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Near-/Sub-threshold PVT Sensors for Micro-Watt DVFS

System Design

Student : Shi-Wen Chen Advisors : Prof. Wei Hwang

Department of Electronics Engineering & Institute of Electronics

National Chiao-Tung University

1. A near-/sub-threshold all-digital process, voltage, and temperature sensor is

proposed and integrated to the DVFS control for micro-watt system
applications. The sensor is proposed for high accuracy, ultra-low voltage, low

power, and self-calibration portable applications.

2. A self-calibration near-/sub-threshold all-digital temperature sensor with
adaptive pulse width generator is proposed. The sensor is proposed for high
accuracy, ultra-low voltage, low power, and self-calibration portable

applications.



A PVT-aware DVFS for micro-watt system is proposed. The system through
the switched capacitor (SC) DC-DC converter can provide a very stable DC
power supply. It generates different voltage levels which are suitable for SoC

integrated regulator applications.

A novel connect scheme for improving power efficiency and reducing
voltage variation of switched capacitor (SC) DC-DC converter which

generates ultra low voltage is proposed.

Proposed a temperature compensation for low voltage digital assist PLL can

modulate output freg

compensate the fregu
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Chapter 1 Introduction

1.1 Motivation of the Thesis

Wireless microsensor network (WSN) technology creates enormous possibility to
have a positive impact on our near future life [1.1]-[1.2]. Advances in ultra-low
voltage (ULV) circuit design have recently demonstrated capabilities compatible with

wireless body area sensor networks (WBASNS) needs. An important application of

WBAN is the vital sensor network shown in Figl.1. Sensor nodes that measure

ECG &
Tilt sensor

SpO2 &

Motion sensor | Sem——

Figure 1.1. Sensor network of WBAN.
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The power reduction is an important design issue for the WBAN. For ultra-low
power circuit design, transistors will operate in near/sub-threshold region [1.3].
Lowering the supply voltage and frequency is one of the attractive approaches to
reduce power consumption.

Furthermore, dynamic voltage and frequency scaling (DVFS) shown in Fig.1.2,
achieves extremely efficient energy saving by adjusting system supply voltage and
frequency depending on workload monitor [1.4]. Because if this reason, there are
many previous researches about DVFS power management for digital systems such as

RISC, DSP and Video Code.

VddAlwaysOn VddHigh
] VddLow

|
|
|
|
( DVFS controller |
volt in supply :
= switch |
|
.

caore
freq cfg

Jwrapper____ T _ . 47

Figure 1.2 Dynamic voltage and frequency scaling systems.
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As we continue to reduce the voltage until the transistor get into the
near/sub-threshold voltage, circuits will become more sensitive to PVT variations
than super threshold. Thus, minimizing energy dissipation and improving variation
immunity are far more important rather than operating frequency. Thus, a process,
voltage, and temperature (PVT) aware subthreshold clocking design is essential to

solve the one last puzzle in ULV circuits.



Since wearable sensors are intended to be worn on the body, miniaturization and
minimal weight are important [1.5], [1.6]. Energy harvesting and 3D integration have
the potential to solve above mentioned challenges. Energy harvesting [1.7] can exploit
the external environment as a source of energy for sensor nodes operating over a full
lifetime; while 3D integration [1.8], [1.9] can stack more die connected with a very
high packing density of one chip. Through-silicon via (TSV) technology, however, led
to higher power density that is much worse hot spot issues. Thus, a PVT-aware

micro-watt DVFS system for energy harvesting is also essential.

1.2 Research Goals and Major Contributions

The goal of this reseaiChvis o design énd impleme‘nt‘PVT sensors for micro-watt
DVEFS system shown in Fig.fl.3. Ithincludes~ihe desi‘gn‘of ‘self-calibration all-digital
PVT sensors, MTCMOS sWitched Capagcitor (SC) DC‘-DC converter, temperature
compensation for Iow-voltage“d‘i_‘gital'assist PLL, and ‘dynamic voltage and frequency

scaling system.
The major contributions of this thesis are list as follow:

1. A near-/sub-threshold all-digital process, voltage, and temperature sensor is
proposed and integrated to the micro-watt DVFS system. The sensor is proposed
for high accuracy, ultra-low voltage, low power, and self-calibration portable

applications.

2. Aself-calibration near-/sub-threshold all-digital temperature sensor with adaptive
pulse width generator is proposed. The sensor is proposed for high accuracy,

ultra-low voltage, low power, and self-calibration portable applications.



3. Anovel connect scheme for improving power efficiency and reducing voltage
variation of switched capacitor(SC) DC-DC converter which generates ultra low

voltage is proposed.

4. To proposed a temperature compensation for low voltage digital assist PLL can
modulate output frequency via divider. Use the temperature sensor to

compensate the frequency can not lock in the worth case.

volt_level

DD|_=O.4V"'O.2V

.

DVFS
Module

\. 7

Figure 1.3 Proposed PVT sensors for micro-watt DVFS system.

1.3 Thesis Organization

The organization of the thesis is as bellow: Previous of conventional process,
voltage, and temperature sensors are introduced in the Chapter 2. The detail circuits of

conventional process, voltage, and temperature sensors are introduced. The



shortcomings of conventional PVT sensors are introduced. The applications of PVT

sensors are also introduced.

The organization of the thesis is as below. The Chapter 1 is an introduction and
motivations for research. Then, in chapter 2, introduces an overview of conventional
process, voltage, and temperature sensors. The detail circuits of conventional process,
voltage, and temperature sensors are introduced in this chapter and which also
includes the shortages of conventional PVT sensors and the applications of PVT

SENSOrs.

In chapter 3, we have as following ideas. First, proposed fully on chip and fully
digital PVT sensors. Second, we presén_ted novel FDC technique for PVT sensors, and
it can reduce power and area: Also at thersame timé, it improves temperature linearity

in near/sub-threshold regien;

The self-calibration aII-digitaI PVIT _sensors and the "self-calibration temperature
sensor with adaptive pulse w‘i‘dt‘h compensation are prbposed in Chapter 4. We use
all-digital circuit to replace thé graditional-PVT senéors which can reduce power
consumption and area. And to propose self-calibration technology does not require

additional circuitry to achieve high accuracy.

PVT sensors for micro-watt DVFS system is introduced in the final chapter. We
combine with previous proposed PVT sensors and DVFS system to control the output
voltage of SC DC-DC converter for achieving the reduction of power consumption in
different PVT variation. And use PVT sensors to compensate the output frequency of

low voltage PLL can not lock in the worth case.



Chapter 2 Previous of Process, Voltage,

and Temperature sensors

This chapter introduces the overview of PVT sensors in power management system.
The conventional process sensor design would be demonstrated in Section 2.1. The
conventional voltage sensor circuit evolution would be introduced in Section 2.2.
Section 2.3 introduces the temperature sensor circuit evolution. Section 2.4 introduces
the power management system for PVT sensors applications. Finally, Section 2.5 is

the summary.

2.1 Conventional Pre

Technology scaling be
which changes the desig
Fig. 2.1 shows a proces [2 a'Circuit consists of a current
reference circuit, Iry generator @ estemperature insensitive Voutput.

The current Igy in Fig. 2.1 is given by

Ve
R1 R, (2.1)

The current lyvp, is determined by the Ir; and the ratio of the transistor MP2 and

MP4. Therefore, Voupu IS given by

v £
Vo Rylgs +Vers =R, (RLS — gy =) + Vg (2.2)

3 MP2

utput —

Where B is the transistor aspect ratio.

From the loop “Lx” in Fig. 2.1

Va2 +Vass =Vra +Vass (2.3)



ﬂMPS

MP2

R, +Vass =Vers +Vasa (2.4)

If transistor MN3 and MN4 are in subthreshold region, Vg3 is obtained by solving

the (2.4) using the current mirror relationships among Ir:, Ivps, and lyps, and it is

given by
Pues R Puna P
VR3 = e _ZVG81 +VT In(Mﬁ) (2.5)
Pur2 Ry MN3 FMP4
By substituting (2.1) and (2.5) in (2.2), Voutput is obtained as follows:
VOutput =CVgs; +CVs (2.6)
where
R R -
C, = (R—4 +1) EZ Pu @.7)
3 , By
R
C,=(=+1)In( (2.8)
R,
In [2.2], Vgs1 IS given by
T
Vasi #Vesi(To) + Kg (T_ -1) (2.9)
0
where
KG =K +VGS (To) —Vin (To) (2.10)

where V7 is the thermal voltage, Kt is the temperature coefficient for threshold
voltage (typical value is 0.3 V), and Ty is the room temperature.
Substituting (2.10) in (2.6) to find temperature independent Voupy, taking partial

derivative with respect to temperature, and setting it zero

oV,

Output 0

= (2.11)



Solving (2.11), the condition nullifying the temperature coefficient Voyput Of is given
by
C, _ V(1)

2.12
) K, (2.12)

However, from (2.12), the temperature coefficient is affected by the large
[threshold-voltage variation in different process corner and it leads significant
variation of reference voltage. Therefore, the circuit is not suitable for a
voltage-reference circuit but is suitable for a process-variation monitoring circuit. Fig.
2.2 demonstrates linear variation of the reference voltage according to process corner
conditions. The reference voltage isv‘nlo‘t, ‘affe‘c_t_‘eq by temperature and supply voltage

variations as shown in Fig. 2.24
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Figure 2.1. Process monitoring circuit.
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Figure 2.2. Process dependence of reference voltage (output) in different temperatures

and supply voltages: (a) Vpp= 0.8 V; (b) Vbp =0.9 V; (c) Vpp = 1.0 V.



2.2 Voltage Sensor Circuit Evolution

Advanced systems (automobiles, medical and other electronic devices) have come
to use multiple sensors in recent years, and the number is expected to increase even
more in the future. The basic structure of the sensors includes a sensing element and
electronic circuits. User requirements for sensors have become more and more
demanding, including the need for high performance and lower cost.

Therefore, there are four major problems in predicting the analog type sensors of
the near future. The first issue, from an economic perspective, is the difficulty of
shrinkage due to loss of accuracy. The second problem involves greater sophistication
of, for example, self-correction and self-diagnostics. The third issue is environmental
durability. The fourth problem ‘rela‘tes to improVing_ reliability.

Research on digitalization of ‘s_‘en'vsor circuité has bevco‘r‘ne e‘nergized as efforts are made
to resolve these problems: To‘s realize digital sensing, the Weak signal from the element
must be analog-to-digital (A/D) converteddat an early stafge within the sensor chip, so
an A/D converter (ADC) is réquired; A successive apbroximation ADC is a type of
analog-to-digital converter that converis.a-cortintious énalog waveform into a discrete
digital representation via a binary search through all possible quantization levels

before finally converging upon a digital output for each conversion.

2.2.1 Successive Approximation Analog-to-Digital Converter

The successive-approximation (SA) ADC is one of the most popular architectures
for data-acquisition applications, especially when high-resolution, low power and
medium speed are required. In some applications such as wireless sensor nodes,
designing low power and low energy ADC is one of the major challenges. For

SAADC, the dominant power dissipation sources are the comparator and the

9



switching in the DAC capacitor array. Traditional successive-approximation ADC

architecture is shown in Fig2.3.

The successive approximation ADC circuit typically consists of four chief

subcircuits:

1. Asample and hold circuit (S/H) to acquire the input voltage (Vin).

2. An analog voltage comparator that compares Vi, to the output of the internal DAC
and outputs the result of the comparison to the successive approximation register
(SAR).

3. Asuccessive approximation register subcircuit designed to supply an approximate

analog equivalent of this digital ; into the comparator circuit for
comparison with the sampled input voltage. If this analog voltage exceeds Vi, the
comparator causes the SAR to reset this bit; otherwise, the bit is left a 1. Then the
next bit is set to 1 and do the same test, continuing this binary search until every bit in
the SAR has been tested. The resulting code is the digital approximation of the
sampled input voltage and is finally output by the DAC at the end of the conversion

(EOC).

10



Clock ] SAR — EOC
DN 1 DN 2 D2 Dl DO
\ A 4 vy VY
VREF DAC
Comparator
_|..
ViN—— S/H P

Figure 2.3 Successive Approximation ADC Block Diagram

used to pass the equivalent frequency required. The input voltage controls the

selective block.

11
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Figure 2.4 The general all-digital ADC.

Figure 2.5 Quantization levels of ADC.

In the last approach, the number of gates will be dramatically high. Therefore, to
minimize the hardware complexity, a new circuit was presented [2.3] as shown in
Fig2.6. In the circuit, the input voltage is converted to frequency (voltage controlled
oscillator) using only one oscillator. This clock signal is passing through constant
duration pulse (Ts) to count, as shown in Fig2.6. In this circuit, if the supply voltage

(control terminal) is changed from Vg to Vo+q, where q is the quantization voltage,

12
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the output frequency of the VCO will be less or equal fo. (fo=I/Ts, where T, is time of
conversion). Therefore, the counter will count 0's, (no positive/negative edge will be
counted). At the second quantization level (2q), the frequency output must be 2fo.
Only two pulses will be memorized in the counter during the Ts pulse. The relation

between the input voltage and its equivalent frequency is shown in Fig 2.5.

Vin
:)—} Counter ﬂgtgtgi
Delay Unit
Is

Figure 2.6 All-digital-voltage to frequency converter ADC.

The digital voltage-to-tiime, cbnversion technique; ean be employed as controlled
circuit. The basic block and ﬁiming diagram_of.this controlled circuit are shown in
Fig2.7. The inverter steps wifh‘in the gate delay. pulse groﬁp are P1, P2, P3,..., which
are steady states (1,0,1,...). Measurernent process startswith the rise of pulse PA, then
the P1, P2, P3, ... are going to invert..Due tothe prdpagation delay time, there is an
overlap between two 1's or 0's as shown in Fig 2.8. When pulse PB starts to rise, the
number of inverters in which its outputs have changed due to PA is equal the
measurement time. Table 2.1 illustrates the XOR gate outputs for 4-stage delay line,
the 0's output logic means that position of the overlap between two I's logic. This 0's
logic will be cached at Y at level V; of the input, at Y, at level V,, and so on, where

(V1<V2<V3<V4<V5) .

13
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Figure 2.7 Voltage to time conversion concept using digital circuit.

PA

P1

P2

P3
P4

PB

Figure 2.8 Voltage to time conversion wave signals.

I 4

5

Table 2.1 The output of voltage-to-time conversion ADC
(Tp1 >Tpp >Tpg >Tps >Tps)

V. Delay Output

" Time Y, Y, Y3 Y,
V, Tos 0 1 1 1
V, Too 1 0 1 1
\VA Tos 1 1 0 1
V, Tps 1 1 1 0
Ve Tos 1 1 1 1
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2.3 Temperature Sensor Circuit Evolution

In recent years, numerous portable electronic products have been launched to the
market with considerable market growth. With process scaling down continuously,
this high level of integration also introduces the problem of self-heating, which is the
result of increased power density. Low cost, low power, high-performance
temperature sensors are therefore becoming increasingly important for applications
from power consumption control to thermal monitoring, so as to enhance performance
and reliability. The important applications of smart temperature sensors include:

1) The power consumption control in VLSI chips, such as CPU and chip sets.
2) The thermal compensation ‘in single=chip, systems and micro systems with
built-in sensors. | ‘
3) The environment temper_ature MOoNItors i automatic fébrication factories.
4) The temperature contrdjl of consumer elebtronics, suchsas automobiles and home
electronics. Kim et a‘iL‘ [2:4}~ use, temperature “S‘ensor for Mobile DRAM

Self-refresh Control. |

2.3.1 Analog Temperature Sensor

Several different implementations of on-chip temperature sensors have been
reported in the last ten years. With the use of bipolar transistors for temperature
sensing, and advanced techniques including chopping circuit, dynamic element
matching and sigma-delta ADC for noise suppression and cancellation, Pertijs et al.
[2.5] developed an on-chip temperature sensor with a 3¢ inaccuracy of +1°Cat the
expense of increased circuit complexity.

With the use of three CMOS transistors for temperature sensor was presented in

[2.6]. The three-transistor temperature sensor shows in Fig. 2.9, which utilizes the

15



temperature characteristic of the threshold voltage, shows highly linear characteristics

at a power supply voltage of 1.8 V. The conditions of this temperature sensor are

defined as follows.

1) All transistors operate in the saturation region.
2) The output voltages of each node are equal.

3) The sinking currents at each node are equal.

The temperature is obtained by measuring Vour, where the two currents, loyt1 and

louTe, have the same value. When the substrate bias effect of the transistor M2 is

neglected to simplify the calculation, their Ips-Vgs characteristics and the operating

conditions are

losy = % (V681 -V; -.b"'

Wl

B = e :Cox E

B
I DS2 — 72 (VGSZ _VTZ

By = Mt .Cox L_2

2

IDs3 = % (Ves3 _VT3)2

By = tty o o
3 = Het3%0x L,
IDSl = IDSZ = IDS3
VOUTl :V681 ’ VOUT2 :Vesz +Vc-;ss

VOUTl :VOUTZ
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(2.15)

(2.16)

(2.17)

(2.18)

(2.19)

(2.20)

(2.21)



After solving (2.16) - (2.18) for each transistor’s respective Vs, the results are
applied to Vgszand Vgss in (2.20). Then, Ips; and Ipsz are also substituted for

(2.13)&(2.14) using (2.19). Finally, (2.21) is solved against Vgs; and we get

=VT2 +VT3_(\/ﬂ1/182 +\/181/:83)VT1 o

Vo = T
ouT1 GS1 1—(\/ﬂ1/,32 +\/,81/ﬁ3) (2.22)
dVOUTl dVT 2 dVT 3 dVTl
—OUTL _ 3 + —p—
a2 e )P (2:23)
Where

1
I AIB BB
_ BB+ BB
1-(B.1 B, + 81 )

Since \/ B! B, +\/ﬂ1/ B can be assumed aS constant, the variables and in (2.23)

also become constant. Therefore jithe output.voliage cofresponds to the temperature

coefficients of the transistor threshold Voltages.

Vout1Q Vout2C

Vss

Figure 2.9 Conventional three-transistor temperature sensor.
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Fig. 2.10 shows the characteristics at 1.8V and 1V supply voltages, where the
intersections of and correspond to the operating points of this sensor. This method
shows highly linear characteristics at a power supply voltage of 1.8V or more, which
enables us to define the operating conditions well above twice the threshold voltage.
But the linearity diminishes after scaling down the supply voltage to 1V using a
90-nm CMOS process. Because the temperature coefficient of the operating point’s
current at a 1V supply voltage is steeper than the coefficient at a 1.8V supply voltage,
the operating point’s current at high temperature becomes quite small and the output

voltage goes into the subthreshold region or the cutoff region.

Temp[°C] Temp[°C]

120%0*]20 120+0——F-—+120
R A I Frrr
J | Scaling
1o f :Down &
< 8 B
A e |
~ 6p. ....... ..................... —
H . : : : | : . Opémtir;g
T MW O i -
P LA i) ' Toum_1V
E T e ......
0 r\___,-‘ 1
00 02 04 06 08 1.0 1.2 1.4 1.6 1.8
Vas [V]

Figure 2.10 Operating-point comparison of three-transistor temperature sensor on

Ips-Ves curves at 1.8- and 1.0-V supply voltage.

To improve linearity at a 1V supply voltage, an accurate four-transistor temperature
sensor was designed in [2.7] shows in Fig. 2.11, and developed for thermal testing and

monitoring circuits in deep submicron technologies. Note that to operate the
additional transistor in the saturation region, an extra bias voltage V., is required.
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Of course, the bias voltage generation circuit must not possess temperature
dependency, and, in some cases, this circuit becomes larger than the temperature
sensor itself.

In addition, the W/L ratio of the transistors M0’ and M1 should be as small as
possible so that the current 1,;, remains small. However, the smaller W/L ratio
requires a longer channel, so it occupies larger chip area. Consequently, there is a
tradeoff between the current consumption and the chip area.

The 155 —V¢s characteristics and the operating conditions of both the proposed

four-transistor sensor is the following:

'
2|DSZ

+Vi, + T (2.24)

, —
VOUTl -
2

\/2|;,’S2 +\/2I’D’53
ﬁz ﬂS

output voltage is main

Fhus, (2.24) shows that the

e characteristics of the

threshold voltage (M 2’

Additional
transistor

_-.,_

’IDSO

V'Ggso O—v—iE)MO ’ Mlﬂ
'Gso ' W'y/L's=0.6/2.8

W'\ /L"=0.2/2.8
’2/L '2=(3 .5/0.1 4)X4
"JL'=(3.5/0.14)x4

Vss l

Figure 2.11 Four-transistor, voltage output, temperature sensor.
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The output current of four- transistor temperature sensor is more high linearity with

high temperature than conventional three-transistor circuit shows in Fig 2.12.
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A Touma 1V
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Figure 2.12 Op erature sensor.

2.3.2 Time-to-Digital 'e

integrated into analog thermal senso designers to compose the so-called
intelligent or smart temperature sensors. The typical block diagram of the
conventional smart temperature sensor is depicted in Fig. 2.13 [2.8]. The sensor
consumes more power, and large area, so another version of all-digital temperature

sensor which is based on time-to-digital converters instead of ADCs was presented in

[2.9]-[2.15].
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—» Converter
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Figure 2.13 Conventional digital output of temperature sensor.

—I_I— Cyclic Digital

| Time-to-Digital p——p-
B) ) Converter Output
u

Temperature-to-Pulse

Generator
START

Figure 2.14 Bloek diagram of the time<to-digital temperature sensor.

The temperature sensor. composedv of temperaturéfto-pulse generator and cyclic
time-to-digital converter, shows in“Eig 2.14. Temperature-to-pulse generator, it can
generate a pulse width is linear to temperature variation. A simple circuit utilizing
gate delays to generate the thermally sensitive pulse is shown in Fig. 2.15. The
START signal is delayed a certain amount of time by the delay line composed of even
number of inverter. The high-to-low and low-to-high propagation delay time for an

inverter can be expressed as [2.16]

t _ 2CLVTN + CL . |n( 1'5\/DD B 2VTN ) (2.25)
PHL .
KN (VDD _VTN )2 KN (VDD _VTN) O-5VDD
¢ __ —2C\Ve C, In( 1.5V, + 2V, )
PHL — K Vo) K V. 0.5V (2.26)
P(VDD+ TP) P(VDD+ TP) ~“Vpp
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Whereky = 1yCox W /L)y, ko =2,Co (W /L), and Cp are the transconductance

parameters and effective load capacitance of the inverter. Note that we assume
square-law behavior for the CMOS devices and thereby ignore the effects of velocity
saturation. For an inverter with equivalent NMOS and PMQOS, the propagation delay

can be derived as

Lo +lon _ (L /W)CL In( 1.Vpp —2V; ) 297
P .
2 HCox (VDD _VT) 0.5Vpo 227

Where

T ‘i
,U=,U0(T_)k . km

(2.28)

0
V;(T)=V;(T,) + E , 3.0mv/°k  (2.29)
As the temperature in ‘ threshold voltage (V1) will
both decrease. In the ca the thermal effect of the
propagation delay will be dom t is, the thermal coefficient
of the propagation delay will bece e major problem of the simple

temperature-to-pulse generator is that the width of the output pulse at the lower bound
of the measurement range is usually much larger than zero. This will cause a large DC
offset at the smart temperature sensor output. The second delay line with thermal
compensation for temperature sensitivity reduction is inserted in the lower
transmission path of the START signal to reduce the width offset of the output pulse,
which is shown in Fig. 2.16. The width offset of the output can be easily reduced by

adjusting the number of delay cells in delay line 2.
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Figure 2.15 Temperature-to-pulse generator.
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Figure 2.16 Width offset reduction accomplished by delay line 2.

As shown in Fig. 2.17, a simple thermal compensation circuit is used to reduce the
sensitivity of the inverter in delay line2. The diode connected transistors P1, N1, and
P3 serve as the core of the thermal compensation circuit. Since P1, P3, and N1 are all
diode connected, they will operate in saturation if bias current is flowing. Thus, we

have
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Pl P2
i I
| NOT]

P3 |— | i
| >~— |—e
| IN OUT |
| |
|

(2.30)

When the temperature is higher than 200K, a significant plateau effect can be
observed for the difference between mask channel length and effective channel length.
The thermal sensitivity of channel length modulation term (1+AVggpe,) Will be
neglected in the following deviations since it is much smaller than those of mobility
and threshold voltage over the temperature range we are interested.

Ol pps -0

To get the minimum thermal sensitivity, let oT
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- (; A (W )(T )km_l[ ssps — Ve (To) —a(T =T, )]2(1+1VGSP3)

=a- - ox( )( )km[ esps — Vs (To) —a(T - T)](l"‘;tvesps)

After simplification, we have

a-T

Vasps =Vr (To) + (T =Ty) +2—— (2.32)
km

The sizes of transistors P1 and N1 are adjusted to make the gate-to-source voltage

of P3 fit the requirement stated in (2.32) as closely as possible. The conduction

current of transistor P3 can be found by substituting (2.32) back into (2.31) to yield

1 W, T
I _ = C A YA km
DP3 = HoCox ( L )(To) (2.33)
Whenkm=-2, the drain ¢ | independent
1 w
lops = E HoCox (T) (O

process variation.
Finally, the cyclic time-to-digital converter, shows in Fig 2.18, it convert the pulse

width of temperature-to-pulse generator to digital output code.

— Delay Line Counter
T out

Reset Input
| | | | Tia

Figure 2.18 Block diagram of the cyclic TDC.
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2.3.3 Dual-DLL-Based All-Digital Temperature Sensors

With process scaling down continuously, PVT variation will be a big problem about
Time-to-digital based temperature sensors. A new type DLL-based all-digital
temperature sensor [2.17] was presented. It has two improvements. First, it removes
the effect of process variation on inverter delays via calibration at one temperature
point, thus, reducing high volume production cost. Second, we used two
fine-precision DLLs, one to synthesize a set of temperature-independent delay
references in a closed loop, the other as a TDC to compare temperature-dependent
inverter delays to the references. The use of DLLs simplifies sensor operation and

yields a high measurement bandwidth (5kS/s) at 7bit resolution, which could enable

fast temperature tracking.

We execute calibration : A ng the circuit of Fig. 2.19. It

that  synthesizes
1896

, 28*DLL (R-DLL) is locked to

) as constant delay A0. MUX-1
taps a node in the R-DLL delay line: if the N-th cell’s output is tapped, the delay from
input x(t) to output d(t) of the R-DLL is Dp. = NAg. This is our delay reference
independent of temperature and process. N can be altered to produce different
reference delays. In the open-loop line, if the M-th cell’s output is tapped by MUX-2,

the delay between input x(t) and output c(t) is varies with temperature and process.
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Figure 2.20 Calibration mode (top) and measurement mode (bottom).
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In calibration mode at temperature T¢, we set N = N¢ to fix the reference delay at
Do = NcAo. We then increase M (MUX-2 setting) until Do, equals Dp . at M = M.
This comparison of Do to Dpi . to find their lock at M = Mc is done via the
bang-bang phase detector in the middle of Fig. 2.19. Then the Mc value is
corresponding to process corner.

Once 1-point calibration is complete, the sensor enters measurement mode.
Temperature T is unknown, thus, Do, of the hardwired open-loop line is an unknown
delay, which the M-DLL measures by varying the reference delay Dp, . of the R-DLL
(bottom of Fig. 2.20). MUX-1 setting N is varied until DDLL equals Do at N = Nm.
Nm is a digital output that faithfully represents T. Nm corresponds to the normalized

delay seen earlier. Fig. 2.21 shows‘the implemented arehitecture.
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Figure 2.21 DLL-based CMOS all-digital temperature sensor.
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2.4 PVT Sensors Applications

The important applications of temperature sensors include:

1) The temperature control of consumer electronics, such as automobiles and home
electronics.

2) The power consumption control in VLSI chips, such as CPU and chip sets;

3) The environment temperature monitor in automatic fabrication factories;

4) The temperature control of 3D-ICs.

5) The temperature compensation of clock skew in synchronous digital circuit.

2.4.1 CMOS Temperature Sensef with Ring Oscillator for Mobile
DRAM Self-refresh Control | '

Low-power mobile DRAIM Can adjust=Its self-refresh‘ périod according to internal
temperature to minimize d:ata retention cufrent during spower-down mode [2.4].
Usually, the leakage charéqteristic of _a.DRAM ce“ll‘ becomes worse at high
temperature than at low fempé‘raturé. Hence, for a“conventional DRAM with no
self-refresh control scheme, the interval for seIf-refresh operation must be determined
by the hottest temperature condition. This means that data retention current is wasted
at low temperature due to too early refresh of memory cells. Moreover, if a local
clock signal to determine the self-refresh interval is generated by a ring oscillator as
conventional DRAMs do, the wasted data retention current tends to be further
increased at low temperature because the oscillation frequency of the oscillator
increases as temperature decreases. This situation is described by the upper curve in
Fig. 2.22 showing the dependency of the oscillation frequency of a ring oscillator on
temperature variation. On the other hand, if we can measure the temperature using a

temperature sensor, the self-refresh period can be adjusted adaptively based on this
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measured temperature. That is, the period can be set long at low temperature and short

at high temperature, as seen by the lower curve in Fig. 2.22

A

Oscillation
frequency
Without
Temp. Sensor

Minimum

77» frequency
(@hottest temp.

With

Temp. Sensor

Sp

>
Temperature

Figure 2.22. The oscillation frequency of ring oscillator with and without
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Figure 2.23. Circuit diagram of DRAM self-refresh control scheme with temperature

sensor
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2.4.2 Thermally Robust Clocking Schemes for 3D Integrated Circuits

3D integration of multiple active layers into a single chip is a viable technique that
greatly reduces the length of global wires by providing vertical connections between
layers. However, dissipating the heat generated in the 3D chips possesses a major
challenge to the success of the technology and is the subject of active current research.
Since the generated heat degrades the performance of the chip, thermally
insensitive/adaptive circuit design techniques are required for better overall system
performance. A thermally adaptive 3D clocking scheme that dynamically adjusts the

driving strengths of the clock buffers to reduce the clock skew between terminals

[2.18].

For the synchronous part of ag3 nichymay be distributed across layers,
skewless clock signal is of utmo acy and speed of operation
of a design. Since the cleg¢ 5 of the chip and thereby
gets exposed to as diverse @ss the chip, the effect of
temperature is very pronot ows an H-tree for a single
layer of a 3D chip where we canis ber of physically close terminals
the clock signals traverse through entir erent temperature zones to reach the

terminals which can lead to significant skew between these terminals.
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An adaptive circuit scheme was presented to reduce the variation of the clock skew
with temperature gradient in the 3D design in Fig. 2.26. The temperature sensors
sense the ambient temperatures and convert the temperatures to voltages that are
processed by a wave shaping circuitry and finally used for dynamically changing the
driving strengths of the clock buffers to reduce the overall skew.
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Figure 2.26. Thermally adaptive buffer schematic.

2.4.3 A Novel Adaptive'Desigh Methodologs/for Minimum Leakage
Power Considering PVT Variations on VLS Systems

A novel design method to minimize the leakage power during standby mode using
a novel adaptive supply voltage and body-bias voltage generating technique for
nanoscale VLSI systems [2.19]. The minimum level of Vpp and the optimum
body-bias voltage are generated for different temperature and process conditions
adaptively using a lookup table method based on the PVT monitoring and controlling
systems shows in Fig 2.27. The process, voltage, and temperature (PVT) variations
are monitored and controlled independently by their own dedicated systems shows in
Fig 2.28. The subthreshold current as well as gate-tunneling and

band-to-band-tunneling currents are monitored and minimized adaptively by the
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optimally generated body-bias voltage.
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Figure 2.28. (a) Temperature monitoring circuit. (b) Process monitoring circuit.

2.5 Summary

Process, voltage, and ter a fundamental challenge
in nanometer technologies. e’s law, which governs the
exponential growth of transist power requirements of mobile

devices (i.e., Vdd < 0.5V), and c) the shrinking geometries of advanced CMOS
technologies reaching the sub-nanometer dimensions. Therefore, understanding PVT
variability is a key to successfully designing ultra-low-power multi-million-gate
systems on-a-chip. In this chapter introduces the previous of PVT sensors in power
management system. Conventional on-chip PVT sensors that measure PVT variability

are described in this chapter.
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Chapter 3 Fully On-Chip Process,

Voltage, and Temperature Sensors

The past 20 years have seen enormous growth in the capability and ubiquity of
digital integrated circuits. Today, it sometimes seems difficult to buy any product
without them—even greeting cards have chips in them. In a short review paper like
this, it is unfortunately impossible to mention (let alone describe) all of the great work
that was done and published in the VLSI Circuits Symposium during this period.
Time-to-Digital-Converter (TDC) is usually used to replace analog circuit. Its
applications are gradually expanding such, as a phase comparator of all-digital-PLL
[3.1], [3.2], PVT sensors ciroulty’f2:9]-[2.14], ji-tter measurement [3.3], modulation
circuit and demodulation eireuit as-well aé a, TDCxbased-ADC [3.4]. The TDC will
play more important rolesin ﬁano-CMOS era because it i‘s well-matched to implement
with fine digital CMOS prbcess; it_consists of.mostly digital circuits and as the
switching speed increases, its performance S improved.‘

However, TDC converters are addpted ing[315].VAS a result, hundreds of inverters
were required to obtain enough pulse delay to achieve sufficient temperature
resolution. A DLL based temperature sensor has problems of occupying large area,
consuming high power. In order to solve these problems, the frequency-to-digital
converter (FDC) based smart PVT sensors are proposed in this chapter. The proposed
FDC exhibits simple and efficient feature in the process of measuring PVT variation
and converting it to digital value. Compared to previous work, the proposed PVT

sensors are small-area, low-power, and high performance.
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3.1 Time to Digital Converter (TDC) Architecture

A Time-to-Digital-Converter (TDC) is to measure the interval time between two
signals, and its time resolution of several pico seconds is achieved when it is
implemented with advanced CMOS process. The next will introduce two types of

TDC architecture.

3.1.1 Basic TDC Architecture

Fig. 3.1 shows configuration of a basic TDC, where the reference CLK passes
through a buffer line which consists of an inverter chain, and the delayed reference
CLK signals are fed into Flip-Flops as their data input. Also the measured signal is
fed into Flip-Flops as their clock sigha_l. We ‘obtain the outputs of the Flip-Flops as a
thermometer code, according. tothe rise-e‘dge-tir.n-ing interval between the reference
CLK and the measured signéi, and-the encoder tfahs‘fbrms‘ it into a binary code. Its

time resolution is given assthe gate-delay J=.
Reference
CLK

Measured 3
signal |_

Encoder = Doyt

YVvyY

Figure 3.1 A basic TDC architecture.

3.1.2 Vernier Delay Line TDC Architecture

Fig. 3.2 shows a vernier delay line TDC which uses two delay lines: one is for the

reference CLK with the buffer delay of Tg;. and the other is for the measured signal
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with the buffer delay of Tg,. Its time resolution is given by Tq4— Tq2 (gate delay
difference) which can be smaller than the basic TDC, but note that it uses 2N buffers
(N buffers of Ty4; and N buffers of Ty) for the input range from 0 to N(Tq41 — Tg2). A
new calibration method for a Vernier-based time-to-digital converter (TDC) was
presented [3.6]. The method eliminates the need for accurate external sources
typically used for TDC calibration. Simulation and experimental results using a field
programmable gate array platform indicate that the method can successfully be

employed to calibrate high-resolution TDCs with reasonable accuracy.

Reference h T\ T\ T\
CLK [~ PR\ " 17

=
~

'
_|;
—
5

Measured
signal

Encoder —» Doyt

VYVVY

Figure 3.2 A vernier delay line TDC.

3.2 Frequency to Digital Converter (FDC)

A TDC based PVT sensors have problems of occupying large area, consuming
high power. In this thesis, we propose frequency-to-digital converter (FDC) based
PVT sensors with small area, low-power, and high-resolution. Fig. 3.3 shows the
proposed frequency-to-digital converter (FDC) exhibits simple and efficient feature in
the process of measuring PVT variations and converting it to digital value. PVT

variations are measured by the frequency difference between the PVT variations
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sensitive oscillator (PVTSO). The PVTSO are constructed from ring oscillators using

a current starved delay cell.

Fixed Pulse Width
Generator H Counter —» Digital output

-
-

-
-

PVT variations
sensitive
oscillator (PVTSO)

-

Figure 3.3 FreqUéncy-to-digitaI converter (FDC) Architecture.

3.3 Fixed Pulse Width Generator -

The proposed fixed pulse generator generates a pulse signal width independent of
PVT variation. The detail schematic of the fixed pulse generator is drawn in Fig. 3.4.
It is composed of D-type flip-flop, counter and comparator. When START signal rises,
over a delay time (Td1), the output of D-type flip-flop also rises. When “result” signal
rises, over a delay time (Td2), the output of D-type flip-flop will be reset to 0. The
delay time Td1 and Td2 both affected by similar PVT variation, so it can be removed.
From the above description, the output pulse signal width (W) is invariant from PVT
variation. The simulation result of fixed pulse generator shows in Fig. 3.5. The circuit

output pulse width is independent of PVT variation.
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Figure 3.4 Fixe and wave form.

Fixed Pulse Generator
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Figure 3.5 simulation result of fixed pulse generator.
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3.4 Zero Temperature Coefficient Point Application -

Process Sensor

A low power all-digital FDC-based process sensor circuit is proposed, and the
circuit used ZTC characteristic to design. Section 3.4.1 introduces the effect of PVT
variation in CMOS circuits. Section 3.4.2 introduces ZTC bias point of a MOS
transistor. The architecture of all-digital process sensor and simulation results are

presented in section 3.4.3.

3.4.1 PVT variation effects in CMOS circuits

In deeper submicron CMOS circuits design, PVT variations problem is more and

more critical. In this section, the PV/T variation ef.fe_cts are revealed.

MOS Current Equation in saturation mode

Ves -V1 )"
IDSAT = IDO —_— X

Voo -Vt

= lLlO OXVDOIVDD — VT — D10} B
oo = O ) o es SVl Voun I(EaLy] =~ oelVoe =V = (7 /2)Veo];

(04

1 In 2Voo[Voo —Vr — (7/2)Voo] |
In(2) Vba[Vobo — V1 —7Vba

Vbssar = ECL{\/].—F 2 (VGS _VTJ —l}-
EcL n ’

Voo = Vpssar |Ves = VoD ; VDa :VDSSAT | Ves = (VoD + V1) /2 :

Figure 3.6 MOS current equation in saturation mode

MOS current varied with temperature, process, and voltage. Fig. 3.6 shows MOS

current equations in saturation mode [3.7]. In the equations, Ipsar is varied with
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supply voltage (for Vpp), temperature (for mobility and V), and process (for W, L,

Cox and V7). In different PVT situations, Ipsar makes gate delay an inconstant value.
Fig. 3.7 is Ip — Temperature plot with supply voltage 0.5V, 0.4V, 0.3V. The

current variation caused by temperature gets 26.5% difference at 0.3V. Temperature

variation should be taken care while low supply voltage configurations are used.
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Figure 3.7 UMC90 N at.supply voltage 0.3~0.7V.

3.4.2 Zero Temperature Coefficient Point

Mutual compensation of mobility and threshold voltage temperature variations
may result in a zero temperature coefficient (ZTC) bias point of a MOS transistor. The
ZTC effect has been used in many applications, for instance, voltage reference circuits
and temperature sensor.

The n-channel transistor drain current equation

o= ﬂf - (WT](VQS Vi) (3.1)

The carrier mobility and the threshold voltage decrease with temperature. Make a
partial differential on both side of (3.1) equation, and at the ZTC point (dl4)/(6T)=0.
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We can find the bias voltage such that the drain current Iy would not vary with

temperature T

oVt oT
Ves =VT(T1)+ 2 ——— || 7 = (3.2)
Ounl 0T
40 25
35 }
20

30 /

25 —ot | 15 0T
gzo T | g / —— 25
= Y —+—50T =1o —+—50C

1 / ——75C /ﬁ; ——75C

10 4

/ ——100T 5 7 ——100C
b &
0 0
0 0.2 0.4 0.6 0.8 0 0.2 0.4 0.6 0.8
\" A"

Figure 3.8 ZTC points of UMC90 I\ M OS transistor are at about 0.4V and

3.4.3 ZTC Point Application — Process Sensor

A ZTC application is shown in this section. Although the NMOS and PMOS’s ZTC
point are at different Vs, with proper sizing, there is a Vgs point that the ring
oscillator’s period would vary less with temperature in process corners FF, TT, SS. In
Fig. 3.9, at 0.5V, NMOS Iy decreases with T, PMOS I increases with T. The PMOS
and NMOS mutual current compensation results in a ring oscillator’s period are

constant.
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T

N

Figure 3.9 At 0.5V, NMOS Ip decreases with T, PMOS I increases with T.

Fig. 3.10 is the testing result of a ring oscillator’s frequency, at 0.5V, in process
corners FF, TT, and SS. The NMOS and PMOS’s width/length both are 120nm/90nm.
Fig. 3.11 is the process monitor circuit, it can detect process variation in different
corner. Finally, I use counter to convert the ring oscillator’s frequency to 4-bit digital
output. The output value will change\WTtﬁ'ﬁpﬁces“s)/arl

shows in Fig. 3.12. &N

1.00E+09
8.00E+08 l * ? L I S
6.00E+08 oFF
4.00E+08 " = = = = = = mTT
2.00E+08 SS
0.00E+00

-25 0] 25 50 75 100 125

Figure 3.10 Ring oscillator’s frequency — temperature plot in corners FF, TT, SS.
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Figure 3.11 Process Monitor circuit.
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Figure 3.12 Ring oscillator’s frequency with process variation.

process the signal in time-domain. In time-based ADC converter, the input analog

voltage is converted to time or phase information. Thus, digital ADC circuit was
presented in [2.3]. The circuit can replace conventional analog ADCs, and it can reach
low-power, low-voltage, and small area. However, the digital ADC is not accuracy
with PVT variation. Therefore, a novel fully digital ultra-low voltage sensor using a
new delay element circuit is proposed to improve accuracy.

The proposed voltage sensor with 0.5V voltage reference is presented in this paper,
shows in Fig. 3.13. It converts input voltage to 5-bit digital code V[4:0]. The proposed

voltage sensor consists of current starved inverters, flip-flops, and XOR gate. The
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control bit is from process monitor, and it can reduce the voltage sensor output error.
The control bit can compensate process variation, and Table 3.1 represents the V[4:0]

with different voltage. The quantization step of voltage sensor is about 50mv.

T T T

T e T O IR

Control % d d d @
0] Mile o V@21 V3 VH

50 D2] D3] D4 DAsoPllsa
]
\

Figure 3.13 A fully digital voltage sensor.

Table 3.1 Voltage Sensor Digital Code Table

V. Digital:Code

" V[0] VI[1]} V2] V]3] V[4]
0.3 1 0 0 0 0
0.35 0 1 0 0 0
0.4 0 0 1 0 0
0.45 0 0 0 1 0
0.5 0 0 0 0 1

3.6 Fully On Chip Ultra-Low Voltage Temperature Sensor

The proposed temperature sensor, it shows in Fig. 3.14. The bias current generator
shows in Fig. 3.15, and N1, N2 transistors operate in weak inversion region.

Alpha-power subthreshold drain current (Ip_sug) [3.7] can be expressed as follows:
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W V. )/m _
Ip sus = HoCox T(m _1)(VT)2 x glVes TV Imr o (1-e Yos /VT) (3.3

Assume Vps>>Vr, The term of (L—e™>"'") can be ignored. Simplification of

the formula can be expressed based on the following:

W ~
| N = AUOCOX T(m _1)(VT )2 % eNGSl Vin) I mVy (34)
| _ C W 1 2 (Vgs2 —Vin )/ mVy
out = HoLox T(m —D(V;) xe (3.5)
Assume
W
lo = £,Cox T(m -1 (3.6)

P, and P, are current mirror.

IP1:WP1/LP1 — 37

lo,  We,/Lp, G7

Simplification (3.4) an ¢ tion becomes
IIN

Vs, =MV, xIn I (3.8)
ON1
I

Ves, =MV, xIn IOJ +V, (3.9)
ON2

And

I W, /L

ON1 _ N1 N1 (310)

ION2 WNZILNZ

Combine (5)-(8) into (9), the equation becomes
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_ VGSl _VGSZ

lour = R
mV, xIn ('INXIOMJ
_ lour X lont _ mV; «In [Wpl\NNz/LmLNz) (3.12)
R R W Wy, / Loy Ly
If, Ley =Lp, =Ly =Ly
mV. W, W
loyr = —L x In| 22 N2
ouT R X (WPZWNl (3.12)

The output current of the bias current generator is proportional to temperature, as

described in equation (3.12). The output current is used to charge the inverters, so the

reduce the error caused by PV variation.

When the supply voltage is 0.5V~1V, a voltage regulator was presented to generate

output voltage below 0.5V. Thus, the output of voltage reference provides a voltage

source to temperature sensor. The simulation result with process and voltage variation

is shows in Fig. 3.16.
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Figure 3.15 Bias current generator.
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Figure 3.16 (a) Simulation result of temperature sensor with voltage variation. (b)

Simulation result of temperature sensor with process variation.

3.7 1-point Calibration Method of Proposed Temperature

Sensor

Fig. 3.16 shows the simulation result of temperature sensor with process and
voltage variation. We choose 1-point calibration (a.k.a linear calibration) method to

compensate the output of this sensor. The calibration selects one point in the range of
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509

250
171

Digital Output

a data logger or chart recorder and setting it to give an identical reading as the same
point.

Frequency of ring oscillator varies with both voltage and process shows in Fig
3.17(a)-(b). Proposed sensor calibrates out the process dependency with a frequency
measurement at one temperature. First, we record the digital output D(25°C,TT)=509
at 25°C and TT corner from Fig 3.17. Then we measure digital output D(25°C,P) at
25°C and unknown process corner P. Then we record the difference Py between D(25

‘C,P)and D(25C,TT).

P, = D(25°C,P) - D(25°C, TT) = D(25°C, P) - 509 (3.13)

Finally, we measure digital outp nknown temperature T and

unknown process corner P. T n, the digital output D¢(T,P)

shows in Fig.3.17(c) can be expressed as

D(T,P) = D(T, P)-P (3.14)

A

D |

Process variation

\Voltage variation
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Figure 3.17 (a) Simulation result of temperature sensor with voltage variation.

(b) Simulation result of temperature sensor with process variation.
(c) 1-point calibration method of proposed temperature sensor.

1-point calibration method hardwvare implementation of the proposed scheme is
introduced to compensate fox 'the.-vovlrtage and proCéSs yari~ations on the impact of

temperature. The proposed (‘:a»l"'ibration Cichif i8 showin in Fig. 3.18.

~
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VDD b oH VPRIo o © Ready
done_t b b
GND
J

Figure 3.18 1-point Calibration Method of Temperature Sensor.

3.8 Conclusion and Simulation Results

From the previous section, we proposed a fully on chip ultra-low power PVT
sensors in Fig. 3.19. The sensor without analog-to-digital converter (ADC) or

bandgap reference is proposed for high accuracy, ultra-low power, and wide voltage
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range portable applications. Conventional temperature sensors rely on ADCs for
digital output code conversion. The proposed temperature sensor generates a clock
frequency proportional to the measured temperature, and converts the frequency into a
corresponding digital code T[9:0]. A voltage sensor and process sensor are proposed
to compensate temperature sensor. The sensor was designed in a 65nm CMOS
technology. It operate over a wide voltage range from 0.3V~1V. The power
consumption is under 3.7uW at 0.3V and a sample rate of 10k samples/sec. The

temperature error is merely -0.8~0.82C shows in Fig. 3.20.

|~ T T T T T T T T 7
1] S
I D Q Fixed
| S lce
I
| »P[3:0]
I
Wk
l N N NN e P \/[4:0]
I— —————— Y \
Temperature
. P»T[9:
Compensation [9:0]

w - __lcurrent
Generator

Figure 3.19 Proposed fully on chip PVT sensors
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Figure 3.20 Maximum absolute error of proposed temperature sensor.
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3.9 Summary

A process, voltage, and temperature (PVT) sensor without a voltage/current
analog-to-digital converter (ADC) or bandgap reference is proposed for high accuracy,
low power, and wide voltage range portable applications. Conventional temperature
sensors rely on voltage/current ADC for digital output code conversion. The proposed
temperature sensor generates a clock frequency proportional to the measured
temperature, and converts the frequency into a corresponding digital code. The
generated digital code is still under the influence of PVT variations. Two distinct
sensors for voltage and process monitoring are also proposed to enhance temperature
sensor environmental variation | immunity: » Fhe property of zero temperature
coefficient (ZTC) bias point4is used tb re_move'temperature effect. It is capable of
operating over a wide voltage ‘range within -0.83V=1V. Thespower consumption is no
more than 3.7W at 0.3V, su‘pply voltage and é high~samplesrate of 10k samples/sec.
The temperature error is meré‘l_y -0:8>0.8C. “

A comparison chart betWeen this Wdrk and previouély presented temperature
sensors is shown in Table 3.2. In Table 3.2, the ma‘ih characteristics, such as operation
supply voltage, power, error, temperature range, sensor type, process technology, and

conversion rate are compared.

Table 3.2 Temperature sensor comparisons

Sensor Supply(V) | Power(uW) | Error('C) Sensor Type CMOS Conversion rate
Technology (samples/s)
[2.7] 3.0 4.5 -0.6~+0.6 | Temp-to-Pulse 0.35um 10
[2.9] 3.0 10 -0.7~+0.9 | Temp-to-Pulse 0.35um 10k
[2.10] 1.0 25 -1.0~+0.8 | Analog Voltage 90nm 4
Fully on chip 0.3~1 3.7@0.3v | -0.8~+0.8 Temp-to 65nm 10k
PVT sensors frequency

54




Chapter 4 Self-Calibration Method for
Subthreshold All-Digital PVT Sensors

4.1 Previous TDC Calibration Method

To calibrate a TDC, first, the duration of each quantization level is determined.
Then, the actual characteristic curve representing the TDC is constructed based on the
estimated size of each quantization level. The measurement error of the TDC is
determined from its characteristic curve and compensated accordingly. Various TDC
calibration methods have been proposed in the literature; the dominant methods are

given here.

4.1.1 Direct Calibration""

The concept of direct calibration IS shewvn'in Fig. 4.1,“1 Inswhich two signals with a
precise delay difference ofTiy are externally generatedand applied to one stage of a
Vernier-based TDC containing tWo buffers with-delays of 7, and 7, and a D flip flop.
If the input time interval Tin is increased in small steps ¢ over a sufficiently long
interval of (—T1,+T,), the output of the flip-flop generates a stream of “0”s and “1”’s.
Assuming an ideal D flip-flop, the difference between the total number of “0”’s and
“1”s divided by two determines the size of the quantization step, which is equal to A
= 7,-11, Where 7,>71. The accuracy of this calibration method is highly dependent on

the size and precision of ¢.
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Figure 4.1 (a) Typical 'éetup,for direct cal_ibratidn of an arbitrator.

(b) Calibration result for anarbitrator with a quantization step of A = 4e.

4.1.2 Improved Direct Calibration Based on Added Noise

To ensure proper calibration of modern TDCs using the direct calibration method,
AT has to be in the range of femtoseconds. This requirement can be alleviated to some
extend by adding noise with a standard deviation of onise t0 AT. Assuming that the
standard deviation of the TDC delay elements are much lower than oyeise, the sum of
AT and the noise creates a set of time events that follow Gaussian distribution with a
mean value of AT and a standard deviation of onsise. The addition of noise in this

method increases the standard deviation of the quantization step and facilitates its
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measurement. Using additive temporal noise, Levine and Roberts [4.1] reported TDC
calibration down to 5 ps. This method requires an on-chip noise source with a

relatively large standard deviation, which may not be easy to implement.

4.1.3 Indirect Calibration

The differences between the quantization steps of a VDL-based TDC can be
determined through an indirect calibration method [4.2]. To illustrate this method,
assume two periodic signals of S; and S, with periods of T, and T,, where T, is
slightly larger than T;. The time difference between the rising edges of S; and S; is
incremented by & = T,—T, in every cycle. If one cycle of S, is observed over time, it
can be seen that the rising edges of S; are unifo.ﬁnlydistributed over that particular
cycle of S;. It can be showa t‘hatvit takes @ fotal numbér‘ ofN = Ti/e cycles for a rising
edge of S, to sweep one full‘x;ycle of S;. The differencé beMeen the rising edges of S;
and S; can be consideredsas én input-tumedinterval. that e)%tends by € = T,—Tj in every
cycle. Such a sequence of tirﬁe_‘ events includes a totai Aumber of N = Ty/e distinct
input intervals. Fig. 4.2 shows‘a twe-stage Vernier-based TDC and its equivalent
circuit in which two delay lines are replaced with a single delay line where A; =
T12—T11 and A, = 17— 721. If @ sequence of equally likely time events is applied to the

circuit shown in Fig. 4.2(b), the outputs of the flip-flops can be represented by

Ql=1and Q2 =1for Tin <Al (4.1)
Q1=0and Q2 =1for A1 <Tin < Al +A2 (4.2)
Q1 =0and Q2 =0 for Tin > A1 +A2 (4.3)

The output of the AND gate in Fig. 4.2(b) remains high for all events falling in the
range of A;<Ti<A;+A, and becomes zero for the rest of the events. The fraction of
time for which the output of the AND gate becomes high is equal to A,/T1, which

repeats in each cycle of T,. Therefore, the frequency of the AND gate output in Fig.
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4.2(b) can be expressed by

fo=Ay ; Tix f=Ax f1xf, (4.4)
From (4.4), the quantization step of A, is determined through the measurement of f,,

To accurately calibrate a TDC with this method, the reference signals of S; and S;

have to be very low jitter signals that are precisely aligned to generate accurate time

events. These requirements are difficult to achieve in practice.

L { D Q1 | D ﬁ
T [D_FF1l " [D_FF2

D FF2

(b)
Figure 4.2 (a) Portion of a conventional VDL-based TDC. (b) Equivalent circuit

containing a single delay line with an added AND gate for calibration.
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4.1.4 Statistical Linearity Calibration

In [4.3], a statistical method of calibration is proposed, in which an independent
ring oscillator is used to generate a sequence of equally likely time events within one
period of a reference clock. If this sequence of events is applied to a TDC, it can be
shown that the probability of hitting a specific code in the TDC is proportional to the
duration of the time that leads to that particular code. Assuming the duration of D¢ for
code “c,” the probability of hitting this code is equal to Pc = Dc/TR, where TR
represents the period of the reference clock. For N cycles of the event sequence

applied to the TDC, code “c” is expected N¢ times, where Nc is given by

_ NxD,
=

Ne =NxP, (4.5)

If the actual number of hits for céde t'¢ 1S Couhted in a calibration phase, the

estimated duration of the,codé’Dg €an'be calctlated from“

c= % (4.6)

Where Nc represents the. actuial nurﬁber of hits.

The estimated durations of "the /codes’ can ‘ be used to construct a TDC
characterization curve and calibrate the TDC accordingly. To implement this
calibration method, the frequencies of the on-chip oscillator and the reference clock
have to be adjusted to prevent coherency between them. Coherency between these
signals limits the number of time events and can adversely affect the uniformity of the
time events leading to inaccurate calibration. Even without coherency between the
oscillator and the reference clock, the periods of these signals have to be carefully
adjusted [4.4] to ensure the generation of proper time events for calibration. In general,

in addition to an on-chip oscillator, dedicated circuitries are needed to properly

control the period of the oscillator to perform TDC calibration in this method.
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4.2 Proposed Self-Calibration Method for Subthreshold

All-Digital PVT Sensors

Today’s microprocessors increasingly need on-chip temperature sensors for thermal
and power management. Since these sensors do not take part in the main computing
activity but rather play the auxiliary, albeit important, role of temperature monitoring,
their presence in terms of area, power, and design effort should be minimal, thus,
all-digital sensors are desired. This Section presents a self-calibration method for
proposed all-digital PVT sensors. The proposed method eliminates the need for

accurate external sources typically used for TDC calibration in section4.1.

4.2.1 Subthreshold All:Digital Temperatiure Sehsor

A fully on chip high-resolustion, and Iow-powef CMOS is proposed in section 3.8,
and the sensor using frequency-to-digital ecnverter based:ion PVT variation sensing.

However, the proposed t.emperaturevsensors in section 3;8 cannot be integrated with
other systems because they occuﬁpy large area. Theddias current generator in Fig 3.14
accounted for most of the area of the proposed PVT sensors. In order to solve this
problem, the new frequency-to-digital based all-digital small-area, and low-power
PVT sensors are proposed shown in Fig. 4.3. Using temperature sensitive ring
oscillator (TSRO) take the place of bias current generator, the TSRO circuit can

reduce more power and area than bias current generator.
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The temperature sensor shows in Fig. 4.3, and all ring oscillators operate in weak
inversion region. Alpha-power subthreshold drain current (Ip_sus) [3.7] can be

expressed as follows:
I = 1.C W 1 2 (Ves —Vin )/ mVy 1 ~Vps /Vy
D_sus — Ho“ox T(m— )(V;) xe x(1—e ) @.7)

Assume Vps>>Vr, The term of (1—€™>""") can be ignored. Simplification of
the formula can be expressed based on the following:
W 2 (Ves1—Ven )/ mVy
Io sus = £46Cox n (Mm-1)(V;)" xe (4.8)

Where
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Vin (T) =V, (Tp) + (T =T) (4.9)

Then
W 2 [Vas1—Vin (To)—a (T =Tg)l/ mVy
I sue = £4Cox T(m_l)(VT) x€ (4.10)
Assume To=0C, then
W 2 [Ves1—Vin (0)]/ mVy —aT [mVy
lo sus = #oCox r(m_l)(VT) xe xe (4.11)

Where e “"'™" is constant K. WhenVgs =V, (0), [Vgs — Vi (0)]/ mV; | <<1

Using Taylor series,

e[VGerth (0)1/ mVy zl_}_

(4.12)
W

lo sus = #oCox n (4.13)
Where V; oc T and B ©

w
HoCox 1~ (M=1)(V) (4.14)

Ka
lp sue KT X (1"'?) X (4.15)
Ip sus = KgKcT + K KgKg o T (4.16)
foo I sus T @17)
osc = :
Vpp XC,

When Vg =V,,(0) , then the frequency of the ring oscillator in Fig. 4.4 is

proportional to temperature, as described in equation (4.17). Using this characteristic,
we can adjust CMOS length to change the V, value in corresponding supply voltage.
By adjusting the V4, the frequency of the ring oscillator is proportional to temperature

in corresponding supply voltage.
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Figure 4.4 Simulation result of proposed temperature sensor in different supply voltage.

4.2.2 Self-Calibration for Subthreshold All-Digital PVT Sensors

Fig. 4.4 and Fig. 4.5show the digital output of temperature sensor with process and

results shows in Fig. 4.8.
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Figure 4.5 Simulation result of temperature sensor in different process corner.
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Figure 4.7 Self- Calibration circuit of all-digital PVT Sensors.
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Figure 4.8 Simulation results of calibration of temperature sensor in different process corner.

Z.

1896

T[9:0]. A voltage sensor and process sensor are proposed to compensate temperature
sensor. The voltage sensor and process sensor used ZTC point to design. The sensor
was designed in a 65nm CMOS technology. Layout view of the PVT sensor is shown
in Fig. 4.9. The chip area of the 10-bit sensor is merely 840um? .The power
consumption is under 0.7326uW at 0.3V and a sample rate of 10k samples/sec. The

temperature error is merely -3.0~3.0<C.

65



digital PVT Sensors

Figure 4.9 Layout views of the all
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4.3 Ultra-Low Voltage All-Digital Temperature Sensor with

Adaptive Pulse Width Compensation

4.3.1 Architecture of All-Digital Temperature sensor with Adaptive
Pulse Width Compensation

We report on an all-digital CMOS temperature sensor for microprocessor
application, which also exploits temperature-dependent frequency of ring oscillator
with the FDC-based framework of Fig. 4.10. It, however, has two improvements over

prior art of [4.5]. First, we use FDC-based architecture to reducing power and area,

temperature tracking. Seee ) gess and voltage variation
on frequency of ring osci
calibration of [4.5]), thus, red g-hig ion cost. We use an adaptive
pulse width generator to generate a p

dth change with process and voltage

variation.
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Figure 4.10 Architecture of FDC-based CMOS all-digital temperature sensor.

process-only-dependent part. The f a/ GMOS ring oscillator with

equal PMOS and NMOS

fosc = V_,*xC, (4.18)
Temperature-dependent parameters are the mobility, w«o, thermal voltage, V+, and
threshold voltage, Vi, so to the first order, fosc < T* (a:constant) accounts for
temperature dependence of fosc. To highlight this, eq. (4.18) can be rewritten as
fosc(T,P)=T*G(P) (4.19)
Where G(P) is the function of process variations. G(P) varies only with process
variation. T* varies only with temperature (a varies slowly with doping level, so it can
be regarded as a constant in a given technology).

The sensor uses adaptive pulse width generator to eliminate the process variation.
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The pulse width can be expressed as

(4.20)

Where, N is generated by the counter.

The frequency, fpw, of @ CMOS ring oscillator shows in Fig. 4.10 in linear region

can be expressed as

W 1
ﬂocox TVDS X (VGS —Vin 7EVDS )

fPW -

Voo X C, (4.21)

According eq.(4.18)(4.20)(4.21), the digital output T[10:0] can be express as

W
)X T( m - 1)(V-|- )2 X e(VGS'Vthl ) mVy

=N x
W
ﬂoCox TV Voo X
(m=1)(V; )?
=N X
VDS X (Vcss 7Vth2 *E
Where
VDS =VGS =VDD (422)
Then
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(Vpp ~Vin1 )/ mVy

(m-1)(V; Y xe

T[10:0] = N x

1
VDD X (EVDD 7Vth2 )

(Vop ~Viny )/ mVy

K (4.23)
=Nx(m-1)( ) xT?
VDD X (EVDD 7Vth2 )
K
Where N x( m—1)(a)2 is constant K, and V,,(T) =V, (T,) + (T —T,)
Then
(Vop ~Vin1 (0)+aT )/ mVy
e
T[10:0] = K., xT?
(4.24)

When Vg, =V, (0) =

T[10:0] =K, xT?

K xK,
K=——W=—

Voo x(~a)

Where

Process dependency G(P) disappeared due to the separation of variables. Digital
output T[10:0] is a function of T only, so it is reproducible across all process corners,
serving as a good temperature representation. This is the foundation of our sensor

operation with self-calibration.

4.3.2 Post-Layout Simulation Results

Simulations validate this approach. Using TSMC standard 65nm CMOS technology,
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the simulation results shows in Fig. 4.11. Fig. 4.11(b) shows digital output T[10:0]
remains almost the same across corners after self-calibration method. The
measurement error over 0°C~ 100°C is within -2°C~2.5°C shows in Fig. 4.12(c),
which demonstrates good process immunity for the proposed sensor. The effective
resolutions for all test chips spread over 0.25C.

Layout view of proposed all-digital temperature sensor is shown in Fig. 4.12.
The chip area of the 10-bit sensor is merely 832um? .The power consumption is under
0.23uW at 0.3V and a sample rate of 10k samples/sec. The temperature error is

merely -3.0~3.0<C.
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Figure 4.11 (a) Simulated frequency of ring oscillator in different process corner.

(b) Digital output of sensor after self-calibration method.
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Figure 4.12 Layout views of the all-digital temperature sensor with adaptive pulse width compensation.

73



A comparison chart between this work and previously presented temperature

sensors is shown in Table 4.1. In Table 4.1, the main characteristics, such as operation

supply voltage, power, error, temperature range, sensor type, process technology, and

conversion rate are compared.

Table 4.1 Temperature sensor comparisons

. CMOS Conversion rate
Sensor Supply(V) | Power(uW) | Error("C) | Sensor Type
Technology (samples/s)
[2.7] 3.0 4.5 -0.6~+0.6 | Temp-to-Pulse 0.35um 10
[2.9] 3.0 10 -0.7~+0.9 | Temp-to-Pulse 0.35um 10k
[2.10] 1.0 25 -1.0~+0.8 Analog 90nm 4
Fully on chip 0.3~1 3.7@0.3V | -0.8~+0.8 | FDC-Based UMC 65nm 10k
PVT sensors St1117 798
All-digital 0.2~0.5 | 0.7326@OV1"-3.0~+3.0% FDC-Based UMC 65nm 10k
PVT sensors Nz [ g,
Temperature sensor 0.4 0.23@‘10".4V 154450 \FDC*Based | TSMC 65nm 50k

with APWG

4.4 Summary

This chapter provides twa ki‘nds of'self-calibi'afion_.t‘em‘pe‘rature sensors. One is uses

voltage and process sensors to ‘enhaneestemperatire” sensor environmental variation

immunity. Another method is uses adaptive pulse width generator to enhance

temperature sensor environmental variation immunity.

The temperature sensor with process and voltage compensation has only 0.723uW

power consumption at 0.3V supply voltage and a high sample rate of 10k samples/sec.

The temperature error is -3.0~3.09C. The temperature sensor with adaptive pulse

width generator has only 0.23uW power consumption at 0.4V supply voltage and a

high sample rate of 50k samples/sec. The temperature error is -3.0~3.0<C.
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Chapter 5 PVT Sensors for Micro-Watt
DVFES System Design

In micro-watt systems, dynamic voltage and frequency scaling (DVFS) serve as
an effective method to reduce power through voltage and frequency scaling in
response to varying workload requirements. This system requires multiple on-chip
voltage domains and adaptive frequency generator. A switched capacitor (SC) dc—dc
converter is a good choice for multiple voltage domains. In addition, SC DC-DC
converter can minimize the number of off-chip components and does not require any
inductors. On the other hand, a low-voltage PLL is a good choice for adaptive
frequency generator.

PVT variation has enorrﬁbus influencesfor. SC DC4DC convert and low-voltage
PLL in ultra-low voltage which causes; |outpurvvoltage and frequency could not
achieve the target value. S0 :we use, the proposed PVT sénsors in Chapter 3 and 4 to
improve the influence of cireuit in'PVAT variation;-For abowve reasons, we present PVT

sensors for micro-watt DVFS'system..

In section 5.1, we describe the architecture of proposed PVT sensors for micro-watt
DVFS system. The previous work of conventional sc DC-DC converter is shown in
section 5.2. The proposed multi-threshold voltage sc DC-DC converter is shown in
section 5.3. The results are simulated in TSMC and UMC 65nm standard CMOS
technology and are shown in section 5.4. In section 5.5, we describe the architecture
of proposed temperature compensation technique for low-voltage digital assisted PLL.
And the results are simulated in TSMC 65nm standard CMOS technology and are
shown in section 5.5. Finally, we will conclude the proposed PVT sensors for

micro-watt DVFS system in section 5.6.
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5.1 PVT Sensors for Micro-Watt DVFS System Design

Fig. 5.1 shows the PVT sensors for micro-watt DVFS system which consists of the
PVT sensors, PVT-aware MTCMOS SC DC-DC converter, and temperature
compensation technique for low-voltage digital assist PLL. The SC DC-DC converter
uses PVT sensors to adjust output supply voltage in different environmental variation.
Low-voltage PLL uses temperature sensor to compensate the output frequency.

The micro-watt DVFS system contains logic to estimate the workload (indicated
by workload) by the FIFO utilization and stall duration of the DVFS Module. The

workload information is filtered and processed with configurable FIR and IIR filters.

DVFS CTRL

q EDDL:0-4V~O-2V

VDDCOREI
N e ~\
workload
DVFS
Module

Figure 5.1 PVT sensors for micro-watt DVFS system.
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5.2 Switched Capacitor DC-DC Converter

DVFS systems often require multiple on-chip voltage domains. A switched
capacitor (SC) DC-DC converter is a good choice for such battery operated systems
because it can minimize the number of off-chip components and does not require any
inductors. Compared to commonly use linear regulators for on-die voltage conversion,
SC converters can provide 15%-30% higher efficiencies when the output voltage
delivered is less than half the input voltage.

5.2.1 Conventional SC DC-DC Converter

Fig. 5.2 shows the architecture of the SC DC-DC converter [5.2]. At the core of the
system is the switch matrix whic‘h gantains jthe charge-transfer capacitors, and the
topology, charge-transfer switches:™ A éuit_able tOp-oIogy is chosen depending on the
reference voltage Ve, which, |s set-digitally.»The 'digital réference is converted to an
analog value using an on-C:hip charge redisfribution digital-to-analog converter. A
pulse frequency modulatien (P‘FM) made. control is used io regulate the output voltage
to the desired value. A dyhamiC"combarator clocked by the signal clk is used for this
purpose. When the output voltage Vg is|above Vréf‘, the switches are all set to the @,
mode. When Vo falls below Vg, the comparator triggers a @, pulse, which charges
up the output load capacitor Cjeag. The nonoverlapping clock generator block prevents
any overlap between the ®; and ®, ON phases. Typical waveforms of these phases
are shown in the inset in Fig. 5.2. Bottom-plate parasitics of the on-chip capacitors
significantly affect the efficiency of the converter. A divide-by-3 switching scheme
was employed to mitigate the effect due to bottom-plate parasitic and improve
efficiency. The switching losses are scaled with change in load power by the help of
an automatic frequency scaling block. This block changes the switching frequency as

the load power delivered changes, thereby reducing the switching losses at low load.
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Figure 5.2 Architecture of the switched capacitor DC-DC converter system.

5.2.2 Switch Matrix

The operation of switched capagitor fmatrix, is able to provide five different

common phases and gain phases, Wit‘h'the_ gain being. the ratio of the output voltage

Vout to the input voltage Mip, ‘The equivalent cir‘c’uits‘ of these conversion phases are

shown in Fig. 5.3 [5.3].
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Figure 5.3 Topologies used to generate a wide range of load voltages from a 1.2V supply.

In these configurations, there are four gain configurations referred as buck stages
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whose gains are less than 1 and one gain configuration referred as unit gain with gain
equal to 1. According to the input and the output, the DC-DC converter is divided to
step-down type or buck type converter (Vou<Vin).

While the converter is clocked and the gain setting is chosen, the switched
capacitor matrix is switched between the common phase and the chosen gain phase to
transfer charges from the input to the output to keep the chosen output voltage. The
gain configuration of 1/2 is used as an example to explain the implementation of gains
through the switched capacitor matrix. The equivalent circuit of gain configuration of
1/2 is shown in Fig. 5.4[5.4] below. The flying capacitor C; is used to store and

transfer energy, and capacitor Cy is the hold capacitor for the output.

Viat

l} Cy
T T

Common phase Gain phase

T
B —

ol

cock |G |c |l GcglclGg|lc |G |C

nT nT+T/2  @+DT  (+2)T

Figure 5.4 Equivalent circuit of the gain configuration with gain of 1/2.

At time nT, the switched capacitor stays at the end of the gain phase, and the

charges in the capacitors Cy, and C; are

Qq, (NT) = Cx V,,,(nT) (5.1)
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ch (nT) = Cfx Vout(nT) (5.2)

At time nT+(T/2), the charge pump stays at the end of the common phase, the

charges in the capacitors Ch and Cf are

T T
Qch (nT + E ) - Ch>< Vout(nT + E)

(5.3)
T T
ch (nT+E)_ Cfx [Vin _Vout(nT +E)] (5.4)
According to the theory of charge conversation, we have
Qch (nT +T /2) _ch (nT +T/2)5 ? (nT) _ch (nT) (5.5)
Solving Equation (5.1)-(5
Vout (nT +T /2) = (5.6)
T
Qu(NT+)=Cyx & VT
T+l — v —c Cthv T
ch(n + 2)_ hx Ch+Cf in f xCh+Cf ou'[(n ) (5.8)

At time nT+T, the charge pump is switched back to the gain phase. According to

the theory of charge conservation, the total charges in the capacitors C, and Ct are
Qtotal (nT +T) = Qch (nT +T /2) + Qch (nT +T /2) (5-9)

So the output voltage at time nT+T is
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V. (n+1)T = Qt—t(': —aV, +bV_ (nT)

h + f
2C.C C.-C,)? (5.10)
= %Vin +Mvout (nT)
(C,+Cy) (C,+Cy)

According to Equation (5.10), we can have

V,,(nT +2T)=aV, +bV_,(nT +T)

= aVin + b[aVin + bVout (nT )] = a(]__|_ b)Vin + bzvout (nT) (5.11)
Vou (NT +3T) =aV,, +bV,, (nT +2T)
=aV, +b[a@+b)V, +b*V_, (nT)] -

=a(l+b+b*V,_+b%V_ (nT

out

V. (nT +kT)=a(l
__hk
- a%vin bV,

(5.13)

limV_, (nT +kT) = aVin
kK—o0 1_b
2C,C, 1 V.

=V. =
in (Ch +Cf )2 1 (Ch _Cf )2 2 (514)
(Ch +Cf )2

5.2.3 Conventional Bandgap Voltage Reference

The traditional bandgap voltage reference, as shown in Fig. 5.5, is the combination
of a voltage that is proportional to absolute temperature (PTAT) and a voltage that is
complementary to absolute temperature (CTAT). The CTAT is traditionally generated
from a diode (or diode-connected BJT). The current through the pn-junction of a

diode has a dependence on temperature which is well-characterized and predictable.
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The PTAT current is generated, as seen in Fig. 5.5, by BJTs Q; and Qg, resistor R;,
the op amplifier and the current sourcing FETs M; and M,. The op amplifier feedback
loop sets the currents through M; and M, to the same value. As Q; and Q; have
emitter areas that differ by a factor of n, their temperature response will differ. The
BJTs will sink the same amount of current, but a PTAT current will flow through R1.
This current is added to the CTAT generator, Qs, through Ms. The size of M3 and the
ratio of R, to R; are chosen so that the PTAT current is translated into a PTAT
voltage that is equal to the CTAT voltage of Qs. This produces an almost temperature
independent reference voltage (neglecting 2nd-order-and-above effects). The
temperature dependence of the current through the pn-junction of the diode is
naturally CTAT. The PTAT characteristic used to'nlill the CTAT behavior is created
by scaling the inherent thermal voliage of a BITW(VT)LThe reference voltage of a
traditional BVR can be descri‘ubed in equation (5.15).
R, wA\

VREF = VBEl + EVT inn ‘

1 ; ; (5.15)

Vpp ‘

L | |

M, |O— M, 'O| M;

AMP, | o Vier
_)_ -
R; R,
|—"\I/Q1 Q. Qs

L

Figure 5.5 Conventional CMOS bandgap voltage reference.
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5.1.4 Automatic Frequency Scaling

To minimize gate-switching losses, the circuit automatically adjusts the switching
frequency depending on the load power demand. The automatic frequency scaling
(AFS) block that performs the frequency selection is shown in Fig. 5.6 [5.2]. An
additional comparator called the overload comparator is used in the AFS block. The
reference voltage of the overload comparator is set to Vi e-Vofr, Where Vs is an offset
voltage (~20mV) which again is set digitally. When the DC-DC converter, operating
in steady state, cannot supply the desired load power at a given switching frequency,
Vo begins to fall below V. As Vo‘falls below ViV, the overload comparator
triggers the go_up signal. This‘sighal tsused td dOlee the switching frequency which
in turn doubles the width,Of _‘thé charge-tfansfer vswi‘tchés. At low load powers, the
switching frequency is brought down using a counter fnéchahism. If the number of @,
pulses for every 4 clk cycles ‘is found'tosbedess than 3, thé go_down signal is triggered
which halves the switching fréquency and the width of the charge-transfer switches.
The signals enW2 and enW4 determingthe_switching frequency. When only enW2 is
high, 2X the minimum clock frequency is used and when enW4 is high, 4X the
minimum clock frequency is used. The signals enW2 and enW4 are fed into the switch
matrix to suitably size the charge-transfer switches. While the PFM mode control
effectively reduces the frequency of @, pulses as load power decreases, the AFS
block helps in bringing down the overall system switching frequency together with
the width of the charge-transfer switches, thereby reducing the switching losses in the
gate-drive and the control circuitry. The entire control circuitry is digital and
consumes no static power, which is a critical feature to achieve good efficiency at
ultra-low load power levels. It is extremely scalable in terms of complexity to suit the

load power and voltage demands of the target application.
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Figure 5.6 Automatic frequency scaling circuit.

5.2.4 Efficiency Analysis
Efficiency of a power convertenis a key'metric for battery operated electronics and
energy starved systems. The principal efficiency Ibss in"the SC DC-DC converter is

shows in Fig. 5.7 [5.6].

i) Conduction Loss in t_ransferrin_g charge:from battery to load
This is a fundamental loss rﬁechanism which=arises from charging a capacitor
through a switch. To minimize conduction Ioss,-different topologies (Fig. 5.7) are
switched in to reduce the difference between the no-load voltage (VNL) of a topology
and Vo. Assuming that a load voltage less than 600mV is being supplied by the T8
topology, conduction loss imposes a limit on the maximum efficiency that can be
achieved to nim = Vo/0.8. By switching to the T6 topology, this efficiency limit can

be improved to njim = Vo/0.6.

i) Loss due to bottom-plate parasitic capacitors
The second main contributor to efficiency loss after the linear conduction loss is

that due to parasitic bottom-plate capacitors. The loss due to bottom-plate parasitic
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occurs because of the energy stored in the parasitic capacitors being dumped to
ground every cycle. This loss is more pronounced if on-chip capacitors are used.
Common capacitors in CMOS processes may have up to 20% parasitic at the
bottom-plate. On top of these losses are the switching and control losses. The
efficiency achievable in a switched capacitor system is in general smaller than which
can be achieved in an inductor based switching regulator with off-chip passives.
Further, multiple gain settings and associated control circuitry is required in a SC

DC-DC converter to maintain efficiency over a wide voltage range.

Conduction & leakage losses

Voatey 91477/ | \\ ¢2
=T o7 o

Leakage and e
cont;)l losses
P2
[ v O—1* Vot
Cpnt!’Ol —® (D1 —— Cload
Circuitry P2
Py — =
— Parasitic
‘ “
Clock e Switching losses Capacitance

Figure 5.7 Energy loss mechanisms in a switched capacitor DC-DC converter.

iii) Gate-drive Loss

The energy expended in switching the gate capacitances of the charge-transfer
switches every cycle can be approximately given by

Esw = NCoWLVgar’
where n is the number of switches used, Co is the gate-oxide capacitance per unit
area, W and L are the width and length of the charge-transfer switches. The width of

each switch is however proportional to the charge-transfer capacitance and the
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frequency of switching. This is because the resistance of the switches needs to be low
enough to allow settling of the charge-transfer capacitors within the time period of

switching.

To minimize the gate-switching loss, depending on the location of the charge-transfer
switch and the topology in use, either only a PMOS or an NMOS switch is used

instead of a transmission gate comprising both PMOS and NMOS devices.

iv) Power loss in the control circuitry

The power lost in the control circuitry is of specific concern while delivering ultralow

the 4th and 5™ terms are due to switching and leakage loss in the control circuitry.

The efficiency of the SC converter with change in load voltage while delivering
100 uW to the load from a 1.2 V supply is shown in Fig. 5.8 The converter was able
to achieve 70% efficiency over a wide range of load voltages. An increase in

efficiency of close of 5% can be achieved by using divide-by-3 switching.
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Figure 5.8 Efficien ange in load voltage.

supplying ultra-low voltages at figh e 2nctes is essential. Since the power
consumption of the micro-watt load circuits drops exponentially at subthreshold
voltages, the DC-DC converter was designed to deliver a maximum of 100uA of load
current. This reduced load power demand makes switched capacitor DC-DC
conversion an ideal choice for this application. The switched capacitor (SC) DC-DC
converter is based on [5.2], and makes use of 15 pF of total on-chip charge transfer

(flying) capacitance to provide fix load voltages 200~300mV.
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output voltage Vour is above Vger, the switches are all set to the ®; mode. When

Vour falls below Vgegr, the comparator triggers a @, pulse, which charges up the

output load capacitor Cjoaq. The non-overlapping clock generator block prevents any

overlap between the ®; and ®, ON phases. A PFM mode control is crucial to

achieving high efficiency for the extremely low power system being built. The switch

matrix block contains the charge transfer switches and the charge transfer capacitors.

The external voltage input to the system is 0.5V. The gain setting at no-load

provides a voltage ratio output of the input voltage. The switching losses in the

converter are dominated by the energy expended in turning the charge transfer

switches ON and OFF. The switch widths are designed such that the charge transfer
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capacitors just settle at the end of a charge transfer cycle. In order to scale switching
losses with load power, the charge transfer switches have adjustable widths which are
enabled by the signals VOP1, VOP2 as shown in the inset of Fig. 5.10.

The signals VOP1, VOP2 are generated by comparator. When the difference
voltage between Voyrand Vger is larger, both the signals VOP1, VOP2 are set to 1.
While Vouris below Vger, VOPL is set to 0. When next cycle, the Vour is still below
Vrer, VOP2 is set to 0. This helps to decrease the switching power, leading to an

increase in efficiency at lower load power levels.

Figure 5.10. Switch matrix and simplified representation of the switch size control.

The efficiency of DC-DC converter is shown in Fig. 5.11. The converter was able
to achieve >60% over a load current range from 10uA to 100pA. However, at very
low load power levels (sub-5uW), leakage and other fixed losses in the control

circuitry reduce the efficiency of the switched capacitor DC-DC converter [5.5].
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Figure 5.11. DC-DC converter efficiency while delivering 300 mV

5.3.2 Delay Line Comparator

two inverter chains input a clock signal (CLK) at the same time. When Vger is greater
than Vour, the below one has slower speed than above one. Therefore, while DFF
triggered, Data is still 1, the signal VOPL1 is 1. On the other hand, when Vreris less
than Vour , the above inverter chain one has slower speed than below one. Thus, Data
will ready before clock trigger DFF. The signal VOP1 is 0, which means Vour is

greater than Vger,

90



VOP1

Figure 5.12. Delay line comparator

In Fig. 5.12, there is another signalgnamedy¥OP2. The difference between VOP1
and VOP2 is the number of stack<inverter chain, "It réised more inverter as a longer
inverter chain. This target'Is ‘to differentiate the degree of the difference voltage
between Vrer and Vour: While V/ger IS mueh.greater-than=Vvour, the delay of longer
inverter chain which connecfed 0, VRer. s, Still_shorter /than connected to Vour One,
even though it passed more inverter gate. Hence, when both the two signal VOP1 and
VOP2 is 1, it presents the degree of the difference voltage between Vger and Vour is
large. So it need increased the width of switch in switch matrix to make the voltage

transmit faster. The proposed comparator can compare 5mv voltage difference.

5.3.3 Subthreshold Voltage Reference

The traditional BVR(bandgap voltage reference) shows in Fig. 5.13 performance
suffers as the supply voltage is lowered. The ability of the op amplifier to properly
function as an error generator is reduced as the Input Common Mode Range (ICMR)
of the op amplifier is degraded with a lower supply voltage when high loop gain is
desired. This inhibits the reference's ability to match the PTAT and CTAT currents,

resulting in a less accurate reference. The use of diodes to produce CTAT and PTAT
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current outputs is impractical at low voltages, as the built-in voltage of a pn-junction
is around 700mV and that severely limits the lower limit of the supply voltage;
especially considering that all MOSFETS in the circuit are normally designed to have
enough voltage headroom to operate in their saturation region.

A low power and low voltage subthreshold voltage reference is proposed and
shown in Fig. 5.13. This design makes use of the weak inversion region of MOSFET
operation to allow for an extremely low supply voltage with commensurate low power
expenditure. Layout size is also reduced compared to the conventional BVR. The
proposed subthreshold voltage reference is comprised of a bias network, a CTAT
voltage generator, and a PTAT voltage generator that combine to produce the output
reference voltage. As such, the draincurrent of a‘l‘-'?MOS transistor operating in weak

inversion can be modeled as; /

(5.16)

Where n is a slope factor (usually 2=2); and V% is the thermal voltage. Solving for

Vsc and including its temperature dependence yields,

1(T)
loo(W /L)

Vo (T )=V (T ) +nVy In( )

(5.17)

Equation (5.17) consists of a near-linear term with respect to temperature and a
non-linear term with respect to temperature; much like the model of a BJT. The
near-linear component comes from Vy,. Although this component isn't exactly linear,
it can be approximated with a linear function in the temperature range we are using.
The proposed reference circuit in Fig. 5.13 has components to cancel both the linear

(first order) and non-linear (second order and above) temperature behavior. To
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generate a simple low voltage and low powered PTAT voltage, a diode connected
NFET was used. Fig. 5.14 shows the simulated gate-to-source voltage of M8 and the
source-to-gate voltage of M6 as the temperature is swept from -40 °C to 100 °C. As
shown in Fig. 5.14, the source-to-gate voltage of M6 is CTAT and the gate-to-source
voltage of M8 is PTAT. The CTAT source-to-gate voltage of M6 is applied to
transconductance device M7 and the resulting current through M7 is CTAT. By
scaling the sizes of M7 and M8 appropriately, when the CTAT current of M7 is
passed through M8, the resulting gate-to-source voltage on M8 is (ideally)
independent of temperature. The matching of the CTAT to PTAT characteristics is

improved through the feedback mechanism present in M1-M5.

As shown in Fig. 5.15, the"proposed subthreshdld voltage reference shows a
reference voltage of 319 mV, ‘With a-500-mV 'supply. The maximum variation in the
output voltage is 711.78 uVjor 2.2ppm/°C, over a -50°C t0=100°C range. A variation
of 121 uV, or 0.38ppm/°Gy Was démenstrated.in the -50?’6 te 100°C range.

Vpp
— | -

bl
I

Vss
Figure 5.13. Proposed Bandgap Voltage Reference (BVR).
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Figure 5.14. Slmulater an NFET and PFET.
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Figure 5.15. Simulated Vrer versus temperature.

5.3.4 Variable Voltage Reference Generation by DAC

In section 5.3.3, the subthreshold voltage reference can only output a fixed voltage
319 mV with a 500 mV supply. So this section proposed a variable voltage reference
is generated by resistor-string DAC in Fig. 5.16. The decoder selects the output

voltage for variable voltage reference. Fig. 5.17 and Table 5.1 are shown the Variable
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voltage reference generation with temperature variation.
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Figure 5.17 Variable voltage reference generation with temperature variation.
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Table 5.1 Temperature variation
Temperature -40° C 30° C 140° C Variation
1V 1.02 1.0 1.04 0.04V
0.9v 0.92 0.9 0.94 0.04V
0.8V 0.82 0.8 0.83 0.03Vv
0.7v 0.71 0.7 0.73 0.03Vv
0.6V 0.61 0.6 0.62 0.02v
0.5V 0.51 0.5 0.52 0.02v
0.4Vv 0.41 0.42 0.02v
0.3V », 031 0.01Vv

5.4 Post-Layout S

5.4.1 Layout
Layout view of the MTCMO: erter with MOS capacitors in UMC
65nm standard CMOS technology "is' n Fig. 5.18(a). The area of MOS

capacitors is smaller but has serious current leakage than other capacitors, so it has

low power efficiency in very light load condition.

Layout view of the MTCMOS SC DC-DC converter with MOM capacitors in
TSMC 65nm standard CMOS technology is shown in Fig. 5.18(b). The current
leakage of MOM capacitors is small, so it has high power efficiency in light or heavy

load condition.
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UMC 65nm CMOS tech? (b). Wi it TSMC 65nm CMOS tech.

5.4.2 The Layout of the power MOS

From layout view of SC DC-DC converter, we knows that the size of power MOS
may be one thousand (1000um) in the maximum current loading. The huge size

causes different layout for some purpose.

In Fig. 5.19, the poly-silicon is drawn as a beehive in order to get better
electro-Static Discharge (ESD) protection. In this kind of layout, the drain and source
will be an octagon, improving the point discharge effect in the rectangle. The

causation of the electro-Static Discharge can be listed as four kinds of type: human
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body model, machine model, charged device model and field induced model.

The human model and machine model are caused by the external static electricity.
Therefore, we usually make some protection between the core and the pad. In the
output ping, we usually use an output stage with large size to push the external load.
The large size output stage which can endure large current is also a good discharge
path of the static electricity. Therefore, we draw the layout as Fig. 5.19(a) to make the

power MOS as an output stage with better ESD protection.

However, the layout as Fig. 5.19(b) will save more area. Fig. 5.20 shows the

equivalent MOS of Fig. 5.19(a) and (b) in the same area. The layout as Fig. 5.19(a)

will produce 30 equivalent MOS ‘anc Itwas Fig. 5.19(b) will produce 49

equivalent MOS.

N+ DIFF NWELL
/

P+ DIFF

POLY
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Figure 5.20 The equivalent MOS of layout in Fig. 5.18(a) and(b).
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5.4.3 Post-Simulation Results

The transient response of SC DC-DC converter is shown in Fig.5.21. The converter
was able to achieve >60% over a load current range from 10pA to 100pA. The
converter has small voltage variation, because the proposed delay-line based
comparator can detect 5mv voltage variation. The comparison of switched capacitor

DC-DC converter is shown in Table 5.2.

284 Tnw

-LE . 4uw

395 ¥

0. 00&

Figure 5.21 The transient response of SC DC-DC converter.
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Table 5.2 Comparison of [5.2], [5.5] and proposed switched DC-DC conberter.

Ref.[5.2] Ref.[5.5] | This work (MOS Cap.) | This work (MOM Cap.)
Technology 0.18um 65nm UMC 65nm TSMC 65nm
Input Voltage 1.2V 0.5V 0.5V 0.5V
Output Voltage 0.3~1.1V 0.3V 0.2~0.4Vv 0.2~0.4V
Variation
8% 10% 4% 4%
AVout
MAX Load
400uA 400uA 7T0uA 80uA
Current
Power 75%@(1.2V to 2504 70%@(0.5V to 0.4V) 78%@(0.5V t0 0.4V)
Efficiency 0.5V) ’ 60%@(0.5V to 0.2V) 64%@(0.5V to 0.2V)
Switch Cap. 0.6nF 600pF 30pF(MOS Cap.) 30pF(MIM. Cap.)
Response time 540ps 500 450ns(0.5V to 0.4V)
Area(um?) 750000 21280

oltage Digital Assisted

A conventional phase lock loop (PLL) is a control system that tries to generate

an output signal whose phase is related to the phase of the input "reference” signal. A

phase-locked loop circuit compares the phase of the input signal with a phase signal

derived from its output oscillator signal and adjusts the frequency of its oscillator to

keep the phases matched.




The architecture of PLL is shown in Fig. 5.22. A phase detector (PFD) compares
two input signals and produces an error signal which is proportional to their phase
difference. The error signal is then low-pass filtered and used to drive a
voltage-controlled oscillator (VCO) which creates an output frequency. The output
frequency is fed through a frequency divider back to the input of the system,
producing a negative feedback loop. If the output frequency drifts, the error signal
will increase, driving the VCO frequency in the opposite direction so as to reduce the
error. Thus the output is locked to the frequency at the other input. This input is called
the reference and is often derived from a crystal oscillator, which is very stable in

frequency.

VDD

Ref

10MHZ —»O——

UpP

PFD CP —O 200MHz

DN VCO

Divider

5

A

N

Figure 5.22 Architecture of phase lock loop (PLL).

When we reduce the supply voltage to near/ sub-threshold region (Vpp=0.5V),
the VCO output frequency range does not cover desired frequency in FF, 0.55V,
100°C and SS, 0.45V, 0°C. The VCO output frequency shows the simulation result as

below Fig. 5.23.
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Figure 5.23 Simulation results of VCO output frequency in different environment
condition.

Because of above prgbler e USE te : 30rs to compensate the VCO
erature compensation for

low-voltage digital assisted PLL jis"show » 5, [he VCO output frequency

with temperature compensa sult as below Fig. 5.25. From
the above simulation results, the VCO© ('frequency can cover desired frequency

range after temperature compensation.
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Figure 5.25 Simulation results of VCO output frequency in different environment
condition with temperature compensation.
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5.6 Summary

This chapter presents circuits that enable dynamic voltage and frequency scaling
(DVFES) for micro-watt system to reduce both dynamic and leakage power dissipation.
The system consists of the MTCMOS SC DC-DC converter, and temperature
compensation technique for low-voltage digital assist PLL. The SC DC-DC converter
uses PVT sensors to adjust output supply voltage in different environmental variation.
Low-voltage PLL uses temperature sensor to compensate the output frequency.

For MTCMOS SC DC-DC converter, we improve the output voltage variation and
power efficiency by using delay-line based comparator and multi-threshold CMOS

technology. For low-voltage digita PLL, we use temperature sensor to

compensate VCO output freqe
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Chapter 6 Conclusions and Future Work

6.1 Conclusions

In this thesis, we proposed a 1-point calibration near-/sub-threshold PVT sensor in
Chapter 3. A self-calibration near-/sub-threshold digital PVT sensors and a
self-calibration near-/sub-threshold digital temperature sensor with adaptive pulse
width generator are proposed in Chapter 4. In Chapter 5, we proposed a
multi-threshold CMOS switched capacitor (SC) DC-DC converter with 70% power
efficiency and 4% voltage variation ‘for micro-watt DVFS system design. We also
proposed a temperature compensation' for IoW-Vb_Itage digital assisted PLL; it can

generate output frequency cover gur desired frequency {N‘any environment condition.

The research results of Chapter 3, Chapter#4, and Chapter5 are applied to PVT

sensors for micro-watt DVFS systemsdesign.

The PVT sensors micro-watt2\.FS system_caf ‘provides process, voltage, and
temperature value, dynamically varying €lock frequency and supply voltage level.

The DVFS control can reduce total energy consumption in sleep mode.

6.2 Future Work

Wireless medical microsensors are usually with two different operating modes:
Low-Power Mode and Performance Mode because the well-known signals of the
main characteristics of cardiac activity, e.g. heart rate and ECG, are at a very low rate.
More than 99% operating time of sensor nodes are operating in low-power mode to
record various physiological signals throughout its life time while only less than 1%

operating time in performance mode to process and transmit real-time informative
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cardiovascular parameters to a host. This low-power-mode-dominated scenario is
capable of further reducing total energy consumption if dynamic voltage scaling
(DVS) technique is applied. The benefit of DVS technique is attributed to the
quadratic savings in active CVpp® energy. In this work, an on-chip switched
capacitor(SC) DC-DC converter which can deliver desired supply voltage for each
operating mode is integrated with proposed asynchronous 8T SRAM-based FIFO.
Device in low-power mode and performance mode will perform sub-threshold
operation and near-threshold operation respectively.

A robust near-/sub-threshold SRAM-based FIFO for WBAN applications is shown
in Fig. 6.1(a). To achieve high reli‘ability and extend battery working time, ULV
dual-port SRAM-based FIFO_i‘s applicable. T‘he“(_:onventional dual-port SRAM fails
to perform reliable subthreshiold voperation .because o‘f‘read‘disturb induced read static
noise margin (RSNM) degfadation. Plenty~Of subthreshold SRAMs have been
implemented to overcome the degradationd  However, threshold voltage shift due to
random doping fluctuations ar‘id processing variation céuses SRAM reliability getting
worse. In addition, the reduction ofysignal-ievel diréctly hurts the noise margin of
memory. As technology scaling, the smaller Io,-los-ratio limits the sharing elements
like SRAM. All of the ULV effects are considered in 2Kb proposed 8T SRAM cell,
shown in Fig. 6.1(b), in this work.

Besides a near-/sub-threshold memory is required, a novel switched capacitor (SC)
DC-DC converter and smart dynamic voltage scaling controller are proposed. The
schematic views of them are shown in Fig. 6.2(a) and Fig. 6.2(b), respectively. The
SC DC-DC converter uses a pulse frequency modulation (PFM) mode of control to
regulate the output voltage. When the output voltage V| is above V., the switches are
all set to the ®; mode. When V|_ falls below Ve, the comparator triggers a @, pulse,

which charges up the output load capacitor C oap. The non-overlapping clock
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generator block prevents any overlap between the ®; and ®, ON phases. The power
efficiency of DC-DC converter is no less than 70% over a load current range from
10pA to 100uA. Following a request for a voltage switch (where the signal MODE
changes), correct operation of the FIFO is guaranteed by sending a stall request before
the actual switching of voltage. Stalling prevents processor operation during the
period when the voltage supply is not completely connected. The stored data in FIFO
are preserved within the internal circuits. When stalling is finished, a confirmation
signal (stall_done) is transmitted back to the supply switch circuit. Finally, the stall
signal is released after the new voltage supply is fully connected.

Thermal issues are fast becoming major design constraints in subthreshold systems.
Temperature variations adve_rsely‘ affect syst‘em“_reliability and prompt worst-case
design. A dynamic temperatufe managément (DTM) | techniques uses to target
average-case design and taék the temperature issué at funtime. A novel digital
temperature sensor and dynémic temperatare manageme‘n‘t mechanism are proposed.

The schematic views of them are_‘ shownin"F1g=6:3(a) and*Fig. 6.3(b), respectively.

DC-DC SC DC-DC
Converter
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CTRL ] o
Near-/Sub-th — > ? write-word-line
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write-bit-line
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8T SRAM-based |«— CEN

CLK_w R ®
= ) FIFO pvTt [*— EN VSS
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Figure 6.1 (a) Block diagram of Near/Sub- threshold FIFO memory. (b) Proposed 8T
Near/Sub-threshold SRAM cell.
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Figure 6.2 (a) ULV MTCMOS SC DC-DC converter. (b) Smart dynamic voltage

scaling converter.
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