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Ultra-low Dynamic Voltage Scaling
Frequency-Ratio-Based PVT Sensor Design and
Applications
Student: Shang-Yaun Lin Advisor: Prof. Wei Hwang

Department of Electronics Engineering & Institute of Electronics

National Chiao-Tung University

ABSTRACT

With process scaling down continuously, high level of integration introduces the
problem of self-heating. To perform thermal management, this thesis proposes
0.5V~0.25V process voltage and temperature (PVT) sensors with adaptive voltage
selection operating over an_ultra-low supply voltage range from 0.25V~0.5V with
2.3uW power consumption and 50k samples/sec conversion rate. Next, the 0.4V fully
integrated process invariant temperature sensor is proposed. The effect of process
variation is significantly reduced. The realization meets the target to be capable of 0.4V
supply voltage operation over the temperature range of 0°C to 100°C. The area of the
sensor core (without 1/0 pads) is only 990um?. The power consumption per conversion
rate is 11.6pJ/sample. The high area/energy efficiency characteristics make the
proposed sensor applicable for energy-limited miniature portable platforms. Finally,
the heterogeneous three dimension integrated circuit (3D-IC) architecture is presented.
To prevent hot spot on the intra layer and reduce refresh power on DRAM layer, we
proposed a DRAM refresh controller utilizing the process invariant temperature sensor.
Thanks for tiny power consumption of temperature sensors, the refresh controller

reduces standby power significantly, 67.67% without much power overhead.
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Chapter 1
Introduction

1.1 Motivation

With the evolution of CMOS process technology, the number of transistors in a
digital core doubles about every two years. The increases of transistor density and
operating frequency have brought the effect of shorter battery life. For some
applications such as wireless body area network (WBAN) sensors, the critical
consideration is life time instead of operating speed. An important application of
WBAN is the vital sensor network shown in Figure 1.1. Sensor nodes that measure
biomedical signals such as electrocardiogram, blood pressure, and etc, are small pieces
either attached on or implanted into @ human body. They use a battery with as thin and
light characteristics as possible. Most of them.do not have the ability to last for a long
time. Thus, how to perform a low-power design and meanwhile conform to the speed

and reliability requirements is an important issue.
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Figure 1.1 Sensor network of WBAN [1.10].

Ultralow-power dissipation can be achieved by operating digital circuits with
scaled supply voltages, albeit with degradation in speed and increased susceptibility to
parameter variations. The operating voltage is-scaled down to sub-threshold or
near-threshold regions depending on-the power and speed requirements of circuit
system. There are many “researches about sub/near-threshold operation. [1.1]
demonstrates optimizations of sub-threshold design. in device, circuit as well as
architecture perspectives, which are‘different from the conventional super-threshold
design. [1.2] gives examples to show that designing flexibility into ultralow-power
(ULP) systems across the architecture and circuit levels can meet both the ULP
requirements and the performance demands. It also present a method that expands on
ultra-dynamic voltage scaling (UDVS) to combine multiple supply voltages with
component level power switches to provide more efficient operation at any
energy-delay point and low overhead switching between points. The UDVS technique
is described in [1.3], which presents voltage-scalable circuits such as logic cells,
SRAMs, ADCs, and dc-dc converters. Using these circuits as building blocks, some

applications have been highlighted.



Furthermore, dynamic voltage and frequency scaling (DVFS), achieves extremely
efficient energy saving by adjusting system supply voltage and frequency depending on
workload monitor [1.4]. Because of this reason, there are many previous researches
about DVFS power management for digital systems such as RISC, DSP and Video
Code. On the other hand, as we continue to reduce the voltage until the transistor get
into the near/sub-threshold voltage, circuits will become more sensitive to Process,
\oltage and Temperature (PVT) variations than super threshold. As a result, this thesis
focuses on temperature sensor research which can operate at ultra-low dynamic

voltage scaling (DVS).

On the other hand, a new class of package technologies, three-dimensional
integrated circuit (3D-IC) [1.5], [1.6], for multi-function integration makes on-die hot
spots even worse because of increasing power. density and unbalanced thermal
stresses distribution. Temperature variations over time- induced by those stacking
structures in 3D-IC require a fast and area-efficient temperature sensor to enable
real-time multiple-location hot-spot -detection. ~Also, in order to achieve small
self-refresh current, the dynamic random access memory (DRAM) required on-chip
thermometer with self-refresh scheme [1.7] - [1.9]. When a thermometer is
implemented in a memory chip, many factors should be considered, including number,

location, accuracy, area, and power consumption.

1.2 Research Goal and Major Contributions

The goal of this research is to design and implement ultra-low dynamic voltage
scaling frequency-ratio-based PVT sensor for variation-aware DRAM refresh

controller in 3D-IC. It includes 0.5V~0.25V PVT sensors with adaptive voltage
3



selection, 0.4V fully integrated process invariant temperature sensor and

temperature-aware DRAM refresh controller in 3D-IC.
The major contributions of this thesis are list as follow:

1. The 0.5V~0.25V process, voltage and temperature sensors with adaptive voltage
selection are proposed for temperature measurement in the energy harvesting
DVFS systems. It composes of process, voltage and temperature sensors,
providing process, voltage and temperature information. The process sensor and
voltage (PV) sensor monitor the process variation and voltage variation

continuously and give the variation information for temperature compensation.

2. A 0.4V fully integrated process-invariant frequency-based temperature sensor is
proposed. The effect of process variation is significantly reduced. Moreover, it
consumes tiny power and occupies small area. Highly area and energy efficient is
achieved.

3. The heterogeneous 3D-IC -architecture is presented. To prevent hot spot on the
intra layer and reduce DRAM refresh power, we proposed a refresh controller
utilizing the process invariant temperature sensor. The controller reduces standby

power significantly without much power overhead.

1.3 Thesis Organization

This thesis includes six chapters which focus on different temperature sensor
design and its application such as: 3D-IC and DRAM refresh. The following briefly

introduces the content of each chapter.



Chapter 2 gives an overview of previous temperature sensors. It include
conventional BJT based, analog CMOQOS, delay-based and frequency-based

temperature sensor.  Also, some of newest technique is introduced and compared.

Chapter 3 proposes 0.5V~0.25V process, voltage and temperature sensors for
temperature measurement in the energy harvesting DVFS systems. It composes of
process, voltage and temperature sensor. The process sensor and voltage (PV) sensor
monitor the process variation and voltage variation continuously and give the variation
information for temperature compensation. We will show simulation result and

performance summary in the end of this chapter.

Chapter 4 presents a 0.4V fully integrated process invariant frequency-based
temperature sensor. The effect of process variation is_significantly reduced. We will
show experimental result, chip photo-and performance summary in the end of this

chapter.

Chapter 5 demonstrates the heterogeneous.3D-IC architecture which contains
CPU, SRAM, DRAM and analog circuits. To prevent hot spot on the intra layer and
reduce DRAM refresh power, we proposed a refresh controller utilizing the process

invariant temperature sensor.

Chapter 6 gives the conclusion of this thesis and future work.



Chapter 2
Previous Works of Temperature Sensors

2.1 Introduction

Traditionally, the temperature sensors were constructed by proportional to
absolute temperature (PTAT) and complimentary to absolute temperature (CTAT)
sensors which were usually fabricated in bipolar processes. To be more compatible with
standard CMOS technologies, the substrate bipolar transistor was used instead for
thermal sensing [2.1]-[2.3]. For accuracy enhancement, the sensors needed extra
analog -to-digital convertors (ADCs) which took up more chip area and consumed
more power. Most high-accuracy and high-resolution temperature sensors are based on
the temperature characteristic -of ‘parasitic bipolar ‘transistors. The inaccuracy of
state-of-art smart voltage-domain temperature sensors were only +0.1°C(30) [2.4],[2.5].
Their digital output resolution can be no less than 0.025°C. Those were achieved by
using dynamic element matching, a combination of correlated double-sampling and
system-level chopping for offset cancellation, precision mismatch-elimination layout,
and individual trimming at room temperature after packaging. However, all these
analog techniques led to complex architecture, slow conversion rate, and large
area/power overhead. It is hard to fit these voltage-domain temperature sensors within

the form factor/ power-budget of a miniature microwatt system.

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
[2.6], [2.7], Temperature sensors circuit [2.8]-[2.10], jitter measurement [2.11],
modulation circuit and demodulation circuit as well as a TDC-based ADC [2.12].
However, for a TDC, hundreds of inverters were required to obtain enough pulse delay
to achieve sufficient temperature resolution. It has problems of occupying large area
and consuming high power. The bottom line is that TDC is not suitable for
near-threshold and sub-threshold, so we utilize frequency-to-digital converter (FDC)
technology to make up temperature sensor and achieve small area and low power and

operate at low voltage.

2.2 BJT Based Temperature Sensor

Most of all temperature sensors are using-a technique by comparing the difference
in the base—emitter voltage of two bipolar junction transistors (BJTs) at different
current densities. The main objective of the temperature sensor is to generate I current
and I current, which are the inputs of the ADC. A simplified schematic of [2.13] that
generates three currents, lptat, lear , @nd lyer, is presented in Figure 2.1. lpwe current
increases proportional to temperature and is generated by two n-p-n vertical BJTs with
a 20:1 ratio. Iy current decreases linearly with temperature and is generated by the
base—emitter voltage Vye of the BJT. The voltages across Rpw: and Rewr have a
temperature coefficient of about 0.3 mV/°C and -2 mV/°C, respectively. An |, current,

constant over temperature, can be generated by proper summation of Ipeeand legar.
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Figure 2.1 Schematic of BJT based temperature sensor [2.13].

Figure 2.2 (a) shows a simplified circuit diagram for an ideal dual-slope integrating
ADC. It consists of an integrator,.a comparator,-and switches for Iy and ler. An
integrator consists of an integrating capacitor and a two stage opamp and a comparator
is also the same circuit topology as a two-stage opamp without the phase compensation
network for faster speed. Resolution of the ADC is 9 bits and bandwidth is 32K samples
per second with a 32-us thermometer cycle. One internal clock with an 8-ns period

corresponds to 1° in this design.
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Figure 2.2 Dual-slope integrating ADC for (@) genetic-design, (b) timing diagram
[2.13].

During the initialization period, lpwt and ler are disconnected from the integrator
and Vx is precharged to Ve with an assumption that Vs and Vos; are zero. Vs is 1V
in this design but also assumed to Vss in Figure 2.2 for simple analysis and description.
The dual-slope ADC performs its conversion in two phases: integration phase and
deintegration phase. During the integration phase, Iy IS connected to the integrator
for fixed time Ty (4 us) shown in Figure 2.2(b) and Vx is charged up to a peak value that
is proportional to I, and, hence, proportional to temperature. During the deintegration
time, switching input from I to lrer discharges Vx with a constant slope set by Irer until
Vx falls below V. This deintegration interval T, shown in Figure 2.2(b) depends on

the current ratio of Iy and lrer.



[2.14],[2.15] presents a temperature sensor in a 32 nm high-k metal gate digital
CMOS process for integration in a microprocessor core. The sensor uses a ratio of
currents driven into a BJT pair with current chopping to up-convert the temperature
signal. A second order sigma-delta 1-bit ADC is used to digitize the chopped signal,
which is then down-converted and filtered in the digital domain to obtain a temperature
measurement. The sensor operates from 10 to 110°C, achieving a 3o resolution of 0.45

C, and < 5°C inaccuracy without calibration/trimming.

Pertijs et al. [2.5] proposed such a scheme by using a switched capacitor integrator
that balances the charge ratio between and voltage generated by charge summing.
Figure 2.3 shows the block diagram of the temperature measurement system with a
time-multiplexed BJT sense stage, a ADC, and a_digital backend. The ratiometric
measurement of the SAADC,«(Vee-Vaez) /(Vee+Vae2), IS non-linear with temperature.

The raw ADC output is linearized to yield

AVge nkT

Vv AV g nm)
D. . — BE /. BE = 9 2.1)
o 1+ % VBE + amAVBE VBG

m

BE
where , Vge=(Vee+Vae2), 4Vee=(Vee-Vae2), Vac is the bandgap voltage, m the current
ratio in the BJT pair, and the bandgap coefficient. The digital computation of the
reference, Veg=Veeta m4Vye allows easy tracking of process changes by setting a .
In [2.5], the gain factor is implemented using a capacitor ratio and multiple clock cycles.

This increases the area of the first integrator.
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Figure 2.3 Schematic of the thermal sensing system [2.13].

Figure 2.4 shows the simplified-schematic of the BJT sense stage. The top-row
current sources feed currents in to a pair of matched BJTs to develop a differential
voltage. The current ratio, m; between the BJTs results in a differential voltage. In
practice, the BJT performance changes.with.current density. At low current density
generation-recombination dominates the BJT behavior while at high current density
high-injection dominates. A region of optimal current density (flat- p) is selected to
ensure BJTs have comparable B at both current ratios. In this work, the bias current of a
single current source is nominally 80 uA. The current is generated using constant-gm
bias circuit that uses an nMQOS transistor in linear region as a resistive reference.
Different current densities can be realized by current, or the BJT emitter area scaling, or
both. In this work current scaling was selected as different emitter areas cannot be
matched perfectly owing to interconnect-dominated mismatch as the mismatch is

dominated by the interconnect. The effective emitter resistance in each BJT branch will
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be different due to differences in the routing resistance connecting the constituent BJT
elements. Additionally, the variable resistance to each unit BJT produces a
non-uniform current in that BJT leading to variations and errors. The use of equal area
BJTs allow for a layout with symmetrical metal connections to ensure matched contact

resistance.

The input current in each branch is swapped between the BJTs every 128 cycles so
that differential output voltage is up-converted to the chopping frequency. The selection
of the current sources to chop the currents to the BJTs is illustrated in Figure 2.5. The
current ratio in the BJTs must be accurate for a measurement with low variations. Each
individual current source must be matched so that an exact ratio can be obtained.
Careful attention to layout is necessary toeliminate systematic process induced
mismatches; a common centroid layout of the unit.transistors is used. A discussion of
the random mismatch in a high-k metal gate CMOS pracess is presented. One way to
improve the random mismatch .is to use long -channel length devices, but is area
inefficient. Another way to improve matching-is-to use a dynamic element matching
(DEM) between the current sources. A number of redundant current sources are used to
generate the current ratio. In the current scheme Ncs, discrete current sources are used
to generate the current ratio. A digital controller combines the DEM selection with the

chopping logic to connect the current sources to the BJT.
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Figure 2.4 Schematic of the front end sense stage with active cascode impedance
enhancement, DEM and chopped currents.in. BJT pairs. Output Vgg; and Vg, are

routed to the input ADC input MUX [2.13].
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Figure 2.5 Illustration of the current chopping to up-convert the temperature signal

tO fchop [2.13].
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2.3 Analog CMOS Based Temperature Sensor

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°C at the expense of increased circuit
complexity. With the use of three CMOS transistors for temperature sensor was
presented in [2.17]. The three-transistor temperature sensor shows in Figure 2.6, which
utilizes the 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.

Voutr1Q Vout2

IDSl'I'
M1

Figure 2.6 Conventional three-transistor temperature sensor [2.17].

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

lout2, have the same value. When the substrate bias effect of the transistor M2 is
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neglected to simplify the calculation, their Ips-Vgs characteristics and the operating

conditions are

o = 2 (Ve ~V’ 22)
f =t Co ‘% (23
los, = %(\/Gsz —V;,)° (2.4)
B, = 1ty Cox VLi (2.5)
lpss = %(Vess —Vr3)? (2.6)
B, =ty Cox ‘% 2.7)
Ios: = lps, = I pss (2.8)
VOUTl :V(351 ’ VOUTZ =Vgs2 JrVes3 (2.9)
Vour1 =Vours (2.10)

After solving (2.3) - (2.6) for each transistor’s respective Vgs, the results are
applied to Vgs,and Vgss in (2.8). Then, Ipsz and Ipss are also substituted for (2.1) & (2.2)

using (2.7). Finally, (2.9) is solved against Vgs; and we get

Vi, +VT3_(\/ﬂ1/ﬂ2 +\/ﬂ1/ﬁ3)VT1 T

V = = 2.11
oo e = (TR, VA ) -
dVOUTl dVT 2 dVT 3 dVTl
=a + -b 2.12
dT ( dT dT ) dT (212)
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Where

. 1 o NBIB+AI B
1-(WBIB, +JBI B) — 1-(AIB +\BIB)

Since /.18, ++B.1 3, can be assumed as constant, the variables and in (2.12)

also become constant. Therefore, the output voltage corresponds to the temperature
coefficients of the transistor threshold voltages.

Temp[°C] Temp[*C]
120+——-0+120 120+0

Operating

Points -
Iouri_1V
Ioutz 1V

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6 1.8
Vas [V]

Figure 2.7 Conventional three-transistor temperature sensor [2.17].

Figure 2.7 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
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voltage goes into the sub-threshold region or the cutoff region.

To improve linearity at a 1V supply voltage, an accurate four-transistor temperature
sensor was designed in [2.18], and developed for thermal testing and monitoring
circuits in deep submicron technologies, which is shown in Figure 2.8. Note that to
operate the additional transistor in the saturation region, an extra bias voltage Vgso’ is
required. 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.

V'ouri V'out2
Additional
transistor

DSO ™~ JJ

raso] vl' "JL'=0.6/2.8
Toss pr/ry=0.212.8

% Wz/L'2=(3.5/0.14)X4

Vss 1L =(3.5/0.14)x4

Figure 2.8 Four-transistor, voltage output, temperature sensor [2.18].

In addition, the W/L ratio of the transistors M0’ and M1’ should be as small as
possible so that the current loyt:” 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 1, —V/ characteristics and the operating conditions of both the proposed

four-transistor sensor is the following:
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, 21; (2 ,
Viyr = ﬂD,SZ VY, + | ﬁDﬁS VY o T (2.13)
2 3

\/2' 5%, + \/2' s3 (i can be assumed as a constant value. Thus, (2.13) shows that
2

3

the output voltage is mainly proportional to the temperature characteristics of the

threshold voltage (m2andmz).

The output current of four- transistor temperature sensor is more high linearity
with high temperature than conventional three-transistor circuit shows in Figure 2.9.

Temp[°C]

120 0 Temp[°C] 0
i r T
1) |
14p :r 1 "1 | ," "
[ B
= .," L ’p_;_,_l,'__i //
”' | PR ! 1T
! gt L 120
: ) [rj/'L'y J %/
10 ﬁ: oL /\/
154 ! ,\ 0°C
2‘ 8]“'“ N 2026
— LN N H
w L,L, L '\f\l‘\_ 49°C
L«Q 6].|. /! ! l’ /! unSrQL
L N ore
[ AT e
4].L ' 7 ’l’ / ,” .
/ A/ Operating
’/’/ -/ Points
2p i T'ouri_1V
e Jourz 1V
0 i i
0.0 0.1 02 06 07 08 09 10 1.1 12
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Figure 2.9 Operating points of four-transistor temperature sensor [2.18].

2.4 Delay Based Temperature Sensors

2.4.1 Time-to-Digital Converter Based Temperature Sensors

The temperature sensor composed of temperature-to-pulse generator and cyclic

time-to-digital converter, shows in Figure 2.10. Temperature-to-pulse generator, it can
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generate a pulse width is linear to temperature variation. A simple circuit utilizing gate
delays to generate the thermally sensitive pulse is shown in Figure 2.11. 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 [2.19]

t = 2C Vo + C, ‘ In(1.5VDD AN ) (2.14)
2
Ky Voo =Vi)® Ky (Voo —Viy) 0.5Vp
tpHL _ - 2C|_VTP o+ CL ) In(1.5\/DD + ZVTP) (215)
Ko (Vop +Vip) Ke (Voo +Vip) 0.5V,

| | Cyclic I
‘ Temperature-to-Pulse e Digital

G »| Time-to-Digital
enerator P Converter Output
u

START

Figure 2.10 Block diagram of the time-to-digital temperature sensor [2.19].

START
A T -
Delay Line 1 I Td1
y Pout l"" A
_'—
]  —
Delay Line 2 with Jof 1
_______ 2]
START elay Line 2 wi > :
Low Thermal B : !
Sensitivity : j\j_ P
|
W=Tda1-Td2

Figure 2.11 Temperature-to-pulse generator [2.19].

Where ky =4 Cox W/L)y ,» kp =2,CoxW /L), and C_ are the trans

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

delay can be derived as

t, = Lo + o — (L/W)CL |n(1-5VDD — 2VT ) (2.16)
2 ﬂCox (\/DD _VT) 0-5VDD
Where
T km
p= ()" km=-1.2~-2.0 (2.17)
0
V,(T) =V, (T)+a(-T,) , a=-05~-3.0mv/°k (2.18)

As the temperature increases, the-mobility (i) and the threshold voltage (VT)
will both decrease. In the case.of VDD much-larger than VT, the thermal effect of the
propagation delay will be dominated by the mobility. That is, the thermal coefficient
of the propagation delay will become positive. The 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 Figure 2.12. 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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Pout

Delay Line 1 |:>

Offset ;
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T T
Figure 2.12 Width offset reduction accomplished by delay line 2 [2.19].

As shown in Figure 2.13, 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

r1 ]| Ry
. .
| F— NOT,
|
P3j|_ i_ |
' IN —OUTE
| —) |
b ___ J

S [

Figure 2.13 Operating points of four-transistor temperature sensor [2.19].

1 wW
Iops = E HC oy (f)(vesps -V; )2 1+ AWVesps) (2.19)

By substituting (2.17) and (2.18) into (2.19), the equation becomes
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1

|
DP3 =
2

- Mo ox( )( )km [Vcspa =V (Ty) —a(T _To)]2(1+ WNVsps) (2.20)

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+ AV, ) 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.

. e ol
To get the minimum thermal sensitivity, let GLTPB, 0

“OZ—TK’“(WXT)W[ sors —Vi (To) — (T~ To) P (Lt AVeps)

=a -ty Coy ( )( )km [\/GSPS Vo (M) —a(T —To)](l"‘ WNesps)

After simplification, we have

a-T
Vesps =Vr (To) + a(T =T )"'ZW (2.21)

The sizes of transistors P1 and N1 are adjusted to make the gate-to-source voltage
of P3 fit the requirement stated in (2.21) as closely as possible. The conduction current

of transistor P3 can be found by substituting (2.21) back into (2.20) to yield

lops = ;uo ox( )( )km[ZaT} 1+ AVisps) (2.22)
km

When KM= —2 | the drain current will become totally thermal independent

1 W
Iops = E £,Cox (T)(Of—l-o)2 1+ AVgsps)

Through the help of the current mirrors (P1, P2) and (N1, N2), the drain current of
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the inverter will be kept thermally insensitive as well, as will the propagation delay of
delay line 2. This greatly reduces the design difficulty and enhances the tolerance to

process variation.

For accuracy enhancement, a novel time-domain SAR smart temperature sensor
suitable for curvature compensation is proposed in [2.20]. The corresponding
architecture is shown in Figure 2.14 which evolves from the former time-domain digital
thermostat [2.21]. A SAR control logic is added to speed up the set-point programming
of the thermostat for adjusting the ARDL delay to approximate the TDDL delay. The

final set-point value is defined as the output of the proposed sensor.

Digital Thermostat

Temperature
t

I
i I
» Dependent Delay
Line (TDDL) |
Offset Time || Time Compl

|

|

|

:; Cancellation|— Comparator
| Circuit Adjustable

|

|

I

I

> Reference Delay Line I
t (ARDL) ty |
I

L Set-Point 4
SAR <
Control

Logic <— 8 CLK

| [D9 : DO] _—|_I_L

Digital Output (Doy)

tRer
Figure 2.14 Implemented architecture of the proposed smart temperature sensor

[2.21].

More specifically, the SAR control logic, ARDL and time comparator can be
viewed as an equivalent time-to-digital converter to measure the TDDL delay for any

temperature under test. The accuracy enhancement is accomplished mainly by a new
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technique called curvature compensation by which the curvature of ARDL
temperature-to-time transfer curve is designed to compensate for TDDL curvature to

Substantially improve the sensor’s linearity.

From (2.15),(2.16) and (2.17), (2.15) can be rewritten as

2LOLTG™ 0@ = 4Vr/Vo) 1 & 5o e

1, (T) = , ,
WD) oW Cox 1-Vp/Vpp = Thm (2.23)

where the constant B is almost temperature-independent. Although the unit reference
delay of ARDL can be easily implemented as one reference clock period, or a part of it,
to be theoretically temperature-insensitive, the curvature of the smart sensor output will
inevitably resemble that of curve and the_sensor accuracy will be seriously limited as

predicted in Figure 2. 15(a). One feasible linearization technique for the smart sensor

revealed in Figure 2. 15(b).

t,(T)

output is to compensate for the curvature of TDDL curve by that of ARDL curve, as
[ l out [
L (T)[ fy (T)l [

Figure 2. 15 Sensor output linearity for (a) temperature-insensitive and (b)

curvature -compensating ARDL cell delay [2.21].

To reduce the thermal sensitivity of the ARDL delay cell to make its delay as a unit

time reference, the temperature compensation circuit adopted in the former
24



time-domain sensor [2.19] is utilized likewise. However, the conventional temperature
compensation circuit consumes continuous power. NMOS switch NS1 is added to shut
down the quiescent current of the ARDL delay cell between measurements to reduce
power consumption as shown in Figure 2.16 where the Stop signal is activated at the
end of conversion. The other switch NS2 is inserted to match the source resistances of
N1 and N2 for reducing current mirror error. To cut the delay line size and the
conversion time in half, the ARDL delay cell can be theoretically implemented as a
temperature-compensated NOT gate instead of a delay buffer [2.10]. In this case,
however, the rise time and fall time of the NOT gate are not equal since the pull up
current is usually not the same as the pull down current. This mismatch will cause
additional errors between even and odd stages.: Therefore, a thermally compensated

buffer is used instead as the unit ARDL delay cell.

VDD

Out

Figure 2.16 Modified temperature compensation circuit for the ARDL delay cell

[2.21].
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2.4.2 Dual-DLL-Based All-Digital Temperature Sensor

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 [2.22] 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 and delay normalization using the circuit of Figure 2.17. It
contains an open-loop delay< line, and a DLL" that synthesizes temperature
-independent-delay references. This reference-DLL (R-DLL) is locked to a crystal
oscillator x(t): each delay cell in the R-DLL has constant delay AO. 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, . = NAy. 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 2.17 Basic architecture of DLL-based CMOS digital temperature sensor

[2:22]:

In calibration mode at temperature T¢, we set N = N to fix the reference delay at
DpLr = NcAg. We then increase M (MUX-2 setting) until Do, equals Dp . at M = M.
This comparison of Do, to Dp | to find.their lock:at M = M is done via the bang-bang
phase detector in the middle of Figure 2.18. 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 Figure 2.18). MUX-1 setting N is varied until Dp. . equals Do at N = Ny,
Ny, is a digital output that faithfully represents T. N, corresponds to the normalized

delay seen earlier.
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Figure 2.18 Calibration mode (top) and measurement mode (bottom) [2.22].

2.4.3 Sub-pW Embedded ' CMOS Temperature Sensor

In [2.23], An ultra-low power embedded CMOS temperature sensor based on
serially connected sub-threshold MOS operation is implemented in a 0.18 um CMOS
process for passive RFID food monitoring applications. Employing serially connected
sub-threshold MOS as sensing element enables reduced minimum supply voltage for
further power reduction, which is of utmost importance in passive RFID applications.
Both proportional-to-absolute-temperature (PTAT) and complimentary-to-absolute-
temperature (CTAT) signals can be obtained through proper transistor sizing. With the

sensor core working under 0.5 V and digital interfacing under 1 V, the sensor dissipates
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a measured total power of 119 nW at 333 samples/s and achieves an inaccuracy of +1/
0.8 C from 10 C to 30 C after calibration. The sensor is embedded inside the fabricated
passive UHF RFID tag. Measurement of the sensor performance at the system level is

also carried out, illustrating proper sensing operation for passive RFID applications.

Figure 2.19 shows the block diagram of the proposed temperature sensor in the
RFID tag. The proposed temperature sensor first generates and the signals from the
sensor core utilizing MOS devices operating in sub-threshold region. These signals are
converted to delays through the corresponding delay generators. The resultant
temperature modulated output pulse PW, which is level-shifted to 1 V swing for
interfacing at the output of the delay generators, is further digitized using the clock
signal. This time-domain readout.scheme eliminates.the use of power hungry ADC to
reduce power consumption. For system level implementation, the sensor reuses the
existing supply voltages and:clock signals available in the tag to reduce the power and
area overhead. The sensor supply voltages, Vopr =0.5V and Vppy =1V, are provided by
the on-chip power management unit. The supply voltages are provided by LDOs with
filtering to reduce both noise at the RF frequency and the ripple voltage, as required by
the sensor and other building blocks to ensure robust tag operation. The clock generator
generates the system clock, and this clock is utilized by the sensor for quantization.
This quantization clock is generated through injection locking. In that case, its
frequency is referenced to the incident RF input and should be weakly dependent to
both process and temperature variation. The sensor control signals are generated and
the digitized temperature data received by the digital baseband. In order to further
reduce power consumption, a Done signal is exerted at the end of each conversion

period to shut-down the analog building blocks and to acknowledge the baseband. The
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digital data Dout is then ready and can be read out.

e e e e e a o Integrated Temperature Sensor _ _ _ _ _ _ _ ____.
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_YOPH. Delay Generator PW Vooh 575 ' Done
A - A | C
VooL g o >0—
—l— =
Temperature
. Sensor Core —
Vst ! VbpH
—>—e ~
' VopL VopH = T ' Dout
T T & 3 3
. X AR
ripple WA
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Figure 2.19 Block diagram of the proposed temperature sensor with interfacing in

the'RFID tag system {2.23].

Figure 2.19 illustrates the PTAT and CTAT delay generators that convert the
temperature modulated signal from voltage domain to time domain for simple and
power efficient processing. Without loss of generality, we first consider the CTAT delay
generator. Transistors Mp7.g, together with the resistor Rpr and the amplifier, convert
the input voltage into Vprar current lprar. LOw-voltage operation is sustained by
implementing the amplifier using simple current mirror architecture. Stacking of
transistors is avoided by having the amplifier output directly driving. The scaled current
from is mirrored through Mpg.1o. Transistors Mpio.15 Operate as a single-slope ADC,

which also performs level-shifting from 0.5 V to 1 V for interfacing with other digital
30



circuits. Similarly, the PTAT delay generator converts Vcrar into Icrar, followed by
another single-slope ADC. At the start of each integration cycle, the Vst signal is
exerted, shutting down Mp11 (Mci1). The temperature modulated current signals (which
is converted from Vprar Or Vcrar) is integrated through capacitor Cpr (Ccr). Upon
reaching the switching threshold of Mpiz.13 (Mci2-13), @ rising edge is triggered and
buffered by Mp14.15 (Mc14-15).As the discharging currents are temperature dependent,
the delay between the two rising edges is also temperature dependent. The two rising
edge signals from the CTAT and PTAT delay paths are XORed to generate a
temperature modulated pulse width PW (Figure 2.21) and then further quantized using
the ripple counter and the system clock. The whole block is shut-down through the

feedback signal (refer to Figure 2.19); which also indicates the end of conversion.

Voor VooH

Vcrar
- Mci2 Mci4
+
Done
Mci3 Mcis
PW
Voo Voo
Vprar
) Mpi2 Mpia
+
Mei3 Mepis

Figure 2.20 Block diagram of the proposed temperature sensor with interfacing in
the RFID tag system [2.23].
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Figure 2.21 Simulated temperature modulated pulse width from -10 ‘C to 30 "C

[2.23].

2.5 Leakage Based Temperature Sensor

The amazing integration densities achieved by current submicron technologies
pay the price of increasing static power dissipation with the corresponding rise in heat
density. Dynamic Thermal Management (DTM) techniques provide thermal-efficient
solutions to balance or equally distribute possible on-chip hot spots. Accurate sensing
of on-chip temperature is required by optimally allocating smart temperature sensors in
the silicon. [2.24] introduce an ultra low-power (1.05-65.5nW at 5 samples/s) tiny
(10250 um? CMOS smart temperature sensor based on the thermal dependency of the
leakage current. The proposed sensor outperforms all previous works, as far as area and

power consumption are concerned (more than 85% reduction in both cases), while still
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meeting the accuracy constraints imposed by target application domains. Furthermore,
a specific interface based on the use of a logarithmic counter has been implemented to
digitalize the temperature sensing. These facts, in conjunction with the full
compatibility of the sensor with standard CMOS processes, allow the easy integration
of many of these tiny sensors in any VLSI layout, making them specially suitable for

modern DTM implementations.

The structure of the sensor is displayed in Figure 2.22. Similarly to what happens
in dynamic gates, when the input receives a low-to-high transition and transistor M1
goes from an “on” to an “off’ condition, capacitor C_ stores a charge that
ideally would remain untouched, but that actually will gradually leak away due to

leakage currents.

Figure 2.23 shows the sources of feakage for transistors M1 and M2. Sources (1)
and (2) are sub-threshold leakages of M2 and M1, respectively. As mentioned before,
these two components will dominate the behavior of the sensor. Sources (3) and (4)
are reverse-biased diode leakages of M2 and M1, respectively. Sources (1) and (3)
discharge C,, whereas sources (2) and (4) charge it. When C is charged, the transistor
M2 drain-source voltage (Vpsm2) equals VDD and its sub-threshold current (Ipsus m2)

reaches a maximum. At the same time, Vpsm1 and Ipsus,m1 equal 0.
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Figure 2.23 Leakage current mechanisms in the thermal sensor [2.24].

Figure 2.24 shows the implementation of the sensor along with the logarithmic
counter. A clock—clock_in—drives the input of the sensor, after charging with a
narrow low pulse, its low-to-high transition leaves the intermediate node floating and
sets when the logarithmic count must start. When, due to the leakage process, crosses
the threshold voltage of inverter M3-M4, the logarithmic counter receives a
low-to-high transition at the load input, the count ends and is registered. Note that the
loading rate of the register, i.e., the conversion rate of the sensor, is equal to the
frequency of clock _in. This frequency is bounded by the pulse width of the minimum
temperature that the sensor needs to measure. An external control will decide this

conversion rate depending on the precision and power requirements of the system.
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Figure 2.24 Implementation of the sensor along with the logarithmic counter

[2.24].

2.6 Frequency-to-Digital Converter Based Temperature

Sensor

The temperature sensor_proposed by [2.25] is operating with the FDC and the
controller as shown in Figure  2.25. Temperature 1S measured by the frequency
difference between the temperature sensitive oscillator (TSO) and the temperature
insensitive oscillator (T10). Digital output consisting of 10b coarse and 3b fine binary
codes are extracted from the FDC. In order to reduce power consumption, the TIO and
the TSO operate alternatively depending on the signals sent by the controller, S1 and S2,
which are also used to synchronize both oscillators. Controlling signals have enough
margins to account for the settling time of both oscillators, which is necessary for
switching them. The difference of the frequencies between the TSO and the T1O is used
to measure temperature. Consequently, the countable temperature range at a given the
number of bits can be increased as shown in Figure 2.26. The frequency variation due to

process variation can also be canceled.
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Figure 2.25 Block diagram of the temperature sensor proposed [2.25].
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Figure 2.26 Enhanced performance of temperature measurement with the T1O

[2.25].

Both of the TSO and TIO are constructed from ring oscillators using a current
starved delay cell shown in Figure 2.27. However, the temperature insensitive bias
circuit is adopted only in the T1O. The TSO has the frequency range of 400MHz (at
-40°C) ~ 250MHz (at 110°C), which has linear relation to the temperature variation.

The TI1O, whose mean frequency is 200MHz, can serve as the reference for the TSO.

Figure 2.28 shows the block diagram of the FDC which consists of a 10b up-down
counter, a sampler, and the fine code generator (FCG) and shows the timing diagram.
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When Up- Down is high, the MUX selects the TSO output as the FDC’s input clock.
The counter then counts rising edges of the input clock upward. Conversely, when
Up-Down is low, the MUX selects the TIO output as the FDC’s input clock. The
counter then counts the rising edges of the input clock downward. Therefore, the
sampler can register the frequency difference between the TSO and the TIO with S3.
For the next measurement, S4 resets the counter, which completes one
temperature-to-digital conversion. One period of Up-Down is the same as one
conversion time. In order to prevent an overflow and to maximize the capability of the

counter, the frequency of Up-Down should be as in (2.24).

Figure 2.27 Ring type oscillator with current starved delay cells [2.25].
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Figure 2.28 (a) Block diagram of a FDC -and (b) timing diagram of the control

signal [2.25]

2.7 Summary

Figure 2.29 shows the fishbone diagram of temperature sensor patents (US
patents). There are 2770 search results in term of temperature sensor, BJT based and
analog CMOS based temperature sensors belonging to the majority. These two type
temperature sensors utilize BJT bias and band-gap reference to sense temperature
variation. TDC based and FDC based temperature sensors are in the minority, utilizing
inverter chain and ring oscillator to generate time pulse and frequency linearly with

temperature. Figure 2.30 and Table2.1 compare several temperature sensors in previous
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section. As the conversion speed goes up, the more current is needed. Therefore the
power consumption is compared with respect to the measurement bandwidth. The
voltage and current based temperature sensors [2.4], [2.5], [2.14]-[2.16] have large
power consumption per conversion rate and low area efficiency because they make use
of ADCs. Power consumption per conversion rate of TDC based temperature sensors,
[2.19]-[2.21], are lower than previous one, but the delay chain occupies large area.
[2.23] have less power consumption but smaller sensing range (-10°C~30°C) which is
suitable for RFID. [2.24] has extreme low power because slow conversion rate, but
it’s effected significantly by process variation. While consuming the lowest power per

conversion rate, the FDC based temperature sensor [2.25] shows moderate resolution.

1172 1022
Voltage Based Current Based
26 Band-gap 18 Band-gap
reference reference
Temp.
Sensor

2770 Delay-locked .
I Ring
4 oop .
Delay pulse 28 oscillator
generation 10

Delay Based Frequency Based
109 637

Figure 2.29 The fishbone diagram of temperature sensors.
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Figure 2.30. Comparison of temperature sensors.
Table 2.1 Comparison of each type temperature sensors.

Type Paper Advantage Disadvantage
BJT [2.5],[2.14] | High resolution-and small | Large area and large power.
Based -[2.16] inaccuracy. Can’t be operated in low

voltage.

CMOS [2.17], Better linearity, lower Need additional ADC and bias

Based [2.18] supply voltage and power | circuits.

than BJT-based

Delay [2.19]- Don’t need additional Large area of delay line. Can’t

Based [2.23] ADCs, it’s easier to be be operated in low voltage.

implemented.

Leakage [2.24] Small power and area. Low conversion rate.

Based Additional log counter is
required. Can’t be operated in
low voltage.

Frequency | [2.25] High conversion rate. Worse inaccuracy.

Based
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Chapter 3

0.5V~0.25V Process, Voltage and
Temperature Sensors with Adaptive
Voltage Selection

The 0.5V~0.25V process, voltage and temperature (PVT) sensors with adaptive
voltage selection are proposed for temperature measurement in the energy harvesting
dynamic voltage and frequency scaling (DVFS) systems. It composes of process,
voltage and temperature sensor.<The process sensor.and voltage (PV) sensor monitor
the process variation and voltage Vvariation continuously and give the variation
information for temperature compensation. The temperature sensor has six TSROs
generating frequency proportional to-the measurement temperature at suitable supply
voltage, and converts the frequency into digital code. The sensor was designed in
TSMC 65nm CMOS technology. The sensor operate over an ultra-low voltage range
from 0.25V~0.5V and have 2.3uW power consumption, 0.15°C resolution and 50k

samples/sec conversion rate.

3.1 Introduction

In recent years, numerous portable electronic products have been launched to the
market with considerable market growth. Energy efficiency of electronic circuits is a

critical concern in every application. Lowering the supply voltage and frequency is one
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of the attractive approaches to reduce power consumption. Furthermore, dynamic
voltage and frequency scaling (DVFS) system achieves extremely efficient energy
saving by adjusting system supply voltage and frequency depending on workload
monitor [3.1]. As we continue to reduce the supply voltage to ultra-low voltage that the
transistor reach the near/sub-threshold regions, circuits would become more sensitive

to process, voltage and temperature (PVT) variations than super threshold [3.2]-[3.4].

(" Solar \/# *Q
PVTS PVTS | PVTS |
N DVFS DVFS DVFS
z Domain Domain Domain
@
RELI 5
g ‘; 9 DVFS Controller & DC-DC Converter
o 4
Ho& PVTS | PVTS | PVTS |
3 |4 4| DvFs DVFS DVFS
Thermol | 2 Domain Domain Domain
\ AF *)

Figure 3.1 The DVFS system of energy harvesting.

With process scaling down continuously, the high level of integration also
introduces the problem of self-heating, which is the result of increased power density.
The environmental variations are so large that variation-aware near-/sub-threshold
circuit design is necessary to prevent functional failure [3.5]. Besides, the energy
harvesting systems, which power source include solar, RF and thermo, have critical
factor of power efficiency [3.6]-[3.7]. As the result, the power consumption of
temperature sensors should be as low as possible to be applicable to the DVFS systems
of energy harvesting. As shown in Figure 3.1, the system is constructed by several
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DVFS domains, DC-DC converter and DVFS controller.

Traditionally, the temperature sensors were constructed by proportional to
absolute temperature (PTAT) and complimentary to absolute temperature (CTAT)
sensors which were usually fabricated in bipolar processes. To be more compatible with
standard CMOS technologies, the substrate bipolar transistor was used instead for
thermal sensing [3.8]-[3.9]. These sensors needed extra analog-to-digital convertors
(ADCs) which took up more chip area and consumed more power. However, these
analog techniques led to complex architecture, slow conversion rate, and large area and
power overhead. Therefore, the delay-based temperature sensors is proposed recently
to replace analog circuits and the time-to-digital-converter (TDC) is utilized in
[3.10]-[3.11]. But, a TDC requires hundreds of inverters to obtain enough pulse delay
to achieve sufficient temperature resolution. It has problems of occupying large area

and consuming high power.

The rest of this chapter <1s organized as-follows. The design principle of
temperature sensor in ultra-low voltage will be discussed in section 3.2. A novel
architecture of 0.5V~0.25V PVT sensors with adaptive voltage selection will be
proposed in section 3.3. Simulation results of proposed sensor will be given in section

3.4. Finally, section 3.5 concludes this chapter.

3.2 Design Principles in Ultra-Low Voltage

3.2.1 Challenges of Temperature Sensor in Ultra-Low
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Voltage

A temperature-to-delay-difference generator [3.10] was designed to produce an
output pulse with a width as linearly proportional to the measured temperature. As
shown in Figure 3.2(a), the START signal went through two different delay lines. One
was temperature sensitive, and the other was temperature insensitive. The difference of
propagation delay between those two delay lines, Tq; — T4z, Was generated by the XOR
gate to form temperature-dependent output pulse width. The temperature insensitive
delay line (TIDL) was inserted to avoid large DC offset. However, the characteristics of
temperature sensitive delay line (TSDL) become distinct as the supply voltage scaling
down. There are three operation regiens of the MOSFETSs, including super-, near-, and

sub-threshold region. The corresponding current equations are listed as follows.

Super-threshold region: (Vgs >> Vi)
1 W
ID_sp :E/U*COXT Vs _Vth)2(1+ﬂ“VDS) (3.1)

Near-threshold region: (Ves ~ Vi)

W 1
I D_near — /’l*COXTVDS (VGS Vi _EVDS j (3.2)
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Figure 3.2(a) Temperature-to-delay-difference generator.(b)

Temperature-to-frequency-difference generator.

Sub-threshold region: (Vas < Vin)

W V.. -V
I = u*Cox — (m=DUZexp| -t
b =M L( S Xp( oy J (3.3)

T

where Vi, denotes threshold voltage and i denotes the effective channel mobility. The
thermal voltage is represented by U+t. Considering the transistor figure of merit for
temperature sensing, the temperature coefficient of current (TCC) [3.12] was used. For
a long channel transistor, the TCC in the super-threshold region of operation based on

(3.1) is given by

dl, . N dv
TCC,, = 1 %o _ i* de 2 th (3.4)
aT 4 dT Vg -V, dT

D_sp

The relative change of TCCs, is a negative few thousandths per degree because the
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negative mobility sensitivity dominates. In sub-threshold region, the TCC based on (3.3)

(assuming Vps is much larger than Ut ) is given by

dl - —
TCC,, = L Bow__ l* du _+_2_ 1 [V, +VGS Vin (3.5)
low OT 4 dT T nu,\dT T

The relative change of TCCg, is now positive because the negative threshold
voltage sensitivity dominates in sub-threshold region due to the exponential
dependence upon it. As the transistor goes deeper into weaker inversion, yield TCCg, of
6% per degree and more. Based on (3.4) and (3.5), the relationship of the TSDL
propagation delay versus temperature in super-/sub-threshold region is shown in Figure
3.3. The TSDL propagation delay in super-threshold region increases with temperature
whereas that in sub-threshold region_decreases with temperature. However, the
linearity of the TSDL propagation delay in sub-threshold region is much worse as
shown in Figure 3.3. Therefore, the characteristic of the TSDL in sub-threshold region

is not suitable for ultra-low voltage temperature measurement.

4 1 m ——
[a) \ ‘-—-— *_
o
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80.7 S, =B-TSDL in Near-th.——
5 0.6 . TSDL in Sub-th.
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o “.~~-
go03 -
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201
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Temperature

Figure 3.3 The linearity of temperature sensitive delay line (TSDL) in super-threshold,

near-threshold and sub-threshold region.

On the other hand, the TIDL in [3.10] was also hard to implement when the supply
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voltage is lower to near-/sub- threshold region. The design principle of TIDL was
setting ol, /0T =0 to yield the thermal independent conduction current. The first
challenge is that the conduction current equation in super-threshold region is very
different from that in sub-threshold region, especially the power of Vy, term. The second
one is that the relative change of TCC in sub-threshold region is several positive
hundredths per degree while the relative change of TCC in super-threshold region is a
negative few thousandths per degree. The third one is that the conduction current

equation of sub-threshold region shown in (3.3) is affected by the thermal voltage to the

power of 2, U?Z.

In [3.13], a temperature-to-frequency-difference generator was designed to have
the temperature sensitive ring oscillator (TSRO) to be the clock source for up-counting,
and the temperature insensitive ring oscillator (TIRQ) to be the clock source for

down-counting. With the same counting period, the output of the up-down counter was

equal to the frequency difference of the two oscillators, f, — f,,, as shown in Figure

3.2(b). The counter output, f, — f_,, was designed to be linearly proportional to the

measured temperature. It adopted a modified TIRO to solve the voltage head room
problem. However, the implementation of the TIRO was still based on setting
ol, /0T =0 to acquire the minimum thermal sensitivity. Adopting the TIRO in
ultra-low voltage region encounters the same difficulty as the TIDL in [3.10]. To carry
out temperature measurement in ultra low voltage, the frequency-based technique is

adopted.
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3.2.2 Ultra-Low Voltage Frequency-Based Temperature

Sensor

A frequency-based temperature sensor is shown in Figure 3.4(a) for ultra-low
voltage temperature measurement. It composes of a sub-threshold temperature
sensitive ring oscillator (SB-TSRO), a 2-input AND, a counter and a fixed pulse
generator. The proposed sensor is designed to have the frequency ratio between the
SB-TSRO and CLK of the fixed pulse width generator proportional to the test
temperature. Thus, the proposed temperature sensor can be regarded as a
temperature-to-frequency-ratio generator. Once EN signal is inserted, the fixed pulse
generator will generate an N eycles pulse, W: The SB-TSRO is designed to generate a
frequency, fsg tsro, linearly-—proportional to the measured temperature. Using the
2-input AND, the clock output of the SB-TSRO can only trigger the counter within the
pulse period, W. Therefore, the digital-output-of S-bit counter is equal to N fsg tsro/

foLk.

I — Nfsg_tsro —
EN —

Fixed pulse IE W §| ferk

enerator | |
Jl.". —fCLg N/fcrk IN I : ouT

CLK Counter
2\
|_|>¢ .. _[>o_[>°1_:)—l EN
Sub-th. TSRO :
(@) (b)

Figure 3.4 (a) Ultra-low voltage frequency-based temperature sensor. (b) Inverter used

in SB-TSRO.
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One of the key components of the proposed sensor is the SB-TSRO. It should
produce an output clock with frequency as linearly proportional to the measured
temperature as possible. The inverter with enable function used in proposed SB-TSRO
is shown in Figure 3.4(b). The frequency of SB-TSRO constructed by the inverters is

proportional to the conduction current since f = Ip/ (VDD x Cg).

fSB_TSRO o lp g (3.6)

Noted that supply voltage, Vpp, and equivalent capacitor of an inverter, Ceq, are
assumed to be temperature independent. The inversion layer effective mobility depends

on temperature according to [3.14]

- ﬂO(TJa @3.7)

TO
where a is typically between -1 and -2. Also, the thermal voltage, Ur , is equal to
kgT
q

U, =—2- (3.8)

By substituting (3.7) and (3.8) into (3.3), the equation becomes

_ V_V _ 1 : kB_T i q[VGS _Vth(T)]
Io —ﬂoCox( LJ(m 1{1.0} ( q j eXp{—kaT } (3.9)

Using Taylor series expansion for exponential function, the equation becomes

_ w _ l : kB_T i q[VGS _Vth(T)]
Io s —ﬂoCox(fj(m {Toj ( q j {1+ mk—BT } (3.10)

After simplification,
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lp o = KT 2*"‘{1+—q[vGSmLVT“m]} , (3.11)
B

2

where K = 1,Cyy (WTJ(m —1{ L(_‘;_ ) It’s temperature independent.
q
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Figure 3.5 (a) The relationship-between temperature and threshold voltage. (b)

The relationship of SB-TSRO output frequency versus temperature.

There are two terms within the‘curly brackets of (3.11). The second term is related
to threshold voltage, Vi, and thermal voltage, Ut . Based on [3.15], the V4, can be

expressed as
Vin(T) =V (To) + (T = Ty) (3.12)

where a is a negative coefficient. It represents the threshold voltage decreases as
the temperature goes high as shown in Figure 3.5(a). Thus, the second term within the
curly brackets of (3.11) is temperature independent since the temperature effect of
threshold voltage is cancelled with T of thermal voltage. Finally, the temperature effect
of conduction current depends on the term, KT*?. When a equals to -1, the conduction
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current will become linearly proportional to temperature. It also means the frequency of
SB-TSRO is proportional to temperature based on (3.6). In order to ensure proposed
SB-TSRO operates in sub-threshold region, the design principle of the proposed

SB-TSRO threshold voltage is

V,(T)=Vy, when T >T,,,, (3.13)

where the supply voltage, Vpp, is equal to Vgs. The Tyax represents the maximum

temperature operation range of the sensor.

Based on (3.13), the threshold voltage of SB-TSRO MOSFETs at 125°C is
implemented to be VDD for the design convenience. The relationship of SB-TSRO
output frequency versus temperature is-a strictly.increasing linear function as shown in

Figure 3.5(b).

3.3 PVT Sensors with Adaptive Voltage Selection

To perform dynamic thermo management in the DVFS system in Figure 3.1, the
supply voltage and process variation must be considered besides temperature. The
adaptive voltage selection range is from 250mV to 500mV, so a voltage sensor is
utilized to monitor voltage variation. Because the process variation is extremely
significant in the ultra-low voltage, a process sensor is required as well. Therefore, the
process and voltage (PV) sensor is utilized to compensate temperature sensor as shown
in Figure 3.6. The whole circuit can be simply divided into six blocks, including finite
state machine (FSM), PV sensor, temperature sensor, process register, voltage mapping
table and PV compensation. The FSM send EN_ZTC and EN_TSRO to enable PV

sensor and temperature sensor respectively. The PV sensor measure process and
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voltage information and send it to process register and voltage mapping table.
According to signal of process register, P[4:0] , the voltage mapping table decides
current voltage condition and send V[2:0] to temperature sensor. The temperature
sensor measure current temperature and send temperature information, T[11:0], to PV
compensation block. The PV compensation block compensate T[11:0] with P[4:0] and

V[2:0] to cancel the variation of voltage and process variation.

Process & Voltage PV[8:4] Process
Sensor > Register
EN_ZTC
EN = _T PV[S'O] Voltage
ck—| FSM Mapping [~ | "

RESET =] V[2:0]
EN_TSRO ; i

Temperature Sensor —»

PV- T_OUT[12:0]
N e
compensation

Figure 3.6 Architecture of proposed sensor.

3.3.1 Finite State Machine

The state diagram and signal waveform of FSM is shown in Figure 3.7 and Figure
3.8 respectively. The implement circuit of FSM, as shown in Figure 3.9, can be
operated in 250mV to 500mV supply voltage. In the beginning the RESET signal is
pulled up, FSM is initialized. Later, when RESET signal is set to low level the sensor
start sensing process condition for one CLK cycle time. After sensing process condition,
P_done signal is pulled up to alert the process register to stall the process value. Then,
the sensor is idle until EN signal is alerted to monitor voltage and temperature. At the

first cycle, the FSM reset counters of PV sensor and temperature sensor by the reset
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signal RESET_CTR. Then, the PV sensor is enabled by EN_ZTC to sense voltage
condition at the second cycle. Next, voltage mapping table decide current voltage range
according to voltage condition sensed in the previous cycle and value in the process
register. After knowing current voltage is within which range, the temperature sensor
measure temperature for four cycles. Finally, PV compensation block calculate the
temperature value according to value in the process register and voltage information. If

EN is still high, FSM would back to first state. Otherwise, FSM will back to idle state.

Voltage
Mapping

Came’

’

4 cycles

Figure 3.7 State diagram of FSM.
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Figure 3.8 Signal waveform diagram of FSM.
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Figure.3.9 Implement circuit of FSM.

3.3.2 Process and Voltage Sensor

The current of transistor vary. with temperature, process, and voltage. Mutual
compensation of mobility and threshold voltage temperature variations may result in a
zero temperature coefficient (ZTC) bias point of a MOS transistor. In TSMC 65nm bulk
CMOS technology, the ZTC points of NMOS and PMOS are at about 0.4V and 0.6V
respectively, as shown in Figure 3.10. According to simulation results, the delay of unit
inverter will not change with temperature variation at 0.5V. Because at 0.5V supply
voltage, NMOS drain current decreases with temperature, PMOS drain current
increases with temperature. The PMOS and NMOS mutual current compensation leads

to the output frequency of ring oscillator is constant with temperature variation.
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Figure 3.10 ZTC point simulation of NMOS and PMOS.

The ZTC ring oscillator is the major component of PV sensor, as shown in Figure
3.11. The inverter utilized in ZTC ring and the circuits in Figure 3.4(b) are the same
structure but different size. The low threshold voltage (LVT) CMOS is adopted to
construct the inverters and nand gate. The weight/ length ratio of transistors are
120nm/300nm. When the FSM turn-to process or voltage sensing state, the EN_ZTC
signal enable the 31 stages ZTC ring oscillator and the 9-bit counter is triggered by the
oscillator. Therefore, the digital output of counter is also temperature invariant and only
effected by process variation. In this work, we don’t require too high digital output
resolution, so we only utilize PV [8:4] for process measurement. The simulation results
are shown in Figure 3.12, the digital output vary with process variation. When process
corner is located at SS, TT and FF, the digital output is 7, 11 and 16 respectively. The

digital output is not effected significantly by temperature.

PV[8:0]
]
u > 9-bit Counter
1
31 stages ZTC ring osc. RESET CTR

Figure 3.11 Implement circuit of PV sensor.
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Moreover, the PV sensor can be utilized to sense supply voltage condition when
supply voltage is dynamic scaling, because the frequency of ZTC ring oscillator is also
voltage dependent. When EN_ZTC pulse period is fixed, the digital output is
proportional to voltage but lightly affected by temperature, as shown in Figure 3.12 (b).
However, the voltage sensing (VS) digital output is still affected by process variation,
so we compensate digital output according to process information stored in process
register by the circuits in right part of Figure 3.13(a). The multiplexer choose
compensating value according to P[4:0] and add it to PV[8:0] as shown in left part of
Figure 3.13(a). The mapping table convert compensated value to simplified digital
output, V[2:0], for temperature sensor. The relationship of digital output and supply

voltage is shown in Figure 3.13 (c).
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5 L 2000 /\
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2 SS| 8 1000 /\ —128¢
W 5 250 /| \
a 500 /] N\
0 250 |SS /)T N\ FE
25 5 75 125 £orner J(‘nrnpr \ Corner
Temperature (OC) 7 8 9 leglt;;ou;;ut 13 14 15 16

@ (b)
Figure 3.12 (a) The relationship between digital output and process variation.(b) The

Monte Carlo simulation.
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Figure 3.13 (a) Compensation.circuits and mapping table of voltage sensor. (b) Voltage

sensor digital output under variation. (c) Digital output after process compensation.

3.3.3 Temperature Sensor

The temperature sensor is composed of six TSROs, a 12-bit counter, multiplexers
and a decoder, as shown in Figure 3.14. TSROs are controlled by EN05, EN045, EN04,
ENO035, EN03 and EN025 and only operated when EN_TSRO is high. After voltage
mapping state, V[2:0] signal is sent to decoder and multiplexer to choose suitable
TSRO for current voltage. Based on (3.13), the threshold voltage of TSRO must equal
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to supply voltage at the maximum temperature operation range. Therefore, TSROs with
different threshold voltage are designed for different supply voltage (i.e., 250mV to
500mV). The threshold voltage behavior can be adjusted by using multi-threshold
CMOS (MTCMOS) setting and increasing the effective channel length to adjust
MOSFETs threshold voltage [3.16]. Besides, the stage number of each TSRO is
arranged to let digital output slope ratio be the same for resolution improvement. The
simulation results of temperature sensor can be roughly separated into 3 parts, FF, TT
and SS corner, as shown in Figure 3.15. For each corner, digital output slopes of

different TSROs is roughly identical for convenience of compensation.

[ N
L=60n HVT 31 stage |
l: | T[1I1:0]

—12-bit Counter

| |M
(e o> S B Y e
RESET_CTR

L=85n HVT 15 stage

L=90n RVT 19 stage

L=190n RVT 7 stage

L=120n LVT 11 stage

L=250n LVT 5 stage

3

l I [ [ :I )C ' Decoder
Temperature Sensitive | |
Ring Oscillators (TSROs) VIZ0l EN_TSRO

Figure 3.14 Implement circuit of temperature sensor.
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Figure 3.15 Simulation results of temperature sensor.

3.3.4 PV-Compensation

When FSM turn to PV compensation state, digital output of temperature sensor is
compensated according to P[4:0] stored in process register and V[2:0] sent from
voltage mapping table, as shown in Figure 3.16. The 12-bit adder and subtracter are
utilized to calculate temperature digital output. The multiplexers will choose
appropriate compensating value base on current process and voltage information.
Simulation results of compensated digital output are shown in the Figure 3.17.

Compared with Figure 3.15, voltage and process variation of digital output are reduced
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significantly. As the results, the temperature sensor is accomplished under process and

voltage variation in ultra-low voltage.
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Figure 3.16 PV-compensation circuits and compensation value tables.
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Figure 3.17 Simulation results of compensated digital output.

3.4 Simulation Results

The proposed process, voltage and temperature sensors are implemented via
TSMC general purpose 65-nm CMOS technology. The supply voltage is adaptive
scaled from 0.25V to 0.5V. The temperature simulation error is -1.76°C ~+1.96°C for
adaptive voltage range, as shown in Figure 3.18. The maximum error occurs when
supply is 0.25V and 0.5V. The effective resolution is 0.15°C /LSB at 50k samples/sec
conversion rate. The minimum power consumption is about 2.3uW at 0.25V supply
voltage. Table 3.1 lists the comparison of recent temperature sensors [3.8], [3.11],

[3.13], [3.17]-[3.18] and proposed temperature sensor. The proposed temperature
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sensor has ultra-low DVS operation ability, high conversion rate and ultra-low power

consumption. The temperature inaccuracy of proposed temperature sensor is sufficient

for dynamic thermal management applications.

Temperature(°C)

Figure 3.18 Simulation error of proposed temperature sensor.

Table 3.1 Temperature-sensor comparisons

Sensor Technology | Sensor Type Supply(V) | Power | Conv. Rate | Resolution | Inaccuracy | Temp.
(nW) | (sample/s) | (°C) o) Range(°C)
[3.8] 0.7um BJT-Based 25-55 62.5 10 0.025 +0.25(30) -70~130
[3.11] 0.35um Delay-Based 33 36.7 2 0.092 -0.25~0.35 0~90
[3.13] 65nm Freq.- Based 1.2 400 366k 0.043 -2.9~2.75 -40~110
[3.17] 32nm BJT - Based 1.05 1600 1k 0.45 <5 -10~110
[3.18] 0.35um Leakage-Based | 3.3 0.265 5 0.28 +1.97(30) 20~100
Proposed | 65nm Freq.-Based 0.25-0.5 2.3 50k 0.15 -1.75~+1.96 -25~125
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3.5 Summary

The frequency-based process, voltage and temperature sensors without any ADC
are proposed for on-chip temperature measurement in the DVFS systems of energy
harvesting. It composed of process, voltage and temperature sensor. The process sensor
and voltage (PV) sensor monitor the process variation and voltage variation
continuously and give the variation information for temperature compensation. The
temperature sensor has six TSROs generating frequency proportional to the
measurement temperature at suitable supply voltage, and converts the frequency into
digital code. The sensor was designed in TSMC 65nm CMOS technology. It operate
over an ultra-low supply voltage range from 0.25\V~0.5V. The power consumption is
2.3uW at 0.25V supply voltage and 50k samples/sec conversion rate. The above
characteristics make the proposed sensor special applicable for energy-harvesting

miniature portable platform.
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Chapter 4
0.4V Fully Integrated Process Invariant
Temperature Sensor

4.1 Introduction

This chapter describes an voltage fully integrated process invariant frequency-based
temperature sensor. The proposed temperature sensor utilizes two temperature sensitive
ring oscillators (TSROSs) to build a temperature-to- frequency-ratio generator capable
of operating at 0.4V supply voltage. One is operated in near-threshold region, named
Near-TSRO, to generate a fixed pulse width forming the denominator. The other one is
operated in sub-threshold region, named SB-TSRO, to provide the required frequency
as the numerator. The ratio of the SB-TSRO frequency to the Near-TSRO frequency is
implemented to be linearly increasing with the measured temperature. Because of the
different MOSFETSs near-/sub-threshold conduction current characteristics, the effect of

process variation is significantly reduced by the proposed temperature sensor.

The rest of this chapter is organized as follows. The design concepts of ultra-low
voltage process invariant temperature sensor will be discussed in section 4.2. The
specific architecture of temperature sensor will be revealed in section 4.3. Simulation
and experiment results will be given in section 4.4. Finally, section 4.5 would conclude

this chapter.
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4.2 Design Concepts of Process Invariant Temperature

Sensor

Although the process sensor in previous chapter can sense the process corner
information and compensate temperature sensor, the process variation standards is not
fine enough. As shown in Figure 3.4, the digital output of temperature sensor still
suffers from process variation. As the result, we have to sacrifice some function,

adaptive voltage scaling, to let the design be simple.

In order to remove the effect of process variation, the CLK in Figure 3.4 is replaced
by a near-threshold temperature sensitive ring oscillator (Near-TSRO) as shown in
Figure 4.1. The frequency of'the Near-TSRO.is fo1. The S-bit counter is still triggered
by the SB-TSRO with f,, frequency. Hence, the output pulse width of fixed pulse width

generator becomes 2!/ f.;. The corresponding digital output of S-bit counter will be

2N_l f02/ fo]_
Fixed Pulse Width Generator
VDD | D Q
> D-FF [ lw=2"4., -:)_l
RESET
| - \"4
G S-bit
Near-th. S N-bit Counter
TSRO  |f,,[ Counter
START NI L Jf o oc Temp.
Sub-th. |fo2
TSRO

Figure 4.1 Block diagram of the proposed ultra-low voltage frequency-based

temperature sensor with process variation immunity enhancement.
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There are two temperature sensitive ring oscillator (TSRO) in the proposed
temperature-to-frequency-ratio generator with process variation immunity. One TSRO
is operated in sub-threshold region, called SB-TSRO, and its frequency is proportional
to the conduction current, Ip s,. The other TSRO is operated in near-threshold region,
called Near-TSRO, and its frequency is also proportional to the conduction current

based on f=1p/(Vpp* Ceq ).

fNear_TSRO o ID_near (4-1)

Based on (4.1), the digital output of S-bit counter can be represented by

2N_l foZ / fol ac 2N_l I D_sb / I D _near (4-2)

By substituting (3.2) and (3.3),.the equation-becomes

Ves =V,
m_luze GS th2
il

I D _sb - (4 3)
I D _near VDS (VGS _Vthl _VDS /2) ’ .

where Vi is device threshold voltage in Near-TSRO, and Vi, is the device threshold

voltage in SB-TSRO. Noted that" ‘the IL[*COX(\%) term is cancelled. Given

Ves=Vps=Vpp, the above equation can be simplified as

kBT i q[VDD _Vch(T)]
oa ™) ex'“{ mk,T }

= 1 (4.4)
D_near VDD |:2VDD _Vthl(T)j|

where Ur=kgT/q. Using Taylor series expansion for exponential function, the
equation becomes

(m—l)(kBTj {1_'_ q[VDD _Vthz (T)]}
ID_sb _ q kaT

| = 1 (4.5)
D_near VDD |:2VDD _Vthl (T):|
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According to (3.12)

Voo =Vina (T) T (4.6)
1
EVDD Vi (T) T (4.7

There are two terms within the curly brackets of the numerator in (4.5). Similarly,
the second term is temperature independent since the temperature effect of threshold
voltage in (4.6) is cancelled with that of thermal voltage. The remaining terms of the
numerator in (4.5) is proportional to T2 Meanwhile, the denominator of (4.5) is
proportional to T based on (4.7). Therefore, the output of the proposed temperature

sensor with enhanced process variation immunity becomes

. fo ID sh
MBS vyac-dl (4.8)

ol ID_near

Equation (4.8) is only valid provided that f,; Is generated in sub-threshold region
whereas fy; is generated in near-threshold region. In-order to ensure the SB-TSRO (fy,)
and the Near-TSRO (f,;) operate in sub-threshold and near-threshold region,
respectively, the design principles of the device threshold voltage within the two
TSROs for the proposed temperature sensor with enhanced process variation immunity

are

Vi, (T)=Vep when T >T,u (4.9)

1
Vim (T) = EVDD when T <Tyn (4.10)

where Tyax and Ty represent the maximum and minimum temperature operation

range of the sensor respectively.
67



On the other hand, the enhanced process variation immunity is achieved by the
temperature-to-frequency-ratio structure. Some process parameters of Ip ¢ are
cancelled with those of Ip near, including inversion layer mobility, gate oxide
capacitance, effective channel width, and effective channel length. The simulation
results of the proposed temperature sensor under process variation are shown in Figure

4.2. The effect of process variation is reduced significantly.
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Figure 4.2 The effect of process.variation onthe proposed process invariant

temperature sensor.

4.3 Specific Architecture of Process Invariant Temperature

Sensor

An ultra-low voltage process invariant frequency domain temperature sensor is
implemented in TSMC 65nm bulk CMOS technology. The block diagram is shown in
Figure 4.3. The SB-TSRO uses regular threshold voltage (RVT) CMOS. For the design

convenience, the device effective length of the RVT CMOS is adjusted for having its
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threshold voltage equals to VDD at 125°C satisfying (4.9). The clock of the fixed pulse
width generator is provided by the Near-TSRO instead of system clock. The low
threshold voltage (LVT) CMOS is adopted to construct the inverters within the
Near-TSRO. The device effective length of the LVT CMOS is adjusted for having its
threshold voltage identical to one half of VDD at -25°C based on (4.10). In order to
achieve sufficient temperature resolution, the Near-TSRO has 51 stages; while the

SB-TSRO has 13 stages.
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1-bit | TS
=
Counter
3>1:02 - 2N-1f02/f01

CLK I—[>o—[><yooo

Sub-th. Ring OSC

Y

—

T— D Q+ Control mWZZN-lﬁol f°1
Unit PW
ST, Near-th. Ring OSC : oot 10mso
Rejet | >c | >O o060 | >O Counter
‘kNl'St

Fixed Pulse Width Generator

Figure 4.3 The implementation of the proposed process invariant temperature sensor.

With 0.4V supply voltage, the proposed temperature sensor has two input signals,
CLK and START. The CLK is provided from the system clock directly, and it is very
flexible, and the only requirement of it is faster than 500kHz. That is sufficient for the
control unit since the simulated maximum conversion rate of the proposed temperature
sensor is 50kHz. The START triggers the sensor to perform on-chip temperature
measurement. Each positive edge of the START can enable the measurement one time,
and have the Q of the D flip-flop inserted. The S is then inserted one CLK cycle to

reset 11-bit digital output counter, and RDY is reset to 0. Also, the PW then becomes 1
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to enable both the SB-TSRO and the Near-TSRO. The SB-TSRO is used for the clock
signal of the 11-bit digital output counter; while the Near-TSRO is used for clock signal
of the 10-bit counter. The 10-bit counter of the fixed pulse width generator continues
counting until the most significant bit, Qms, IS inserted. It will reset the D flip-flop to
make the Q become 0. The control unit then resets PW to 0, and has N inserted to reset
the 10-bit fixed pulse width generator. Meanwhile, the RDY is inserted after several
CLK periods to ensure the 11-bit digital output, TS, is ready. The TS equals to 512x
foo/fo1, and it is proportional to temperature according to (4.8). The timing diagram of

the proposed temperature sensor is shown in Figure 4.4.

START | 512 | [
Qmsb T et —’I—\_
PW | L

Figure 4.4 The timing diagram of the proposed process invariant temperature sensor.

4.4 Simulation and Experimental Results

To verify effectiveness and capabilities of the proposed temperature sensor with
enhanced process variation immunity, it was designed by full-custom EDA tools and
fabricated in a TSMC general purpose 65-nm one-poly ten-metal (1P10M) CMOS
process. Also, the impact of process/voltage variations on the proposed temperature

sensor is evaluated in this section. The area of the proposed sensor core is only 55pum x
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18um without I/O pads as shown in Figure 4.6. The proposed process invariant
temperature sensor is composed of a near-threshold ring oscillator, a sub-threshold ring
oscillator, a fixed pulse width generator, counters, and a control unit. The double guard
ring surround the near-threshold ring oscillator and sub-threshold ring oscillator to
prevent other circuit from interference but increase area slightly. Figure 4.5(a) shows
digital output TS[10:0] remains almost the same across corners in post-layout
simulation. The measurement error over 0°C~ 100°C is within -2.8°C~ +3.0°C as
shown in Figure 4.5(b), which demonstrates good process immunity for the proposed

sensor. The effective resolutions for all test chips spread over 0.25°C.

Post-layout Simulations
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2 1000 /
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£ 800
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Figure 4.5 (a) Digital output of sensor in post-layout simulation. (b) Simulated output

error for 0°C~100°C.
71



.‘.

Figure 4.6 Microphotograph of proposed process invariant temperature sensor
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The proposed sensor shared I/O pads with other designs within the 0.94mm x
0.94mm chip. For measuring convenience, we design PCB board as shown in Figure
4.7. Several regulator circuits are set for filter bouncing noise. Besides, there are a
jumper and a switch for selection between DC-DC converter and temperature. The

SMA terminal is utilized to receive START signal, because sample frequency is higher

than normal condition.
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Figure 4.7 PCB board design.

The measurement environment was set up as shown in Figure 4.8. Before

measuring each test chip, the temperature of the programmable temperature and

73



humidity chamber EZ040- 72001 was set to 0°C first and one hour was waited for the
chamber temperature to be stable. For 0°C measurement, CLK signal was generated by
pulse/function generator 8116A for the control unit of the test chip. Meanwhile, START
signal was issued to reset the test chip and activate the proposed sensor conversion.
After the counters of the test chip complete one operation, RDY signal will be inserted
by the control unit of the test chip. The 11-bit digital output TS signals were then
recorded by logic analyzer 16900A. It is worth noticing that the test chips were not
firmly packaged and the bare die could be seen as shown in Figure 4.9. Such setting can
help stabilize the core temperature of the test chips during measurement. The
measurement of the proposed sensor was done in 5°C steps over 0°C~100°C
temperature range. A 0.5°C/min heating slope was set to increase chamber temperature
smoothly. Each temperature. measurement was ‘recorded after holding desired
temperature point for 10 minutes:
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H Controller H
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Figure 4.8 Measurement environment for the test chips.
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Figure 4.9 Bare die of the test chip on PCB board.

The supply voltage for the“test chips is 0.4V. The measurement errors are
-1.81°C~+1.52°C for 12 test chips after one-paint calibration, as shown in Figure 4.10.
To ease chip realization, one-point calibration was fulfilled offline by linear curve
fitting with the digital outputs. of 80°C. The corresponding 30 inaccuracy is
-2.79°C~+2.78°C. The average effective resolution of the test chips is measured to be
0.49°C/LSB. The average power consumption is 520nW at 0.4V supply voltage and
45k samples/sec conversion rate. The measurement results of 12 test chips are shown in
Figure 4.11 having an excellent linearity. Also, the ability of the proposed sensor
suppressing the effect of process variation is demonstrated. To reveal the effect of
voltage variation, the corresponding measurement errors are depicted in Figure 4.12 for
0.36V~0.44V (10% supply voltage variation). The inaccuracy of temperature

measurement under voltage variation is within -6°C~+8°C.
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Figure 4.10 Measured error curves for 12 test chips.
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Figure 4.11 Measured result curves for 12 test chips.
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Figure 4.12 Measurement error curves for voltage variations.

In Table 4.1, the achieved performance of proposed ultra-low voltage process

invariant frequency-domain temperature sensor is compared with recent temperature

sensors. The ultra-low voltage operation ability of the proposed sensor achieves

extreme low power consumption per-conversion rate of only 11.6pJ/sample.

Table 4.1 Performance Comparison of Recent Temperature Sensors.

Sensor Technology Power Conv. Rate | Power/ | Resolution | Inaccuracy | Temp.
(sample/s) Conv. (°C) (°C) Range(°C)
Rate

[4.1] 0.7um | 25 A@2.5V-5.5V 10 8.25 0.025 +0.25(30) -70~130
[4.2] 0.7um | 75pA@2.5V-5.5V 10 24.75 0.01 +0.1 (30) -55~125
[4.3] 0.35um 10pW@3.3V 10k 0.001 0.16 -0.7~0.9 0~100
[4.4] 0.35um 36.7uW@3.3V 2 18.35 0.092 -0.25~0.35 | 0~90
[4.5] 0.13um 1.2mw@1.2v 5k 0.24 0.66 -1.8~2.3 0~100
[4.6] 65nm 400pW@ 1.2V 366k 0.0013 0.043 -2.9~2.75 -40~110
[4.7] 32nm 1.6mW@1.05VvV 1k 16 0.45 <5 -10~110
This work 65nm 520nW@0.4V 45k 0.000012 0.49 -1.81~1.52 | 0~100
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4.5 Summary

A process invariant frequency-domain temperature sensor has been presented to
enable on-chip temperature measurement. The sensor was designed to achieve
ultra-low voltage operation. It composed of two temperature sensitive ring oscillators
(TSROs). One was operated in near-threshold region (Near-TSRO) for the clock source
of the proposed fixed pulse width generator. The other one was operated in
sub-threshold region (SB-TSRO) for the clock source of the digital output counter.
With a 2-input AND circuit, the digital output of the proposed temperature sensor was
proportional to the ratio of the SB-TSRO frequency to the Near-TSRO frequency,
fo2/fo1. According to the different conduction current in near- /sub-threshold region, the
effect of process variation on the proposed sensor could be greatly suppressed.
Meanwhile, the relationship-between temperature and-f.,/f,; was linearly positive

related.

The realization in TSMC general purpase 65nm CMOS technology meets the
target to be capable of 0.4V supply voltage operation over the temperature range of 0°C
to 100°C. The area of the sensor core (without I/O pads) is only 990um?. The power
consumption per conversion rate is 11.6pJ/sample, which is a hundredfold
improvement over previous work [4.4], [4.6]. All these characteristics make the

proposed sensor special applicable for energy-limited miniature portable platforms.
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Chapter 5
Temperature-Aware DRAM Refresh
Controller in TSV 3D-IC

5.1 Introduction

Though-silicon-via (TSV) has emerged as a promising solution in building 3D
stacked devices. It is a technology.where vertical interconnects formed through the
wafer to enable communication among.the stacked chips [5.1], [5.2]. There are also
other wafer level processing technologies to form 3D structures including the
single-crystal Si layer stacking method [5:3], [5.4]. TSV technology is believed to have
the potential to open up many new horizons in the’semiconductor industry in the near
future. This is because it provides many benefits including high density, high
band-width, low-power, and small form-factor [5.5], [5.6]. Also, as we near the limit of
technology scaling, it is believed to be a promising solution to overcome the scaling
limit.

Another possible application is “logic+memory” combination, where a single or
multiple memories are directly stacked on top of a logic chip [5.7], [5.8]. Here, the
logic chip and the memory can communicate through thousands of 10s allowing
high-bandwidth with low power. Also heterogeneous integration circuits and 3D logic

chip applications are expected to emerge in the future. In the former application, TSVs
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are used to interconnect logic, memory, analog, RF sensor and MEMS chips among
others. In the latter one, a logic chip itself such as CPU, can be built 3-dimensionally
[5.9]. Figure 5.1 is a conceptual schematic of a hyper-integrated 3D-1C combined with

a contemporary flip chip package and heat sink technology.

Heat Sink Th
ermal
Thermal Spreader interface
3 |ayer (Photonic/RF) L
] l i Bonding
2™ Layer (DRAM} | | — interfaces
. L]
1%t Layer (Logic) ~— Interlayer
electrical
PR SR interconnect

Figure 5.1 3D circuit architecture connected to a conventional heat removal device

[5.16].

However, for multi-level-3D-IC, high level of integration introduces the problem
of thermal and self-heating, which is the result-of increased power density. Although
the power consumption of a die within a 3D-IC is expected to decrease due to the
shorter interconnects, the heat removing of a 3D-1C is much more difficult than that of
a 2D-IC. The cause is that the ambient environment of the die of a 2D-IC is the cooling
material, but the ambient environment of a die within a 3D-IC may be another die
which also generates heat. Therefore, the thermal issue of a 3D-1C is much severer than
that of a 2D-IC. This feature makes the circuits in 3D-IC must operate adaptively

according to the thermal condition of each layer.

This chapter proposes a temperature-aware refresh controller of the dynamic
random access memory (DRAM) in intra layer of 3D-ICs. Also, previous works of
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DRAM refresh mechanisms are discussed. To analyze the data retention time
accurately, a 1Kb DRAM block is build up with TSMS 65nm CMOS process. Besides,
a process invariant frequency-domain temperature sensor proposed in chapter 4 is
utilized to measure DRAM block temperature and control the refresh frequency

adaptively for DRAM thermal monitor and power consumption control.

The rest of this chapter is organized as follows. The thermal issues and solutions
in 3D DRAM will be discussed in section 5.2. In section 5.3, System architecture of
heterogeneous 3D Integration is build up. Next, temperature-aware refresh controller
of DRAM layer in 3D-IC will be proposed in section 5.4. Simulation results of
proposed architecture are given in section 5.5. Finally, section 5.6 concludes this

chapter.

5.2 Thermal Issues  and Solutions in_3D-IC and DRAM

Refresh

5.2.1 Thermal Issues in 3D-IC

To study the thermal impact of hot spot size and power density on 3D stack design,
thermal finite element simulations were performed in [5.10]. Two simulation setups
have been used. The fine grain simulation of [5.11] takes into account the complete
back-end -of-line (BEOL) and layout structure whereas in the FEM simulation of [5.12]
simplified models are using volume-averaged material properties. These finite element

simulations have been calibrated with a test structure that consists of heaters integrated
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with thermal sensors (diodes). Heaters with a size of 50x50 um? and 100x 100um? are
located in the metal 2 layer of the BEOL in the top tier of the 3D chip-stack, as well as
in a 2D reference die. Both in the top and the bottom die of the stack, a set of five diodes
at different distances from the hot spot centre are added are integrated below the heater.
This configuration of diodes allows capturing the local temperature peak due to the hot
spot power dissipation. The simulation results and experimental validation [5.13]
(Figure 5.2) indicate that power dissipation in a 3D stacked structure approximately has
a higher maximum temperature increase compared to the 2D reference case, requiring

thermal-aware floor-planning to avoid thermal problems in the stack.

3D Temp. 0
. Heater Sensors power density .
TOp d|e o ? 12W/mm?
o8 © 3D 100x100 - EXP
L ; 7 — 3D 100x100 - model
BOttom tlel’ § 6 2D 100x100 - EXP
g 5 —2D 100x100 - model
= 4 * 3D 50x50 - EXP
§ — 3D 50x50 - model
Tai £ 3 © 2D 50x50 - EXP
e p [2 2 —2D 50x50 - model
2D  Heater Sensors .
0
Bottom tier 200 -150 -100 -50 0 50 100 150 200
Distance from hot spot centre (um)

Figure 5.2 Temperature increase on the top die in a 3D chip-stack caused by a
100x100pum? hot spot is approximately three times higher than the temperature increase

in a 2D SoC chip [5.10].

To implement the thermal-aware floor-planning in 3D stacks, a thermal compact
model has been developed [5.14]. With this model, the temperature distribution is
calculated in each die, using the power maps of the heat generation in each tier as input.
This compact model allows studying the thermal interaction of heat sources in the 3D
stack, both on the same die as well as on other levels of the stack. Furthermore, the
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compact model allows thermal optimization of the placement of the heat sources as a
function of the geometrical and material properties of the interface and interconnects

structures. Figure 5.3 shows the graphical interface of this thermal compact model.
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Figure 5.3 Graphical interface of the thermal compact model for 3D stacked structures

[5.10].

5.2.2 The 3D-1C with Interlayer Cooling

In CMOSAIC [5.15], a multi-disciplinary team will jointly conduct experimental
research, develop the necessary modeling tools, simulate 3D-1C stacks and test various
prototype stacks to develop practical methods for heat removal in high performance

3D-ICs.
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Figure 5.4 depicts a simplified schematic diagram of a 3D-IC with the chips
assembled on top of each other and with vertical TSVs between layers. Microchannel
cooling elements are etched into the lower face of each chip to remove the heat
dissipated locally by each chip. Two different types of coolants will be evaluated for
heat removal: a single-phase water based nano-fluid and an environmentally friendly,
two-phase evaporating refrigerant. The temperatures within the 3D-IC system have to
remain below 90°C during operation to avoid damage to the chip. The objective of the
coolant is to maintain the chip’s temperature at or below this value while dissipating
heat fluxes per layer up to 100-150 W/cm? and targeting an inlet coolant temperature of

30-40°C.

3D Stack

!

Throu‘gh Silicon Via

Figure 5.4 Scheme of 3D-IC stack with microchannel [5.15].

| EE—— ) |
CMOS Circultry

Figure 5.5 summarizes the overall objective: To build a 3D-IC chip having more
than three high power-density logic layers with channels etched on the backside of the
chips in between the TSV that provides very large heat transfer coefficients for removal
of 100-150 W/cm? per layer in between 15x15 mm? chips. The 3D-IC is embedded in a
silicon case that provides the manifold structure for fluid input and output and that also

allows external contact to a carrier using conventional C4 flip chip bonding.
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Challenges to build such a system are huge and diverse, requiring development of the
TSV etching and plating processes, the channel etching processes, the bonding
processes between the layers, the sealing methods, the development of single-phase
and two-phase compatible channel network designs, the integration of the chip stacks

into a sealed case, the connection to the carrier, and a fluid delivery system.

Figure 5.5 3D-IC with TSVs and inter-layer cooling channels that is enclosed in a

sealed manifold [5.15].

On the other hand, analysis'is performed-to simulate 3D IC cooling performance
with microchannels fabricated between two silicon layers using deep reactive ion
etching and wafer bonding techniques [5.16]. Figure 5.6 illustrates four different 3D
stack schemes for a given flow direction. To simulate nonuniform power distributions
in practical 3D ICs, the device is divided into logic circuitry and memory, where 90% of
the total power is dissipated from the logic and 10% from the memory. This work
assumes that heat generation represents the power dissipation comes from the junctions
and interconnect Joule heating. For case (a), the logic circuit occupies the whole device
layer 1, while the memory is on the device layer 2. In the other cases, each layer is

equally divided into memory and logic circuitry. For case (b), a high heat generation
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area is located near the inlet of the channels, while it is near the exit of channels for case
(c). Case (d) has a combined thermal condition in which layer 1 has high heat flux and
layer 2 has low heat dissipation near the inlet. The total circuit area is 4 cm?, while the

total power generation is 150 W.

(b)
Device layer 2 Device layer 2
~ Water
Flow
Device layer 1 Device layer 1

(d)

Device layer 2

r
Device layer 1

Figure 5.6 Two-layer 3D circuit layouts for evaluating the performance of micro

Wate
Flow

Device layer 2

Device layer 1

-channel cooling. The areas occupied by.memoryand logic are the same and the logic

dissipates 90% of the total power consumption [5.16].

Figure 5.7 compares the thermal performance of the microchannels and
conventional heat sinks and plots the predicted junction temperature distributions along
the flow direction. In case of Figure 5.7 (a), the heat generation from each layer is
uniform and the junction temperature profile with conventional heat sink is symmetric.
The microchannel cooling has distinct characteristics of a nonuniform temperature
distribution, even under a uniform heating condition. The temperature increases along
the channel in the liquid phase region due to sensible heating, and decreases in the
two-phase region due to decrease of the fluid saturation pressure along the channel.
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The junction temperature has its peak at the onsite of boiling point due to the dramatic
change in convective heat transfer coefficient from a liquid-phase region to a two-phase
region. The temperature difference between layers is greatly reduced by more than
10°C using microchannels because of the small thermal resistance of direct heat

removal from layers.

In cases of (b) and (c), identical junction temperature distributions are presented
for conventional fin heat sinks. Using microchannels, however, the temperature
distribution is quite different, because of the convection nature of flow direction
dependence. In both cases, the conventional heat sink presents highly nonuniform
junction temperatures of about 25 and 45°C differences for layer 1 and layer 2,
respectively, due to the concentrated heat flux. With microchannels, if more heat is
applied to the upstream region, boiling occurs earlier resulting in increased pressure
drop in the channel. Thus case (c) has a lower pressure-drop, lower average junction
temperature, and more uniform temperature -field than case (b). In case (c), water is
gradually heated up in the upstream region, where lower power dissipation is located,
and downstream water boils and absorbs heat from the higher power region with low
thermal resistance. Since the length of the two-phase region in case (c) is shorter than
that in case (b), the overall junction temperature is lower due to a smaller pressure drop.
An interesting result for case (c) is that the junction temperature distribution is quite
uniform even with highly nonuniform power dissipation, which is one of the powerful

merits of the two-phase microchannel cooling.

In case (d), the microchannel heat sink has almost the same pressure drop (26.3
kPa) as in case (a). In both cases, the flow has an identical wall heat rate from the silicon

wall to the fluid and the channel fluid temperature profiles are almost identical. The
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junction temperature is determined by the heat flux and convective thermal resistance
from the wall to the fluid. Layer 1 has a high temperature hump near the inlet due to
high heat flux and low convective heat transfer coefficient in the single-phase region.
The highest temperature in layer 2 is lower than that in layer 1, because of the
convective nature of the flow direction dependence and high two-phase convective heat
transfer. Except for the temperature hump of layer 1, the overall temperature profile
with a microchannel heat sink is more uniform than that using the conventional fin heat
sink. In all cases with conventional cooling, the temperature of layer 2 is always higher

than that of layer 1 due to larger thermal resistance to the environment.
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Figure 5.7 Comparison of junction temperatures in a two-layer stacked circuit for the

cases of an integrated microchannel heat sink and a conventional heat sink. The total

flow rate of the liquid water is 15 ml/min and the mass flux is 1.36 x10” kg/s [5.16].

5.2.3 Previous Works of DRAM Refresh Control

In low-power DRAMSs, since the thermometer is only used during the self-refresh
mode and self-refresh current is very small, one thermometer in any location could be
safely used. Another concern regarding usage of the thermometer consumed large
current, including dc current in the analog circuits. This problem is solved by a proper

control scheme shown in Figure 5.8[5.17]. Figure 5.8(a) shows a self-refresh enable
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signal generating a burst refresh signal shown in Figure 5.8(b). The burst refresh signal
starts 8K refresh cycles with 1-us refresh period (T1) shown in Figure 5.8(d) and the last
refresh cycle stops the burst operation. The burst refresh operation at the beginning of
self-refresh mode is required to initialize all the cell data to VVdd and Vss so that the cell
refresh characteristics are no longer dependent on the previous data largely lost by
noisy read and write operations. When the burst refresh operation is finished,
thermometer is turned on and measures a temperature. Then, the refresh operation is
executed according to the refresh period T, determined by the measured temperature.
The thermometer is turned on again when 8K refresh cycles are finished, and the
process continues until the self-refresh mode is ended. Since the temperature is not
changed abruptly, the nontemperature- measurement period T3, which is less than one
second in this design, could be enough to follow temperature variation with much
smaller error than 1°C. In summary for the current issue, even though the current
consumption for the thermometer during the temperature measurement period is as
large as 2.4 mA, the average current.is less than 1 Asince one measurement cycle with

32 s (T,) is executed during the entire 8K refresh cycles.
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' Thermometer on”
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Figure 5.8 Self-refresh and thermometer control scheme [5.17].
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Figure 5.9 shows the concept of a proposed self-refresh scheme with an on-chip
thermometer. The self-refresh scheme consists of a conventional self-refresh circuit,
thermometer, temperature comparator, fuse boxes, refresh period generator, and DQ
interface. The thermometer block consists of a temperature sensor that drives an
analog-to-digital converter (ADC) to generate a digital representation of the on-chip
temperature stored in the registers. The thermometer registers act as a counter and have
fuse options to compensate for +8°C of temperature offset due to errors in the sensor. A
temperature comparator compares the measured temperature with respect to a reference
temperature in a reference table. There are eight reference temperatures and eight 6-bit
fuse boxes so that the measured temperatures can be arranged in 10°C increments
between 20°C and 90°C. Once thetemperature. range is known, a 6-bit fuse box
corresponding to the temperature is-selected. The fuse boxes are preset to certain
refresh times based on extensive test results or programmed through a predetermined
conversion table with refresh times: The output of the fuse box sends a refresh time at
the temperature and a proper refresh-period according to the refresh time is chosen from
various refresh period generator. The measured on-chip temperature in temperature

registers can be read to DQ pads by a command of special test modes.
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Figure 5.9 Block diagram of a self-refresh scheme [5.17].

Figure 5.10 depicts the circuit implementation of the self-refresh control scheme for
a mobile DRAM with a temperature sensor-in-[5:18]. It is composed of a ring oscillator
having 5-stage inverters, a level converter for full-swing signal recovery, a set of
resistors and capacitors for controlling the propagation delay, and a temperature sensor
for measuring on-chip temperature. After input signal. Refresh_EN becomes active,
oscillator output SELF_OSC starts oscillation with-a period decided by the latencies of
inverter stages. For setting a proper oscillation frequency of the oscillator under a given
temperature, control signals P4~P0 and N4~NO from the temperature sensor adjust the
conductive distance between the power supply and the active devices. SELF_OSC is
then fed into the counter to generate command signal SELF_REF for periodically
invoking self-refresh operations in the DRAM core. With this configuration, the circuit
can effectively change the timing period between consecutive self-refresh operations to
reliably retain DRAM cell data based on on-chip temperature. For this circuit to operate
reliably, an on-chip sensor for measuring the temperature needs to be designed. To

achieve low cost, it must have a moderate resolution, occupy as small silicon area as
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possible, and consume the lowest power.
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Figure 5.10 Block diagram and timing_diagram for the self-refresh period control with

temperature sensor. [5.18].

Ring oscillator is generally a preferred structure in DRAM s for the implementation
of important building blocks such as- counters-and pumping circuits. Usually, the
oscillation frequency of a ring‘oscillator controlled by a temperature sensitive bias
current can be effectively utilized as a means to monitor the temperature of a chip. The
CMOS temperature sensor proposed in this paper utilizes the temperature dependency
of poly resistance to generate a temperature dependent bias current, and a set of ring
oscillators to convert this bias current to a digital code. Using this temperature sensor,
we can implement a temperature-driven, low-cost, small-area DRAM self-refresh

control scheme with ultra-low standby power consumption.
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5.3 Heterogeneous 3D Integration

Slow cache memory systems and low memory bandwidth present a major bottleneck in
performance of modern microprocessors. As the mature TSV 3D integration grows, Jacob
et al. discussed the advantages of moving the memory hierarchy to independent tiers on
multi-core processors to mitigate the memory wall effects [5.20]. Such architecture would
require multiple wide structures that are feasible only with 3D chip stacking using ultra
small and dense vertical TSVs. To demonstrate the benefits discussed above, a
heterogeneous 3D integration of processor memory stack is built. The heterogeneous
integration consists of a 16-core processor tier, a SRAM tier, a DRAM tier, and a front-end

circuit tier, as shown in Figure 5.11:

The multi-core processor with L1 cache is located on the bottom layer. A 1Mb SRAM
based L2 cache, which is smaller but operates faster, is sandwiched between the processor
chip and the main memory chip:/Anda 128Mb DRAM memory chip, which can hold more
data but operate slower, stacked on top of the L2 cache. Such a 3D structure with multiple
level of memory hierarchy alleviates the memory wall problem and increases the
throughput of multi-core processor. Additionally, for wireless communication with antenna
and the digital baseband, a front-end RF/analog module is integrated into the
process-memory stack. Since the inseparable architecture of multi-core processor and the

memory hierarchy, the front-end circuit stacked only suitable on the top stratum.

On the other hand, the largest VDD/VSS noise occurs in refresh modes. When a
device pulls large amounts of current at once, VDD and GND bounces can occur
which can result in functional failures. The noise peak is determined by the combined

effect of current variation rate within the given time (di/dt), package inductance (L)
94



and current-resistance (IR) voltage drop. The power noise is a bigger concern in
DRAM layer of 3D-IC than in normal DRAM. In[5.19], TSVs are disposed on the
edge to reduce 3D power noise and ground bounce is reduced significantly. As the

result, we also dispose TSV in the same way.

System floor planning of proposed 3D stack architecture is shown in Figure 5.11
and Figure 5.12. The voltage regulation module (VRM) contains voltage regulator and
DC-DC converter. The power TSV deliver supply power to VRM which regulates

voltage and convert high voltage to lower voltage to support power in each layer.
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Figure 5.11 Heterogeneous integration of multi-core, SRAM, DRAM, front-end

circuits stacking.
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In first and second layer partition, the SRAM chip is divided into 16 cores, and
each SRAM core is connected to a CPU core by a group of 1/0. This system has two
advantages. First, each pair of cores (i.e., a CPU core and a SRAM core) can be
operated independently by using dedicated 1/0. Thanks to the use of TSV technology,
each CPU core can have a dedicated SRAM core, which can be independently
accessed, because the number of 1/O pins is increased and the pins can be placed
anywhere on the chip. This memory architecture widely increases the flexibility of
memory system design. The second advantage is an ultra-high-speed interface. Small
TSVs are used to integrate thousands of 1/O pins on a chip, and interconnect parasitic
between stacked chips is greatly reduced. These features make a high speed interface

between chips possible.

The third and fourth layer partitions are. DRAM and RF/analog circuits
respectively. The DRAM is used as main-memory for a-system with limited memory
capacity. The 128 Mb DRAM s divided into-two memory cell arrays. And the two
identified arrays are symmetrical in-each-side of DRAM stratum. The peripheral circuits,
decoders and sense amplifiers, are placed in the middle of the chip for optimal distribution
of control signals to all the arrays in this tier. The data and addresses then connected
peripheral circuits of DRAM cell with L2 cache through signal TSVs. To effective
monitor temperature variation and reduce refresh power, 128 Mb DRAM s divided
up into several sub-blocks with proposed a temperature-aware refresh controller. The

temperature-aware refresh controller will be discussed in section 5.4.
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5.4 Temperature-Aware Refresh Controller of DRAM Layer

5.4.1 Data Retention Time Analysis
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Figure 5.13 Two steps of signal amplification. (a) Selected WL turning on and charge

shared between C. and Cg.. (b) Sense amplifier amplify small voltage swing of BL.

For the DRAM refresh operation, there are two steps of signal amplification in
sense amplifiers, as shown in Figure 5.13. First, the selected word line (WL) turn on,
thus stored charge are shared between cell capacitance C and bit line parasitic
capacitance Cg.. As a result of charge sharing, the signal voltage which is developed

on the floating data-line can be expressed by the following equations:
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_ [C xVgy +Cpg ><(VDD /2)]

cell

V 5.1

o (Ccell +CBL) &)
AVy = NBL —Vio / 2‘ (5.2)
Vo = AV, (1) +Vp /2 5:3)

where Vg is bit line voltage, Vsy is storage node voltage in DRAM cell and A
VgL (“1”) is voltage difference on bit line after readout stored “1” cell. Because the
cell stored ‘1’ is severely subjected to leakage current, we only discuss the case that
memory cell is stored ‘1’. Furthermore, we can derive the equation about Vsy:

C Car(V
1 G |

cell cell

(5.4)

= (1+ Cu jAVBL (".L")+VL2D

cell

In this work, we carry out the implementation of a 1-Kb DRAM by using TSMC
65nm 1P9M CMOS process. The DRAM cell is made of MIM capacitor in logic
general purpose process with 1.2V supply voltage. Also, the 1T-1C cell and folded
array sense amplifier are utilized to construct the block which is 128bits per bit line and
8bits per word line architecture. We can obtain Ceand Cg,_ are almost equal to 5.75fF
and 17.57fF respectively by simulation. These values should be put into (5.4) and

derive (5.4) to
Varngin (1) = 4.056x AV, ("1")+0.6 (5.5)

where Vsnmin)(“1”) is the limitation of storage node voltage for safely read.

To obtain the data retention time, we measure the time period when Vsy decrease
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from Vpp to Vsnminy (“17). As a result, the data retention time vary as the sensitivity of
sense amplifier changes. When larger A Vg, is required, smaller data retention time
will be measured. The worst case and best case are located at FF corner and SS corner
respectively, so we measure the data retention time at FF corner. The simulation result
is shown in Figure 5.14. The sense amplifier can operate normally whenA Vg, is in
the range 80mV to 140mV. However, the refresh timing period still needs to be
confirmed, so we run the Monte Carlo simulation for A Vg_=120mV to check the
data retention time distribution. As shown in Figure 5.15, 5k trials are simulated in
125°C, 75°C, 25°C and -25°C respectively. The data retention time is distributed in the
range 45us to 10us, and we will design over all system according to this simulation

result. In section 5.4.2, we will discuss these circuits in detail.

Data Retention time
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\ &= aVBL=140mV

45
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20
15
10
0 20 40 60 80 100
Temperature(°C)

Figure 5.14 The data retention time of DRAM cell in different sensitivity of sense

amplifier.
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Figure 5.15 Monte-Carlo simulation of data retention time whenA VBL =120mV.

5.4.2 Proposed Refresh Control Scheme

In order to achieve small self-refresh- current, DRAM required on-chip
thermometer with self-refresh scheme. When a thermometer is implemented in a
memory chip, many factors should be considered, including number, location, accuracy,
area, and power consumption. Among the factors, the number, location, area penalty,
and power consumption of the thermometer are the main items restricting the usage of
the thermometer in memory chips. The number and location of thermometer are
especially important factors for the chips with high power consumption. Moreover,
timing control is important to refresh DRAM cells in the right time, so refresh period
generator is required. On-chip, low power and small area temperature sensor is required

for DRAM thermal monitor and power consumption control.
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As shown in Figure 5.16(a), the DRAM array is separated to several sub-blocks
which share temperature sensor with near blocks. The temperature sensors are located
on the corner position of each sub-block, as shown in Figure 5.16(b). Therefore, we
can use least temperature sensor to monitor largest DRAM array region effectively.
On the other hand, the VRM composed of voltage regulator and DC-DC converter
provides various voltages in this layer. The higher supply voltage (VDD) is in the
range of 1.5V to 1.2V and provided from regulator. The lower supply voltage (VDDL)

is in the range of 1.2V to 0.4V and provided from DC-DC converter.

The temperature sensor is placed in the scheme to monitor the sub-block
temperature. After temperature sensor measuring the temperature information, it sends
the temperature information to temperature mapping table. Because the temperature
senor we proposed is operated.in VDDL (0.4V) the level shifter is necessary to shift
voltage level to DRAM operating voltage, VDD (1.2V). The mapping table would
convert digital output of temperature sensor into Ctrl [1:0] signal to control the refresh
CLK generator. The refresh CLK generator-divides CLK;y into various slower
frequencies according to Ctrl [1:0] and send divided clock signal to refresh counter as
shown in Table 5.1. The refresh counter output control row decoder to choose which

row should be refreshed. One word line refresh one time every 128 CLKggr periods.

Table 5.1 The relation between control signal and refresh frequency

Temperature("C) Ctrl [1:0] | CLKger (MH2)
100-75 11 20
75-50 10 10
50-25 01 5
25-0 00 2.5
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Figure 5.16 (a) The DRAM layer in 3D-IC. (b) The refresh controller of DRAM

sub-block.

The refresh CLK generator shown in Figure 5.17(a) is able to divide the frequency
to 2, 4 or 8, according to how many flip-flops are in the loop. For example, when Ctrl
[1:0] is equal to 10, the clock loop will propagate through only one flip-flop, thus the
output frequency is the division of CLKy by 2. Table 5.1 lists the relation between Ctrl

[1:0] and CLKRrgr frequency. The 20MHz CLK,y frequency is provided by a stable
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temperature-independent clock source. In each CLKggr period, the sense amplifier
controller shown in Figure 5.17 (b) sends the signals, SAN, SAP and PRE to control
the sense amplifier. The SAN signal swing between ground and VDD/2, and SAP
signal swing between VDD/2 and VDD. The delay line made of inverter chain is
utilized to control refresh timing and let sense amplifier operate normal and prevent

cell data corruption.
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Figure 5.17 (a) Refresh CLK generator. (b) The sense amplifier control circuit.
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5.4.3 Simulation Results

The proposed temperature-aware refresh controller of DRAM layer in 3D-IC is
implemented in TSMC 65nm 1P9M CMOS technology. In order to verify the
proposed design, we carry out the implementation of a 1-Kb DRAM block. For
convenience, 1Kb block is utilized to analyze the standby power of 2Mb DRAM in
third layer. The operation waveform of sub-block system is shown as Figure 5.18. The
Vsnoo, Vsnioand Vsnyo are the storage node voltage in first bit cell on WLy, WL, and

WL, respectively.

CLK

CLKger

Row([6:0] e o7 T

PRE T [ [
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SAP

—

WL, 3
WLy
WL, :

Vsnoo : l!r
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Vsnio !

Vsnzo } |
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Figure 5.18 The operation waveform of sub-block system.

Figure 5.19 shows standby power analysis at 25°C, 50°C, 75°C and 100°C. The
standby power is dominated by 2Mb array and increase with temperature. Also, the

power overhead, including temperature sensor, mapping table, sense amplifier
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controller and refresh clock generator is not significant. The power overhead is about

26 % at 25°C and 15.39% at 100°C.
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Figure 5.19 Standby power analysis of 2Mb DRAM.

The power reduction is shown in Figure 5.20. The line without controller adopted
the refresh period based on data ‘retention time at '100°C. The other line utilized
proposed refresh control scheme with variable refresh period achieve up to 67.67%
standby power reduction compared with without controller one. Therefore, the
proposed temperature-aware DRAM refresh controller reduces standby power

significantly.

106



80%

=&=W/ Controller

—--
60% *.\ W/o Controller

40% \\
20% —
0% -—m 0 . \

20 40 60 80 100
Temperature(°C)

Power reduction percentage(%)

Figure 5.20 Standby power reduction of 2Mb DRAM.

5.5 Summary

This chapter presents and discusses thermal issues-on 3D-IC and some solution
at first. Also some conventional DRAM.refresh approaches are discussed. Next, the
heterogeneous architecture which contains CPU, SRAM, DRAM and analog circuits
is presented. To prevent hot spot on the intra layer and reduce DRAM refresh power,
we proposed a refresh controller utilizing the process invariant temperature sensor of
chapter 4. Thanks for tiny power consumption of temperature sensor, the controller

reduces standby power significantly, 67.67% without much power overhead.
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Chapter 6
Conclusions and Future Work

6.1 Conclusions

The advanced CMOS process makes it possible to integrate many designs into a
single chip. As a result, certain areas of the chip involving high switching activities
can generate a localized high-temperature area called a “hotspot.” Furthermore, in
system-in-a-package design with 3D integrated-circuit technology or stack dies, the
situation will become worse than before. In this thesis, we focus on temperature
sensor design to solve hotspot and thermal-issue in 3D integrated-circuit technology.
Also, to achieve ultra low power we proposed two_ type of temperature sensor which
can be operated at ultra low voltage, including 0.5V~0.25V PVT sensors with
adaptive voltage selection and 0.4V fully integrated process invariant temperature

SENsOr.

The 0.5V~0.25V PVT sensors with adaptive voltage selection composes of
process, voltage and temperature sensor. The process and voltage (PV) sensor monitor
the process and voltage variation continuously and give the variation information for
temperature auto-compensation. It operate over an ultra-low supply voltage range from
0.25V~0.5V. The power consumption is 2.3uW at 0.25V supply voltage and 50k
samples/sec conversion rate. The above characteristics make the proposed sensor

special applicable for energy-harvesting miniature portable platform.
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Next, the ultra-low voltage fully integrated process invariant frequency-based
temperature sensor is proposed. The effect of process variation is significantly reduced.
The realization meets the target to be capable of 0.4V supply voltage operation over the
temperature range of 0°C to 100°C. The area of the sensor core (without 1/0 pads) is
only 990pum?. The power consumption per conversion rate is 11.6uJ/sample. The high
area/energy efficiency characteristics make the proposed sensor applicable for

energy-limited miniature portable platforms.

Finally, the heterogeneous 3D integration which contains CPU, SRAM, DRAM
and analog circuits is presented. To prevent hot spot on the intra layer and reduce
DRAM refresh power, we proposed a refresh controller utilizing the process invariant
temperature sensor. Thanks for tiny power consumption of temperature sensor, the
controller reduces standby ~power—significantly, 67:67% without much power

overhead.

6.2 Future Work

Wireless medical micro-sensors 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. 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 cardiovascular parameters to a host.
This low-power-mode-dominated scenario is capable of further reducing total energy
consumption if dynamic voltage frequency scaling (DVFS) technique is applied. The

benefit of DVFS technique is attributed to the quadratic savings in active CVpp’f
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power.

The proposed 0.5V~0.25V PVT sensors can be used for DVFS system operated
in sub/near-threshold region. Figure 6.1 shows the sub/near-threshold DVFS system,
it is composed of two switched-capacitor (SC) DC-DC converters, decoupling
capacitors (DeCaps), the proposed clock generator, level shifters (LS), DVFS
controller, PVT sensors, supply switch, and near/sub-threshold 8T SRAM-based FIFO.
The PVT sensors are used to measure environment process, voltage and temperature
variation information. This information will be utilized by DVFS controller to switch

supply voltage and scale operating frequency.
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Figure 6.1 Sub/near-threshold DVFS system.

The process invariant temperature sensor can be utilized to monitor temperature
variation in 3D IC. The process invariant property would make it special suitable to
sense temperature in different layer without much inaccuracy. The conceptual image
of heterogeneous 3D integration is shown in Figure 6.2. Based on discussion in

section 5.2.2, the thermal issue is taken into account. Microchannel cooling elements
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are set between face of each chip to remove the heat dissipated locally by each chip.
The cold fluid is injected into microchannel and heat of chips is taken away by hot
fluid. If there is some approach to control the fluid strength with the proposed
temperature sensor, we can make temperature in the 3D-ICs as stable as possible. In

this way, the power consumption of system would be reduced significantly.
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Figure 6.2 Conceptual image of heterogeneous 3D integration with interlayer cooling.
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