL-based temperature
sensor needs to calibrate at a known temperature T, in order to eliminate process

variations.

In the calibration mode, the open loop delay line need to be tuned until the
CLKy;p; 1s phase aligned with CLKgp;; by tuning the multiplexer of open loop delay
line. After calibration, the temperature changes from T to an unknown temperature Ty, the
lock state of DLL will be released because the phase of the CLK,,p; is changed with
temperature variations. Therefore, the MUX controller needs to change the CODEyxc
under different temperature in order to letthe CLK,;p; is phase aligned with CLKyp;;,

and the CODEyyxc will have the temperature dependency.
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1.3 Calibration of the Temperature Sensor

Process variation may cause delay cells of temperature sensors have the different
delay. After getting the output from a temperature sensor which has not been calibrated,
the relationship between temperature sensor’s output digital code and the absolute
temperature value is not established. Fig. 1.10 shows an oscillator-based temperature
sensor under different process corners. At 50°C, the sensor output has quite different
results under different process corners. In order to eliminate process variations, the
temperature sensor should be calibrated in a temperature chumber at known

temperature value.

100 T T T T 3§ T T T Bl
—B— 55
90 | —%—TT .
FF
B0 T

70 7

60 X 1155 iX: 1431 X 1787
Y: 50 I,l"f: 50 Y: 50
|

40 | ]

Temperature (;C}
S
n

30 .

|:| 1 1 1 1 =
1100 1200 1300 1400 1500 1600 1700 1800
Digital Output

Fig. 1.10. Oscillator-based temperature sensor’s output under different corners
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The purpose of calibration process is to find the relationship between the output
of the temperature sensor and the absolute temperature value. In (1.12), a n- th order

polynomial equation is used.

Temp_code = coefy + coefiToyr + coefyToyr” + -+ + coefyToye™ (1.12)

Where coef, isthe n-th order modeling coefficient, T, isthe temperature value in
°C or °F. High order modeling equation needs more calibration points, but it can fit
more close to the actual output. The fitting results will reflect the error of the

temperature.

1.4 Influence of Voltage Variation on Temperature

Sensor

Cache Téu_ Phase o
-

Locked Loop

Core#4 Core#3 Coref#f2 Coreii1

- u - u - u - u
[ ] [ [ DVFS RVO"Z?gte
.I.. .l.. .l.. n eguilator

Temperature
Sensor

!

Fig. 1.11. Temperature sensors integrated with the processor [12]
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As the consideration of lowering the power consumption, most of the systems use
dynamic voltage and frequency scaling. The temperature sensor integrated inside these
systems will operate under different supply voltage as shown in Fig. 1.11. The
propagation delay of the delay cells (NOT, AND or NAND gate) will be different under
different voltage. The delay time of delay cells under the same temperature but with
different voltage will not be the same. After getting a digital output from the delay-line
based temperature sensor, the digital output may not represent the real temperature

under voltage variation as shown in Fig. 1.12.

0 i B 2 i

100 T j"
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90 STIT0SV ¥ —— TT 005V
——TT 0.05V Tiov
—e—TTLOV -50 = .
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E 50 E
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U
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20 a1 S W Y VY VY N N U " S—
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0 L L 1 L , 250 o I . . .
4 o &
1200 1300 1400 1500 1600 1700 0 20 40 69 80 100
Digital Output Temperature ( C)

Fig. 1.12. The digital output and error of delay-line based temperature sensor under

different voltage at TT corner.

Most of the architectures as described in section 1.2 will be suffered from voltage
variations which have > 100°C error with 10% supply voltage variations, as shown in
Fig. 1.12. A voltage regulator can be added to the temperature sensor as shown in Fig.
1.13. The voltage regulator can provide a supply voltage V which is stable under
voltage variation. However, in advanced CMOS process, the supply voltage
Vpp lower than 1.0V make it’s hard to design the voltage regulator. Addition, the

voltage regulator occupies a large area and has large power consumption.
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Fig. 1.13. Temperature sensor with a voltage regulator

Another solution to resist voltage variation on the temperature sensor is to design
a voltage insensitivity delay cell [13] [14]. However, it is more difficult than design a
voltage regulator and is usually not portable to different processes. Fig. 1.14 shows a
ring oscillator composed of voltage insensitivity delay cells and the simulation result,

the period Tpge of the ring oscillator has a low voltage dependency [13].
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Fig. 1.14. Voltage Insensitivity and simulation result [13]

The two voltages (Vy and V;) will both increase or decrease with voltage

-14 -



variations, but the voltage difference between them will be almost the same under
voltage variations. Using the characteristic of the voltage difference can create a stable

supply voltage to resist voltage variations, as shown in Fig. 1.15 [15].

V
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V=375 ¥
nH=3Vpp k;
Y
J L= 2 VDDﬁ ~
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— VgV V) ==V —— V| —— Ve
0 T I I T I I Il 0.95
1 11 1.2 13 14 15 16 1.7 18
V. (V)

nn

Fig. 1.15. (a) Voltage generation schematics (b) Supply voltage dependence

The above methods are analog circuit design, which needs to full-custom the
circuit and have relatively long design time. Compared with digital circuits, analog
circuits are difficult to design under advanced processes and usually not portable to

different processes.

1.5 Summary

In this chapter, different kinds of the temperature sensor are introduced. BJT-based
can reach a high-resolution and accuracy but need a large area, power consumption and
hard to integrate with CMOSJ[2][16] -[20]. Resistor-based need to find out the suitable
material and a high-resolution ADC, analog type designs are not suitable for design

automation with the poor portability[4][5][21]-[23]. CMOS time-domain temperature
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sensors are more suitable for the modern system, which have a lower consumption, area,
high portability and easy to integrate with other circuits[6]-[15]. The shortcomings of
CMOS time-domain temperature sensors is the high voltage sensitivity, which is not

suitable for IoT applications or battery operated system.

1.6 Motivation

As mentioned in chapter 1.4, most of the method to resist voltage variation is
analog type design, which needs a large area, power consumption and hard to design
on advanced CMOS process. In order to let the temperature sensor can operate on loT
or battery operated system under different supply voltage, which required a compact
size, low power consumption, and high portability. Therefore, we hope to find an all-
digital method to resist the voltage or temperature variation instead of analog type

design.

1.7 Organization

In this thesis, we discuss the design of a temperature sensor in TSMC 90nm CMOS
technology. The proposed temperature sensor can operate under 10% voltage variation.
The rest of the thesis in organized as follows.

In chapter 2, we discuss the all-digital method, relative reference modeling (RRM),
which can resist the voltage variation on temperature sensor and the temperature
variation on voltage sensor, and analyze the advantage and the shortcoming of RRM.
Subsequently, we discuss the purposed method to separate the temperature and voltage
variation from each other. Here we will spill the main circuit into two part, one is the
voltage classifier, which can detect the current supply voltage under different

temperature, the other is the PTAT circuit which is not suffered from voltage variation
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a lot.

In chapter 3, we presented the simulation results and the calibration flow of the
purposed temperature sensor. In this version, we improve the shortcoming of RRM with
a new method to pick the cell combination.

In chapter 4, we discuss the cost-down version of the proposed temperature sensor
which is more suitable for IoT applicaitons. In chapter 5, we make a summary and the

future work of the purposed temperature sensor.
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Chapter 2 Temperature Sensor with
Process and Voltage Variation Tolerance

for IoT Applications

2.1 Introduction to Relative Reference Modeling

An all-digital method to separate the influence of voltage and temperature
variation is proposed in [24]-[27] which uses the characteristics of the division to cancel
out the temperature or voltage variations. The propagation delay of standard delay cells
is easily affected by process, voltage, and temperature variations. A simple model to

represent the propagation delay of delay cells is shown in (2.1).

. . Bea. .. B 2.1)

Where D, represent the propagation delays of delay cells, P* is the process
coefficient, V# is the voltage coefficient, T¥ is the temperature coefficient of the
delay cell. The delay ratio of two delay cells, referenced delay cell (RDC) and compared

delay cell (CDC) can be expressed in (2.2).

Drpc __ Di* P¥x vFL « TV1
Dcpe Dyx Pa2x VB2 « TV2

(2.2)

Where D; represents the propagation delays of the referenced delay cell, P!, VA?
and TY! represent the process, voltage and temperature coefficient of the referenced
delay cell, respectively. D, represent the propagation delays of the compared delay
cell, P2, VA2 and T"? represents the process, voltage and temperature coefficient

of the compared delay cell, respectively.
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Drpc . Dy* VP x TV1
Depc Dyx VFZ x TV

(2.3)

The process coefficient can be eliminated by the calibration flow. Therefore, (2.2)

can be simplified into (2.3).

If the two delay cells RDC and CDC have similar temperature coefficients but
have different voltage coefficients, the ratio of Eq. (2.3) will not be affected by
temperature variations but will be affected by voltage variations. As mentioned above,
if the temperature coefficient between two delay cell TY* ~ T2, (2.3) can be
simplified into (2.4).

Drpc . Dix VA1
Dcpc Dyx VA2

2.4)
The ratio of Eq. (2.4) will only be affected by voltage variations. Therefore the
ratio of Eq. (2.4) can be used to detect the supply voltage variations, and the result will

not be suffered from temperature variations.

Drpc oy Dyx T

B . (2.5)

Similarly in Eq. (2.3), if the two delay cells have the similar voltage coefficients
VBl ~ V52 (2.3) can be simplified into (2.5). The ratio of Eq. (2.5) will be affected
by temperature variations, but will not be affected by voltage variation, and the Eq. (2.5)

can be used to detect the temperature variations.
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Fig. 2.1 Architecture of the delay ratio estimator

Period
RDC CLK * M

Ratio = (2.6)

PeTiOdcpc_CLK

Fig. 2.1 shows the architecture of the delay ratio estimator when the input of the
counter is 1, the output will be counted up, the output of delay ratio estimator, Ratio
can be expressed i (2.6), where Periodgpc ¢ x represents the period of the ring
oscillator composed by the RDC, Periodcpc ¢ x represent the period of the ring
oscillator composed by the CDC, and M represents the coefficient of the divider. The
period of ring oscillator depends on the propagation delays of the delay cells and the

number of delay cells. Therefore, (2.6) can be rewritten into (2.7).

N1*Drpc « M
N2*Dcepce

Ratio = (2.7)

Where N; represents the stages of the RDC, N, represents the stages of the
CDC, Dgpc represents the propagation delay of the RDC, Dcp. represents the
propagation delay of CDC. As shown in (2.7), the equation (2.3) can be implemented

into circuit level as shown in Fig. 2.1.
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2.2 Design of Voltage Variation Tolerance

Temperature Sensor Using Delay Ratio Estimator

CROI me >3* CROI

DCOUNTER CROlenr

RRO - 0

ENABLE ™ COUNTER | RROcr Nrpve

CRO2 LD—EI—DDEI‘; >L

CRO2 R2(P,V.T)
N na
DCOUNTER CRO2cnr

RI1(P,V.T)

B CDC! [ RDC [ CDC2

Fig. 2.2 The two delay ratio estimators [24]

Fig. 2.2 shows the two delay ratio estimator [24]. Three ring oscillators CRO1,
RRO, and CRO2 are composed of three standard logic cells, RDC, CDC1, and CDC2,
respectively. The three ring oscillators trigger three counters, when the RRO
COUNTER is count to 16,383, all the ring oscillators will be shut down. Subsequently,
the output value of these counters can be used to compute the delay ratio R1(P,V,T)
and R2(P,V,T) as expressed in (2.8) [24].

CRO1cnT CRO2¢NT

R1 =———— |, R2 = 2.8
(P,V,T) RROcNT (P,V,T) RROCNT ( )
——(). 9OV —t=0.95V ——1 00V ——1 03V () OY ]V =] ]V
-=1.10V B Measured points O Estimated points 75
70 i . 13000 -
(Vi T5) 70
65 12500 -
5 < 60
ag,eo ) 12000 _ 5 55
z § Ey
e RigfVIQ Rzt Vo) 11500 & &°
2 Rlg(Vi %'\ j 845
£ 50 S 11000 =
& 40
Vi, T i
45 X Wols) ¢ 10500 35
I n‘(\'MTI) \ ( 3 ) ’ ——
40 - ‘ T ‘ b 10000 17200 17250 17300 17350 17400 17450 17500
16800 16900 17000 17100 17200 17300 17400 17500 17600

R2(V.T)*16,384
R1(V,T)*16,384

Fig. 2.3 Simulation result of R1 and R2 under different voltages and temperatures [24]
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In [24], the cell combination of the RDC and the CDC1 have similar temperature
coefficients but different voltage coefficients. Subsequently, the RDC and the CDC2
have similar voltage coefficients but different temperature coefficients which is
searched from the cell library. The DRE circuit in Fig 2.2 can eliminate the influence
of voltage or temperature coefficient by the characteristics of divison.

As shown in Fig. 2.3, the R1 value is got from the ratio of the two counters which
is triggered by the CRO and RROI, respectively. The R1 value will be affected by
voltage variations but have a low-temperature dependency since the CRO and the
RRO1 have similar temperature coefficient but different voltage coefficient. Therefore,
R1 can be used to detect the current supply voltage under different temperature.

In other hands, the R2 value is got from the ratio of the two counters which is
triggered by the CRO and RRO2, respectively. The R2 value will be affected by
temperature variation but have a low-voltage dependency compared to the common
delay-lined base PTAT since the CRO and the RRO2 have similar voltage coefficients
but different temperature coefficients. Therefore, R2 can be used to detect the
temperature and use the voltage information from R1 to eliminate the voltage variation

of R2.

2.3 Challenge of Design the Delay Ratio Estimator

Choose three cells from the cell library
to build up the delay ratio estimator (DRE)
(RDC. CDC1., CDC2)

v

Perform SPICE simulation of DRE with PVT wvariations
to obtain I{I(I:)> V, T), RZ(P, V, T), GRl: SR]: GRZ and SR2

l

Choose best cell combination for RDC, CDC1 and CDC2
based on GR], SR], GR2 and SR2

Fig. 2.4 Design flow of delay ratio estimator [24]
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Fig. 2.4 shows the design flow of delay ratio estimator, three logic cells in standard
cell library are chosen to build up the delay ratio estimator and perform SPICE
simulation under different PVT variations to obtain the delay ratio characteristic. After
SPICE simulation, the best cell combination will be chosen to build up the delay ratio
estimator. However, there is no theoretical reason for the flow of searching the best cell
combination and it takes a lot of time to perform SPICE simulation.

In order to get a ratio to detect supply voltage under different temperature value,
the cell combination which has similar temperature coefficients but has different
voltage coefficients should be found. However, the characteristic of two delay cells to
meet the above conditions can’t be easily found, the cell combination for the DRE can
only be found after a large number of simulation.

In order to replace the flow of finding the best cell combination to build up the
delay ratio estimator, the temperature and voltage coefficients of the common delay cell
like NOT, NAND gate should be found by simulation and design other circuits to tune

the temperature and voltage coefficients of the common delay cell.

2.4 Cell Combination of Relative Reference Modeling

In section 2.1, an all-digital method which uses three standard cell, compared delay
cell I(CDC1), reference delay cell (RDC), compared delay cell 2 (CDC2) to build up
the delay ratio estimator to cancel out the temperature or voltage variation had been
introduced. However, the voltage coefficient and temperature coefficient of each
standard cells are unknown, and can only be known from SPICE simulations. Therefore,
the design flow of DRE needs to try many cell combinations in cell library to find out
which two delay cells will have similar voltage coefficients or temperature coefficients.
However, the searching flow of DRE takes too much simulation time and the lack of

theoretical basis which is been criticized.
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(a)RDC (b)CDC1

Fig. 2.5 RDC and CDC1 in the proposed design

In this thesis, the proposed method to design the DRE don’t need to spend a lot of
time to try all cell combinations in the cell library but directly adjust the temperature or
voltage coefficient of the ring oscillator. In proposed design, RDC is a 2-input NAND
gate, and CDCl is the proposed high voltage sensitivity 2-input NAND gate, as shown
in Fig 2.5(a) and Fig 2.5(b). In general, the propagation delay of delay cell is inversely
proportional to the supply voltage and is proportional to the output loading. If the output
loading of delay cell will be decreased when the supply voltage rises and increase when
the supply voltage falls, then the propagation delay will be more dramatic changed
under supply voltage variation and let the delay cell becomes more sensitive to the
supply voltage variation.

Fig. 2.6(a) shows the schematic of the proposed MOS capacitor, the increasing of
the reverse bias between the N-P junction will cause the depletion width decrease, and
the depletion capacitance will be proportional to the depletion width. As a result, the
bias between drain and body of the transistor will influence the value of the MOS

junction capacitor, as shown in Fig 2.6(b).
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Fig. 2.6 MOS capacitor architecture and its characteristic

RDC is a 2-input standard NAND gate in the cell library, CDCI1 is the 2-input
standard NAND gate with the MOS capacitor to enhance the voltage sensitivity. Table.
2.1 shows the voltage and temperature sensitivity among four different delay cells.
Although the MOS capacitor can enhance the voltage sensitivity of the NAND gate, it
also increases the temperature sensitivity. To eliminate the influence of temperature
variation, CDC1 and RDC should have similar temperature sensitivity. In the proposed
design, negative temperature coefficient delay cells, thyristor [32] will be used to adjust
the temperature coefficients of CDCI1 so that the two different ring oscillator composed

of CDC1 and RDC can have similar temperature coefficients.
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Table. 2.1 SPICE simulation of voltage and temperature sensitivity

among four different delay cells

Voltage Sensitivity Temperature Sensitivity
(@t TT 50°C) (at TT 1.0V)
Standard NAND -5.175ps / 100mV 0.0361ps / °C
Standard NAND with -9.9275ps / 100mV 0.14978ps / °C

32 MOS Capacitor

Standard NAND with -18.965ps /100mV 0.2709ps / °C
64 MOS Capacitor

Standard NAND with -35.095ps /100mV 0.5405ps / °C
128 MOS Capacitor

Fig.2.7(a) shows the schematic of the negative temperature coefficients delay cell,
thyristor. The drain current of Q1 is the positive temperature coefficient and inversely
proportional to the propagation delay of thyristors [32]. If the temperature increases,
the drain current will increase and the propagation delay of thyristor will decrease.

Table. 2.2 shows the voltage and temperature sensitivity of the thyristor.
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(a) Schematic of thyristor [32] (b) Propagation delay of thyristor versus
temperature and voltage
Fig. 2.7 Negative temperature coefficient delay cells architecture and characteristic
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Table. 2.2 Voltage and temperature sensitivity of the thyristor

Voltage Sensitivity Temperature Sensitivity

(at TT 50°C) (at TT 1.0V)

Thyristor -7.9388ps / 100mV -0.08392ps / °C

In order to resist the voltage variation, the proposed temperature sensor uses the
voltage classifier to detect the current supply voltage and compensate for the output
according to the current supply voltage. However, there may have errors when detecting
the current supply voltage, to lower the influence of voltage classifier, the proportional
to the absolute temperature(PTAT) circuit should have low-voltage dependency.

Fig. 2.8(b) shows the CDC2 in proposed delay ratio estimator, in order to eliminate
the influence of voltage variation on PTAT circuit by using the characteristic of division,
CDC2 and RDC need to have similar voltage coefficients. Although the characteristic
of division can eliminate the influence of voltage variation, it also cause the problem of
temperature sensitivity to be offset. To allow the PTAT to have sufficient temperature
sensitivity, the temperature sensitivity of CDC2 and RDC requires large difference. In
general, most of the standard cells have a positive temperature coefficient, increasing
or decreasing the temperature coefficient can obtain large temperature coefficient
difference between CDC2 and RDC. In proposed PTAT circuit, the CDC2 uses the 2-
input NAND gate which is the same as the RDC to let the voltage coefficient of the
CDC2 and RDC can be close. Subsequently, the temperature coefficient of 2-input
NAND gate has been lower by using the negative temperature coefficient delay cell,

thyristor, to get large temperature coefficient difference between CDC2 and RDC.
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Fig. 2.8 RDC and CDC2 in proposed design

2.5 Low Temperature Dependency Voltage Classifier

Fig. 2.9 shows the architecture of the compared ring oscillator (CRO) which is

composed of 2-input standard NAND gate (RDC) shown in Fig 2.5(a). Fig. 2.10 shows

the architecture of the reference ring oscillator 1 (RRO1) which is composed of 2-input

standard NAND gate with the MOS capacitors (CDC1) shown in Fig 2.5(b). In RRO1

shown in Fig 2.10, the path selector can be used to choose how many thyristors need to

be enabled under different process corner and lets the CRO and RRO1 have similar

temperature

=

coefficients.

=

L

PH=p s

128 stages

Fig. 2.9 Proposed architecture of compared ring oscillator (CRO)
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16 Stages

Sel control1[0]  Sel controll[1]

Sel control1[14] Sel control1[15]

Thyristor

Thyristor = ++veveee- ED— Thyristor — [D

Thyristor

MOS
Capacitor | =

Sel control1[0] | Sel controll[1] Sel control1[14]

RRO! CLK

Fig. 2.10 Proposed architecture of reference ring oscillator 1 (RRO1)

Fig. 2.11 shows the proposed difference calculator, which composed of two ring
oscillators, RRO1 and CRO. The output of the two ring oscillators will be divided into
a low-speed clock and an external high-speed clock, Ref CLK (100MHz) is used to
quantify the periods of RRO1 div and CRO_div. Subsequently, the subtractor will
subtract the two results (C1 and C2) and get the R1 value. In Eq. (2.8), the division
method will eliminate the most of the voltage and temperature sensitivity and cause the
problem of low-voltage sensitivity on the voltage classifier in [24]. In order to let the
voltage classifier have a sufficient resolution, proposed voltage classifier use the

subtraction method instead of division.
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Fig. 2.11 Proposed difference calculator

The difference calculator output value, R1 can be expressed in (2.9), where the
Prro1 1s the period of the ring oscillator 1 (RRO1), Pggro 1s the period of the compared
ring oscillator (CRO), Div_coef1 and Div_coef?2 are the coefficients of the divider,

Pref cLi 1s the period of the reference clock.

_ ((Prpo1 * Div_coefl) — (Pepo * Div_coef2) )

Pref cLk

R1 (2.9)

The Pgrro; can be expressed in (2.10), where the N; is the stages number of
compared delay cells 1(CDC1), D¢pgo 18 the propagation delay of CDCI at (1.0V,
50°C). Vp; is the voltage sensitivity of CDC1 and T, is the temperature sensitivity
of CDCI, and T,y prent 1S the current temperature value, Vi ,pene 1S the current

supply voltage.

PRROl = Nl * J!iDCDCO + [(chrrent - 1-OV) * Vbl] + [(Tcurrent - SOOC) * Trl]} (2-10)

The Pcro can be expressed in (2.11), where the N, is the stages number of

reference delay cells (RDC), Dgpco 1s the propagation delay of RDC at (1.0V,50°C).
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V3, 1is the voltage sensitivity of RDC and T, is the temperature sensitivity of RDC,

and T,y rent 1S current temperature value, V. ,rent 1S the current supply voltage.

PCRO = NZ * {DRDCO + [(chrrent - 1.0V) * Vbz] + [(Tcurrent - SOOC) * rz]} (2-11)

Assuming Ny = N, Divepers = Diveges,, and the CRO and RROI have
similar temperature sensitivity T,; = Tp,. The R1 in (2.9) can be derived into (2.12)
which can be used to detect the voltage and will not have the temperature dependency.

_ Divcoefl * Nl * {(DCDCO T DRDCO) 3 [(chrrent - 1-0V) * (Vbl - Vbz)]}
PRef_CLK

R1 (2.12)

Fig. 2.12 shows the pre-layout simulation of R1 value, the N; is 16, the N, is 64,
the Divcgers 18 1500, Diveger, is 400, R1 value is suffered from temperature
variation before temperature coefficient compensation. Fig. 2.12(b)(d)(f) shows the R1
value under different process corner after temperature coefficient compensation by
using the path selector to choose the number of the thyristors used for compensation.
The temperature coefficient of R1 becomes close to zero after temperature coefficient
compensation. Subsequently, R1 is sensitive to voltage variations but not sensitive to
temperature variations. As a result, R1 can be used to sense the current voltage under

different temperature value.
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Fig. 2.12 R1 pre-layout simulation before and after temperature coefficient

compensation under different PVT variations
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2.6 Low Voltage Sensitivity PTAT Circuit Design

Fig. 2.13 shows the architecture of the reference ring oscillator 2 (RRO2) which
is composed of 2-input standard NAND gates with the negative temperature coefficient
delay cells (CDC2 shown in Fig. 2.8(b)). In RRO2, the 16-stages of 2-input NAND
with thyristors let the RRO2 and CRO can have a similar voltage coefficient after digital
calibration. In order to keep the temperature sensitivity of the PTAT circuit, negative
temperature coefficient delay cells are added to the RRO2 and lets the delay ratio R2
becomes sensitive to temperature variations but not sensitive to voltage variations. As
shown in Fig. 2.14, proposed PTAT uses the delay ratio estimator which use the clock

of CRO to quantize the period of the RRO?2.

16 Stages

RRO2 CLK

Fig. 2.13 Proposed reference ring oscillator 2 (RRO2)
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16 bit
$ RRO2 con [15:0]

RRO2 —>>)ivider Counter2

13 bit

CRO

Fig. 2.14 Proposed PTAT based on delay ratio estimator

The PTAT output R2, can be expressed in (2.13) where Periodggo, is the period
of RRO2, P%% is the process coefficient of RRO2, VP2 is the voltage coefficient of
RRO2, T"? is the temperature coefficient, Divider_coef is the divisor of divider,
and Periodcg, is the period of CRO, P%, VB!, T¥' represent process,

temperature, voltage coefficient of the CRO, respectively.

Period % (P%2 % VP2 « TY2) x Divider _coe
R2 = RRO? * ( ) _coef (213)
Period gy * (P*t x VAL x TY1)

The process variation of R2 can be eliminated by the calibration flow, therefore,
the P“! and P*? can be ignored. Subsequently, if the two ring oscillators CRO and
RRO2 have similar voltage coefficients VA' =~ VA2, the (2.13) can be derived into
(2.14). In (2.14), R2 can be used to detect the temperature value under voltage

variations.
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Periodgroz*Divider_coef ,T"?

R2 = * (m) (2.14)

Periodcro

Fig. 2.15 shows the pre-layout simulation of R2 value. As shown in Fig.

2.15(a)(c)(e), the CRO and RRO2 have similar temperature coefficient before negative

r3

temperature coefficient compensation, :— ~ 1(constant). Fig. 2.15(b)(d)(f) shows the

2
R2 wvalue under different process corner after negative temperature coefficient
compensation by using the path selector to choose the number of the thyristors of the
RRO2. The temperature coefficient of RRO2 becomes more negative after temperature
coefficient compensation, T'! # T™, the R2 value will have strong temperature
dependency for PTAT circuit design. However, the voltage coefficient of RRO2 is not
same as CRO, VA1 = VP2 the influence of voltage variations can’t be eliminated. In
order to lower the temperature error caused by voltage variations, the proposed
temperature sensor uses the voltage classifier in section 2.5 to detect the current supply

voltage and then the voltage dependency of the PTAT circuit can be further reduced.
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compensation under SS case
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Fig. 2.15 R2 pre-layout simulation before and after temperature coefficient

compensation under different PVT variations

Fig. 2.16 shows the proposed delay ratio estimator which use the high voltage
sensitivity 2-input NAND gates with MOS capacitors to compose the RRO1 and let the
RRO1 and CRO having large voltage sensitivity difference, and the negative

temperature coefficient delay cells are used to keep the temperature sensitivity between
-36-



RROI and CRO. In the simulation results, the R1 which defined in Eq. (2.9) has a low-

temperature dependency but has high voltage dependency. The output R2 which is

defined in Eq. (2.13) uses the negative temperature coefficient delay cells to let the

CRO and RRO2 have different temperature coefficient and use the characteristics of

the division to eliminate the influence of voltage variations.

16 bit
! \iv\RROI_con [15:0]

RRO1

RRO1_CLK

5 bit .
*Dw 1 coef

CRO

CRO CLK

\ 4

>:)1'v1'der

Div_Outl

5 bit

Ref CLK

$D iv2 coef

16 bit
RRO2 con [15:0]

RRO2

RRO2_CLK

Y

>Divider

Div_Out2

Counterl

Cl1

Ccl - C2

5 bit

Ref CLK

\]V\DivSicoef

Y

>Divider

Div_Out3

»
7| Counter2

13 bit

Cc2

Subtractor

CRO CLK J

Counter3

13 bit

13 bit

Fig. 2.16 Proposed delay ratio estimator

13 bit

In Fig. 2.16 Ref CLK is generated by an on-chip oscillator shown in Fig. 2.17. In

order to get a stable I00MHz Ref CLK, the path selector is used to tune the Ref CLK

to 100MHz under different PVT conditions. Table. 2.3 shows the pre-layout simulation

and post-layout simulation of the on-chip oscillator which can provide 100MHz under

different PVT corners.
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128 Stages

control[0] control[1] control[30] control[31]
O D )
control[0] control[1]

0SC CLK

Fig. 2.17 Schematic of on-chip oscillator

Table 2.3 On-chip oscillator frequency range under different PVT corners

Pre-layout simulation Post-layout simulation

SS@0.9~1.1V@0~100°C  38~136MHz 27~117MHz
TT@0.9~1.1V@0~100°C  54~197MHz 41~184MHz
FF@0.9~1.1V@0~100°C  85~260MHz 66~242MHz

2.7 Design Flow of the Proposed Delay Ratio Estimator

Use the 2-input NAND gates, negative temperature coefficient
delay cells and negative voltage coefficient capacitors to build up
the relative reference modeling circuit

y
Perform the SPICE simulation to find the number of negative
temperature coefficient delay cells and negative voltage coefficient
capacitors to achieve the R1(P,V,T) with low temperature
sensitivity and R2(P,V,T) with low voltage sensitivity

Fig. 2.18 Design flow of proposed delay ratio estimator

Fig. 2.18 shows the design flow of the proposed delay ratio estimator which uses
the negative temperature coefficient delay cells and negative voltage coefficient
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capacitors to build up the relative reference modeling circuit. Compared to the design
flow in [24], as shown in Fig 2.4, the proposed delay ratio removes the requirement of
finding the best cell combination which needs to try many the delay cells in the cell
library to build up the relative reference modeling circuit and perform many times of
SPICE simulation. The best cell combination in [24] is by the simulation-based method
without theoretical reason oppositely. The proposed delay ratio estimator can tune the
voltage and temperature coefficient of the delay cells, and does not need to try the cell

combinations.

2.8 Architecture of Proposed Temperature Sensor

Off-Chip (FPGA)

! I
! |
RROl CON —— | H i
1 RROI_CON RRO2_CON %m;. i !
0SC_CON ———— i !
32 ! !
! I
RRO2_CON RICVAT) i !
- 16 |
Divl_cort Delay Ratio | CXViT) 13 | |
Div2_coef 3 Estimat B} i !
Serial In Serial In Div3_coef { stimator | Ra(ViTy 13 Serial Out ! i
ena Interface& § 13 enal W ISerial Outl | Calibration & | | Temp_Out
(Fg'rom FPGA) Manchester Interface & ~ .| Non-Linear ﬁﬁL-‘
Manchester ! . i
Decoder Encoder i Mapping 113
Ref CLK | !
Encode CLK 1
PE— | |
i I
On-Chip Encode_CLK | !
Oscillator =10 i |
32 (100MHz) ! 3
0SC_CON ! !
' I
! |
i |
Ref CLK S i
Encode CLK

Fig. 2.19 Test chip architecture of proposed temperature sensor

Fig. 2.19 shows the test chip architecture of proposed temperature sensor. The
input setting of delay ratio estimator and the on-chip oscillator will use the FPGA test
board and data are encoded in Manchester codes. After input setting configurations, the
delay ratio estimator will calculate the R1 and R2 value. Subsequently, the Manchester

encoder will encode the R1 and R2 value into data sequence of Manchester codes and
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outputs, Serial Out. Before the normal operation of the temperature sensor, the process
variations of R1 and R2 should be eliminated by calibrating.

Fig 2.20 shows the calibration and non-linear mapping circuit. After getting the
data sequence output from the proposed test chip, the data sequence should be decoded
to get the R1 and R2 value by using the FPGA test broad. At first, R1 should be
measured under three voltages (0.9V1.0V,1.1V) and get the threshold values of
R1(0.9V), R1(1.0V) and R1(1.1V) to eliminate the process variation. Subsequently, the
voltage detector will use R1(0.9V), R1(1.0V) and R1(1.1V) to interpolate and gets the
threshold values for R1(0.925V), R1(0.95V), R1(0.975V), R1(1.025V), R1(1.050V),
R1(1.075V). After the calibration of R1 is completed in the normal operation, the value
R1(Vi,Tj) at the unknown voltage Vi and unknown temperature Tj will be calculated,
then the voltage detector will detect the current supply voltage. As illustrated in Fig
2.21, if the R1(0.9V) is 675, R1(0.925V) is 650 and the current R1(Vi,Tj) is 662. The
R1(V1,Tj) is more close to the threshold R1(0.925V) than the threshold R1(0.9V), the

voltage detector will determine the current supply voltage is 0.925V (Current Volt =

4°d1).
RI1(Vi,Tj) Voltage Current Volt
5 Detector A
Serial Out Slope & Temp_Out
Manchester Intercept
Decoder Selector 13
R2(V1i,Tj)
13

Fig 2.20 Architecture of calibration and non-linear mapping
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Tenﬂperature(rC)

Table 2.4 Output of voltage detector and the corresponding supply voltage

Current Volt Current Supply Voltage
4°d0 0.9V
4°d1 0.925V
4°d2 0.95V
4°d3 0.975V
4°d4 1.0V
4°d5 1.025V
4°d6 1.05V
4°d7 1.075V
4°d8 1.1V
80 T T T T T T —&— TT 0.9V
—E8—TT 0925V
—»— TT 095V
—&— TT 0.975V
—&—TT 1.0V
—#— TT 1.025V
—5— TT 1.05V
—t— TT 1.075V
70 - ——TT 11V
[ ] Measuring R1(0.9V)
® Measuring R1{1.0V)
®  Measuring R1(1.1¥)
®  Interpolation R1(0.95V)
® Interpolation R1(1.05V)
L ] Interpolation R1{0.925V)
60 |- ®  Interpolation R1(0.975V)
® Interpolation R1(1.025V)
L ] Interpolation R1{1.075V)
RLVI. T
X:B50 X: 675
50 - H | u —
40 - -
30 —
20l 1] 1 1 1 I 1 1 % 1 1
520 540 560 580 600 620 640 660 680 700
R1

Fig 2.21 R1 value after calibration at TT corner

As shown in Fig 2.15, the PTAT R2(Vi,Tj) needs to establish the relationship with

the absoulte temperature before it can be used as a temperature sensor. The relationship

between the absoulte temperature and the R2(Vi,Tj) can be fitting as a second order
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equation to represent as expressed in (2.15). The second order equation needs to do the
3-point calibration under different voltage and then a(Vi),b(Vi),c(Vi) coefficients
can be calculated. As shown in Fig 2.15, R2 will have different a(Vi), b(Vi), c(Vi)
under voltage variations. After getting the a(Vi),b(Vi),c(Vi) value, the slope and
intercept selector in Fig 2.20 will select the appropriate a(Vi), b(Vi), c(Vi) based on
the current supply voltage information (Current Volt) and let the R2 can tolerates

voltage variations.

Temp Out = a(Vi) * (R2(Vi, T}))* + b(Vi) * R2(Vi, Tj) + c(Vi)  (2.15)

2.9 Summary

In chapter 2.4, we proposed the method to build up the relative reference modeling
circuit which directly tuned the temperature and voltage coefficient of the delay cells.
Subsequently, the low-temperature dependency voltage classifier had been proposed in
section 2.5, which use 2-input NAND gates and high voltage sensitivity 2-input NAND
gates to build up the relative reference modeling circuit and implemented the difference
calculator to detect the current supply voltage under temperature variations. In section
2.6, the low voltage dependency PTAT circuit had been introduced which use the 2-
input NAND gates and negative temperature coefficient delay cells to implement the
delay ratio estimator.

In section 2.7, we analyzed the problem in the design flow of delay ratio estimator
in [24]. Compared to [24], the proposed delay ratio estimator removes the searching
process of best cell combination which needs to spend a lot of time to perform the
SPICE simulation. In section 2.8, the test chip implementation of proposed temperature
sensor had been introduced which contains the circuitry required for the subsequent

wafer test interface and calibration.
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Chapter 3 Experimental Results

3.1 Test Chip Implementation

ml.lllillill =8 S ST RIS S5 5

Fig. 3.1 Layout of the test chip

The layout of the test chip is shown in Fig. 3.1. The architecture of the test chip is

shown in Fig. 2.19. The test chip is implemented in TSMC 90nm CMOS process with

standard cells and a 1.0V power supply. The core size of the chip is 300um * 400um.
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Fig. 3.2 Chip floorplan and I/O plan

Fig. 3.2 shows the test chip I/O planning and the floor planning of the proposed

temperature sensor. There are 3 input pins, 8 output pins, and 12 power pins. The test

chip consists of an RRO1 circuit, an RRO2 circuit, an CRO circuit, an On-Chip

Oscillator circuit, and the State_Machine circuit. The detail 1/0 description is shown in

Table. 3.1.
Table. 3.1 1/0 pad Description
Pin Number Pin Name Input/Output information
1 O DIV_OUTI1 Output RROI divided Signal
2 O RRO2 con0 Output Serial in interface and
Manchester decoder debug pin
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3 VSSP3 Input Pad Power
4 VDDP1 Input Pad Power
5 VDDCI Input Core Power
6 I Reset N Input System asynchronous reset
7 I Refl0 IN Input Serial in interface and
Manchester decoder debug pin
8 VSSC1 Input Core Power
9 VSSPI Input Pad Power
10 VDDPO Input Pad power
11 O Serial OUT Output Sequence data of R1, R2 and
debug signal
12 O _Refl0 OUT Output On-chip oscillator debug pin
13 I Serial In Input Sequence data of Manchester
code(from FPGA test board) for
test chip input setting
14
15 VSSPO Input Pad Power
16 VSSP2 Input Pad Power
17 VSSC1 Input Core Power
18 O RRO2 conl5 Output Serial in interface and
Manchester decoder debug pin
19 O_Capture Output Serial in interface and
Manchester decoder debug pin
20 VDDCl1 Input Pad Power
21 VDDP2 Input Pad Power
22 VDDP3 Input Pad Power
23 O DIV _OUT3 Output RRO2 divided Signal
24 O DIV OUT2 Output CRO divided Signal
3.2 Test Plan

In order to save the numbers of I/O pad, proposed test chip uses the FPGA board

to send the data sequence for the test chip input setting. The FPGA test board will

encode the test pin value into the Manchester code as shown in Fig. 3.3. The Manchester

code uses the two bits signal to represent the one bit signal of data. Subsequently, the
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FPGA test board will use a low-speed clock to send the packet formatted as shown in
Fig. 3.4 into the test chip and the serial interface & Manchester decoder circuit shown
in Fig. 2.20 will use a high speed-clock to sample the input packet. After getting the
packet from the FPGA test board, the test chip will decode the packet into original data
and sets up the test chip. The output R1, R2 and debug pins will be also encoded into
the sequence of Manchester codes and uses a low-speed clock to send the packet as
shown in Fig. 3.5 into the FPGA test board. Subsequently, the FPGA will use a high-
speed clock to sample the output packet and decode the packet to get the R1, R2 and
debug pin values.

Before using the temperature sensor, the Ref CLK should be tuned to 100MHz
under different PVT conditions by using the control code OSC._CON in Fig. 3.5. The

FPGA will'sent different packet to tune the Ref CLK to 100MHz under PVT conditions.

cock | [ L] LI LI LU LT

Data

0 0 1

10100 1 1 1
ocheser 7 [ [\ 1]

Fig. 3.3 Waveform of the Manchester encoder

(https://en.wikipedia.org/wiki/Manchester code)

Header | RRO1_CON | RRO2 CON | OSC _CON | Divl coef | Div2 _coef | Div3 coef
(8bits) (8bits) (8Dbits) (10bits) (10bits) (10bits) (10bits)

Fig. 3.4 Serial input packet for test chip input setting

R1 Header
(16bits)

Input Pattern
C2 (26bits) Header
(8bits)

R2 Header
(Bbits)

(2 Header
(8bits)

RROL CON | RRO2_CON

RI (26 bits) (80its) (8bity)

R2 (26bits)

08C_CON
(10bits)

Fig. 3.5 Serial output packet for test chip measurement and debug

- 46 -



https://en.wikipedia.org/wiki/Manchester_code

Temperature { C)

3.3 Post-Layout Simulation of the Voltage

Classifier

Fig. 3.6(a)(c)(e) shows the post-layout simulation of R1 value. R1 value suffers
from temperature variations before temperature coefficient compensation delay cells
have been enabled. Fig 3.6(b)(d)(f) shows the R1 value under different process corner
after temperature coefficient compensation by using the path selector to choose the
number of the thyristors. The temperature coefficient of R1 becomes close to zero after
temperature coefficient compensation. Subsequently, R1 is sensitive to voltage
variations but is not sensitive to temperature variations which can be used to sense the

supply voltage under temperature variation.
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Fig. 3.6 R1 post-layout simulation before and after temperature coefficient

compensation under different PVT variations
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3.4 Post-Layout Simulation of the PTAT Circuit

Fig. 3.7 shows the post-layout simulation of R2 value. As shown in Fig. 3.7
(a)(c)(e), the CRO and RRO2 have similar temperature coefficient before temperature
coefficient compensation and then the R2 value will not have temperature dependency.
Fig. 3.7 (b)(d)(f) shows the R2 value under different process corner after temperature
coefficient compensation by using the path selector shown in Fig. 2.13 to choose the
number of the thyristors used for compensation. The temperature coefficient of RRO2
becomes more negative after temperature coefficient compensation. The R2 value will
have strong temperature dependency for serving as a PTAT circuit. However, the
voltage coefficient of the RRO2 is not same as the CRO. There existing the influence
of voltage variations. In order to lower the error of the temperature sensor caused by
voltage variations, the proposed temperature sensor uses the voltage classifier to detect
the current supply voltage and then the output of the proposed PTAT can have low

voltage dependency.
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3.5 Calibration of the VVoltage Classifier

The resolution of the proposed voltage classifier is 25mV and three calibration

points are R1(0.9V,50°C), R1(1.0V,50°C) and R1(1.1V,50°C). In calibration flow, the

R1 value will be measured at (0.9V,50°C), (1.0V,50°C) and (1.1V,50°C) to get the

R1(0.9V), R1(1.0V) and R1(1.1V). The other threshold values R1(0.925V),

R1(0.950V), R1(0.975V), R1(1.025V), R1(1.05V) and R1(1.075V) will be calculated

by using the three calibration points to interpolate as shown in Fig. 3.8 and Eqg. (3.1) to

Eq. (3.6). After calibration, the R1(Vi,Tj) which is at a unknown voltage Vi and

unknown Tj will use the 9 different threshold value R1(0.9V), R1(0.925V), R1(0.950V),

R1(0.975V), R1(1.0V), R1(1.025V), R1(1.05V), R1(1.075V) and R1(1.1V) to

determine which threshold is more close to the R1(Vi,Tj) and detect the current supply

voltage.

R1(0.9V) + R1(1.0V)

R1(0.95V) = :
R1(1.05V) = 22E1Y) : R1(1.0V)

R1(0.925V) = 220V +2 R1(095V)
R1(0.975V) = 222 : R1(0.95V)
R1(1.025V) = 24 * R1(1.05V)
R1(1.075V) = 2281V + RIA.05V)

2
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Fig. 3.8 Calibration and interpolation threshold value of R1 under different corner

Fig. 3.9 shows the classified error of proposed voltage classifier at TT corner, the
threshold R1(1.075) is 450 and the threshold R1(1.1V) is 433, the R1(1.075V,20°C) is
439 which is more close to the threshold R1(1.1V) and the voltage classifier will
determine the current supply voltage is 1.1V. However, the actual supply voltage at
R1(1.075V,20°C) is 1.075V and cause the error of 25mV. Due to the proposed voltage
classifier will still have temperature dependency at TT corner after temperature
compensation which will cause the classifier error. Subsequently, proposed voltage
classifier can detect the supply voltage accurately at SS and FF corners under 25mV

resolution.
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Fig. 3.9 Classified error according to the threshold value at TT corner

If there will not have classified error as shown in Fig. 3.9 to consider the worst
case error of proposed voltage classifier. The maximum error will occur when the
current supply voltage falls into the center of two adjacent thresholds as shown in Fig.
3.10. If the resolution of voltage classifier is 25mV and the current supply voltage is
1.0875V, the voltage classifier will classify current supply voltage into 1.075V or 1.1V,
so the maximum error will be the half of voltage resolution (i.e.12.5mV). Table. 3.2

shows the maximum error of proposed voltage classifier which is inferred from Fig. 3.9

and Fig. 3.10.
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3.6 Calibration of the Proposed PTAT

The proposed PTAT circuit, R2 needs to be calibrated at known temperatures

after the test chip tape-out to eliminate the process variations and to solve the equations

(3.1) or (3.2) coefficients to build up the relationship between R2 and the absolute

temperature. Fig. 3.11 shows the first-order fitting curve which uses (3.1) at different

PVT. There will have large fitting error between the first-order curve and the actual R2

curve which will increase the error of the temperature sensor. Fig. 3.12 shows the error

of proposed temperature sensor after first-order fitting (two-point calibration) which

has a large error of —1.6°C~7.8°C.
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Fig. 3.11 R2 and the first-order fitting curve at different P\VVT conditions
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Fig. 3.12 The error of proposed temperature sensor after first-order curve fitting
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Fig. 3.13 shows the second-order fitting curve which can be expressed by (3.2).
The second-order curve can be fitting closely to the actual R2 curve. However, the
second-order curve requires three calibration points to solve the equation coefficients
in (3.2) which increases the testing cost of the proposed temperature sensor. Fig. 3.14
shows the error of proposed temperature sensor which error is reduced to
—1.2°C~1.1°C. In order to lower the error of proposed temperature sensor, the second-
order curve fitting method should be adopted. The first-order curve fitting method is
not acceptable, if the influence of the voltage classifier error is included. The proposed
temperature sensor with the first-order curve fitting method will have large temperature

error which may exceed 10 degrees.

2,4 Fitting Curve = a(Vi) * R2(Vi, Tj)% + b(Vi) * RA(Vi, Tj) + c(Vi) (3.2
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Fig. 3.13 R2 and the second-order fitting curve at different PVT
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Fig. 3.14 The error of proposed temperature sensor after second-order curve fitting
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3.7 Worst Case Error of the Proposed

Temperature Sensor

The error of temperature sensor shown in Fig. 3.12 and Fig. 3.14 is not considering
that the voltage classifier may introduce voltage classification error. In this section, the
influence of the voltage classifier on the proposed temperature sensor will be discussed.
In section 3.5, the maximum error of proposed voltage classifier had been discussed.
Although proposed voltage classifier can detect the supply voltage accurately at SS and
FF corners under 25mV resolution, there still have a 12.5mV maximum error since the
resolution is not fine. The proposed temperature sensor will compensate for the PTAT
output according to the voltage information from the voltage classifier.

At TT process corner, the proposed voltage classifier may have 25mV error as
shown in Fig. 3.9. Fig. 3.15 shows the error of the proposed temperature sensor which
considers the 25mV voltage classifier error, and the worst case error is increased to

—4.3°C~4.3°C after three point calibration.
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Fig. 3.15 Proposed temperature sensor error under 25mV voltage

maximum error at TT corner
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error ('C)

At SS and FF process corners, the proposed voltage classifier may have 12.5mV
maximum error due to the insufficient of the voltage classifier resolution. Fig. 3.16(a)
shows the error of the temperature sensor at SS process corner which considers the
12.5mV voltage classifier error and the worst case error is —3.7~3.5°C after three
point calibration. Fig. 3.16(b) shows the error of the temperature sensor at FF process
corner which considers the 12.5mV voltage classifier error and the worst case error is

—2.9~3.7°C after three point calibration.
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Fig. 3.16 Influence of the 12.5mV voltage maximum error on proposed

temperature sensor at SS and FF process corners

3.8 Comparison Table

Table. 3.3 shows the comparison table of the proposed temperature sensor and
other smart temperature sensors. The temperature sensors in [33] and [35] cannot resist
the voltage variations and have large error under voltage variations. The temperature
sensor in [36] which needs voltage supply regulator at advanced CMOS process and
have the high power consumption. The temperature sensor in [34] which use the voltage
difference to resist the voltage variation but the error is still too large under variation.

The other temperature sensor in [31] is full-custom design and needs extra read circuit
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like high resolution off-chip ADC and needs to find the appropriate CTAT and PTAT

which is matched. Subsequently, [12] is full-custom design which is more complex and

is not portable to different process, also need a high-order curve fitting method.

Table 3.3 Performance comparisons of temperature sensor (tape-out version)

[33] [35] [31] [12] [34] [36] Proposed

ASP-DAC’16 TVLSI’'12 JSSC’15 JSSC’16 TBioCAS’17 ISSCC’12 Work
Method Digital Digital Analog Analog Analog Analog Digital
Technology(nm) 28 130 65 65 65 32 90
Voltage Insensitivity No No Yes Yes Yes Yes Yes
Supply Regulator No No No No No Yes No
Temp. Range(°C) 0~100 0~100 0~100 0~100 30~70 20~100 20~80
VDD Range(V) Fixed 0.9V Fixed 1.2V 0.6~1 0.85~1.05 0.2~0.4 14~138 0.9~1.1
Resolution(°C) 0.44 0.78 N/A 0.3 N/A 0.2 0.6
Conversion Rate (k sample/S) 5 5 20 455 N/A 2 24.2

-4~4
Error (°C) -4.3~4.3 (at1.2Vv) -24~15 -5~2.2 -5~8.1 -15~15 -4.3~4.3
(at 0.9V) 90~90
(1.08V~1.32V)

Power (mW) 0.45 12 0.36 0.15 0.25 38 44
Area(mm?) 0.003738 0.12 0.648 0.0042 N/A 0.02 0.12
Energy for one conversion (uJ) 0.009 0.24 0.0018 0.0033 N/A 1.9 0.18
Supply Sensitivity(°C/mV) N/A N/A 0.0098 0.034 0.069 0.0075 0.043
Master Curve 1 3ra 1 2na 1 1 2na
Temp. Calibration Point 2pt 1pt 2pt 2pt 2pt 2pt 3pt
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Chapter 4 Cost-Down Version of

Proposed Temperature Sensor

4.1 Introduction

The number of thyristors in the cost-down version will be reduced to 8 which need
more time to achieve enough resolution of the proposed temperature sensor. Therefore,
the conversion rate will be reduced to 2k sample/sec. Although the conversion rate will
be lower, it still quite enough for most IoT applications.

In the tape-out version, the conversion rate of R1 is 200k sample/sec and the
conversion rate of R2 is 24.2k sample/sec. Due to the conversion rate of R2 in the cost-
down version is 2k sample/sec, the conversion rate of R1 is lowered to 2k sample/sec.
Therefore, the reference clock (Ref CLK) which used to get the R1 value can be
lowered to 10MHz in the cost-down version.

The power consumption of each thyristor is 16uW, for the considerations of
measurement and conversion rate, the total number of thyristors used is 192 which
occupies most of the power consumption and area of the tape-out version temperature
Sensor.

As shown in Table 4.1, the proposed temperature sensor removes the trimming
flow and reduces the number of thyristors in the cost-down version. The clock speed of
the reference clock is reduce to one-tenth of the reference clock used in the tape-out
version. However, the conversion rate of the cost-down version will be reduced to 2k

sample/sec.
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Table 4.1 Resource comparisons of two versions temperature sensors

Tape-out version Cost-down version
Ref CLK 100MHz 10MHz
Conversion rate(k/S) 242k 2k
Number of thyristor 192 8
Trimming Yes No

4.2 Architecture of Cost-Down Version Temperature

——
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RROI CLK . = g Cl
RROI . 55000 Ref c1x L Counter] p  Subtractor
Co———p ,
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(RO —ROCR 22500 — Counter? —2
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o> 13 bit
Div Qut3
RRO2 CLK = »
RROD >>12000 Counter

ﬁLsz

13 bit

CRO CLK J

Fig. 4.1 Cost-down version of proposed delay ratio estimator (DRE)

Fig. 4.1 shows the cost-down version of the proposed delay ratio estimator which
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use the high voltage sensitivity 2-input NAND gates with MOS capacitors to compose
the RRO1 and let the RRO1 and CRO having large voltage sensitivity difference. In the
simulation results, the output R2 uses the negative temperature coefficient delay cells
to let the CRO and RRO2 have different temperature coefficient and use the
characteristics of the division to eliminate the influence of voltage variations. Addition,
the Ref CLK in the cost-down version is 10MHz.

The delay ratio estimator output value, R1 can be expressed in (4.1), where the
Prro1 1s the period of the ring oscillator 1 (RRO1), Pcgo 1isthe period of the compared

ring oscillator (CRO), Pges 1 is the period of the reference clock.

P * 5000) — (Pcro * 2500
R1 :( ( RRO1 ) ( CRO ) ) (4.1)
PRef_CLK

The Pggoq can be expressed in (4.2), where the N 1is the stages number of high
voltage sensitivity 2-input NAND gates with MOS capacitors (N; = 17 in this
design), Dcpco 18 the propagation delay of a high voltage sensitivity 2-input NAND
gate with a MOS capacitors at (1.0V, 50°C). V,, is the voltage sensitivity of a 2-input
NAND gate with a MOS capacitors and T,; is the temperature sensitivity of a high
voltage sensitivity 2-input NAND gate with a MOS capacitors, and T,y,rent 1S the

current temperature value, Viyrrene 18 the current supply voltage.

Prro1 = Ny * {DCDCO + [(chrrent —1.0V) * Vbl] + [(Tcurrent —50°C) * rl]}(4'2)

The Pcro can be expressed in (4.3), where the N, is the stage number of 2-input
NAND gates (N,= 129 in this design), Dgpco 1s the propagation delay of a 2-input
NAND gate at (1.0V,50°C). V,,, is the voltage sensitivity of a 2-input NAND gate and

T,, is the temperature sensitivity of a 2-input NAND gate, and T,y ;rens 1S current
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temperature value, V., rens 18 the current supply voltage.

PCRO = NZ * {DRDCO + [(chrrent - 1-OV) * Vbz] + [(Tcurrent - SOOC) * rz]} (4-3)

Where N; = 17 and N, = 129 and the Eq. (4.1) can be derived as (4.4) by using
Eq. (4.2) and Eq. (4.3).

| _ {(85000D¢pco — 322500Dzpco) + Va + T}

(4.4)
Pref cLi

Where V, is (Veyrrene — 1.0V) * (85000, = 322500V,,,), Ty is (Tyrrent — 50°C) *

(85000T,;—322500T,,).
Where Vy, = 2V,,, Ty, = 4T, which is derived from Table 2.1.

Observed from the Eq. (4.4), the temperature coefficients T; of R1 can become
smaller. The R1 value will have low-temperature sensitivity but will be sensitive to the
voltage variations which can use to detect supply voltage under temperature variations.

The delay ratio estimator output R2, can be expressed in (4.5) where Periodggo-
is the period of RRO2, P% is the process coefficient of RRO2, V/? is the voltage
coefficient of RRO2, T¥? is the temperature coefficient, and Period g, is the period
of CRO, P%!, VA1, TY' represent process, temperature, voltage coefficient of the

CRO, respectively.

Periodggoy * (P2 * V% x TY2) x 12000
Periodcgo * (P*1 x VB x TY1)

(4.5)

The process variation of R2 can be eliminated by the calibration flow, therefore,

the P*! and P%? can be ignored. the (4.5) can be derived into (4.6).

Periodrrp2*12000
Periodcro

R2 =

oy () (4.6)
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In Eq. (4.6), the VF?~ 1.001VA' (at TT 20°C) , VA2 ~ 1.005VF! (at TT

80°C) and T™ =~ 0.971T"™* (at TT 0.9V), T™ ~ 0.986T" (at TT 1.1V) which is

. . . vhzy .
observed from simulation result, the voltage coefficient of R2, (—) is close to 1

VAL
(constant). The R2 will have the low-voltage sensitivity due to the characteristics of
division will offset the voltage sensitivity of two ring oscillator.

Fig. 4.2 shows the architectures of the three ring oscillator (CRO, RRO1, RRO2),
compared to the tape-out version, the cost down version doesn’t need to trim the stage
of thyristors used for compensation. In the tape-out version, the RRO1 have 16 stage
of thyristors and each stage have 4 of thyristors which are used to trim and let the
voltage sensor (R1) will not be suffered from temperature variations. In the cost-down
version, the proposed voltage sensor will not adopt the method of trimming, instead,
compensate for voltage sensor through the temperature information calculated by R2
and let the voltage sensor will not be suffered from the temperature variations.

In the tape-out version, the RRO2 have 16 stages of thyristors, each stage has 8 of
thyristors. Due to the consideration of high conversion rate, more thyristors must be
used which can let the R2 change drastically with temperature variation in a short period
measurement. Subsequently, the RRO2 need to trim the appropriate numbers of
thyristors under different process corner to let the R2 have sufficient resolution and high
conversion rate.

In the cost-down version, due to the conversion rate is lower and there has more
time to achieve the sufficient resolution of the proposed temperature sensor. Therefore,
the number of thyristors can be reduced, too. In the cost-down version of RRO2, the
numbers of thyristors are 8 and the RRO2 doesn’t need to be trimmed under different

Process corners.
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Fig. 4.3 Cost-down version of proposed voltage and temperature sensor
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Fig. 4.3 shows the architecture of cost down version voltage and temperature
sensor, the delay ratio estimator will calculate the R1 which is used to sense the current
voltage and R2 is used to sense the current voltage.

At the calibration mode, the proposed voltage and temperature sensor need to
measure R1 and R2 at (20°C,0.9V), (50°C,0.9V), (80°C,0.9V), (20°C,1.0V), (50°C,1.0V),
(80°C,1.0V), (20°C,1.1V), (50°C,1.1V) and (80°C,1.1V). After calibration, the
coefficients of fitting curves which is used to calculate the current voltage and
temperature will be determined.

In the cost-down version after calibration, the R1 will be used with the fitting curve
method to calculate the current supply voltage, as shown in Eq. (4.7). Then the R2 will
use the fitting curve method to calculate the current temperature Eq. (4.8). Subsequently,
the temperature information will feedback to the voltage sensor and the R1 will choose
the appropriate coefficients of the fitting curve according to the current temperature.
Therefore, the wvoltage sensor can calculate the current supply voltage under
temperature variations. The voltage information will feedback to the temperature sensor
and the R2 will choose the appropriate coefficients of the fitting curve according to the
current voltage. Therefore, the temperature sensor can calculate current temperature

under voltage variations.

Current_Voltage = ag,(Tj) * R1(Vi,Tj)? + br,(T)) * R1(Vi, Tj) + cg(Tj)  (4.7)

Current_Temp = ag,(Vi) * R2(Vi,Tj)? + bg, (Vi) * R2(Vi, Tj) + cg, (Vi) (4.8)
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4.3 Algorithm of Calculating the Coefficients of Fitting

Curves

As shown in Fig. 4.4 in the off-chip process, the proposed temperature sensor will
interpolate 198 fitting curves from 0.9V to 1.1V and the temperature sensor will choose
the fitting curve according to the current supply voltage and calculate the current
temperature.

After calibration, the proposed temperature sensor only determines the coefficients
of fitting curves at (0.9V, 1.0V, 1.1V). However, the proposed temperature sensor will
not get each coefficient of fitting curves by measuring at the different voltage which
will spend lots of time on calibration. Therefore, the proposed temperature sensor will
use known coefficients of the fitting curve at (0.9V, 1.0V, 1.1V) to interpolate and get

the coefficients of the fitting curve at different voltages.

80 T T T 4 T T T T T T
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—eo— TT 1.0V
70 | *—TT 1.1V 4
Interpolation 99
O 60 fitting curves .
‘5 (resolution 1mV)
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= N |
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fitting curves
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20 1 1 1 1 1 1 1

1.074 1.076 1.078 1.08 1.082 1.084 1.086 1.088 1.09
R2 x 104

Fig. 4.4 Fitting curve interpolation of R2
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da1 r2 = {ag2(1.0V) — ag,(0.9V)}/99
dp1 rz = {br2(1.0V) — bg,(0.9V)}/99
dey pz = {Cr2(1.0V) — c,(0.9V)}/99
daz gz = {ar2(1.1V) — ag,(1.0V)}/99
dpz r2 = {br2(1.1V) — bg,(1.0V)}/99

dez rz = {Cr2(1.1V) — ¢ (1.0V)}/99

If Current_Voltage is 0.9V~1.0V

ag, (Vi) = agp(0.9V) + (i * da1 r2)
bra (Vi) = cga(0.9V) + (i * dp1 g2)

Cra (Vi) = cpp(0.9V) + (i * d¢q r2)

Where 1 =1~99, and V1 = 0.901V, V2 =0.902V..... V99 = 0.999V

If Current Voltage is 1.0V~1.1V

ap, (Vi) = agz(1.0V) + (i * dgy r2)
bgr, (Vi) = cpa(1.0V) + (i * dp; g2)

Cra (Vi) = cpa(1.0V) + (i * d(p g2)

Where 1 = 1~99, and V1 = 1.001V, V2 = 1.002V..... V99 = 1.099V

the coefficients of the second order R2 fitting curve at 1.1V.

fitting curve at voltage Vi,.
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(4.15)
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(4.18)
(4.19)

(4.20)

Where ag,(0.9V), bg,(0.9V) and cg,(0.9V) are the coefficients of the second order
R2 fitting curve at 0.9V, ag,(1.0V), bg,(1.0V) and cg,(1.0V) are the coefficients of

the second order R2 fitting curve at 1.0V, ag,(1.1V), bg,(1.1V) and cg,(1.1V) are

Where ag,(Vi), bg,(Vi) and cg,(Vi) are the coefficients of the second order R2



Observed from the simulation results, the coefficients of fitting curves at (0.9V, 1.0V,
1.1V) is decremented as the voltage rises. Therefore, the proposed temperature sensor
will use the arithmetic progression to approximate the coefficients at others voltage
according to the known coefficients at (0.9V, 1.0V, 1.1V). As shown in Eq. (4.9) to Eq.
(4.14), the proposed temperature sensor will calculate the difference of the arithmetic
according to the known coefficients at (0.9V, 1.0V, 1.1V) which is calculated at
calibration flow. Subsequently, the proposed slope and intercept selector will calculate
the coefficients of fitting curves at different voltage as shown in Eq. (4.15) to Eq. (4.20)
and choose the appropriate coefficients of fitting curves according to the current supply

voltage.
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Fig. 4.5 Fitting curve interpolation of R1
As shown in Fig. 4.5, proposed voltage sensor will interpolate 58 curve fitting
curves from 20°C to 80°C and the voltage sensor will choose the fitting curve

according to the current temperature and calculate the current voltage.
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After calibration, the proposed voltage sensor only determines the coefficients of

the fitting curves at (20°C, 50°C, 80°C). However, the proposed voltage sensor can’t get

each coefficient of fitting curves by measuring at the different temperature which will

spend lots time on calibration. Therefore, the proposed voltage sensor will use known

coefficients of the fitting curve at (20°C, 50°C, 80°C) to interpolate and get the

coefficients of the fitting curve at the different temperature.
da1 r1 = {ar1(50°C) — ap,(20°C)}/29
dp1r1 = {br1(50°C) — bg,(20°C)}/29
dc1 r1 = {cg1(50°C) = c,(20°C)}/29
daz_ g1 = {@r1(80°C) — a1(50°C)}/29
dpz r1 = {br1(80°C) — br;(50°C)}/29
dez.r1 = {cr1(80°C) — c£1(50°C)}/29

If Current_Temp is 20°C~50°C
ar1(T)) = ag1(20°C) + ( * das_r1)
br1(T)) = cr1(20°C) + (j * dp1_g1)
cr1(T)) = cr1(20°C) + (J * deq 1)

Where j = 1~29, and T1 = 21°C, V2 = 22°C..... V29 =49°C

If Current Temp is 50°C~80°C
ar1(T)) = ar1(50°C) + (J * daz r1)
br1(Tj) = cg1(50°C) + (J * dps_r1)
cr1(T)) = cr1(50°C) + (j * dcz r1)

Where j = 1~29, and T1 = 51°C, V2 = 52°C..... V29 =79°C

(4.21)
(4.22)
(4.23)
(4.24)
(4.25)

(4.26)

(4.27)
(4.28)

(4.29)

(4.30)
(4.31)

(4.32)

Where ag;(20°C), bg,(20°C) and cg;(20°C) are the coefficients of the second order

R1 fitting curve at 20°C, ag,(50°C), bg,(50°C) and cg,(50°C) are the coefficients of

the second order R1 fitting curve at 50°C, ag;(80°C), bgr,(80°C) and cg;(80°C) are
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the coefficients of the second order R1 fitting curve at 80°C.

Where ag;(T)),br1(Tj) and cg,(Tj) are the coefficients of the second order R1 fitting

curve at temperature Tj.

Observed from the simulation results, the coefficients of fitting curves at (20°C, 50°C,
80°C) is decremented as the temperature rises. Therefore, the proposed voltage sensor will

use the arithmetic progression to approximate the coefficients at others temperature

(4.32) and choc co ients of fi

temperature.
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4.4 Operating Flow of the Proposed Temperature

Sensor

Calibration Mode: )

At calibration, the R1 and B2 will measure at
(0.9V.20°C),(1.0V.20°C),(1.1V.20°C)
(0.9V.50°C),(1.0V.50°C),(1.1V.50°C)
(0.9V.80°C),(1.0v.80°C),(1.1V.80°C)

The fitting curve coefficients of R1 (at
20°C,50°C,80°C) and R2 (at
0.9V,1.0V,1.1V) will be calculate by
using the value of R1 and R2 at
calibration point

The fitting curve coefficients at
different voltages or temperature will be
calculated by using the known
coefficients which 1s calculated at
calibration flow

R2 choose the fitting curve coefficients
according to the current voltage
(At first, choose coefficients(1.0V) )

Calculate the current temperature

R1 choose the fitting curve coefficients
according to the current temperature

Calculate the current voltage

Fig. 4.6 Operating Flow of the proposed temperature sensor

(Cost-down version)

K iterations

As shown in Fig. 4.6, the proposed temperature and voltage sensor need to be

calibrated and get the values of R1 and R2 at calibration points. After calibration, the

proposed temperature sensor will calculate the coefficients of the fitting curve at (0.9V,

1.0V, 1.1V) and the difference of the arithmetic progression according to the known

coefficients by using the known coefficients at (0.9V, 1.0V, 1.1V). The proposed voltage

sensor will calculate the coefficients of the fitting curve at (20°C, 50°C, 80°C) and
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difference of the arithmetic progression according to the known coefficients by using
the known coeftficients at (20°C, 50°C, 80°C).

After calibration and coefficients calculation, the proposed temperature sensor will
choose the coefficients of the fitting curve at 1.0V and calculate the current temperature
in the normal mode. Although at this stage, the proposed temperature doesn’t know the
value of current supply voltage. However, due to the low-voltage sensitivity of the
proposed temperature sensor, the 10% voltage variations will not make the error of the
temperature sensor exceed 20°C. Subsequently, the temperature information will pass
to the voltage sensor.

Due to the low-temperature sensitivity of the proposed voltage sensor, 20°C
temperature error does not cause the voltage error of the voltage sensor to exceed 15mV.
Therefore, the propose voltage sensor can calculate the current supply voltage
according to the temperature information. Subsequently, the voltage information will
pass to the temperature sensor.

After getting the voltage information, the proposed temperature sensor will choose
the appropriate coefficients of the fitting curve and calculate the current temperature
again. After k iteration (k = 2 in this design), the error of voltage and temperature will
converge and the proposed temperature sensor can work under voltage variation, the

proposed voltage sensor can works under temperature variations.
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4.5 Experimental Results

Fig. 4.7 Layout of the proposed temperature (cost-down version)

The layout of the proposed temperature is shown in Fig. 4.7. The test chip is
implemented in TSMC 90nm CMOS process with standard cells and a 1.0V power
supply. The core size of the chip is 240um * 100um. The chip size including 1/O

PADs is 775um * 665um.
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Fig. 4.8 R1 post-layout simulation under different PVT variations
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Fig. 4.8 shows the post-layout simulation of R1 value under different PVT
conditions. The RROI1 use the high voltage sensitivity 2-input NAND gates with MOS
capacitors to let the RRO1 and CRO having large voltage sensitivity difference. Also,
the characteristics of the subtraction will offset some of the temperature sensitivity of
R1. As a result, the R1 value is sensitivity to the voltage variations and have low-
temperature sensitivity. Subsequently, the R1 will use the fitting curve method to
calculate the current supply voltage as shown in Eq. (4.1) and choose the appropriate
coefficients of the fitting curve according to the temperature information which is
calculated by R2 value. Due to the low-temperature sensitivity of R1, the voltage
information calculated by R1 can tolerate a range of temperature errors which is
calculated by R2.

Fig. 49 shows the post-layout simulation of R2 value under different PVT
conditions, Due to the RRO2 use the high negative temperature coefficient delay cells
to let the RRO2 and CRO having large temperature sensitivity difference and the
characteristics of the division will offset some of the voltage sensitivity of R2. As a
result, the R2 value is sensitivity to the temperature variations but have low-voltage
sensitivity. Subsequently, the R2 will use the fitting curve method to calculate the
current temperature as shown in Eq. (4.2) and choose the appropriate coefficients of the
fitting curve according to the voltage information which 1s calculated by R1 value. Due
to the low-voltage sensitivity of R2, the temperature information calculated by R2 can
tolerate a range of voltage errors which is calculated by R1.

As shown in Fig. 4.6, the PTAT (R2) will not have any voltage information at 1%
iteration. Fig. 4.10 shows the error of PTAT (R2) under 10% voltage variations and
different corner, the maximum error of PTAT at 1% iteration is 15.2°C ~ -14.9°C. Due
to the low-temperature sensitivity of R1, the temperature error from the PTAT at 1%

iteration is tolerable. Subsequently, the voltage sensor will choose the coefficients of
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Fig. 4.11 shows the error of the proposed voltage and temperature sensor at
different iteration and process corner. At the 1% iteration, the proposed temperature
sensor will choose the coefficients of the fitting curve at 1.0V. Even if the proposed
temperature sensor will not have correct supply voltage information at 1% iteration, the
maximum error of temperature sensor will not exceed 20 degrees under 10% voltage
variation. At 1% iteration, the proposed voltage sensor will get the temperature
information from the temperature sensor and calculate the current supply voltage. Even
if the proposed temperature sensor will have 15 degrees error, the error of voltage
sensor at 1% iteration will not exceed 20mV/, which can provide a voltage information
to the proposed temperature sensor at 2" iteration.

At the 2" iteration, the proposed temperature sensor will get a voltage information
and calculate the current temperature under voltage variation. As shown in Fig. 4.11
the maximum error of the proposed temperature sensor will not exceed 4 degrees.
Subsequently, the voltage sensor will get the temperature information and calculate the
current supply voltage under temperature information. As shown in Fig. 4.11 the
maximum error of the proposed voltage sensor will not exceed 8mV which can provide
an accurate voltage information to the temperature sensor.

As shown in Fig. 4.11 the maximum error of temperature sensor after two iteration
will convergence to within +2°C. The final error of proposed the temperature sensor
is 1.75°C~ -0.71°C at SS corner, 1.42°C ~ -1.08°C at TT corner, 1.72 ~ -1.57 at FF
corner.

The maximum error of proposed voltage sensor is 3.2mV ~ -7.3mV at SS corner,

6.8mV ~-4.1mV at TT corner, 6.6mV ~ -4.8mV at FF corner.
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Table 4.2 Performance comparisons of temperature sensor (cost-down version)

[33] [35] [31] [12] [34] [36] Proposed

ASP-DAC’16 TVLSI’'12 JSSC’15 JSSC’16 TBioCAS’17 ISSCC’12 Work
Method Digital Digital Analog Analog Analog Analog Digital
Technology(nm) 28 130 65 65 65 32 90
Voltage Insensitivity No No Yes Yes Yes Yes Yes
Supply Regulator No No No No No Yes No
Temp. Range(°C) 0~100 0~100 0~100 0~100 30~70 20~100 20~80
VDD Range(V) Fixed 0.9V Fixed 1.2V 0.6~1 0.85~1.05 0.2~0.4 1.4~138 0.9~1.1
Resolution(°C) 0.44 0.78 N/A 0.3 N/A 0.2 0.39
Conversion Rate (k sample/S) 5 5 20 455 N/A 2 2

-4~4
Error (°C) -4.3~4.3 (at1.2V) -2.4~15 -5~2.2 -5~8.1 -15~15 -1.58 ~ 1.75
(at0.9V) -90-90 (PVT)
(1.08V~1.32V)
Power (mW) 0.45 1.2 0.36 0.15 0.25 3.8 0.68
@(TT,1.0V,20°C)

Area(mm?) 0.003738 0.12 0.648 0.0042 N/A 0.02 0.024
Energy for one conversion (pJ) 0.009 0.24 0.0018 0.0033 N/A 19 0.34
Supply Sensitivity(°C/mV) N/A N/A 0.0098 0.034 0.069 0.0075 0.0167
Master Curve 1, 34 1, 24 1, 1, 204
Temp. Calibration Point 2pt 1pt 2pt 2pt 2pt 2pt 3pt
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Table 4.3 Performance comparisons of voltage sensor

[39] [37] [27] [38] [40] Proposed
ECDSD’13 VLSI-DAT’13 SAS’16 ITC’07 TCAS-I'11 Work
Type Voltage IR-drop Voltage IR-drop TDC Voltage
Sensor Monitor Sensor Monitor Sensor
Technology(nm) 65 90 90 90 45 90
Temp. Insensitivity No No Yes Yes Yes Yes
Temp. Range(°C) N/A N/A 0~75 -40~90 30-90 20~80
VDD Range(V) 0.9~1.2 0.8~1.0 0.9~1.1 0.9~1.1 0.9~1.1 09~1.1
Resolution(mV) 100 3.74 0.027 N/A 27.5 25
Error (mV) 85 481 57.2 N/A N/A 7.3
Power(mW) 0.05 1.94@0.8V 1.00@1.0V N/A N/A 0.68@1.0V
Area(mm?) 0.0027 0.184 0.063 0.027 N/A 0.024
Voltage Calibration Point N/A 3pt 1pt 5pt 3pt 3pt

Table. 4.2 shows the performance comparisons of the recent temperature sensors.

The temperature sensors in [33] and [35] cannot resist the voltage variations and have

a large error under voltage variations. The temperature sensor in [36] which needs a

voltage supply regulator at advanced CMOS process and have the high power

consumption. The temperature sensor in [34] which uses the voltage difference to resist

the voltage variation but the error is still too large under voltage variations. The other

temperature sensor in [31] is full-custom design and needs extra read circuit like high-

resolution off-chip ADC and needs to find the appropriate CTAT and PTAT which is

matched. Subsequently, [12] is a full-custom design which is more complex and is not
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portable to the different process, also need a high-order curve fitting method. In addition,
most of these recent works cannot against the PVT variations which lowers the accuracy
of the performance.

Table. 4.3 shows the performance comparisons of the recent IR-drop and supply
voltage sensor. Although [37] shows the better error, however, it can’t resist the
temperature variations and can’t operate at different environment. The paper in [38]
needs 5 point voltage calibration which needs to spend lots time on the chip

measurement. The paper in [39] have the low-cost but the error is too large.
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Chapter 5 Conclusion and Future Works

5.1 Conclusion

In this thesis, the cell combination to build up the delay ratio estimator has been
proposed which improved the shortcoming of the previous works [24]-[27]. The
proposed work uses the high voltage sensitivity 2-input NAND gates and the 2-input
NAND gates to build up the difference calculator which can detect the current supply
voltage under temperature variations. Subsequently, the proposed temperature sensor
uses the 2-input NAND gate with negative temperature coefficient delay cells and 2-
input NAND gates to build up the delay ratio estimator which the output can be used
as the proportional to absolute temperature (PTAT) circuit and have lower supply
sensitivity than the common delay-line based PTAT circuits.

The proposed all-digital temperature sensor can tolerate process and voltage
variations after three-point calibration without the requirement of a supply regulator
and is suitable for battery operated system or IoT applications. The test chip of the
temperature sensor was implemented in 90nm CMOS technology and occupies a die
area of 0.82 mm?. Subsequently, the worst case temperature error under PVT

variations is —4.3°C~4.3°C and the supply sensitivity can be achieved as 0.043°C/mV.

5.2 Future Works

The resolution of the proposed voltage classifier will dominate the temperature
error of the proposed temperature sensor which had been discussed in section 3.7. In
order to lower the influence of voltage variations to the temperature sensor, the
resolution of voltage classifier needs to be improved and reduces the classified error

under temperature variations. The high voltage sensitivity can be achieved by adding
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more MOS capacitors. However, as shown in Table 2.1, the temperature sensitivity will
be also increased when more MOS capacitors are added. As a result, it needs to add
more negative temperature coefficient delay cells to compensate the temperature
coefficient and let the difference calculator will not be suffered from the temperature
variations. However, the negative temperature coefficient delay cells in the proposed
work consumes large power consumption and thus, it is not possible to add to many
capacitors for compensation issue.

In order to lower the influence of voltage variations, the proposed temperature
sensor uses low-voltage dependency PTAT which the linearity is worse but the supply
sensitivity is better as compared to the common delay-line based PTAT circuits. The
non-linearity of the proposed PTAT is caused by the division method and the negative
temperature coefficient delay cells. Subsequently, the non-linearity results in high
calibration cost in proposed temperature sensor.

As mentioned above, if the power consumption of the negative temperature
coefficient delay cell can be decreased, the resolution of voltage classifier can be finer
by adding more MOS capacitors and the influence of voltage variations to the proposed
temperature sensor could be reduced. The calibration cost of the proposed temperature
sensor is too high, if the linearity of the proposed PTAT can be improved, the calibration

cost can be lower.
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