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ABSTRACT

Temperature is a critical physical parameter frequently monitored in electronic systems due
to its substantial impact on performance and power consumption. In recent years there has
been great effort to enhance the technology for development of temperature sensors. Partic-
ularly, CMOS-compatible realizations have emerged as a promising alternative, showcasing
different physical mechanisms for temperature sensor implementation, including BJTs, Ther-
mal diffusivity and MOSFETs. MOSFET-based temperature sensors offer several advantages,
such as low-voltage operation, high energy efficiency, and a compact footprint. Although they
may sacrifice resolution and accuracy, this trade-off aligns with the prevalent trend in advanced
System-On-Chips designed for Internet-of-Things (IoT) nodes, where these parameters can be
relaxed since the priority is energy efficiency while being fully-integrated by handling directly
a digital readout, also known as smart temperature sensors. This thesis focus on designing and
evaluating energy-efficient smart temperature sensors based on MOSFET devices.

The research encompasses two main achievements. The first involves a smart temper-
ature sensor focused on low-voltage and low-power operation, with a nominal 350 mV of
supply voltage and a power consumption of just 14nW at 25°C with a silicon footprint of
0.049 mm?, a resolution of 0.27 °C and achieving a Resolution Figure-of-Merit (R-FoM) of
0.034nJ-K2. This sensor is tailored to meet the stringent constraints of IoT applications.. The
second achievement focuses on a compact sensor targeted for Dynamic Thermal Management.
The circuit exhibits a wide supply voltage operating range from 0.6 V to 1.8 V with an energy
per conversion of 1.06 nJ, noise-limited resolution of 0.24°C, a silicon area of 0.021 mm?,
and an a R-FoM of 0.061 nJ-K2. The latter characteristic is particularly notable given the area

constraint and the sensor’s ability to operate across a broad range of supply voltages.



I. INTRODUCTION

Temperature is one the most frequently measured environmental parameter due to the fact
that almost all physical, chemical, mechanical, and biological systems present some form of
temperature dependence. The inherent temperature dependence in these systems require precise
measurement and control, making temperature monitoring a critical aspect in numerous appli-
cations. In the past, temperature sensors were typically constructed using separate components
such as resistance temperature detectors (RTDs), thermistors, or thermocouples. However, in
recent years, integrated temperature sensors, particularly those leveraging CMOS-compatible
designs, have emerged as a promising alternative. Extensive research has been dedicated to
the development of compact, cost-effective temperature sensors that integrate readout circuitry,
thereby providing temperature measurement in a digital format. These "smart" temperature
sensors have now become commonplace. There are several advantages associated with smart
sensors [1-8]. Firstly, the generated digital output aligns seamlessly with the demands of mod-
ern systems, while avoiding the need for an external analog-to-digital converter (ADC). This
increased level of integration reduces the number of components, as well as the size and cost of
the sensor. Secondly, in contrast to analog signals, digital signals are less susceptible to inter-
ference and they are better suited for accurately transmitting data to other components within a
system. Lastly, the integration of the readout circuit and the sensor on the same chip facilitates
on-chip digital post-processing, thus simplifying the overall system design.

The temperature-dependent nature of silicon’s physical properties open up a range of possi-
bilities for CMOS-compatible devices, including transistors and resistors, that could potentially

serve as temperature sensors. However, many of these devices exhibit some shortcomings. Typ-



ically, they produce small analog signals in the millivolt range, further compounded by sensi-
tivity to process variations and packaging-induced stress. The conversion of these signals into
digital form is necessary, preferably using a precise on-chip reference, through precision inter-
face electronics. Consequently, the development of accurate CMOS smart temperature sensors

represents a considerable challenge [9].

1.1 Motivation

In the era of Internet of Things (IoT), a part of the fourth industrial revolution, the demand
for energy-efficient smart temperature sensors has greatly escalated. These sensors play a piv-
otal role in various applications, including environmental monitoring, industrial automation,
healthcare, and smart homes [, 2, [0, IT]. The reasoning behind the research into energy-

efficient smart temperature sensors involve several important aspects:

* Extended Battery Life: Many IoT devices and wireless sensor networks operate on
battery power, making energy efficiency a paramount concern. By integrating energy-
efficient smart temperature sensors, it becomes possible to prolong the battery life of
these devices, thereby reducing the frequency of battery replacements and enhancing

their usability and reliability in real-world applications [12].

* Optimized System Performance: Smart temperature sensors serve as critical components
in intelligent systems, providing crucial data for temperature monitoring, control, and
optimization [, T3]. By adopting energy-efficient sensor technologies, it becomes feasi-
ble to optimize system performance, enhance responsiveness, and achieve higher levels
of precision in temperature sensing applications by dynamically adjusting operating volt-

ages and frequencies based on temperature readings [14, 15], thereby improving overall



system efficiency and reliability.

* Miniaturization and Integration: The trend towards miniaturization and integration has
fueled the demand for compact and highly integrated sensor solutions. Energy-efficient
smart temperature sensors offer the advantage of being compact, lightweight, and easily
be integrated within System-On-Chips employed in IoT platforms [13]. This integration
enables tighter coupling between temperature sensing and system control, facilitating

more efficient thermal management strategies.

» Cost-Effectiveness: Energy-efficient smart temperature sensors not only reduce energy
consumption but also contribute to cost savings in terms of battery replacement, mainte-
nance, and operational expenses [9, [3]. By deploying sensors that consume less power,
organizations can achieve significant cost reductions over the lifetime of their IoT de-
ployments and sensor networks, making energy efficiency a key consideration in sensor

selection and deployment strategies.

The development of energy-efficient smart temperature sensors represents a critical step
towards building sustainable, reliable, and intelligent sensing systems for diverse applications.
By prioritizing energy efficiency, designers can unlock new possibilities for sensor technol-
ogy, enabling the creation of innovative solutions that address the evolving needs of the IoT
ecosystem and contribute to have more sustainable IoT nodes.

The rest of the thesis is organized as follows. Then CMOS-compatible sensing techniques
are discussed in Chapter [ and qualitatively compared in Section IZ5. The main works devel-
oped during this thesis are presented in Chapters [l and [M. Finally, the main outcomes of the

proposed designs, conclusions and future work are discussed in Chapter M.
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II. CMOS-COMPATIBLE SENSING TECHNIQUES

As outlined in the introduction, on-chip temperature sensing is widely used in various mi-
croelectronics systems, spanning a wide spectrum of application domains [T-I"7]. Despite the
diverse applications, a shared and significant characteristic is evident: they provide temperature
information in digital format. This digital output facilitates direct on-chip communication with
digital signal processing (DSP) circuits, enabling seamless integration into complex systems.
Consequently, they are often referred to as "smart temperature sensors" [I8] or Temperature-
to-Digital Converters (TDCs).

It is essential to emphasize that the genesis of this category of temperature sensors stemmed
from a cost-minimization perspective, and its evolution over the past two decades has predomi-
nantly followed this trajectory. While fully integrated temperature sensors in this category may
exhibit certain limitations in terms of accuracy and sensing range compared to discrete sensors,
their widespread adoption can be attributed to their compatibility with large-scale production
of cost-effective products and seamless integration within the host systems. Figure T shows
the conceptual diagram of a smart sensor. It consists of three main components: an Analog
Front-End (AFE), an Analog-to-Digital Converter (ADC), and a Digital Back-End (DBE). The
input signal to the smart sensor is the temperature itself. The AFE, serving as the initial block
in the chain, senses the temperature and converts it into an electrical form, typically in either the
voltage or current domain. It generates two crucial signals for Analog-to-Digital conversion: a
Proportional-to-Absolute-Temperature (PTAT) signal containing the temperature information,
and a reference (REF) signal, ideally exhibiting a Zero-Temperature-Coefficient (ZTC), against

which the conversion is conducted.



Smart temperature sensor
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Figure 2.1: Block diagram of an integrated smart temperature sensor

These signals are then fed into the ADC, which produces PTAT digital words with an in-
trinsic n-bit resolution and a data rate (fS) dependent on the converter architecture. Given the
relatively slow variation of the temperature signal compared to the common conversion rates
of ADCs, the operation is typically executed without the use of sample and hold (S/H) circuits.

The n-bit codes are subsequently processed by the DBE, acting as an oversampler, to refine
their intrinsic resolution through decimation and filtering with a specified Oversampling Ratio
(OSR). This process yields output codes from the TDC with higher resolution at the expense of
a reduced data rate (fs/OSR).

In the literature, various ADC architectures have been explored for integration into smart
temperature sensors. Examples include >A-based ones [, 1], SAR-based ones [19, 20],
Flash-based temperature sensors [[21, 2], hybrid solutions [23, ?4] and time/frequency-domain-

based ones [29, Z€].



The choice of ADC architecture depends on the nature of temperature-dependent signals
and specific application requirements. Despite Flash ADCs and SAR ADCs are conceptually
faster for a given quantization noise and clock frequency, due to the limitations imposed by ther-
mal noise, the DBE is still in charge of processing the output codes from ADCs. Consequently,
for the same level of power consumption, they do not inherently achieve higher energy effi-
ciency compared to > A-based or time/frequency-domain-based alternatives. In practice, XA
converters are often preferred due to their versatility, especially in scenarios where the Analog
Front-End generates static temperature-dependent signals. On the other hand, time/frequency-
domain-based ADCs are favored for handling dynamic temperature-dependent signals, thanks
to their specific characteristics and suitability for such applications.

The DBE effectively enhances the resolution of the output codes while balancing the data
rate to meet the requirements of the application.

Thus, the resulting conversion time of a smart sensor can be expressed as:

1

Tcom) = 7 Acb
T OSR

6]

Given that the smart temperature sensor has a minimum supply voltage Vpp and current

consumption of Ipp, the energy is obtained by:

Econv = VDD : IDD . Tconv (2)

Energy is one of the most important performance parameters of temperature sensors to-
gether with the resolution which is defined by various parameters such as the noise (thermal,

flicker, ADC quantization, etc) and the conversion time. Usually, resolution can be improved



by increasing the conversion time and, thus, the energy consumption of the sensor. The se-
lected point in the design space will be determined by the specific application requirements of
the smart temperature sensor.

Temperature Inaccuracy (17,q.c) 1s another key parameter of smart temperature sensors. In
its absolute form it is defined as the largest temperature error found within the full temperature
range of the sensor [277]. From the absolute temperature inaccuracy, the relative form can be

extracted by the following relation:

TI nacc

3)

TInacc(Rel) = T
range

Temperature Inaccuracy is highly dependent of the calibration points selected for a given
sensor. The calibration consists in fitting the temperature characteristics of the sensor most
commonly by a linear function. Depending on the sensor design, it can be approximated by
different calibration methods specified by the trimming points (74-;,,) used: one point calibra-
tion (were the slope is known and quasi constant, of the design), two-point and even three-point.
Designers can also directly enhance accuracy by using off-chip non linearity correction tech-
niques, albeit at an increased cost [26, Z8-37].

Given the great variety of parameters that can be characterized from a smart temperature
sensor, there is the need of defining some Figure of Merits (FoMs) to enable faster comparison
between sensors found in the market. These FoMs usually give a specific perspective of the

sensor performance. Some of the FoMs are presented in the following [27]:

R-FoM = E,p,, - (Res)? 4)

- 10 -



T]nacc_FOM = Econv ’ (Tfnacc(Rel))2 (5)

Area
$—FoM = (]— + ntrim) : 2 (6)
E . -1 A
Global-FoM — Zeenv fes - Inace [y . ] A0 %

Trange £
where Area is the silicon space used by the device and F' is the feature size of a given tech-
nology node. Equations (&) and (8), introduced in [33], present the energy conversion involved
with the resolution and the Relative Temperature Inaccuracy, respectively. On the other hand,
(B) evaluates the cost production of the sensor by employing the number of trimming points

together with the sensor silicon area and the feature size, while () gives a general, more global

metric, for both performance and cost.

2.1 Resistor based

Resistance temperature detectors (RTDs) have been extensively used as standalone temperature-
sensing components. Temperature data is derived by monitoring changes in resistance that are
dependent of the temperature. In the realm of CMOS-compatible resistors, most exhibit notable
temperature coefficients, ranging between 0.1%/°C and 0.4%/°C for 1st-order coefficients.

The resistance value can be expressed as:

R = Ry(1+TC - AT) (8)

where Ry is the resistance value at a reference temperature 7y, 7'C' is the corresponding Tem-

perature Coefficient and:

AT =T —T, )

- 11 -



A characteristic example is the +0.4%/°C temperature coefficient demonstrated by a typical
N-Well or N-Poly resistor, indicating a 72% resistance increase when the temperature spans
from -55°C to 125°C.

In tables D1 and can be found realistic values for temperature coefficients in 180 and
65 nm technology nodes, respectively[27, 34].

Table 2.1: First order Temperature Coefficients of 180 nm CMOS technology node.

Resistor Type TC [K ']

n+ diffusion  +1.5-1073

p+ diffusion  +1.5-1073
n-poly —1.5-1073
n-well +3-1073

Table 2.2: First order Temperature Coefficients of 65 nm CMOS technology node.

Resistor Type TC[K ']

n+ diffusion with salicide +2.2-1073
n+ diffusion without salicide +1.6-1073
n+ poly with salicide +2.2-1073

n+ poly without salicide +1.2-1073
n-well under oxide diffusion +2.5-1073
n-well under shallow trench isolation +2.0 - 1073
p+ diffusion with salicide +2.4-1073
p+ diffusion without salicide +1.3-1073
p+ poly with salicide +2.4-1073

p+ poly without salicide +3.2-1073

In resistor-based sensors, the minimum supply voltage is often restricted by the readout
circuit, facilitating low supply voltages. The bias current value is dictated by thermal noise and
area considerations.[39, 36]

In recent years there has been three main approaches to achieve a temperature conversion to

digital code based in the temperature dependence of resistors: Wheatstone bridges, RC filters

-12 -



RS

RS

Figure 2.2: Common used circuits to obtain temperature information from integrated resistors.
(a) Wheastone bridge, (b) RC filter and (c) Wien-bridge filter.

and Wien-bridge filters. Basic schematics of the general idea are shown in Figure D72.
Wheastone bridges-based smart temperature sensors [20, 273, 37-40] usually exploit the
effect of two resistors, one with positive temperature coefficient ([2,) and another one with

negative temperature coefficient (R,,).

R, = Ro(1+ aAT),a > 0, (10)

R, = Ro(1 + BAT), 8 < 0, (11)

As reported in Figure 2, a conversion from temperature change in the resistors to voltage

-13-



is read from V;,, which can be expressed as:

T R,+ R, "7 Ro(14+aAT)+ Ry(1+pAT) "P ~ 24 (a+p)AT 7P

In the case of smart temperature sensors based on RC [41-43] and Wien-bridge [34, 4447
filters the translation is done from temperature to phase shift, as the resistance values change
with temperature, the phase response of such filters will change as well. This alteration of
the phase response can be sensed by driving the structures with signals oscillating close to
the fundamental frequency of the filters [27], the final output is obtained by a phase-to-digital
circuit.

A limitation of resistors as temperature-sensing elements lies in the inherent resistance
spread in CMOS, typically falling in the 15-20% range across process corners. Moreover,
their temperature coefficients are impacted by process variation and higher-order non-linear
terms[48, 49]. Consequently, achieving accurate readings with resistors typically necessitates a
costly multiple-temperature calibration, with calibration points ranging from 3 to 5 depending
on the desired accuracy.

Exemplified by works such as [34] and [44], an accuracy of +0.15°C (30) from -55°C
to 85°C is achieved, albeit after an expensive three-temperature trim. Alternatively, [560] ac-
complishes an accuracy of +1°C (30) from -45°C to 125 °C with a single-temperature trim,
representing one of the superior results reported for similarly-trimmed resistor-based sensors.

Smart temperature sensors exploiting the above resistor-based temperature conversion tech-
niques are very energy efficient, but offer less accuracy than BJT counterparts and exhibit more

power consumption than MOSFET-based architectures.
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2.2 BJT based

On-chip temperature sensing can be effectively realized by leveraging the thermal char-
acteristics of the base-to-emitter voltage (VBE) of bipolar transistors when operated in the
forward-active region [, 3, 8, 8, 11, 1, 51-54]. This phenomenon can be mathematically

expressed as:

KT (1
Vap = —In (—C> (13)
q Is

where £ corresponds to the Boltzmann constant, 7" is the absolute temperature, ¢ is the electron
elemental charge, I is the BJT collector current and /g is the saturation current which has a
very high sensitivity with respect of the temperature. Equation (I3) provides a Complementary-
to-absolute Temperature (CTAT) dependence of about -2 mV/ K. As a basic example, a Proportional-
to-absolute Temperature dependence can be obtained by a pair of BJTs by either having differ-
ent sizing or supplied with different collector current /- (Please refer to Figure 2-3), then, the

PTAT behaviour is exhibited in the difference of their base-to-emitter voltages:

T
AVyy = %ln (a-b) (14)

where a and b correspond to the ratio of the emitter areas and collector currents, respectively.

The well-defined temperature dependency of the base-to-emitter voltage (Vzx) and its vari-
ation (AVpg) make BIJTs appealing for utilization in CMOS temperature sensors and bandgap
voltage references. In fact, BJT-based temperature sensors have enjoyed widespread adoption
in the industry for decades [19, 55-5Y9]. Several factors contribute to the popularity of BJT-
based sensors:

1. Process Inaccuracy Correction: The primary source of inaccuracy in BJT-based sensors
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Figure 2.3: BIT pair to generate AVgpg

stems from the process spread in VBE, which exhibits a PTAT profile [60]. This characteristic
allows for cost-effective correction using a one-point PTAT trim. For instance, inaccuracies of
+0.5°C (30) from -50 °C to 120 °C have been achieved [b1], and 0.1 °C (30) from -55°C to
125 °C reported in [62].

2. Single-Circuit Generation of Temperature-Dependent and Reference Voltages: BJT-
based sensors generate both the necessary temperature-dependent and reference voltages from
the same circuit, significantly simplifying implementation and reducing system complexity.

3. Low Bias Current Requirement: BJT-based sensors operate efficiently with bias currents
in the range of microamps (¢A) or even sub-microamps (sub-uA), contributing to their energy
efficiency.

4. Low Supply Dependency: These sensors typically exhibit low supply dependency, often
in the range of a few tenths of degrees Celsius per Volt (°C/V), such as 0.5°C/V [61] and
0.1°C/V [B2].

These advantages collectively make BJT-based temperature sensors an attractive choice for

various applications.
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2.3 Thermal Diffusivity based

Thermal diffusivity (D), defined as the rate of which heat diffuses within a silicon sub-
strate, is another category of sensing elements within smart temperature sensors [h3—68]. It
exhibits relatively high temperature dependence and, more important, it does not suffer from
the usual process variation that most devices are subject to. The temperature dependence that
D experiences can be approximated by: D oc 1/T1® [69-71], due to the well known thermal

characteristic of the silicon substrate it is appealing as a core of a smart temperature sensor. To

1/fheat
—
U e

Heater Thermopile

Vsense

N\

A
Y

S

Silicon substrate

Figure 2.4: Representation of an Electro-Thermal Filter (ETF) in the silicon substrate.

measure D, an Electro-Thermal Filter (ETF) is employed, it is composed by two elements, a
heater and a thermopile (Refer to Figure [Z4), the heater is fed by a square wave voltage signal
(at frequency freq) that produces heat accordingly. The heat is then transmitted through the
silicon until it is arrived to the thermopile, generating a voltage pulse as a response. The sensed
pulse (Viense) by the thermopile is affected by a certain delay characterized by the time needed
by the produced heat to traverse the silicon. This delay is a function of the temperature and the

phase shift between the voltage pulse at the heater and the sensed pulse at the thermopile can



be represented by [b&]:

o fheat
GEFT = —5 - “ 2D(T) (15)

A phase-shift ADC can be used to convert the phase shift into a digital code, finalizing the
temperature conversion to digital.

A major disadvantage of thermal diffusivity based smart temperature sensors is the inherent
high power consumption mainly drawn by the heater making it mostly unsuitable for battery-
powered devices[27]. On the other hand, due to the known thermal transfer characteristics
these type of sensors usually achieve good accuracy with no trimming [72, [73], this character-
istic position them as important competitors in the case of applications when there is no power
consumption constraint leading to lowering the cost in mass production since temperature trim-

ming is not necessary to maintain good performance level.

2.4 MOSFET based

MOSFET-based smart temperature sensors can be classified in three categories according to
the principle on which they are based for temperature conversion [[74]: Type I: Logic, Saturation
and Linear, Type II: Subthreshold operation and Type III: Gate leakage. All types will be briefly

explained in the following.

24.1 Type I: Logic, Saturation and Linear

A typical approach for leveraging MOSFET temperature dependence involves considering
the propagation time (¢,) of CMOS inverters (Figure IL5). ¢, is a function of many variables

such as supply voltage (Vpp), sizing (width (I¥) and length (L)), carrier mobility (u), threshold
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voltage (V};,), oxide capacitance (C,,) and load capacitance (C'p):
tp = f(VDDav;fwaVaLv,ua Co:mCL) (16)

More specifically, both threshold voltage and mobility have their own temperature depen-
dence, providing additional parameters that can be potentially exploited as temperature sensing
mechanisms. However, they are affected by doping and lithography variations [74], which also

affect the oxide capacitance and the sizing of the transistors.

VDD

j Vin ] Vout—L

Figure 2.5: A typical CMOS inverter structure

A technique to obtain a temperature reading based on the ¢, variation with temperature
involves the use of delay lines [73, [/5-78]. In reference [[75], the temperature-dependent delay
is quantized using a phase-locked loop (PLL) implemented on chip. In contrast, works [[76, [/8]
use a temperature-independent delay line for quantization purposes. In [23], the delay line is
arranged in a closed-loop configuration to form a ring oscillator, in that way the frequency of
oscillation increases with temperature. This temperature-dependent frequency is then quantized
using a counter circuit. Each of these approaches offers unique advantages and trade-offs,

serving to specific requirements and design considerations for a given temperature sensing
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application.
For the case of smart temperature sensors based on MOS devices working in saturation
region [[79], the thermal coefficient and operating principle is similar to that of ¢, based. The

saturation current can be expressed as [RU]:

1 W
[sat = 5“001 (f) (‘/gs - %h)z(l + )\V;ls) (17)

where V, and V, are the gate-source and drain-source voltages, respectively. The current
described by Equation ('7) can be effectively used to regulate a delay line, as illustrated in
Figure L6, where Vprasn corresponds directly to Vi, in (IZ), while VDD — Vgragp act as
Vg for the PMOS head transistor. The delay line can be regulated by both head and tail tran-

sistors driven by Vgrasp and Vgrasn, or by a single transistor either head or tail. Specifically,

VDD

I
]
Vin $+AVou
]
1

Figure 2.6: A current-starved CMOS inverter

Vgiasp D—0

Viiasy D—

adjusting the V;, voltage can lead to changes in the /,,; thermal coefficient from negative to
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positive. This phenomenon occurs because both 1 and V;;, possess negative thermal coefficients
in Equation (7). However, as Vs diminishes, the contribution of (V,, — V;,)’s positive thermal
coefficient intensifies, counteracting the negative coefficient from x, and consequently chang-
ing the overall thermal coefficient sign. Essentially, as V, decreases, the thermal coefficient
for the current-starved cell delay shifts from positive to negative, given that the discharge time
corresponds to t4is = C, - Vbp/ Lyis-

Moreover, the thermal coefficient of the entire delay line may approach zero when Vpp is
approximately 0.75V for a 55-nm technology node [[74]. This ZTC point is crucial and serves
as the foundation for the temperature-insensitive reference delay line discussed in previous
literature [23, [77, 8T]. Similarly, the same zero temperature coefficient may be attained for the
current-starved delay line, such as when Vgyagny = 0.75V in Figure Z6. This ZTC point is
crucial for achieving temperature-insensitive operation, ensuring the robustness and reliability
of the delay line across temperature variations.

In [29], temperature estimation is derived from the comparison of oscillation frequencies
between two voltage-controlled ring oscillators with distinct V;;, values. This approach ef-
fectively mitigates the supply voltage sensitivity compared to a single oscillator alternative.
Similarly, the temperature sensor outlined in [?2], produces a voltage output instead of a delay.
Additionally, the temperature-dependent delay can be quantized by a time-domain A ADC,
as demonstrated in [R7].

MOSFET devices working in linear region can also be used as temperature sensing element

[83]. The drain current of such devices for small V;; can be approximately represented by:

w

[lin ~ NCox (f) (‘/gs - V;fh)vds (18)
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The thermal behaviour of the linear current expressed in (I¥) has a typical CTAT response,
ruled by p in the case of large enough V. But, as shown in [R3], for when V; is close to 0.7V
for a 180- nm technology node the non-linearity of the sensor falls to its minimum value. This
CTAT current is then discharged through a capacitor, that has a propagation delay with PTAT
behaviour due to the inverse proportion relation between the discharge time and the supplied
current. When V, in (I2) is biased based on a proportion from Vpp the supply sensitivity of

the discharge time t4;s is diminished [R3].

2.4.2 Type II: Subthreshold operation

A MOSFET device works in subthreshold region when the V; < V};,. In this condition, the

drain current can be represented by [Y, B(]:

w V,s —V, -V
I _ w 2 gs th 1— ds 1
sub = HCox ( L) Vr®exp (—nVT cxp \ (19)
where V7 is the thermal voltage (k7'/q). In the case of Vs > 3V the equation (I9) reduces to:
w Vs — V,
Ly = pCop |+ ) Vi exp | —2——% (20)
L nVT

A PTAT voltage can be produced by two MOSFETs M, and M, while working in subthreshold

regime as illustrated in Figure 272, their drain current could be expressed as:

W Vgs,1— Vi mW Vgs,2 = Vo
Coo | — ) V2 2O Tl KO, [ —— ) V2 Y95, 27 Vih2
o () it (052 ) = i (P e (F25 0

21

Thus, a differential voltage from their gates/drains to source AV, can be obtained:
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Figure 2.7: PTAT voltage generation from a pair of MOSFET devices in subthreshold regime.

AVy = Vo1 — Vyso = nVpln(m - K) (22)

where m - K > 1 and Vj;; = V2 (no mismatch between devices). Equation (277) is analogous
to what is achievable with BJTs counterparts (Figure I3 and Equation (I4)). Works presented
in [9, B4, BY] base their proposals in PTAT voltages converted into PTAT currents via a resis-
tor with low thermal coefficient. In [9], the use of a capacitor enabled a conversion from the
PTAT current to a CTAT delay with t4;s = Cp, - Vpp/Iss. While in [84] a CTAT oscillation
frequency was obtained after feeding the PTAT current into a ring oscillator, finally, a digital
output is obtained by quantizing the oscillation frequency with a counter. Other works utilize
subthreshold currents to feed ring oscillators. In order to remove the need of a reference fre-
quency, two currents can be employed with two current-starving ring oscillators and the digital
code is obtained after quantizing the ratio of the resulting oscillation frequencies [26, 86—88].
The key aspect is that the control of the oscillators is done by proportional currents or devices
with different threshold voltages. The use of A ADCs to quantize a PTAT voltage analogous
to the described in () allowed to obtain better accuracy and resolution in the case of works

[89, 90], while for [OT] it assisted in obtaining a wider temperature range.
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2.4.3 Type III: Gate leakage

A gate leakage-based temperature sensor was introduced at CICC 2019[92]. This sensor
integrated a MOSFET between the power supply and the current-starved ring oscillator. The
MOSFET gate was directly connected to the power supply, while its drain, source, and body
were short circuited and linked to the ring oscillator’s supply node, as shown Figure 8. Con-
sequently, the gate leakage current of the MOSFET regulated the oscillation frequency of the
ring oscillator.

One notable advantage of the gate leakage-based temperature sensor proposed in [92] was
its exceptional energy efficiency, surpassing the state-of-the-art works at the time of publication
by a factor of seven. This efficiency stemmed from its sensing front-end, which relied on the
gate leakage current and consumed merely 640pW. Another work utilizing gate-leakage current
levels in a temperature sensor is reference [93], where both thermal-dependent gate-leakage

current and subthreshold MOSFETs are employed to generate a current reference in pA levels.

VDD

M Igate

>P TAT
OuUT

Figure 2.8: Ring oscillator for PTAT frequency generation biased by a gate-leakage current
featured by transistor M, [92].
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2.5 Qualitative comparison

Each of the discussed sensing mechanisms has its own trade-off. Thermal diffusivity-based
sensors, for example, stand out in terms of required calibration points and accuracy. They can
achieve high accuracy with no trimming but -occasionally- just batch calibration, due to the
use of the thermal characteristics from the material itself effectively diminishing the process
variability impact on the temperature sensing solution. BJT-based sensors achieve high pre-
cision due to their well-defined thermal characteristics. Moreover,in some cases the use of
1-point calibration is enough for this class of sensors. MOSFET solutions on the other hand
usually require about 2 points for temperature calibration, although the number of required
points depends on several factors such as production cost and demanded accuracy of the target
application. Smart sensors based on resistors are more limited in this regard, as the resistance
spread after the effects of process variability is rather high, thus, to achieve competitive values
of inaccuracy the use of multi-point calibration is necessary.

Albeit the disadvantage of resistor-based smart temperature sensors in accuracy, the energy
per conversion (required energy to perform one full temperature-to-digital conversion) this so-
lution offers is the best among the reviewed mechanisms, BJT- and MOSFET-based sensors
achieve similar levels of consumed energy per conversion with no clear advantage one over the
other. Finally, smart temperature sensors based on the thermal diffusivity principle exhibit the
least appealing efficiency due to the required energy produced by the heater, making them un-
suitable for battery powered applications such as IoT. Taking into account the Resolution-FoM
(R-FoM) presented in (&) which uses the resolution of the sensor by a square factor, the energy
efficiency of the sensor can be characterized, this efficiency can be defined as the energy cost

to achieve a certain resolution. Due to the low energy consumption per conversion and the high
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accuracy they offer, resistor-based temperature sensors present a highly competitive R-FoM
within this sensing mechanism category. They are closely followed by sensors relying on BJT
and MOSFET. The latter two types typically exhibit similar levels of energy efficiency, with
MOSFET-based sensors holding a slight advantage. In contrast, thermal diffusivity-based sen-
sors demonstrate the lowest R-FoM due to the intrinsic high power requirements for operation.

Smart temperature sensors employing MOSFET devices offer distinct advantages, particu-
larly in Type II configurations (Section Z47), where subthreshold thermal characteristics are
exploited for temperature conversion. Notably, they facilitate low voltage operation, thus en-
hancing energy efficiency. Furthermore, MOSFET-based sensors exhibit a compact footprint,
optimizing silicon area utilization [7]. On the other hand, thermal diffusivity-based sensors,
while occupying a similar silicon area, exhibit inferior voltage scaling capabilities [94]. BJT
counterparts, although competitive, have poor supply voltage scaling as well, while maintaining
a moderate silicon footprint, comparable to resistor-based sensors. These observations stress
MOSFET-based sensors as a compelling choice for smart temperature sensing applications with
constraints in silicon area occupancy, voltage scaling and energy efficiency, trading off these

characteristics with performance in terms of accuracy.
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III. PROPOSED DESIGN: AN ULTRA-LOW VOLTAGE,
ULTRA-LOW POWER, ENERGY-EFFICIENT SMART

TEMPERATURE SENSOR

3.1 Introduction

In recent times, there has been a widespread use of portable, battery-operated devices that
have the capability to detect the surrounding environment and transmit the obtained informa-
tion wirelessly, after some form of data manipulation, recognition, and/or classification. These
devices, collectively known as the Internet of Things (IoT), all share a common requirement for
limited power consumption (e.g., in the range of a few milliwatts) [1]. To achieve energy effi-
ciency approaching the bare minimum, IoT devices can be designed with scaled-down supply
voltages, sometimes reaching levels close to or below the sub-threshold voltage [?—2]. Fur-
thermore, there is an increasing demand for reducing the size of the integrated circuit, as this is
seen as a highly desirable attribute for enabling cost-effective system integration.

Temperature sensors play a crucial role in various applications, including thermal regu-
lation and management of processors or systems on chip (SoCs) [5-8], monitoring ambient
temperature [9], and in biomedical devices [IU, T1]. Moreover, their use is notable in IoT
devices [I2-I7], where a trade-off between achieving a few nW of power consumption for
effective extension of battery life and a moderate resolution of a few °C is often considered.

Diverse mechanisms for temperature sensing are outlined in [IX]. In a Complementary
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Metal-Oxide-Semiconductor (CMOS) process, the most established method involves exploit-
ing the temperature-dependent characteristics of the built-in voltages in parasitic Bipolar Junc-
tion Transistors (BJT) [f, T4]. An Analog-to-Digital Converter (ADC) is then employed to
acquire a digital representation of the temperature, facilitating the attainment of temperature
accuracy of less than £0.1 °C across a broad temperature range (from 55 °C to 125 °C) with
only one-point calibration [19]. However, this approach mandates substantial supply voltages
(typically exceeding 1 V) and consumes micro-watts of power [T4]. Resistors offer a potential
alternative to BJT-based sensors, albeit with the caveat that the sensing elements tend to occupy
a significantly larger area [20].

As shown in [I5], temperature sensors employing MOSFET devices exhibit the potential
for superior energy efficiency compared to the previously mentioned solutions, albeit at the ex-
pense of reduced accuracy and more intricate calibration procedures. This category of circuits
commonly employs MOSFETs operating in the sub-threshold region as sensing components,
facilitating the development of compact temperature sensing designs characterized by a power
supply voltage of less than 1 V and power consumption of 1 4W or lower [I2-I5, 2T]. These
designs find significant relevance in various practical [oT applications, where there exists flex-
ibility in the requirements for accuracy and resolution.

The proposed temperature sensor operates at an exceptionally low voltage of 0.35 V, ren-
dering it particularly suitable for applications within the constrained energy resources of the
Internet of Things. Temperature measure is facilitated by a sensing circuit employing PMOS
devices. This circuit transforms temperature variations into two biasing sub-threshold currents
to establish two oscillation frequencies. With an increase in temperature, these frequencies

exhibit a linearly escalating ratio. Subsequently, the obtained frequency ratio undergoes con-
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version into a digital output code through a digital backend composed by binary counters.

The sensor is fabricated using 180-nm CMOS technology and occupies a modest silicon
area of less than 0.05 mm?. When energized at 350 mV, the circuit’s power consumption is
a mere 14nW at a temperature of 25 °C. Additionally, the energy for each conversion stands
at a minimal 0.46 nJ, while maintaining an acceptable level of inaccuracy within the range
of £3°C, characterized by a typical root mean square inaccuracy of 1.2°C. Furthermore, it

provides a resolution lower than 0.3 °C within the temperature span of 0°C to 100 °C.

3.2 Sensor architecture and operating principle

As depicted in Figure Bl, our design consists of three main sub-circuits: 1) a Temperature-
to-Current Converter (TCC), 2) a Current-to-Frequency Converter (CFC), and 3) a Frequency-
to-Digital Converter (FDC). The TCC operates by detecting the real temperature and simultane-
ously producing two sub-threshold currents (I, [;). The relationship between these currents,
Iy/I;,, demonstrates a behavior that is directly proportional to absolute temperature (PTAT)
within the specified temperature range of 0 °C to 100 °C. Afterwards, these currents undergo a
linear transformation into two frequencies (fx, f7) by utilizing two current-starved differential
ring oscillators that implement the CFC mechanism. Finally, the FDC generates the digital

output code (DPTAT), which is derived from the frequency ratio fy/f;.

3.2.1 Temperature to Current Converter

The employed temperature sensing methodology involves a key aspect that centers around
the generation of two currents, I and [, which are characterized by a linear PTAT behavior

within the designated temperature range. The reliable generation of these currents is achieved
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Figure 3.1: Block diagram of the temperature-to-digital converter: (a) the temperature-to-
current converter (TCC), (b) the current-to-frequency converter (CFC) and (c) the frequency-
to-digital converter (FDC).

through the utilization of a two-branch TCC depicted in Figure B1l, where PMOS diodes con-
nected in series establish sub-threshold currents with the desired IH/IL ratio. Only PMOS
devices where used in this structure to mitigate process variations by utilizing devices of the
same type. To better explain the circuit behaviour, the TCC can be simplified by combining the
stacked transistors M ; to M, 3 into an equivalent device denoted as M;. It is important to note
that all PMOS transistors in the TCC operate in the sub-threshold region and have a source-
to-drain voltage, VSD, that exceeds four thermal voltages Vi = kgT'/q . Here, kg represents
the Boltzmann constant, 7' represents the absolute temperature, and ¢ represents the electron

charge. The source current /g can be mathematically expressed as [27]:

4 Q(“GS| “th‘
S L 0t ( nkBT ( 3)
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where Vy, is the threshold voltage, I is the technology-dependent sub-threshold current extrap-
olated for |Vgs|=|Vin|, W/L is the aspect ratio of the transistor and n is the sub-threshold factor.
In (23), the V};, has a dependency on Vgsp (through the drain induced barrier lowering (DIBL)
effect) and on the source-to-bulk voltage Vsp (through the body effect) [22]. The expression of

the V't — V'~ voltage can be derived by analyzing the upper segment of the TCC circuit:

I w
Vt VT = AV, + ”k‘:T In ( L/ [VLVL) (24)
T

where AV, = |Vipi| — |Vinz|- In the case where M3 and My possess identical characteristics,
specifically with respect to their W/L ratios and threshold voltages, the voltage difference be-
tween V™ and V'~ can be alternatively represented as a function of the currents passing through

M3 and My:

kT (1
vty =By <—H> (25)
q Iy,

Finally, the final current ratio [/}, expression can be obtained by equating (24) and (23):

AVy, + ”ij In (;}L{// [éi) - ”’“;T In (II—IZ) (26)
AV = nk;T N (% . %[%%]]j ) 27)
sl -
e 1)
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Figure 3.2: Temperature-sensing mechanism.

It is important to highlight that in (Z9), the change in threshold voltage, AV}, remains constant
regardless of temperature, even though |V;;,;| and |V}, exhibit both CTAT and linear charac-
teristics in the target temperature range. When |AV};| exceeds 70 mV, equation (Z9) can be
effectively approximated by its linearization. This is shown in Figure B2 for |AV};,|= 88 mV.
To achieve this specified value, connecting the body terminal of the stacked transistors M; ; to
M, ; to the V' node is essential. This configuration facilitates in obtaining the desired AV,
while exclusively utilizing PMOS devices. As depicted in Figure B2, the adjusted R? [14], for
the simulated ratio of high-current (/) to low-current (/1) exhibits a noteworthy magnitude
of 0.9998 when considering the temperature span from 0°C to 100 °C. This elevated R? value
serves to confirm the crucial characteristic of linearity in the response of the implemented TCC

circuit.
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3.2.2 Current to Frequency Converter

As illustrated in Figure B-II(b), the CFC is composed of a pair of current-controlled differ-
ential oscillators employing two and eight stages, respectively. These oscillators are biased by
a mirrored version of the currents [ and I, with I and I, being the high and low currents,
respectively. Furthermore, the oscillation frequency is denoted as fy and f;, where fy > fr.
The differential delay cell is inherited from the design presented in [3].

The inputs of the delay cell are connected to both NMOS transistors (M;, M7) and PMOS
transistors (Ms, Mg). To minimize the influence of rising/falling slopes on the oscillation fre-
quency, the NMOS inputs receive signals from the outputs of the preceding delay stage, while
those of the PMOS devices are sourced from the outputs of an even earlier delay stage, as
suggested by prior work [?3]. Subsequently, the NMOS/PMOS pairs (M3, M5)/(My, Mg) con-
figured in a cross-coupled manner speed-up the restoration of logic levels at the output of the
inverters, thus, accelerating the switching stage [23].

By adopting this configuration, the oscillation frequency becomes almost linear with the
sub-threshold current of the oscillator, denoted as [;,s. This linearity can be effectively ap-

proximated using the following expression [23]:

f o 1 o ]bz’as
¢ 9ONT  2NCLV

(30)

where NN is the number of the delay stages, 7 is the delay time in a single stage, V' is the
oscillation amplitude, and C7, is the load capacitance. The two differential oscillators have
been carefully designed, incorporating an optimal number of stages and appropriately sized

delay stages. This design strategy contributes to an overall enhancement of the resolution in
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the fy/ f1 ratio.

3.2.3 Frequency to Digital Converter

The frequencies generated, denoted as fy and f, undergo conversion into a digital PTAT
output utilizing two asynchronous counters, as depicted in Figure Bl(c). A 4-bit basic counter
is employed to enhance the resolution of the temperature sensor, effectively dividing the f;,
frequency by 8. Meanwhile, the PTAT counter, driven by the fy frequency, comprises 11 bits.
The selection of the PTAT counter size is deliberate, ensuring prevention of counting overflow
across the temperature detection range from 0 °C to 100 °C, while also accounting for potential
undesired offsets arising from process variations.

Upon triggering the ST ART signal, the oscillators initiate their operation, and both coun-
ters commence counting upwards. The counters cease operation when the fourth bit of the basic
counter transitions to logic 1, signifying the completion of eight cycles of the slower oscillator.
This event triggers the DON E signal. At this juncture, the digital code corresponding to the
temperature can be retrieved from the PTAT counter. The counters are subsequently reset by

the ST ART signal, facilitating a new temperature measurement when required.

3.3 Monte Carlo Analysis

Figure B3(a)-(c) present the deviation, or inaccuracy, of the digital output from our sensor
compared to the reference calibrated transfer characteristics. These reference characteristics
are derived from calibration points at 10°C and 90 °C. The temperature considered for this
analysis is 30°C. The data are obtained after 1000 Monte Carlo (MC) simulations for three

distinct values of Vpp: (a) 0.3V, (b) 0.35V, and (c) 0.4V, respectively. Notably, the visual
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Figure 3.3: Inaccuracy at T = 30 °C, as evaluated by 1000 MC simulations for Vpp =(a) 0.3V,
(b) 0.35V and (c) 0.4 V, respectively.

representation demonstrates that the anticipated inaccuracy falls within an acceptable range of

approximately £3 °C for the reference temperature of 30 °C.

3.4 Measurement Results

The implemented temperature sensor is manufactured using a 180- nm CMOS technology,
with a compact footprint with a silicon area of 0.049 ym?. A visual representation of the chip
is shown in Figure B-4(a), illustrating the die photo. Additionally, Figure B-4(b) provides the
layout of the circuit higlighting each part of the sensor. The temperature sensing core, de-
noted as TCC, occupies just 4662 ym?. Meanwhile, the CFC and FDC circuits cover larger

areas, occupying 24928 ym? and 17029 ym?, respectively. Measurements were conducted on

1L

(a) 454um

Figure 3.4: Micrograph (a) of the testing chip and layout (b) of the proposed temperature sensor.
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9 dies. Specifically, at a supply voltage of Vpp =0.35V, the frequencies of the two differential
oscillators spanned from a few hundred Hz to a few tens of kHz for the slow and fast oscilla-
tors, respectively, as the temperature varied between 0°C and 100 °C. Each sample has been
independently calibrated, employing a 2-point calibration scheme using 10°C and 90°C as
reference temperatures. In Figure B3, the digital output generated by each sample is presented
as a function of temperature, accompanied by the corresponding calibrated transfer character-

istics. This representation highlights the observed linearity, evidenced by an RMS adjusted R?

1 | | | | I
1400 - o Experimental points ]
— Calibrated characteristics
1300 - . ) i -
Calibration points
§_ 1200 - -
=2
© 1100 - -
g
= i 1
= 1000
900 - Supply Voltage = 350 mV
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]
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Temperature [°C]

Figure 3.5: Measured digital output extracted after two-point calibration as a function of the
temperature in the 0 °C, 100 °C range, Vpp =350 mV.

value equal to 0.9989. It’s worth noting that this value is slightly degraded in comparison to
the simulation value reported for I /I, in Figure B2. In Figure B8, the inaccuracy is reported
for each sample as a function of the temperature. In Figure B71(a-c), die-to-die variability is
accounted for, presenting box plots for (a) the digital output produced by each sensor at 30 °C,

(b) the sensor resolution (inverse slope of calibrated transfer characteristics), and (c) the inac-
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Figure 3.6: Measured Inaccuracy extracted after two-point calibration as a function of the
temperature in the 0 °C, 100 °C range, Vpp =350 mV.

curacy, measured in both RMS and peak terms. Considering the die-to-die deviations observed
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Figure 3.7: Die-to-die variability box plots of (a) digital output at 30 °C, (b) temperature res-
olution (inverse slope of calibration curves in Figure B3) and (c) inaccuracy (RMS and peak
errors).

for the 30 °C digital outputs (a) and for the resolutions (b) denoting vertical offset and inverse
slope of transfer characteristics, respectively exhibited by different sensors operating under the
same conditions, it becomes evident that calibration for each individual device is imperative for
our sensor.

For instance, with a median resolution of 0.275°C, a deviation of 50 in the digital out-

put would translate to an unacceptable inaccuracy exceeding 13 °C. However, post-calibration,
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each sensor can capitalize on the high resolution (with the worst-case measured value at 0.295 °C)

to achieve a reduced inaccuracy. The median RMS and peak inaccuracies are 1.2 °C and 3.1 °C,
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Figure 3.8: Measured (a) line sensitivity at 30 °C as a function of the supply voltage and (b)
power consumption of temperature-to-current converter (TCC), current-to-frequency converter
(CFC) and frequency-to-digital converter (FDC) as a function of temperature. (a) and (b) are
extracted on a single reference sensor.

respectively, extracted from each sample within the specified 0 °C to 100 °C temperature range.
These reported values fall within acceptable limits for a broad range of practical IoT applica-
tions and temperature-adaptive designs [6]. Additional measurements conducted on a single
reference sensor are depicted in Figure BR. In (a), the Vpp dependence of temperature inaccu-
racy has been extracted at 30 °C within the 300 mV 400 mV supply voltage range.

Lastly, the power consumption of each block implementing the sensor is presented in
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Figure B(b). It is evident that the power contribution of the TCC and the CFC is dominant,
constituting approximately 85% on average of the total power consumption. Furthermore, the
power consumption of the sensor is notably dependent on the actual temperature, ranging from
9.23nW at 0°C to 26.64nW at 100 °C for a 350mV supply voltage. The entire sensor con-
sumes 7.1 nW at 25°C when operated with a 300 mV supply voltage (23.93nW at Vpp =

400mV).

3.5 Comparison

Table 3.1: COMPARISON WITH STATE-OF-THE-ART

JSSC'14 [21] | JSSC'16 [7] | TCASII'19 [8] | JSSC'19 [15] | JSSC'19 [14] | ISSCC'17 [16] | TCASI'21 [17] | This work
Technology 180nm 65nm 180nm 65nm 180nm 180nm 130nm 180nm
Supply Voltage [V] 1.2 1 0.9 0.5 0.8 1.2 0.95 0.35
Area [mm’] 0.09 0.008 0.007 0.63 0.074 0.22 0.07 0.049
Measured Samples 18 7 3 12 9 16 9 9
Temperature range [°C]| 0-100 0-100 0-100 0-100 -20 - 80 -20 - 80 0-80 0-100
Absolute Inaccuracy [°C] -1.4/1.5 -0.9/0.9 -1.64/0.67 -1.53/1.61 -0.9/1.2 -0.76/0.76 -0.4/0.44 -3/3
Calibration 2-point 2-point 2-point 2 point 2-point 2-point 2-point 2-point
Resolution [°C] 0.3 0.3 0.55 0.3 0.145 90m 0.1 0.27
Conversion Time [ms] 30 0.022 300 300 839 8 59 33
Energy/Conversion [nJ] 2.2 34 1.2 0.23 8.9 4.56 11.56 0.46
R-FoM* [nJ-K?] 0.19 0.3 0.36 0.02 0.19 0.037 0.116 0.034
Power [W] 7In@27°C | 154p@27°C | 3.92n@27°C | 763p@27°C 1 In@?25°C 570n 196n@30°C | 14n@25°C

* R-FoM = Energy/Conversion x Resolution’

Table B presents a comprehensive summary of the measurement outcomes for the pro-
posed temperature sensor, compared against previous CMOS-based designs. Notably, our de-
sign distinguishes itself by operating at the lowest supply voltage. Despite prioritizing compet-
itive resolution and power efficiency, there is, however, a trade-off with accuracy. Nonetheless,
it is noteworthy that the accuracy remains within an acceptable range of 43 °C, rendering the
sensor well-suited for a variety of practical applications in the realms of Internet of Things and
temperature-adaptive designs. The proposed sensor demonstrates a highly competitive Resolu-
tion Figure-of-Merit (R-FoM), calculated as Energy/Conversion x Resolution® [IR]. This

is achieved while occupying a reduced silicon area, as illustrated in Figure B-9. Specifically,
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Figure 3.9: R-FOM versus area comparison.

our design emerges as the second-best in terms of silicon area occupation and the absolute best
in terms of R-FoM among sensors designed in CMOS 180 nm technology. These distinctive
features position the proposed sensor as an attractive candidate for integration into battery-

powered, cost-effective Internet of Things devices.

3.6 Conclusion

In this chapter, an ultralow-power, fully-integrated temperature sensor designed for appli-
cations with stringent energy constraints and cost considerations was proposed. The circuit
was implemented using 180 nm CMOS technology, occupying a minimal footprint of less than
0.05 mm?. Operating at a voltage of 0.35 V, the sensor exhibits a power consumption of 14 nW
at 25 °C, coupled with a competitive resolution of 0.27 °C within the temperature range of 0 °C
to 100 °C, after a 2-point calibration. Remarkably, our design achieves an energy/conversion

of only 0.46 nJ with a mean measured conversion time across all chips of merely 33 ms.
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IV. PROPOSED DESIGN: COMPACT TEMPERATURE

SENSOR ENABLED FOR DYNAMIC THERMAL

MANAGEMENT

4.1 Introduction

Temperature sensors play a critical role in facilitating dynamic thermal management (DTM)
within intricate Systems on Chips (SoCs) [1-4]. Multiple sensors are strategically distributed
across the die to identify potential hot or cold spots, and the collected temperature information
is utilized to regulate the chip’s operation within the specified thermal conditions. This en-
sures both optimal performance and reliability [?—4]. The maintenance of temperature safety is
achieved through various adaptive strategies, including dynamic voltage and frequency scaling
(DVES), selective powering on/off of different system components, and other thermal adjust-
ments such as fan speed regulation [, 5, f].

Several proposed temperature sensors [Z-20] demonstrate the requisite sensing accuracy
crucial for effective DTM. In the context of multi-core systems, a typical requirement includes
a modest absolute inaccuracy of 8 °C and a more constrained relative inaccuracy of 3 °C [, 211].
Furthermore, additional stipulations arise from contemporary technology trends, including as-
pects such as multi-processor chips, 3-D integration, and multi-supply voltage architectures [[7].

Particularly:

1. Compact size is a highly desired feature to facilitate dense thermal monitoring, partic-
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Figure 4.1: Block diagram of the temperature sensor.

ularly crucial in state-of-the-art Very Large Scale Integration (VLSI) designs. The re-
lentless increase in the integration level of modern Systems on Chips (SoCs) has led to a
rapid proliferation of potential hot and cold spots, requiring a corresponding increase in
the number of temperature sensors for effective DTM. For instance, contemporary sys-
tems like POWERD incorporate more than 60 temperature sensors [5]. Additionally, a
compact footprint is essential to maintain flexibility in the design process. This is be-
cause the optimal sensor locations, often situated in close proximity to potential hot or
cold spots, are typically identified in the later stages of the design phase and are com-

monly within densely populated areas of the chip [K].

. Robustness is paramount in the context of temperature sensors. It is expected for a tem-
perature sensor to preserve its sensing accuracy despite variations in voltage and man-
ufacturing processes. Overestimating the temperature may result in unnecessary per-
formance throttling, while underestimating can lead to reliability issues. Therefore, en-
suring resilience to these variations is critical for the effective and reliable operation of

temperatur € S€nsors.
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3. Another critical requirement is broad supply voltage scalability [Z]. In contemporary
SoCs, Dynamic Voltage and Frequency Scaling (DVES) techniques are frequently em-
ployed to fine-tune performance while managing power consumption, particularly for
the digital components of the system. The supply voltage can be dynamically adjusted,
sometimes down to near-threshold levels, to save energy when reduced performance is
acceptable. Therefore, it is highly desirable for temperature sensors to support sup-
ply voltage scalability, allowing them to share the same power grids with digital cir-
cuits. Unfortunately, some previously proposed temperature sensors have proven to be
insufficiently voltage scalable [9, 1), T4-16, T9], and/or do not support sub-1 V opera-

tion [R, 15117, 19, 22].

This chapter introduces a small-area fully-integrated CMOS temperature sensor designed
for precise placement in close proximity to target hot or cold spots within Systems on Chips.
The sensing circuit, characterized by low complexity and PMOS-based architecture, converts
the local temperature into two sub-threshold biasing currents. These currents are utilized to
establish two oscillation frequencies, whose linearly increasing ratio serves as an indicator of
temperature. The frequency ratio is subsequently translated into a digital output code through
a digital backend employing binary counters. The proposed design features a simple embed-
ded line regulation mechanism, enabling operation across a wide power supply range. This
versatility makes it particularly appealing for systems supporting multi-supply voltages and/or
Dynamic Voltage and Frequency Scaling (DVES). Fabricated in 180 nm CMOS technology for
the targeted temperature range of 0 °C to 100 °C, the design exhibits a compact footprint of ap-
proximately 0.02 mm? and operates within a supply voltage range of 0.6V to 1.8V. Moreover,

it consumes less than 1.6 uW (Vpp=0.6V and T'emp=25°C), with an energy per conversion
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of 1.05nJ. The achieved results demonstrate an inaccuracy constrained within +1.4°C and a

resolution of 0.24 °C.

4.2 Temperature sensor architecture

Derived from the temperature-to-digital conversion methodology employed in [173, 14], the
sensor relies on three primary processing blocks, as illustrated in Figure BE1l: 1) Temperature-
to-Current Converter (TCC) This component serves as the sensing element in the proposed
circuit. It generates two sub-threshold currents, /5 and I, (where Iy > I), and their ratio
Iy /1, exhibits a linear increase with temperature. 2) Current-to-Frequency Converter (CFC):
Comprising two independent ring oscillators controlled by mirrored [z and I, currents, the
CFC ensures that the ratio of the two oscillation frequencies (fy/f;) maintains a linear rela-
tionship with temperature. 3) Frequency-to-Digital Converter (FDC): This block is responsible
for generating the digital temperature code based on the f5/f7, ratio.

The voltage scalability of the sensor is facilitated by two stacked native (i.e., zero thresh-
old voltage transistors) NMOS devices [I2]. These transistors provide line regulation for the
supply-sensitive TCC and CFC blocks. These blocks operate in the sub-threshold regime, pow-
ered by an almost stable virtual Vpp (Vi pp), regardless of the actual Vpp and temperature. In
our 180 nm implementation, the Vi, pp remains approximately 440 mV across a wide range of
temperatures (0 °C to 100 °C) and power supply variations (0.6V to 1.8V). In contrast, the FDC
circuit, being based on non-critical digital circuitry (inherently more robust to temperature and

voltage variations), is powered directly by Vpp.

-61 -



4.2.1 Temperature-to-Current Converter

The Proportional-to-Absolute-Temperature (PTAT) behavior of the current ratio I /1y, is
achieved through the low-complexity circuit depicted in the inset of Figure B2. This circuit
consists of two branches, each incorporating only five diode-connected PMOS devices. The
selection of PMOS only transistors for this design was to improve robustness against process
variation, by being of the same device type all transistors will experience the same variation.
The left branch is implemented with three identically sized transistors, while the right branch
employs two transistors. This configuration ensures that the virtual supply voltage (Vi pp) is
equally partitioned between the transistors, resulting in Vsg = Vi, pp/3 for the left branch and
Vsa = Vv pp/2 for the right branch.

Since all the devices in the TCC operate in the sub-threshold region, with a source-to-
drain voltage (Vp) larger than four thermal voltages (Vi = kgT'/q where kp is the Boltzmann
constant, 7" is the absolute temperature, and ¢ is the electron charge), their source current /g

can be expressed as [23]:

w q(|Vas| = Vil
o = —1 31
5= oexp( kT , (31)

where W /L is the aspect ratio of the device, I is the technology dependent subthreshold
current which can be obtained by extrapolating the current for Vo = Vjy,, Vi, is the threshold
voltage and n is the subthreshold factor.

Thus, the current ratio 7/, can be written as:

Iy [%}1 ¢Wwpp 1
7= (- r) o
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Figure 4.2: Simulated [ /1, current ratio as a function of the temperature. In the inset: the
temperature-to-current converter (TCC) circuit.

In the equation above, we have assumed that /; and V};, for transistors M1 and M2 are
identical.

Given the value assumed by the term —qVi pp/6nkp, the exponential term can be ef-
fectively approximated by a linear relation within a limited temperature range (e.g., 0°C to

100°C), as follows:

1
Howmx Temp + p, (33)
L

with m = 0.0158 1/°C, p = 2.55 for our design, and T'emp expressed in °C. The model
equation (B2) has been plotted in Figure B2, demonstrating the good agreement with simulation

results.
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4.2.2 Current-to-Frequency Converter

As illustrated in Figure E3(a), the CFC utilizes two current-starved ring oscillators to trans-
form the mirrored version of the [y and [ currents into two digital pulse signals. The fre-
quency ratio fg/fr of these signals exhibits a linear Proportional-to-Absolute-Temperature
(PTAT) trend.

In general, the oscillation period 7,,. of a current-biased ring oscillator can be expressed

as [13]:
CLAV

bias

Tosc =N ( + tfall + trise) (34)

where N is the number of stages in the ring oscillator, 'y, is the load capacitance of a single

delay cell, AV is the output voltage amplitude, I, is the biasing current, while ¢ ¢,;; and ¢,s¢
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are the falling and the rising times of a single stage. For an accurate approximation of the os-
cillation frequency, both ¢ ¢,;; and ;5. must be significantly smaller than (C,AV')/Ij;as. In this
specific case, the ratio fi/fr, (= Tpse../Tose.n) demonstrates a comparable PTAT characteristic
as Iy/l;.

In the proposed architecture, both ring oscillators employ an identical delay cell topology,
as depicted in Figure B3(a). This configuration relies on a standard CMOS inverter loaded
by a NMOS capacitor. This capacitor serves the dual purpose of constraining the oscillation
frequency and preventing an unwarranted escalation in the number of delay cells. Moreover,
the augmented capacitance at the output node of each inverter contributes to enhancing the
linearity of the oscillation frequency concerning the biasing current, as articulated in equation
).

To achieve a balance between accuracy and efficiency, the two ring oscillators have been
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optimized with an adequate number of stages (13 and 7 for the slow and fast oscillators, respec-
tively) and accordingly chosen delay stage sizes. As illustrated in Figure B3(a), decoupling
MIM capacitors (400 fF) have been incorporated at the supply voltage nodes of the two oscilla-
tors. This addition aims to mitigate the impact of switching noise on the oscillation frequency,
hence, enhancing the overall robustness and performance of the sensor.
Simulations of the FDC circuit driven by the TCC are depicted in Figure E3(b) and Figure £-4.

In Figure B3(b), the variation in temperature from 0°C to 100 °C corresponds to a frequency
range of f; (fy) spanning from 17 kHz (4.3 MHz) to 31.8 kHz (9.6 MHz). As illustrated in
Figure B4, the high adjusted—R2 value of 0.99995, evaluated on the f/f; ratio, substantiates
the acceptability of the error post a two-point calibration, with temperature references set at

10°C and 90°C.

4.2.3 Voltage Regulation

A simplified voltage regulation mechanism has been incorporated to enhance the line and
temperature sensitivities of the TCC and CFC blocks. This enhancement involves the insertion
of two series-connected native NMOS devices between Vpp and the TCC+CFC circuits, as
illustrated in Figure E1. Consequently, the source of the lower native transistor corresponds
to the virtual supply voltage Vi pp perceived by the TCC and CFC blocks. Notably, the stack
of two native transistors consistently operates in the sub-threshold region, given that both have
Ve = Vi = 0V and Vg > 0V. Employing two long-channel transistors in series for the voltage
regulator block renders its /(V,T") characteristic largely immune to variations in external Vpp.
Furthermore, this approach results in an almost constant V4, despite temperature fluctuations.
To explain this, refer to the diagram in Figure B3, where the regulator (REG) and the TCC and

CFC circuits (LOAD) are modeled independently. For the regulator, an /(V,T") characteristic
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is assumed in the following form:

—q W
Ir = ag(T) exp(ﬁ), (35)

in which the DIBL effect is neglected (i.e., the Vg impact on Ip).
This type of regulator is capable of providing an almost constant Vi pp to load a circuit

whose I(V, T') relation can be expressed as follows:

v
I =ar(T) e:np(ﬁj(jﬁ%), (36)

which is appropriate for CMOS circuits operating in the sub-threshold regime, as is the case

for the TCC and CFC blocks in our design.

—Vvbpp

KT
REG Ie| In=ap@m -0

Vvbpp

o~ KT
LOAD IL IL = aL(T) . eﬁL(T).T

v

Figure 4.5: Regulator and loading circuits model equations for the temperature sensitivity char-
acterization of the Vi pp.

Figure B8 illustrates the DC V-I curves for both the regulator and the load, simulated at
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Figure 4.6: Load curves of regulator and loading circuits at different temperatures.

various temperatures. Analytical expressions of these curves can be derived by converting (35)
and (B6) into their logarithmic forms. The intersection points between the two families of
curves denote the load conditions for different temperatures. This plot provides a clear visual
representation of how Vi, pp remains essentially stable with temperature variations, even as the
supply current exhibits exponential growth with temperature.

Analytically, by manipulating (85) and (B6), Vi, pp can be expressed as follows:

o k‘BT OéR(T)
VVDD - Beq<T) T log(aL(T)) (37)
. o 6L 51%
with S, = —BL B (38)

In this expression, each term, including S, %, ag, and ap, are a function of temperature.
Notably, we observed that the ratio £ remains approximately constant, and the f3,, term ex-
ar,

hibits an almost 1/T dependence, effectively compensating for the linear term in %. The
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Figure 4.7: Model equations of the Vy pp and supply current drawn by the TCC and CFC
blocks as a function of the temperature.

fitting parameters for both the regulator and load circuits were extracted at various tempera-
tures. The analytical expressions for Vy,pp and the supply current are presented in Figure B2
Notably, as the temperature increases from 0 °C to 100 °C, despite observing approximately a
7x increase in current, the corresponding voltage change is only about 3%. The extracted model
equations align with the simulations of the sensor front-end, as illustrated in Figure BE8. This
figure depicts the behavior of the Vi pp voltage node and the current drawn by the front-end
sensor circuitry, which comprises stacked native NMOS devices biasing TCC and CFC blocks,
as functions of temperature for Vpp ranging from 0.6 V to 1.8 V in 100 mV increments. No-
tably, the average current increases from about 0.6 4A at 7' = 0°C to 4.1 pA at T' = 100 °C,
corresponding to a more than 6.9x increase in drawn current as the temperature rises from 0°C
to 100 °C. Despite this significant current variation, Vi pp increases by less than 5% over the
same temperature range. Furthermore, V} pp remains relatively constant for Vpp values rang-

ing from 0.6 V to 1.8 V. These results highlight the advantages of the adopted low-complexity
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Figure 4.8: Simulated Virtual Vpp and temperature-to-current converter + current-to-
frequency converter drawn current for supply voltage ranging from 0.6 V to 1.8 V.

voltage regulation in improving both line and temperature sensitivities.

In deeply scaled process nodes, typically below 40-nm, native MOSFETs may not be read-
ily available. In such instances, the outlined voltage regulation can be implemented using
nMOS devices with regular threshold voltage (RVT), provided they are appropriately sized and
biased with a stable gate voltage near the threshold, ensuring that V¢ > 0, and thereby enabling

them to operate in the sub-threshold regime.

4.2.4 Frequency-to-Digital Converter

The schematic representation of the digital back-end, responsible for generating the digi-
tal PTAT code, is illustrated in Figure B9. Given that the amplitudes of the signals produced
by the two ring oscillators in the CFC are confined by the Vi pp voltage level, both OSCy 1.

signals experience an up-conversion to the Vpp voltage domain. This conversion is facilitated
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Figure 4.9: Frequency-to-digital converter architecture. The inset shows the principle scheme
for distributed thermal sensing.

by the compact and energy-efficient level shifter (LS) proposed in [?4]. The circuit demon-
strates a substantial voltage conversion range and adapts effectively to variations in the Vpp
voltage level [?4], ensuring full compatibility with DVFS systems. The subsequent step in-
volves frequency-to-digital conversion through two asynchronous counters. The Counter_L
serves as the reference counter to establish the time window for sampling temperature mea-
surements. This 5-bit counter define a sampling time window of 16/F7, seconds, utilizing only
4 bits for counting while the MSB is employed for triggering purposes. Conversely, the res-
olution of the temperature sensor is contingent on C'ounter_H, which has been configured
as a 13-bit counter to prevent counting overflow across the temperature detection range from
0°C to 100 °C, accounting for potential offsets due to process and mismatch variations.

The timing diagram of the FDC block is depicted in Figure B10. Upon triggering the
START signal (it is worth mentioning that the START and OSC', signals are synchronized),
both counters commence counting upwards until the DONE signal transitions to *1’ (signifying

the MSB of the reference counter). This occurs after sixteen cycles of the slower oscillator.
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Figure 4.10: Timing diagram of the FDC block.

Subsequently, a temperature code becomes available at the output of C'ounter_H. The counters
are reset by the START signal when a new temperature measurement is necessitated.

In a typical system configuration, the FDC circuit can be shared among multiple sensor
front-ends, as illustrated in the schematic in Figure E9. In such a setup, the back-end incor-
porates two n-to-1 multiplexers responsible for selecting n output pairs from various sensor
front-ends. Each pair consists of the two signals corresponding to fy and f;, frequencies. The
selected pair is then routed to the shared FDC. This design enables the conservation of valuable
silicon area when multiple thermal information outputs are needed for an efficient Dynamic
Thermal Management strategy.

The simulated inaccuracy of the output temperature code within the specified temperature
detection range is illustrated in Figure BET1. Different process corners are considered, and a
two-point calibration is applied using temperature references of 10°C and 90 °C. At 50°C, an

absolute inaccuracy ranging from -1.14°C to 1.16 °C is observed for the FS/SF corners. This
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Figure 4.11: Simulated inaccuracy as a function of temperature for different process corners.
Temperature calibration points: 10 °C and 90 °C.

outcome indicates a low sensitivity of the proposed design to process variability.

4.3 Experimental Results

The fully-integrated temperature sensor was implemented in a 180 nm CMOS technology
node, featuring a remarkably compact silicon footprint of less than 0.021 mm?. The physical
design details are depicted in Figure ET2(a), and a micrograph of the test chip is presented in
Figure E12(b). The voltage-regulated sensor front-end occupies a silicon area of 14650 ym?,
while the FDC circuit has a footprint of approximately 6300 pm?.

Twenty test chips were measured within the designated temperature range, employing a
two-point calibration strategy with temperature references set at 10°C and 90 °C. The results
are presented in the following. Figure illustrates the temperature code of the measured

chips calibrated for Vpp=600mV. Good linearity was observed across all samples, evidenced
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Figure 4.12: (a) Layout of the designed temperature sensor and (b) micrograph of the test chip.

by an average adjusted-R? of 0.9997. This performance, while slightly diminished compared
to simulation results depicted in Figure &4 is still competitive. A discernible difference in the
slope coefficient among individual samples is evident from Figure showing a standard de-
viation ¢ = 4.17/°C among the measured slopes for all chips. This disparity prevents the
application of a one-point calibration method, particularly when a significantly high level of
measurement accuracy is imperative. The temperature-dependent inaccuracy of the measure-
ments is depicted in Figure BET4. Across all measured samples, the inaccuracy consistently
falls within the range of —1.4°C to 1.4 °C. Even when considering the pessimistic 30 (approx-
imately £ 2.5°C) data calculated from the inaccuracy across the 20 samples. The obtained
measurement results align comfortably within the acceptable accuracy specifications for an
effective DTM in state-of-the-art System-on-Chip (SoC) designs [8, 21]. Further tests were
conducted on a single sensor, and the outcomes are presented in Figure 213 and Figure ET8.
This involved evaluating the impact of voltage scaling through a systematic sweep the supply
voltage, ranging from 0.6V to 1.8V in 100 mV increments. It is important to note that, for each

supply voltage, an independent two-point calibration was applied. As depicted in Figure B135,
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Figure 4.13: Measured digital output as a function of the temperature for Vpp = 0.6 V in 20

test chips.
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Figure 4.14: Measured digital output inaccuracy as a function of the temperature for Vpp =

0.6 V in 20 test chips.
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Figure 4.15: Measured digital output for a typical sample as a function of the temperature over
the 0.6 V— 1.8 V supply voltage range.
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Figure 4.16: Measured digital output inaccuracy for a typical sample as a function of the tem-
perature over the 0.6 V- 1.8 V supply voltage range.
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variations in the digital temperature code are particularly noticeable only at elevated temper-
atures, while for the lower temperatures the sensor output is closer despite the supply voltage
change, as confirmed by the low value of =0.53/°C. Concurrently, Figure BT showcases the
inaccuracy, ranging from —1.35°C at Vpp = 1.5V to 1.27°C at Vpp = 0.8V. The 30 inaccuracy
remains within the +2 °C range, affirming the robustness of the measurements across varying
supply voltages.

The die-to-die variability within the designated temperature detection range is shown in
Figure ET7(a-c), encompassing all test samples and four distinct supply voltage values, namely
Vpp=0.6V, 1V, 1.4V, and 1.8 V. In Figure B17(a), the peak inaccuracy is confined within a
range of 1.1 °C to 1.45 °C, with a median value approaching 1.3 °C. Correspondingly, the Root
Mean Square (RMS) inaccuracy ranges from 0.42 °C to 0.89 °C, as delineated in Figure ZT7(b).
Notably, the achieved resolution, defined as the inverse slope of the sensor output characteris-
tics, demonstrates highly competitive values, with a worst-case scenario of 0.22 °C observed
for Vpp = 1.8V, as illustrated in Figure BET7(c). The average resolution across measurements
stands at 0.132°C, 0.131°C, 0.138°C, and 0.139°C for Vpp values of 0.6V, 1V, 1.4V, and
1.8 V, respectively.

The potential impact of thermal noise on the sensor’s resolution is further tested through an
experiment where the temperature code is measured 200 times at a fixed temperature of 25 °C
for a typical sample, as depicted in Figure ET8. The standard deviation (o) of the samples is
found to be 0.24 °C, indicative of the noise-limited resolution. This corresponds to 1.84 Least
Significant Bit (LSB), providing insights of the achievable precision in the presence of thermal
noise.

The sensitivity to unwanted voltage variations for the typical sample is meticulously char-
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Figure 4.18: Measured histogram of 200 different temperature readings at temperature 71’
=25°C.

acterized in Figure B9, presenting the inaccuracy as a function of supply voltage. A line
sensitivity of 8.21°C/V at a temperature of 30°C is determined by calibrating the sensor at
0.9V and subsequently extracting the inaccuracy when the supply voltage undergoes changes
in the 2200 mV range (equivalent to +22%). However, in scenarios where the supply voltage
of the sensor is altered due to Dynamic Voltage and Frequency Scaling (DVFS) adjustments,
the line sensitivity can be further reduced to 0.56 °C/V at 30°C. In this context, two tem-
perature calibration points for each potential Vpp (within the chip’s operational Vpp range)
can be conveniently pre-stored to establish the actual calibrated characteristic, as illustrated
in Figure BT16. This approach enables the sensor to effectively mitigate the impact of DVFS-
induced supply voltage variations, enhancing its robustness and maintaining a more consistent
level of accuracy under varying operating conditions.

Lastly, Figure presents the power consumption profile of the proposed sensor as a func-
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Figure 4.19: Measured inaccuracy vs supply voltage at temperature 7" = 30 °C. For this mea-
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tion of Vpp across a temperature range from 0 °C to 100 °C. The power consumption exhibits
nearly linear growth with V) p, ranging from 1.57 uW (Vpp =0.6V) to 5.61 uW (Vpp = 1.8V)
at 25 °C. Conversely, power consumption also shows an increase with temperature, peaking at
approximately 9 uW (Vpp= 1.8V and T’emp= 100 °C). This characterization provides valuable
insights into the power performance of the sensor, crucial for optimizing energy efficiency in

various applications across a broad temperature range.

4.4 Comparison

Table B1 provides a summary of the measurement results for the temperature sensor, com-
paring it to alternative CMOS designs sourced from various references [8—I1, T3-16, 19, 25,
?6]. The experimental data for our design is derived from measurements on 20 test chips, of-
fering a robust statistical foundation, whereas most competitor designs are based on a smaller
number of samples (except for [8] and [26]).

Circuits reported in [R, 15, 16, T9] lack support for operation with sub-1V voltages, and
sensors discussed in [9, T4-T6] exhibit poor voltage scalability. In contrast, our sensor demon-
strates versatility by supporting a larger supply voltage operating range, spanning from 0.6 V to
1.8V, and showcases a supply sensitivity of approximately 8 °C/V. Notably, our design does
not need any external reference signal, a feature present in circuits reported in [25] and [26],
as well as the absence of a reference voltage as required in [25], respectively.

Furthermore, the proposed design exhibits a relatively compact footprint of just 0.021 mm?,
positioning it as the least area-intensive design in the 180 nm technology node and the third
smallest in absolute terms. This compact form factor enhances the practicality and integration

potential of the proposed temperature sensor in various applications.
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Table 4.1: COMPARISON WITH THE STATE-OF-THE-ART

SENSORS’14  JSSC’16 SENSORS’17 SENSORS’18 JSSC’19 JSSC’19 TCASI’21 ACCESS20 JSSC’20° SSC-L20° TCAS-II'21

(8] @ 3] ) m o e 5] (28] 3] (a  Thiswork
Technology [nm] 130 65 180 130 65 180 130 65 55 65 180 180
Measured Samples 7 7 8 10 12 9 9 35 64 9 9 20
X,T:Z‘iees(;zﬁ_‘::;;é No Yes No Yes Yes Yes No Yes Yes Yes No Yes
Range V) (0.85 — 1.05) (105 — 1.4)  (0.5-1) (1-1.5) (0.8—13) (0.7—1.05) 0.6 1.8)
Reference
Supply Voltage [V] 12 1 1.8 12 05 038 095 12 0.9 0.8 0.35 0.6
0.0082 0.0388 0.021
Area [mm?] 0.031 (0.004 + 0.118 0.06 0.63 0.074 0.07 00019  (0.0018+ 032 0.049  (FE: 0.0147
0.0042(a) ) 0.037(2)) BE:0.0063)
Temperature 20-120  0-100  -20-120  -20-100 0-100 -20-80 0-80 -10-100 -40—125 -30-70  0-100 0100
range [ ° C]
Off-Chip
non-linearity Yes Yes No No (Yes) No No Yes Yes Yes No No No
correction
Calibration 1-point 2-point 2-point 1-point 2-point  2-point 2-point 2-point 2-point 2-point 2-point 2-point
Min/Max 0.63/1.04 0.9/0.9 1.5/1.71 288271 S3161 09012 04044 162204 037072 -100.7 3/3 1.45/1.4
Inaccuracy [°C] | e A (-1.71.26) T e T e e e - I
Relative 167 18 2.86 466255 314 2.1 1.05 454 0.66 17 6 2.85
Inaccuracy"” [%]
. . . . (e)
Resolution [°C] | 0.595(¢) 03(H) 0.048(f) 0.34(¢) 03(e) 0145(H) 01 032 00135 0075()  027(e) 8‘;(”
Conversion 0.0023 0.022 1 0.0133 300 839 59 0.01 13 765 33 1 =067
Time [ms] o =0.081
Energy per =106
Convorsion [nJ] 0.67 34 93.6 9.92 0.23 8.9 11.56 0.94 12.8 49 0.46 B o
R-FoM© [nJ-K2] 0237 03 0216 1.147 0.02 0.19 0.116 0.096 0.022 0.028 0.033 0.061
Supply (d)
sensitivity [PCV] | 4 34 - 13.6 8.4 38 137 24 576 28 16 821
154 763p 1in 196n 14n 1.57p
Power [W] 288y @b e 93.61 744y @750 @259C @300C 94y 93 6.4n @590 @ssC

(a) Estimated area for non-linearity correction logic [8, Z8].  (c) R-FoM = Energy/Conversion (E Resolution?. (e) Counter resolution.  * External reference signal required.
(b) Relative Inaccuracy = (Max Inaccuracy Min Inaccuracy)/Temperature Range x 100. (d) Simulated result. (f) Noise-limited resolution.

Following a two-point calibration scheme utilizing 10°C and 90°C as temperature ref-
erences, our sensor achieves an relative inaccuracy of 2.85% and a peak inaccuracy of ap-
proximately 1.4°C. These values fall well within the stringent specifications demanded by
multi-core systems [8, 21], affirming the robustness and accuracy of our sensor across the en-
tire temperature range from 0°C to 100°C. Notably, these results are attained without the
need for additional non-linearity correction logic, highlighting the inherent effectiveness of the
calibration strategy.

The sensor further exhibits a noise-limited resolution of 0.24 °C and an average energy per
conversion of merely 1.06 nJ with an average measured conversion time of 0.67ms across 20
samples. This combination of accuracy, resolution, and energy efficiency culminates in a com-
petitive Resolution Figure-of-Merit (R-FoM), defined as Energy/Conversionx Resolution?® [28].

This is visually depicted in Figure E21l, where the R-FoM/area trade-off for the compared de-
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signs is illustrated. The reported results position our sensor in a favorable position, outperform-
ing competitors in terms of both accuracy and energy efficiency. This underscores the overall

excellence of our sensor design across critical performance metrics.
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Figure 4.21: R-FOM vs silicon area.

4.5 Conclusion

This chapter introduces a fully-integrated CMOS temperature sensor designed for dense
thermal monitoring in advanced SoC architectures. Leveraging a low-complexity circuit topol-
ogy, the sensor offers a compact footprint, voltage scalability, low-power consumption, and
high accuracy across a broad temperature range. Fabricated using a 180 nm CMOS standard
technology, the sensor has went experimental characterization, showcasing competitive per-
formance in comparison to state-of-the-art counterparts. The inherent features of our proposed
sensor make it well-suited for integration into modern SoCs, addressing the increasingly critical

need for efficient and accurate thermal monitoring in densely packed electronic systems.

-83 -



[1]

[2]

[3]

[4]

[5]

[6]

[7]

REFERENCES

X. Li, Z. Li, W. Zhou, and Z. Duan, “Accurate on-chip temperature sensing for multicore
processors using embedded thermal sensors,” IEEE Transactions on Very Large Scale
Integration (VLSI) Systems, vol. 28, no. 11, pp. 2328-2341, 2020.

J. Long, S. O. Memik, G. Memik, and R. Mukherjee, “Thermal monitoring mechanisms
for chip multiprocessors,” ACM Trans. on Architecture and Code Optimization (TACO),
vol. 5, no. 2, pp. 1-33, 2008.

X. Li, X. Wei, and W. Zhou, “Heuristic thermal sensor allocation methods for overheat-
ing detection of real microprocessors,” IET Circuits, Devices & Systems, vol. 11, no. 6,
pp- 559-567, 2017.

A. N. Nowroz, R. Cochran, and S. Reda, “Thermal monitoring of real processors: Tech-
niques for sensor allocation and full characterization,” in Design Automation Conference,
pp- 56-61, IEEE, 2010.

C. Gonzalez, E. Fluhr, D. Dreps, D. Hogenmiller, R. Rao, J. Paredes, M. Floyd, M. Sper-
ling, R. Kruse, V. Ramadurai, et al., “3.1 POWERY: A processor family optimized for
cognitive computing with 25Gb/s accelerator links and 16Gb/s PCle Gen4,” in 2017 IEEE
International Solid-State Circuits Conference (ISSCC), pp. 50-51, IEEE, 2017.

J. S. Shor and K. Luria, “Miniaturized BJT-Based Thermal Sensor for Microprocessors
in 32- and 22-nm Technologies,” IEEE Journal of Solid-State Circuits, vol. 48, no. 11,
pp- 2860-2867, 2013.

T. Yang, S. Kim, P. R. Kinget, and M. Seok, “Compact and Supply-Voltage-Scalable Tem-

perature Sensors for Dense On-Chip Thermal Monitoring,” IEEE J. Solid-State Circuits,

-84 -



[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

vol. 50, no. 11, pp. 2773-2785, 2015.

N. Vinshtok-Melnik and J. Shor, “Ultra Miniature 1850um? Ring Oscillator Based Tem-
perature Sensor,” I[EEE Access, vol. 8, pp. 91415-91423, 2020.

T. Anand, K. A. Makinwa, and P. K. Hanumolu, “A VCO based highly digital temperature
sensor with 0.034 C/mV supply sensitivity,” IEEE Journal of Solid-State Circuits, vol. 51,
no. 11, pp. 2651-2663, 2016.

H. Wang and P. P. Mercier, “A 763 pW 230 plJ/conversion fully integrated CMOS
temperature-to-digital converter with+ 0.81 C/- 0.75 C inaccuracy,” IEEE J. Solid-State
Circuits, vol. 54, no. 8, pp. 2281-2290, 2019.

J. Li, Y. Lin, N. Ning, and Q. Yu, “A +0.44°C/-0.4°C Inaccuracy Temperature Sen-
sor With Multi-Threshold MOSFET-Based Sensing Element and CMOS Thyristor-Based
VCO,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 68, no. 3, pp. 1102-1113, 2021.

K. Yang, Q. Dong, W. Jung, Y. Zhang, M. Choi, D. Blaauw, and D. Sylvester, “9.2 A 0.6
nJ- 0.22/+ 0.19 C inaccuracy temperature sensor using exponential subthreshold oscilla-
tion dependence,” in 2017 IEEE Int. Solid-State Circuits Conference (ISSCC), pp. 160-
161, IEEE, 2017.

T. Someya, A. M. Islam, T. Sakurai, and M. Takamiya, “An 11-nW CMOS Temperature-
to-Digital Converter Utilizing Sub-Threshold Current at Sub-Thermal Drain Voltage,”
IEEE J. Solid-State Circuits, vol. 54, no. 3, pp. 613-622, 2019.

B. Zambrano, E. Garzon, S. Strangio, F. Crupi, and M. Lanuzza, “A 0.05 mm?2, 350 mV,
14 nW Fully-Integrated Temperature Sensor in 180-nm CMOS,” IEEE Trans. Circuits
Syst. II: Express Briefs, vol. 69, no. 3, pp. 749-753, 2022.

Q. Huang, H. Joo, J. Kim, C. Zhan, and J. Burm, “An energy-efficient frequency-domain

-85 -



[16]

[17]

[18]

[19]

[20]

[21]

[22]

CMOS temperature sensor with switched vernier time-to-digital conversion,” IEEE Sens.
J., vol. 17, no. 10, pp. 3001-3011, 2017.

Y.-J. An, K. Ryu, D.-H. Jung, S.-H. Woo, and S.-O. Jung, “An Energy Efficient Time-
Domain Temperature Sensor for Low-Power On-Chip Thermal Management,” IEEE Sen-
sors Journal, vol. 14, no. 1, pp. 104-110, 2014.

M. Jalalifar and G.-S. Byun, “A Wide Range CMOS Temperature Sensor With Process
Variation Compensation for On-Chip Monitoring,” IEEE Sensors Journal, vol. 16, no. 14,
pp- 5536-5542, 2016.

A. Azam, Z. Bai, and J. S. Walling, “An Ultra-Low Power CMOS Integrated Pulse-Width
Modulated Temperature Sensor,” IEEE Sensors Journal, vol. 21, no. 2, pp. 1294-1304,
2021.

Z. Tang, N. N. Tan, Z. Shi, and X.-P. Yu, “A 1.2V Self-Referenced Temperature Sensor
With a Time-Domain Readout and a Two-Step Improvement on Output Dynamic Range,”
IEEE Sensors Journal, vol. 18, no. 5, pp. 1849-1858, 2018.

C.-C. Hung and H.-C. Chu, “A Current-Mode Dual-Slope CMOS Temperature Sensor,”
IEEE Sens. J., vol. 16, no. 7, pp. 1898-1907, 2016.

Y. W. Li, H. Lakdawala, A. Raychowdhury, G. Taylor, and K. Soumyanath, “A 1.05V
1.6 mW 0.45°C 3o-resolution A-based temperature sensor with parasitic-resistance
compensation in 32 nm CMOS,” in 2009 IEEE International Solid-State Circuits Con-
ference - Digest of Technical Papers, pp. 340-341,341a, 2009.

S. Hwang, J. Koo, K. Kim, H. Lee, and C. Kim, “A 0.008 mm? 500 W 469 kS/s
Frequency-to-Digital Converter Based CMOS Temperature Sensor With Process Vari-

ation Compensation,” IEEE Trans. Circuits Syst. I: Regular Papers, vol. 60, no. 9,

- 86 -



[23]

[24]

[25]

[26]

[27]

(28]

pp- 2241-2248, 2013.

M. Alioto, “Ultra-Low Power VLSI Circuit Design Demystified and Explained: A Tuto-
rial,” IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 59, no. 1, pp. 3-29, 2012.

M. Lanuzza, F. Crupi, S. Rao, R. De Rose, S. Strangio, and G. lannaccone, “An ultralow-
voltage energy-efficient level shifter,” IEEE Trans. Circuits Syst. I1l: Express Briefs,
vol. 64, no. 1, pp. 61-65, 2016.

T. Someya, A. K. M. M. Islam, and K. Okada, “A 6.4 nW 1.7% Relative Inaccu-
racy CMOS Temperature Sensor Utilizing Sub-Thermal Drain Voltage Stabilization and
Frequency-Locked Loop,” IEEE Solid-State Circuits Letters, vol. 3, pp. 458-461, 2020.
Z. Tang, Y. Fang, Z. Shi, X.-P. Yu, N. N. Tan, and W. Pan, “A 1770- ;x m2 Leakage-Based
Digital Temperature Sensor With Supply Sensitivity Suppression in 55-nm CMOS,” IEEE
Journal of Solid-State Circuits, vol. 55, no. 3, pp. 781-793, 2020.

J.Li, Y. Lin, N. Ning, and Q. Yu, “A+ 0.44 C/- 0.4 C Inaccuracy Temperature Sensor With
Multi-Threshold MOSFET-Based Sensing Element and CMOS Thyristor-Based VCO,”
IEEFE Trans. Circuits Syst. I: Regular Papers, vol. 68, no. 3, pp. 1102-1113, 2021.

K. A. A. Makinwa, “Smart Temperature Sensor Survey.”

-87-



Y. CONCLUSION AND FUTURE WORK

In this thesis, the design and testing of energy-efficient smart temperature sensors based
on MOSFET devices was explored. The presented works targeted two main applications: IoT
nodes such as the proposal introduced in Chapter [ and Dynamic Thermal Management as the
design presented in Chapter M. Both temperature sensors accomplished competitive energy
efficiency within their own design constraints, which are discussed in the following, among
with recommendations for improvements.

The main characteristics from the ultralow voltage, ultralow power smart sensor presented

in Chapter [ can be summarized as follows.

The ability to support a nominal Vpp of 350mV supply voltage to operate which is

beneficial for low voltage IoT battery powered applications.

Just 14nW power consumption at 25°C with a consumed energy per conversion of

0.46 nJ and 33 ms of conversion time.

A 0.27 °C resolution over an operating temperature range of 0 — 100 °C after a two-point

calibration scheme at 20 °C and 80 °C.

* Occupied silicon area of 0.049 mm?

In addition to these performance metrics the sensor achieved a R-FoM of 0.034nJ - K2
position it as a strong competitor given for energy-efficient sensors with a compact footprint
at the expense of some resolution and conversion time, which would fit the constraints of 10T
applications were such parameters are not critical and can afford a more relaxed behaviour.

On the downside, the use of two-point calibration for each sample is still a requirement due
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to the impact that process variations during lithography have on the proposed design. Voltage
sensitivity is elevated since the design relies on subthreshold operation without the use of supply
regulators.

The compact sensor for Dynamic Thermal Management (Chapter [V]) possess a block di-
agram similar to the sensor presented in Chapter I, but with an extra addition as a form of
voltage regulation and with a different design approach. Performance metrics of the compact

sensor are listed below:
* A nominal Vpp of 0.6V with a full operating range 1.2V, from 0.6V to 1.8V.
¢ Compact footprint of 0.021 mm?
* Noise-limited resolution of 0.24 °C

* Relative inaccuracy of -1.45°C/1.4°C over an operating temperature range of 0°C-

100 °C, after two-point calibration.
* Energy per conversion of 1.06 nJ and a (mean) conversion time of 0.67ms

The most attractive characteristic of this sensor is the ability to operate at a wide voltage
range, thanks to the native NMOS transistors stack used as a low-cost voltage regulator making
the design attractive for advanced SoCs that require performing heavy dynamic voltage scaling,
offering the possibility to work with similar levels of accuracy albeit using a different supply
voltage setting, exhibiting a supply sensitivity of 0.56 °C/V at 30°C.

Absolute inaccuracy sits at 2.8 °C, this value is appropriate for the demands of multi-core
systems. Inaccuracy can be improved using some form of non linearity correction, which can
be implemented on- or off-chip. During this thesis, the design route was to not make use of such

techniques, nor the use of external signals as reference, this design preferences were adopted as
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a measure to maintain the sensors cost as low as possible while being fully-integrated designs
all together. The measured energy efficiency was of 0.061 nJ - K2, a competitive value given
the low area occupancy and the wide operating supply voltage range.

As discussed in Chapter '3 and showed in Table B, MOSFET-based temperature sensors
usually require a two-point calibration scheme to reach acceptable levels of accuracy. During
the work in this thesis, the same calibration strategy was used with both sensors architecture
(two-point calibration scheme). In both sensors a 1-point calibration technique was not feasi-
ble, this is due to the missing correlation between the slope of the temperature response and
one of the magnitudes, for example, an oscillation frequency. If any correlation could be found,
at least in simulations, since the frequency information was not available after tape-out, an ex-
pression could be developed in the form of slope=f(frequency) to obtain this parameter, then
a 1-point calibration could have been performed. It has been shown before as well that some
works that employ calibration on a single temperature usually exhibit larger power consump-
tion that would eventually have a negative impact on battery-powered devices. Therefore, an
interesting solution from the cost and time point of view would be to explore a temperature
sensing architecture that requires a single temperature calibration to give competitive accuracy
and energy efficiency while maintaining low voltage operation.

Another interesting proposal to improve the presented sensors design is to have a built-in
solution where there is no need of separate Temperature to Current- and Current to Frecuency
converters (TCCs and CFCs, respectively) but to have the sensing devices directly feeding
CFCs to save space and avoid mirroring errors induced by mismatch.

Finally, the presence of FinFet technology in most modern System-On-Chips make an in-
teresting appeal to develop integrated temperature sensors. Posing a challenge mainly at the

optimization phase due to the discrete nature of device sizing.
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