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1�   �  Introduction

Chapter 1 | Introduction

�odern �ystem-on-�hips (�o�s) contain billions of transistors in a tiny 
area. �o when they are operated at high clock frequencies, they can become 
very hot (>100°�), very quickly (in a few ms) [1]. �lthough advanced nodes 
require less switching power, their total switching activity tends to increase 
due to the increasing number of devices per unit area and/or higher switching 
frequencies. �s a result, the e�ective energy density is increased, and self-
heating is exacerbated. �his self-heating can cause the chip to overheat, 
which in turn leads to logic errors, rapid aging, and in extreme cases, even to 
permanent damage [2].
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1.1: Thermal Management
To prevent overheating, SoCs o�en require careful thermal design using 
heatsinks and cooling fans. Even with these measures in place, many 
of these devices can still overheat when le� running at their maximum 
performance level. �erefore, throttling strategies are required that perform 
dynamic voltage and frequency scaling (DVFS) when the chip is close 
to overheating [3]. �e costs of these solutions are justi�ed by the large 
performance boost that is gained by running the SoCs at higher thermal 
design points (TDPs).

1.2: On-Chip Temperature Sensing
To detect the thermal state of the chip, temperature sensors are required. 
Since SoCs can exhibit signi�cant local self-heating (hotspots) where the 
local temperature can easily be 10°C higher than that of the surrounding die 
[2], each of these potential hotspots must be monitored by a temperature 
sensor. Since many of these sensors will be placed close to dense digital 
circuitry, they should be small (<<10 000 µm†) and tolerant of supply 
spikes and substrate noise. It is thus desirable for such sensors to operate 
from the digital supply voltage, and to maintain their required accuracy 
(~1°C) in the presence of supply voltage variations. �is means that their 
resolution should also be commensurate, in the order of 0.1°C (rms). 
Furthermore, since thermal transients may have rise and fall times in the 
order of a few milliseconds, such sensors should have sampling rates of at 
least 1 kSa/s. However, their power consumption only needs to be a small 
fraction of the total system power, which is not di�cult to achieve in most 
applications. 

1.2.1 � BJT-Based Sensors
�e BJT-based bandgap temperature sensor is the most common type 
of temperature sensor employed in CMOS technologies. �ese sensors 
exploit the fact that  (the di�erence between the base-emitter voltages 
of two BJTs biased at di�erent current densities) is proportional to the 
absolute temperature, while the base-emitter voltage ( ) of a single BJT 
is complementary to the absolute temperature. �is is shown in Figure 1.1 
where the current density ratio is n:1. By comparing  and  to each 
other ( ), the absolute temperature can be determined. �ese 
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transient is not dependent on the initial charge. �e same trick can also 
be applied using BJTs [6]. �is approach does not require current sources 
on top of the BJTs, so the required headroom may be as low as 0.95 V [6]. 
In advanced processes, however, this is still higher than the digital supply 
voltage.

1.2.2 � �ermal Di�usivity-Based Sensors
�ermal di�usivity-based temperature sensors use the propagation delay 
of heat through the silicon as a measure of temperature [7][8]. Since the 
silicon that is used in advanced CMOS technologies is very pure and 
crystalline, its thermal di�usivity (the speed at which heat propagates) is 
well-de�ned. Typically, a resistor/switch generates a periodic heat pulse that 
is picked up by temperature di�erence detectors (thermopiles) to detect 
and subsequently digitize the phase shi� (Figure 1.3). �e advantage is that 
the accuracy of such sensors is mainly limited by lithography, making them 
quite accurate, even when untrimmed. �e downside is that they require a 
relatively large amount of energy to generate the heat signal (~3 mW) while 
not achieving good resolution (~300 mK in 1 ms).

Overall, thermal di�usivity-based temperature sensors are well suited 
to thermal management applications [1]. �ey are small, accurate out of 
the box (little trimming required), can operate from any supply voltage, 
and scale well with technology. However, their energy e�ciency is not yet 
good enough. When tens of temperature sensors are used on a die, they 
will consume tens of milli-Watts, which can be problematic for battery-
powered devices. 

Pheat

bulk Si

Vthermopile

Figure 1.3: �ermal-di�usivity-based temperature sensing principle.
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1.2.3 � MOS-Based Sensors
MOS-based temperature sensors come in a variety of methods for 
measuring temperature. One uses the same approach as BJT-based sensors, 
but with the BJTs replaced by MOS or dynamic threshold MOS (DTMOS) 
devices [9][10]. �e advantage is that these (DT)MOS-based devices do 
not require the high headroom that BJTs require. A major disadvantage is 
that they require large area to achieve good stability and accuracy, and they 
exhibit poor aging compared to BJTs, mainly due to the trapped charges in 
the oxide/gate-insulator.

Another method is to use the MOS transistor leakage current to measure 
temperature. �is current is exponentially dependent on the temperature 
and is usually digitized by a ring oscillator (RO) to save area (see Figure 
1.4). As a downside, the leakage current is also exponentially dependent 
on the drain-source voltage (VDS), and also the ring oscillator is highly 
supply-dependent [11]. Consequently, the main hurdle for these types 
of temperature sensors is achieving su�cient power-supply rejection 
to enable operation on the relatively wide and dynamically changing 
supply range of SoCs. Another bottleneck is that the e�ect of aging on the 
temperature accuracy is not well studied but is expected to be much worse 
than alternatives. �is is mainly due to the aging e�ects of trapped charges 
in the oxide/gate-insulator that other types of devices, e.g., BJTs, do not 
experience.

VDD

F1

F2

VDD

Temperature

Fr
eq

eu
nc

y

Figure 1.4: Typical MOS leakage-based temperature sensor. �e frequency 
ratio between ROs is used to minimize the supply sensitivity.
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of mismatch is drowned by the e�ect of process variation. However, the 
mismatch eventually becomes signi�cant when the sensing element�s area is 
reduced. �e area-vs.-accuracy tradeo� is the main challenge in designing 
temperature sensors for thermal management. Consequently, designers 
must be cautious when spending area, especially if there is little accuracy 
return on the spent area. 

1.4: Voltage vs. Time-Domain
While the scaling of CMOS enables smaller dimensions and higher speeds, 
it comes at the cost of reducing the supply voltage. Consequently, while the 
voltage headroom is decreasing, the timing resolution of advanced nodes 
is increasing. �is is the main reason why many designs are ported to the 
time domain [14]. Another bene�t of time domain processing is that it 
tends to require less area [15]. �e latter is mainly because voltage domain 
designs usually require relatively large transistors as well as capacitors. 
For these reasons, time-domain readouts should be preferred for thermal 
management targeted temperature sensors. Consequently, this thesis 
focuses on scalable, highly digital, time-domain readouts.

1.5: Thesis Objective
At the start of the research for this thesis, resistor-based temperature 
sensors were just gaining popularity because of their high energy e�ciency. 
Although their accuracy and stability were good enough for thermal 
management, their potential for scaling had not yet been investigated. �e 
goal of this work is to see how well the area of the resistor-based temperature 
sensors can be scaled without severe loss of accuracy and to see how suitable 
they are for use in thermal management applications.

1.6: Thesis Contributions
�is thesis describes a series of explorations that ultimately resulted in a 
low area (2,210  µm†) and low power (28  µW) design that achieves a good 
resolution of 12.8  mK (rms) in a 1  ms conversion time with a –1.3°C (3�) 
accuracy from -55°C to 125°C. �ese explorations include the design 
of compact temperature sensors 1) using CCO-based highly-digital 
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PDSDM, 2) using the combination of a comparator and a counter-based 
highly-digital PDSDM, and based on the knowledge acquired from these 
designs, 3) using a dual GRO + counter-based highly digital PDSDM that 
resulted in the best performance. In the process, the following issues were 
investigated: 1) time quantization e�ects in highly digital PDSDMs (such 
as dead zones and beat cycles), 2) supply sensitivity of poly-phase �lters 
(especially in combination with static/dynamic comparators), and 3) the 
dual GRO structure (including the impact of leakage, mismatch, o�set, and 
preferred layout).

1.7: Thesis Organization
Chapter 2 �rst gives a short overview of the physical properties of the 
resistors available in CMOS technologies. It then goes on to discuss a few 
di�erent ways to digitize resistance, eventually settling on a highly digital 
phase-domain sigma-delta modulator (PD��M). Finally, some of its 
important non-idealities are discussed, such as time-domain quantization 
noise and wrap-around. 

�e following three chapters describe a series of steps culminating in the 
�nal design. First, in Chapter 3, the highly digital CCO-based readout 
from [16] is merged with a modi�ed single-ended version of the Wien-
Bridge sensor from [17]. It is shown that the main accuracy limitation of 
the design arises from the non-linear current-to-frequency transfer of the 
CCO. �en, in Chapter 4, the CCO is removed from the signal path using 
a digital mixer to improve the sensor�s accuracy. In this case, the counter 
is clocked at a constant frequency, revealing an underlying problem of the 
PD��M. �is chapter shows that the interaction between the PD��M�s 
counter frequency and the ��M sampling frequency causes timing artifacts 
that negatively impact the sensor�s operation. Finally, in Chapter 5, a dual 
gated-ring oscillator is employed that maintains zero impact from CCO 
non-linearity and prevents the impact of these timing artifacts. �is is 
enabled by using two oscillator and counter pairs and improves the energy 
e�ciency of the PD��M by two orders of magnitude. 

Finally, Chapter 6 gives a conclusion and future recommendations.
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Chapter 2 | Resistor-Based 
Temperature Sensors

�here are many types of resistors that are available in CMOS technology and 
many types of readout circuits that can be used to digitize their resistance. 
�ot all resistors and readouts, however, can be used to realize a temperature 
sensor with desirable properties. �or thermal management, these sensors 
must be small (<<10 000  �m†), have moderate accuracy (~1 �, -55�125 °�), 
have no or little cross-sensitivities (resulting in temperature errors smaller 
than its accuracy), and achieve a resolution of ~100 m� in a bandwidth of 
1 ms with negligible power consumption (few m�s). �his chapter describes 
the types of resistors that are available in CMOS and which of them are best 
suited for thermal management. �hen the chapter discusses the di�erent types 
of readouts that can be used to digitize resistance. �n particular, the highly 
digital phase-domain sigma-delta modulator (PD��M) proves promising for 
thermal management. �inally, a few advanced aspects of its operation are 
covered.
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2.1: Electrical Conduction
To better understand the merits and behavior of di�erent types of resistors, 
�rst a short summary of electrical conduction is given. �is is not meant as 
a comprehensive study, more in-depth analysis of this topic can be found 
in [1�2].

Electrons experience a mechanical force when subjected to an electric �eld, 
which can cause the electrons to change their state and accelerate. However, 
electrical conduction in solid-state materials can only occur when there are 
free states available for the electrons to move into, i.e., when they are in 
the conduction band (Figure 2.1 (a)) or when there are free states in the 
valence band (holes)(Figure 2.1 (c)). 

Since metals have either Fermi levels within the conduction band or 
overlapping conduction and valence bands, there are always free states 
available to allow conduction. Undoped semiconductors, on the other 
hand, have Fermi levels in the bandgap; thus, no conduction is possible 
at 0 K. At higher temperatures, the Fermi-Dirac function widens, which 
allows small numbers of charge carries to conduct electricity. Doping is 
added to move the Fermi level closer to either the conduction or valence 
band, which drastically increases the charge carrier concentration and, 
therefore, the electrical conduction. �e total current density is modeled 
by = � � , where  is the charge velocity, and  is the charge carrier 
concentration. 

Conduction
band
(almost
empty)

Valence
band
(almost
full)

Conduction
band
(empty)

Valence
band
(full)

Eg

Figure 2.1: Electrical conduction/isolation when (a) free states are available in 
the conduction band , (b) no charge carriers are available in the conduction 
band, (c) free states are available in the valence band, and (d) no free states 

are available in the valence band.
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Under the in�uence of an electric �eld, electrons will accelerate and collide 
with obstacles along their path, which limits their velocity. �e electric �eld 
strength and the mean free path between collisions determine the e�ective 
electron velocity. However, this collision process is highly statistical 
and complex. Consequently, it is modeled by the empirical model: 

= = / , where  is the mean time between collisions,  is the 
electron/hole mobility, and  is the e�ective mass [1]. 

�ere are two collision mechanisms that dominate in semiconductor 
materials: 1) phonon scattering and 2) ionized impurity scattering. �e former 
is due to vibrations in the crystal lattice, which happens at temperatures 
above 0 K. Higher temperatures cause more vibrations, which generally 
result in a higher probability of electron-phonon scattering. To �rst order 

/ , but in practice , where  is 2.3 for electrons and 2.1 
for holes [3]. �e latter is due to collisions with (charged) impurities in the 
lattice. �ese can arise from either unintended imperfections or the doping 
of the silicon. In theory, for low to medium impurity concentrations, 
ionized impurity scattering starts dominating at temperatures below 100 K 
[4]. In general, impure silicon has lower conductivity and its conductivity 
is less temperature-dependent.

Another collision mechanism observed in materials is surface scattering, 
which happens when charge carriers scatter against the edges of the 
conductor. �is type of scattering only becomes signi�cant as the thickness 
of the conductor approaches the mean free path of the charge carriers. For 
silicon, this distance is ~1.95 �m, so silicon conductors with a thickness 
close to 2 �m or less show a noticeable decrease in electron mobility. 

As a result of the many collision mechanisms that determine a resistor’s 
temperature dependence, this is usually quite non-linear. �ese 
mechanisms also result in signi�cant resistance spread, which then 
requires multi-point calibration to mitigate their impact. Consquently, 
resistor-based temperature sensors o�en require polynomial correction 
to remove systematic non-linearity, and multi-point calibration to remove 
part-to-part inaccuracies.





17

17

�  

�  

�  

�  

Electrical Conduction

Resistor-Based Temperature Sensors

Recently, a temperature sensor (for thermal management) using an 
interconnect resistor as its sensing element was proposed [6]. To achieve 
a resistance of 121.7 k�, a width/length of 0.02 �m/1500 �m is used. �ese 
dimensions are enabled by a 5 nm technology. Interestingly, the accuracy 
of the proposed sensor (4 K from -55 to 125 °C, 1-pt trim, 3�) is not at par 
with the state-of-the-art. One reason could be that the interconnect width 
(20 nm) is smaller than the expected electron mean free path in copper 
(40 nm). However, it is much more likely that the accuracy is limited by the 
chosen readout circuit.

2.1.2 � Di�usion
�e temperature coe�cient (TC) of di�usion resistors depends on both 
impurity scattering and phonon scattering. Di�usion resistors require 
doping to create the charge carriers needed for electrical conduction. In 
turn, these dopant atoms cause impurities in the crystal lattice, resulting 
in reduced conduction, especially at lower temperatures. As a result, 
their (higher-order) TC depends, among other factors, on the dopant 
concentration. �is makes di�usion resistors more di�cult to trim, as 
more temperature points are required for accurate trimming. On top of 
that, di�usion resistors have a charge depletion region at their interface 
with the p-sub/n-well, which causes leakage currents, voltage sensitivity, 
and noise coupling from the substrate. As a result, di�usion resistors are 
undesirable for thermal management applications. 

Interconnect

Bulk

Bulk

Poly-Silicon

Bulk

Di�usion
SiO†

SiO†

Bulk

Poly-Silicon

SiO†

SiO†

Silicide

Figure 2.2: Cross section of di�erent resistor types; (a) interconnect, (b) 
di�usion, (c) poly-silicon, and (d) silicide.
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2.1.3 � Poly-Silicon
Poly-silicon is an o�en used gate material that is grown on top of the gate 
insulator. It is composed of crystalline silicon grains with boundaries 
between the grains. �ese boundaries contribute to the resistance and 
have a negative TC. Furthermore, these boundaries contribute to a voltage 
coe�cient (VC) [7] which can impact supply sensitivity, thus degrading 
cross-sensitivity and ultimately accuracy. �e resulting TC of poly-silicon 
is determined by a combination of a positive (due to phonon scattering) 
and negative TC (due to impurity/surface scattering), resulting in a low TC 
that depends on multiple parameters. �ey are also known to be a�ected 
by aging (due to electromigration)[8]. Consequently, poly-silicon resistors 
are undesirable for use in temperature sensors.

2.1.4 � Silicide
To contact a di�usion resistor, an ohmic contact between metal & silicon 
must be made. To prevent the formation of a Schottky diode, which appears 
at semiconductor/metal interfaces, a layer of silicide is annealed into the 
silicon lattice, resulting in a compound material. �is silicide layer is used 
on all semiconductor/metal interfaces, i.e., on top of di�usion and on top 
of poly. Except for the n-well resistor, all resistors are available with this 
silicide layer grown over the entire surface. In fact, if unsilicided resistors 
are required, a special silicide stop layer is necessary to locally prevent the 
growth of silicide. 

�e resistance of most silicides exhibit near-linear metal-like behavior over 
temperature. �ey only deviate from this linear behavior at extremely low 
temperatures, i.e., below the Debye temperature (typically < 200 K). Some 
silicides, just like some metals, can also show resistance saturation at higher 
temperatures (typically > 500 K) [9]. 

Since silicides exhibit metal-like behavior, metal-like thermistor 
performance can be achieved without the need for long and narrow 
interconnects. �e main reason for this is that the silicide layer is very thin, 
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so the sheet resistance of silicided resistors is much higher than that of the 
metal interconnects. Of the two types of silicided resistors, silicided-poly 
resistors are the most attractive, as they do not contain a charge depletion 
region interface with the substrate. Although their behavior is mostly 
metallic, they have a small VC due to the grain boundaries of the silicide. 
Also, their e�ective electron mean free path seems to be around 0.2um 
[10]. Below this width, their sheet resistance will heavily depend on its 
width [11]. In principle, they should also be susceptible to aging (through 
di�usion and electromigration). However, an aging experiment (Chapter 5) 
indicates that a�er an initial 1-point trim, their aging does not signi�cantly 
impact sensor accuracy. Another experiment [12] shows that a�er 500 
hours of rapid aging (at 125°C), the error is smaller than 0.2 K, matching 
the results of Chapter 5. However, rapid aging measurements of over 10 000 
hours using multiple parts are required to gain higher con�dence level in 
silicided poly resistor aging.

Recently, resistor-based CMOS temperature sensors have garnered interest. 
�is is because the high TC of the near-metallic silicided-poly resistor allows 
it to achieve superior energy e�ciency. At the same time, the near metallic 
silicided-poly resistor has been shown to achieve reasonable accuracy 
a�er a 1 or 2-pt trim. �is is because its TC is mostly de�ned by phonon-
scattering, resulting in low spread, which allows easy trimming.

2.2: Readout of Resistors
�ere are two main approaches to reading out resistors: 1) in the amplitude 
domain and 2) in the time domain. Both cases require a reference to which 
the resistance is compared. �e type of reference that is required and the 
way digitization takes place di�er between these two approaches and have 
a large impact on the performance.
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where  and  are the �rst-order TCs. �e power consumption is equal 
to / . Neglecting the power consumption of the readout circuit and 
its noise contribution, the theoretical energy e�ciency is: 

	 	 [JK†] (2.4).

Considering a TC of 0.3 %/K, which is that of a silicided-poly resistor, we 
reach an ideal energy e�ciency of 3.8 fJK†. 

�e main di�culty with realizing a Wheatstone bridge sensor is that there 
are no accurate untrimmed or temperature-stable resistors available in 
CMOS technology. To maximize temperature sensitivity, Wheatstone 
bridge sensors usually employ opposite TC resistors. As a result, their noise 
resolution is improved compared to their temperature-stable reference 
counterpart. However, as a downside, both resistors contribute towards 
TC spread and inaccuracy. �erefore, these types of sensors are typically 
less accurate (0.1�0.5 K) than their single TC counterparts (0.03�0.11 K). 
As discussed previously, the main di�culty in thermal management is 
to design sensors that are both accurate as well as small. �erefore, it is 
undesirable to spend twice the area (two resistors) while also doubling the 
inaccuracy.

As a halfway house between the amplitude and time domain approaches, 
a switched capacitor resistor can be used as a temperature-stable resistor 
[14] (see Figure 2.4). �is solution does not su�er from the increased 
inaccuracy of the dual resistor approach. Furthermore, its output is still a 
DC output, allowing for good energy e�ciency. However, to maintain low 

ADC

Cf Csc

DA
C

R(T)

Figure 2.4: Temperature-to-digital converter using switched-cap resistor 
DAC.
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a single capacitor that can easily be sampled. �e sampled noise is equal to 
/ , where  is the Boltzmann constant,  is the temperature, and  is 

the capacitor value. Its sensitivity is:

	

/

=
( ) 	 (2.5),

where  is the sampled voltage,  is the supply voltage,  is the sampling 
moment, which is around the halfway crossing point (i.e., ln(2) ), 

 is the temperature coe�cient of the resistor, and  is the resistance at 
room temperature. �is results in:

	
( )

	 (2.6).

�e consumed energy is 0.5  and the resulting energy e�ciency 
is:

	 ( ) 	 (2.7).

For  is 0.3 %/K, the ideal FoM is 1.9 fJK†. Surprisingly, this is better than 
the theoretical FoM of the Wheatstone bridge. However, only the noise 
caused by the sampling of the capacitors is taken into account. �e power 
of the readout circuit, which is now a discrete time converter, is not. 

Vin Vout

Figure 2.7: Wien bridge Filter.
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2.2.2.2 � Wien Bridge
�e WB combines a �rst-order LPF and a �rst-order high-pass �lter (Figure 
2.7). Compared to the LPF, it requires double the components, but also has 
double the phase sensitivity (Figure 2.5). One bene�t of its inherent LPF 
is that the DC output voltage is insensitive to supply voltage variations. 
�erefore, the WB can be used in a single-ended setup (see Chapter 3), 
reducing the area at little cost to accuracy. �e single-ended WB requires 
the same number of components as the di�erential �rst-order LPF, but it 
has double the sensitivity, resulting in improved accuracy. 

�e WB is typically readout by a PD��M (Ch. 2.3.2), which has decreased 
energy e�ciency compared to the amplitude domain resistor readout. 
Assuming a sinewave input, the amount of charge that the 1st stage 
integrator integrates during each ��M cycle can be expressed as:

= [ sin(2 + ) + ]

                 

[ sin(2 + ) + ]

[ sin(2 + ) + ]

	

[ sin(2

=
2 cos( )

	 (2.8),

where  is the period of the signal driving the WB, which is equal to 
the ��M period,  is the amplitude of the current �owing out of the WB, 

 is the frequency of the signal driving the WB,  is the time,  is 
the WB phase compared to the PD��M phase, and  is the o�set current 
that is integrated in the PD��M. �e integrated noise in the same period 
is:

	 =
4 6

9
1

2
=

4 6
9

1
2 	 (2.9),

where  is the integration time, which is equal to 1 . �e WB phase 
sensitivity at its corner frequency is 

1
2 3 , where  is the temperature 

coe�cient of the resistor. Its temperature noise is then:









29

29

�  

�  

�  

�  

Readout of Resistors

Resistor-Based Temperature Sensors

VDD

VDD

GND
VDD

VDD-Vres

VDD-Vres

VDD-Vres

Vres

Figure 2.11: Steady-state PPF output waveform.

	 , = = = 	(2.15),

where  is the PPF resistor value. 

�e ZC phase, along with the PPF amplitude and power, can be calculated 
with the help of Figure 2.11. At the end of each half period,  charge 
is le� in the capacitor just before the driving voltages toggle. �is means 
that the maximum amplitude is 2 . At steady state, both the 
initial and �nal voltages of each half-period are related:

	 ( /2) = = (2 ) 	 (2.16),

which subsequently results in:

	 = 2 	 (2.17).

�e ZC moment happens when the PPF output is equal to half the supply 
voltage, therefore:

	 ( ) = 0.5 = (2 ) 	 (2.18),

which results in:

	 = ln = ln 	 (2.19).
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domain, allowing the counter to be used as an integrator. By toggling 
the counter�s up/down signal, the polarity of this integration can also be 
toggled, e�ectively multiplying the input signal with the up/down signal. 
�e modulator�s 1-bit quantizer can then be realized by merely sampling 
and evaluating the counter�s MSB. �e result is a highly digital PD��M 
[20], which can be easily scaled.

In the case of the highly digital PD��M, the value that is integrated each 
��M cycle ( ) can be expressed as: 

	
= 0.5 sin(2 + ) +

	

	

0.5 sin(2 + ) +

0.5 sin(2 + ) +
	

	

0.5 sin(2

=
cos( )

	 (2.25),

where  is the ��M cycle period, which is equal to the driving period 
of the �lter whose phase shi� is digitized,  is the CCO peak-to-peak 
frequency swing,  is the ��M cycle frequency,  is the input 
phase (i.e., �lter�s output phase) that is digitized, and  is the CCO o�set 
frequency. In the case of the counter based PD��M, the unit of this value 
is in counts. �is equation is the main equation used to determine phase 
sensitivity, and will be used many times throughout this thesis. In later 
chapters (Ch. 4 & 5) this equation is adjusted to re�ect changes in the 
PD��M architecture.
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2.3.2.3 � Counter Wrap-Around
Unlike an analog integrator, a counter does not clip. Instead, it wraps 
around. �is corrupts the counter�s state and must be prevented. A�er one 
��M period, the number of counts accumulated by the counter can be 
simpli�ed to [22]:

	                         , ( )	 (2.26),

where ,  is the peak-to-peak CCO frequency variation,  
is the �lter�s driving frequency, which is equal to the ��M sampling 
frequency.

In a PD��M, the counter�s state oscillates around its mid-code, so to 
prevent wrap-around,  should never exceed half the counter length. As 
a result, the counter�s size is determined by the CCO frequency swing, the 
��M period, and the maximum input phase error. Consequently, the power 
consumption is mostly determined by the CCO frequency. A higher CCO 
frequency swing requires a higher average CCO frequency, which causes 
higher power consumption in the counter. Moreover, it also increases the 
counter size requirements, resulting in even higher power consumption. 
Consequently, in these highly digital designs the counter is the main power 
consumer.
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is quantized, which incurs a uniform error between 0 and 1 CCO-period 
(i.e., between 0 and 1/ 12 ). �e resulting integration error is equal to the 
time shi� (1/ 12 ) multiplied by the input jump (2 ). �ere 
are two chopping transitions in each ��M-period, so the integrated error 
each period is:

	 = 2
1
12

2 =
2
3 	 (2.27).

�e resulting in-band phase noise is then:

	 , =
180°

,
=

180°

,
	 (2.30), 

where  is the ��M and driving period,  is the total ��M 
conversion time, and the  is the oversampling ratio. Assuming that 
the transitions of the up/down signal are random with respect to the CCO 
phase�which is the case if the CCO frequency (2 ) is asynchronous 
with respect to the demodulating frequency ( ), and/or if 2  is 
dithered by thermal noise�the counter�s rounding error will have a uniform 
distribution. In that case, the total in-band phase noise (in radians) is given 
by [22]:

	                          , =
,

	 (2.31).

It can be seen that the discretization noise can be minimized either by 
decreasing , increasing the modulator�s , or increasing the CCO�s 
frequency swing ( , ). Decreasing the driving frequency comes at the 
cost of area, since the �lter�s corner frequency must also decrease. Increasing 
the CCO frequency swing comes at the cost of increased counter power 
consumption, since it runs at a higher frequency and the counter size has to 
increase to prevent wrap-around. In practice, counter-based PD��Ms are 
much less energy-e�cient than their analog counterparts. However, their 
area e�ciency is also superior, since the integrator size (a small counter) is 
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much smaller than a capacitor-based integrator. In thermal management, 
the resolution requirement is very relaxed, but the area e�ciency is very 
strict.

In later chapters, the PD��M architecture is modi�ed for improved 
performance which introduces di�erences in the ��M-cycle integrated 
value (�C), the TQ noise, and the in-band phase noise. Table 2.2 gives an 
overview of these di�erences.
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Chapter 3 | Design I: 
Analog Readout & Limited 
Accuracy and Area 

�his chapter describes a �rst attempt to design a compact resistor-based 
temperature sensor. �t this time, no sub-10,000 µm† resistor-based 
temperature sensors had ever been published. �o do this, the architecture of 
a previous design [1] was adapted as follows: 1) its di�erential �ien-�ridge 
(WB) �lter was replaced by a smaller single-ended implementation and 2) 
instead of a highly analog phase-domain delta-sigma modulator (PD��M)
[2], it employs the highly digital, and thus highly scalable design reported in 
[3].1

1 �is chapter is based on [11].
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parts: a �ne two-bit counter and a coarse �ve-bit counter (Fig. 3.5) [6]. 
�is reduces its power consumption, since clock-gating can then be used to 
ensure that the coarse counter only operates at one quarter the frequency 
of the �ne counter. �e �ne-counter is a gray-code counter, resulting in a 
faster and simpler implementation. To limit meta-stability issues to a single 
D-FF rather than to the entire counter, the up/down signal  is re-
clocked by , before being applied to the counter. 

�e counter was synthesized using the normal digital design �ow of the 
180 nm CMOS process. Operating at 800 MHz, it consumes 1 mW from 
a 1.8 V power supply, making it the most power-hungry sub-block of the 
sensor. However, in a more advanced process, its power consumption will 
scale dramatically, e.g., to about 130 µW in a 65 nm process. 

3.3: CCO 
�e CCO consists of a 5-stage chain of inverters, which converts the output 
current of the WB (30 µA pp) into the desired 600 MHz frequency swing. 
To compensate for the CCO center frequency�s sensitivity to PVT, a 6-bit 
current DAC (~30 MHz LSB) is used to trim the CCO�s center frequency 
to ~400 MHz at room temperature. Since this frequency is too high to be 
readily measured o�-chip, the up/down counter is used as a divide-by-128 
counter during trimming.

Since the inverter stages of the CCO do not output logic-compatible 
signals, their outputs are ampli�ed and level-shi�ed by a di�erential-pair 
(Fig. 3.6). A�er this, a simple inverter is enough to generate a rail-to-rail 
logic swing.

Iin
FCCO

Figure 3.6: 5-stage ring-oscillator with a di�erential-pair to level-shi� the 
CCO swing to a full digital waveform.
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Chapter 4 | Design II: Digital 
Readout & Limit Cycling

�his chapter describes an improved version of the RC-based temperature 
sensor described in the previous chapter [1]. �his included a CCO in the signal 
path between its �ien �ridge (WB) �lter and its phase ADC (�igure 4.1). 
�s a result, its accuracy is limited by CCO non-linearity. �o avoid loading the 
WB �lter, the CCO was driven via a current bu�er, which adds extra analog 
complexity and limits scalability. �o address these issues, the main goals of 
this design are 1) to reduce the reliance on analog circuitry, and 2) to remove 
the CCO from the signal path and thus improve sensor accuracy. 





















73

73

�  

�  

�  

�  

Dynamic Comparator

Design II: Digital Readout & Limit Cycling

on the inaccuracy of the sensor. �erefore, the latch transconductance is 
designed to be much smaller than that of the driving inverters. However, if 
it is too small, the system will behave like a single-ended system, resulting 
in a loss of accuracy and PSS. �e optimum point is where the latch is just 
short of hysteresis. However, as PVT varies, the hysteresis changes, causing 
increased inaccuracy and PSS in the latch.

In contrast, a dynamic comparator is completely di�erential, resulting in 
much better accuracy and PSS. Although it consumes more power than a 
static comparator, the total power consumption will still be dominated by 
the counter’s power consumption. One downside is that it only samples 
the PPF output at discrete moments in time. However, since the counter/
integrator does the same, this does not increase the time quantization noise. 
Furthermore, it exhibits much less hysteresis, and as a result can achieve 
better accuracy. 

Since the dynamic comparator should be low-power, low-o�set, and decide 
fast, a double-tail comparator [7] with an Elzakker latch [8] is used (Figure 
4.14). During the reset, the internal nodes Di+ and Di- are reset to ground. 
When the compare signal is given, the input transistors charge these nodes 
to . Due to a di�erence in input voltage and the input transistors’ 
transconductance, one side charges faster. Once either of the internal 
nodes charges past the threshold voltage of the latch’s input transistors, 
the latch starts latching. �is helps reduce the power consumption and the 
comparator o�set, since the internal node has time to integrate the input 
voltage before the latch starts latching.

4.4.1 � O�set
To �rst order, the timing error due to comparator o�set made during 
succesive rising and falling ZCs will cancel out [6]. However, the (non-
linear) exponential settling of the PPF causes a non-symmetric cancellation, 
and so there is some residual o�set:

	
                             
	 (4.6),

where  is the phase error due to comparator o�set,  is the modulator 
period,  is the PPF time constant,  is the supply voltage, and  is 
the o�set voltage. Unsurprisingly, the polarity of the o�set voltage does 
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and the unwindowed case (dotted line). Both modes perform according 
to expectations and achieve 40.6 mK and 53.2 mK resolution in 1 ms, 
respectively. 

4.6.3 � DC Supply Sensitivity
Figure 4.39 shows the measured power supply sensitivity for the di�erent 
versions. Since the dynamic comparator has overvoltage protection 
capability, these versions are measured with this feature both enabled and 
disabled. As expected, the overvoltage protection helps �atten the sensitivity. 
However, the e�ect is most pronounced in the 200 nm version. �is is due 
to the larger PPF time constant, which makes other time-delay e�ects less 
signi�cant. Moreover, its larger resistance means that the reduction in gate 
leakage due to the overvoltage protection is more signi�cant compared 
to the resistor current. �e technology’s nominal supply voltage is 1.0 V, 
so in a voltage range of +10%/-23%, the sensor would exhibit an error 
less than +0.11°C/-0.10°C. �is error is much smaller than the sensor’s 
expected inaccuracy, which is a desirable property in thermal management 
applications. 
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Figure 4.39: Measured power supply sensitivity.
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4.7: Conclusion
�is chapter describes the design of a compact resistor-based temperature 
sensor. Compared to a previous design (Chapter 3), this design has two 
main goals: 1) to reduce the complexity and reliance on analog circuitry, and 
2) to remove the CCO from the signal path thus improving the accuracy. 
�e �rst and most important goal is achieved: the sensor only requires two 
input frequencies. As a downside, the sensitive clocking scheme (section 
4.5) requires a fractional PLL. However, sophisticated PLLs are readily 
available on SoCs [10,11,12] as they are required to implement DVFS. 
Furthermore, the system does not require an analog current reference, and 
the only analog node (the PPF’s output) is immediately digitized by a fully 
di�erential dynamic comparator that is shown to be supply-independent. 
�is means that the readout system is not only very small and fully 
synthesizable, but that it is also robust so that it can be placed in dense 
digital circuitry. 

�e major downside is the PPF, which acts as an all-pass �lter for signals 
coming from the power supply. �e ringing in the supply bond wires 
combined with the PPF’s all-pass property causes oscillations in the 
phase readout, limiting the accuracy. Consequently, the PPF should not 
be considered in noisy enivronments (where adequate �ltering/isolation is 
not possible) but should be replaced by a �lter that incorporates a LPF, e.g., 
a WB or LPF. 
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5.1: Time Quantization Noise
�e main cause of the TQ noise is that part of the ��M�s integration-state 
is stored in the counter, while the fractional part is stored in the oscillator�s 
phase. While the polarity of the counter part of the integration state is 
toggled (chopped) when the up/down signal is toggled, the fractional state 
stored in the oscillator�s phase is not. �us, the oscillator�s fractional state 
keeps on changing regardless of the up/down cycles, starting and stopping 
at seemingly random phases at the beginning and end of each up/down 
cycle. 

�is is shown in the simpli�ed illustration in Figure 5.2, where the counter 
integrates an up/down signal with a 50% duty cycle. Ideally, this should 
result in a net integrated value of zero. In the example, each up and down 
period causes an increase in oscillator state of 3.6 cycles. Since the counter 
cannot count fractional numbers, it only stores the value 3, missing the 
0.6 cycles that are stored in the oscillator. What exacerbates this problem 
is that the oscillator starts at 0.6 cycles in the next down-period, resulting 
in a subtraction of 4 counts from the counter state. �is rounding e�ect 
happens every up/down-period, resulting in a count error of -2 at the end 
of the two up/down-periods. 
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Figure 5.2: Simpli�ed example illustrating the origin of TQ noise.
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a GRO [1]. A�er the locking period, the oscillator and counter continue 
where they remained from the previous cycle. As a consequence, there 
are now two separate states (up and down) which are combined through 
digital subtraction. Note that this operation occurs in the digital domain, 
which provides both simplicity and scalability.

�e GRO is a ring oscillator that can be gated. To achieve this, each stage of 
the ring oscillator can be enabled/disabled (see Figure 5.4). When the GRO 
is enabled, it behaves exactly like a normal RO. However, when disabled, no 
charge can enter or leave the inverter nodes, and so its state is frozen. 

5.2: Dual GRO
To count both up and down, separate GROs are required (see Figure 5.5). 
More importantly, the operation of the GROs should be mutually exclusive, 
with one of the two GROs always enabled. To minimize the complexity of 
controlling switches, the two GROs share the same enable/disable signals, 
but with complementary inputs. Since a disabled GRO does not draw 
current from its supply, the supply current is directly connected to both 
GROs and automatically �nds its way into the enabled GRO. In the following 
subsections, di�erent types of GRO imperfections will be presented, and 
their e�ect on the sensor�s performance will be analyzed. 
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Figure 5.5: Simpli�ed diagram of the dual-GRO.
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5.2.1 � Current Bias
To operate at a desired frequency, the dual GRO requires a bias current 
which is readily available in most SoCs for the purpose of driving other 
analog circuits. A central bias block generates and distributes the bias 
currents to all the temperature sensors. 

�e integrator in a PD��M is insensitive to 1/f-noise since it is a chopped 
system [2]. In the same way, this phase readout is insensitive to GRO 
frequency variations, and therefore also to bias current variations. �e 
intuitive explanation why frequency variations, dri�, and 1/f noise do not 
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5.2.3 � Phase Noise
ROs are known to contain substantial phase noise, but o�er a small 
footprint in return. �e same applies to GROs, and this noise will still 
limit the sensor resolution. �is can be minimized by increasing power 
consumption, but that comes at the cost of area. �e voltage drop across the 
RO must be small enough so that the current source supplying its power 
remains saturated over PVT. �erefore, resizing is necessary when the 
power is increased.

Figure 5.12 shows how GRO noise a�ects the bitstream PSD for three 
di�erent cases: 1) where there is only thermal noise from the GRO and the 
system level chopping is disabled; 2) where only the GRO contains thermal 
and 1/f noise and system level chopping is disabled; and 3) where only 
the GRO contains thermal and 1/f noise, and the system level chopping 
is enabled. �is shows that 1/f noise in the GRO is e�ectively removed by 
ChL. 

5.2.4 � Parasitic Charge
A less apparent source of corruption in the GRO is the mixing of parasitic 
charge when the GRO is frozen. �e GRO stage that transitions when the 
GRO is frozen still has some charge remaining on its output, while the 
parasitic capacitance that is shown in Figure 5.13 is empty just before the 
GRO freezes. �is parasitic charge and the stage�s output charge are then 
mixed together, corrupting the GRO state by moving the phase forward, 
depending on its phase during the freezing. �is dependence is shown in 
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Figure 5.13: GRO state corruption a�er freezing the GRO.
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Strategies that compensate for the apparent loop�lter delay can be applied 
to resolve this phenomenon [4]. However, implementing these strategies 
is no trivial matter and steeply increases the complexity of the design. 
Moreover, the tonality is already inmeasurable at GRO frequencies above 
50 MHz while the resulting digital power consumption is still very low (less 
than 2 µW).

5.2.7 � Dual-CCO
Solving the TQ noise problem by locking the oscillator state to the counter 
state does not neccesarily require a GRO. Alternatively, the RO that is 
frozen can be operated at a reduced frequency (see Figure 5.20). �e major 
di�erence with this dual-CCO arrangement is that the integrator swing is 
reduced by this lower frequency since the integrator swing is proportional 
to the frequency di�erence between the two GROs. As a result, e�ects 
of the dual-GRO which are sensitive to integrator swing will be more 
pronounced unless the RO frequency is increased. �is is similar to the 
leakage problem, where the leakage current of the GRO implementation 
acts as the reduced frequency. However, in that case the leakage current is 
so small that it barely has any e�ect on the integrator swing. 

�e dual-CCO implementation has two main downsides. �e �rst is that 
the power consumption is increased. �is is because both oscillators and 
counters are always counting, while the frequency di�erence should remain 
the same. �e second, and larger concern, is the possibility of injection 
locking between the two ROs. Since the ROs require good matching to 
minimize the e�ect of some of the error sources, they are placed in close 
proximity. However, this facilitates injection locking. Furthermore, 
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ChL CounterCCOs

clk

clk
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Figure 5.20: Dual-CCO implementation.
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�e main idea and innovation of this design is extensively described in 
previous two sections. However, some of the sub-systems described here 
require �ne-tuning to improve system peformance. �ese are brie�y 
described in this section. 

5.3.1 � Comparator
�e comparator is a crucial element to achieve good accuracy. Its e�ect 
on resolution is less important since ~mK of resolution is easily achieved 
[5,6] while there is no bene�t to measuring below tens of mK. �us, the 
comparator is mainly optimized for accuracy. 

�e presence of the dual-GRO means that the readout circuit is a continuous-
time system. As a result, a dynamic comparator cannot be used since it 
would periodically sample the input signal. Consequently, a continuous-
time comparator is required, which must then be carefully designed to 
minimize its o�set, delay, and hysteresis. �e �rst step is to start with 
minimum length input inverters and then to increase their width, while 
keeping the switching threshold at 0.5  under nominal conditions, until 
their input impedance (due to gate leakage and input capacitance) starts to 
a�ect the accuracy. �e next step is to use minimum size inverters for the 
cross-coupled inverters and increase their length until the comparator is 
just short of hysteresis under nominal conditions (see Section 4.3), while 
keeping their switching threshold at 0.5 . 
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Figure 5.22: Ripple counter.
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5.3.2 � Counter
Prior-art highly digital PD��Ms require an up/down counter, while the 
improved PD��M of this chapter only requires a counter that increments 
its count. �is has two main advantages. First, while an up/down counter 
requires full adders to calculate its new state, a counter that only increments 
its count can be implemented as a ripple counter, which does not require 
any logic between the DFFs of the counter (see Figure 5.22). �is reduces 
both area and power consumption. Second, every consecutive bit in a 
ripple counter runs at half the frequency of its previous bit, resulting in an 
automatic energy reduction in the counter. In previous up/down counters, 
the combination of a 2-bit gray-code counter and a traditional binary 
counter are used to achieve similar frequency and power scaling. However, 
this only achieves a one-time frequency reduction, while the ripple counter 
achieves the same for all of its bits. Furthermore, the counter segregation 
also comes at the price of increased complexity and digital gates. In contrast, 
this system has atomatic power scaling between each bit. One downside is 
that this new system requires two counters instead of one, although these 
counters require fewer bits since the GRO frequency is lower.

�e counter size required to prevent over�ow in the integrator is 7 bits. �is 
is calculated using Eq. (2.26), where  = 100 MHz,  = 2 MHz, and 

 = 45°, which is the maximum expected phase di�erence at the 
extreme corners. �e resulting integrated count value of 25 must at least be 
smaller than … of the integrator span, and so the total span required is 100 
� 7 bits. �e actual worst-case phase di�erence that can occur because of 
bit error rate (BER) is 67.5°, but even in that case the ��M can still handle 
GRO frequencies up to 85 MHz.

Another bene�t of the dual GRO�s counters is its relaxed meta-stability 
requirements. In this design there are three clock domains: one for each 
GRO, and an Fref. Clock signals that are generated in one clock domain, 
but sampled in another, can give rise to meta-stability issues. In this 
system, there are signals originating from Fref that cross to the GRO�s 
clock domain. However, these signals are never clocked by the GROs and 
do not give rise to meta-stability, i.e., the GROs are analog in time. �e 
only other clock-domain crossing signal is the subtraction result which is 
generated in the GRO clock domain and sampled by the Fref clock domain. 
Consequently, this can give rise to meta-stability. However, as long as the 
chance of meta-stability is small and the integrator does not over�ow, this 
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e�ect only causes the bitstream to dither. As a result, the dual-GRO design is 
less sensitive to meta-stability, because even if it occurs, the integrator state 
is still maintained. �e simulated meta-stibility chance is small enough that 
it is only expected to happen once every �ve conversions (5 • 1 ms).

5.3.3 � Subtraction
Since one of the two counters is always counting at ~50 MHz, the 
subtraction bits also toggle at this frequency. �is in turn consumes power 
continuously whereas the subtraction result is only required just before the 
bitstream is sampled. As a result, the subtraction node consumes ~9 µW, 
which is ~25% of the total power consumption. �erefore, the subtraction 
node is gated by AND-gates and only enabled just before the bitstream is 
sampled (see Figure 5.23). As a result, the power consumption is reduced 
to < 1 µW.

5.3.4 � Phase DAC
A phase DAC generates phases from a higher frequency clock so that all 
the phases can be generated using synchronous digital logic to achieve 
accurate and precise timing. Figure 5.24 shows the desired signals that the 
phase DAC generates. To generate phase increments of 22.5° at 2 MHz, a 
32 MHz  is used so that one of its periods corresponds to a 22.5° phase 
shi�. �is involves dividing Fref by 16 using 4 stages of a ripple counter 
structure (see Figure 5.25). �e speci�c phase shi�s are then generated by 
reclocking this 2 MHz signal by any of the signals in the frequency division 
chain which then cause phase shi�s proportional to their period (see Figure 
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clk
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Figure 5.23: Enabled subtraction just before bitstream sampling.
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More importantly, it helps simplify the measurement by minimizing the 
number of oven runs required. In this case, there are 24 samples on a die 
and four dies have been measured, i.e., a total of 96 samples have been 
measured. 

5.4.1 � Ringing
�e bond-wire ringing that is present in previous chips (Section 4.6.1) is 
also present in these chips. In previous designs, external damping resistors 
were used to dampen the oscillations in the analog domain. However, 
activity in the digital domain couples into the analog domain which causes 
severe residual oscillations. In this design, the digital power consumption 
is greatly reduced. Furthermore, the on-chip by-pass capacitors have 
increased in size (from 67 pF to 177 pF), and as a result the e�ects of the 
bond-wire oscillations are much less severe. 

5.4.2 � Resolution
Figure 5.29 shows the bitstream�s PSD under two conditions: with and 
without ChL. In both cases it shows �rst-order noise shaping. When the 
low-frequency chopping is enabled, it shows the tones of the low-frequency 
chopping, which corresponds to a GRO frequency o�set of 0.04%. None of 
the observed samples had a frequency o�set worse than 0.5%. Figure 5.30 
shows the resolution vs. conversion time of the sensor under the same two 
conditions. It also compares them to the simulated value (dotted lines). It 
achieves a 12.8 mK resolution in a 1 ms conversion time.
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Figure 5.29: PSD of the sensor’s bitstream (Hanning window, 1,048,576 
samples).
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Main Findings and Future Work

�is thesis describes a series of steps to achieve an area-e�cient resistor-
based temperature sensor. First, the resistor-based readout was miniaturized 
(Chapter 3). Second, �e amount of inaccuracy contributed by the readout 
circuit has been mitigated by placing the current-controlled oscillator 
(CCO) outside the loop so that its nonlinearity cannot corrupt the phase 
of the front end (Chapter 4). �ird, the quantization noise impact of the 
CCO has been mitigated by replacing it with two gated ring oscillators that 
prevent time-quantization noise from being integrated by the PD��M 
(Chapter 5).

�e main �ndings, some design considerations, and future work of this 
thesis are outlined in the following sections.

6.1: Main Findings
�e main �ndings of this work are listed below:

	� The silicided poly resistor can be miniaturized without a significant 
penalty to its spread over temperature. However, its accuracy is 
worse compared to non-miniaturized versions, and especially 
its single point trim suffers from miniaturization. This accuracy 
penalty is likely mainly due to the use of a compact readout, and 
not solely due to shrinking the resistor area (Sec. 3.3.1, 4.4).

	� The nonlinearity of the current-controlled oscillator (CCO) used in 
the signal path of the highly digital PD��M significantly impacts 
the sensor�s accuracy. In the prior art, the impact of the nonlinearity 
is insignificant since it was used to read out thermal-diffusivity-
based sensors, which have very weak signals (few mVs). In contrast, 
the current (or voltage) outputs of resistor-based front-ends are 
very strong signals (100s of mVs) that swing over a larger range 
of the CCO. Consequently, it has a more significant impact on the 
accuracy of these types of sensor front-ends (Sec. 3.3.1).

	� In high-SNR designs, the time-quantization noise associated with 
the highly digital PD��M is not sufficiently random. Consequently, 
the time-quantization noise becomes very tonal, resulting in 
limit-cycling behavior and large dead zones in the modulator�s 
output. Interestingly, the modulator only shows an indication 
of this phenomenon at particular frequency ratios between the 
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oscillator�s and PD��M�s frequency. Specific frequency ratios will 
result in tiny dead zones that are barely noticeable (less than a few 
tens of mK), while other frequency ratios will result in dead zones 
of multiple °C. Unavoidably, the temperature dependence of the 
oscillator�s frequency will cause it to reside at detrimental frequency 
ratios at numerous points along the temperature range (Sec. 4.5, 
4.6.2).

	� The time-quantization noise of the highly digital PD��M can be 
greatly reduced by locking the oscillator�s phase to the counter state. 
This requires two oscillator/counter pairs resulting in a minor area 
cost. However, as a result of this quantization noise reduction, the 
oscillator can run at a much lower frequency, improving the highly 
digital PD��M�s energy efficiency by two orders of magnitude and 
preventing dead zones due to the limit-cycle behavior (Ch. 5).

	� The silicided poly resistor aging seems to be within the thermal 
management�s temperature sensor accuracy budget. In a preliminary 
test, four chips (each containing 24 sensors) were aged at 150°C for 
a week showing that the errors due to sensor aging are less than the 
temperature sensor�s initial inaccuracy (Sec. 5.4.4).

6.2: Design Considerations
During the work for this thesis, some insights were gained about the design 
and optimization of separate blocks. Although they are not main �ndings, 
they are still interesting and signi�cant enough to be mentioned:

	� When a PD��M is used to detect the phase of a signal that is digital 
in amplitude (but analog in phase) and when the input phase range 
is very small (as it is for the front-end in Ch.4), then the polarity 
of integration (in the PD��M) is fixed for a relatively large part of 
the period. During these parts of the period, the integrator can be 
disabled (windowed) without changing the phase detection. Since 
the integrator is the primary power consumer, this results in lower 
power. Interestingly, although there are more moments during the 
PD��M period when time-quantization noise is injected, the total 
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6.3: Future Work
�e section below details future work that results from the work for this 
thesis. To bring some structure, these future work items have been divided 
into three categories: front-end, readout, and physics.

6.3.1 � Front-End

	� The PPF is an all-pass filter that makes the sensor susceptible to 
high-frequency aggressors. Consequently, future work should use 
low-pass filters (or band-pass filters) as their sensing front-end. As 
an additional benefit, this makes the sensor much less susceptible 
to the ringing from bond-wire inductance, further improving the 
sensor�s accuracy.

	� A resistor-based sensor could be combined with a thermal-
diffusivity-based temperature sensor to improve the trim-ability of 
the sensor. Although it would allow for more accurate trimming, the 
main advantage is that it enables a 0-pt temperature trim, which is 
required in some thermal management applications. This is because 
leakage can cause significant self-heating, which means that the 
internal die temperature does not match the ambient temperature. 
Because the sensor already contains a PD��M and temperature 
sensing resistors, it can easily be combined with a heater located at a 
convenient distance from the front-end resistor. The input signal is 
then not due to the applied voltage but due to the resistance swing, 
which in turn is due to the thermal swing caused by the heater. 
In terms of area, the only additional cost is the area of the heater 
(which is just a strategically placed switch between the VDD and 
GND) and a few switches to reconfigure the front end. 
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I hope that the combined lists of future work will motivate further 
research on compact temperature sensors for thermal management. �e 
improvement that this will bring (good PSRR and better e�ciency) will 
allow such sensors to be placed easily and ubiquitously in any SoC, even 
battery powered ones. �is, in turn, will enable better monitoring and 
therefore better performance of these kind of devices.
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Advanced Systems-on-Chip (SoCs) exhibit signi�cant self-heating and 
require thermal management to prevent overheating. Sensors for this 
application should be not only small so that they can be placed ubiquitously, 
but they should also achieve moderate accuracy and resolution within 
1 ms so that the die temperature can be monitored with approximately 
1°C of measurement error. BJTs are the traditional elements that are used 
to sense temperature, but they require large headroom and are di�cult 
to miniaturize. �ermal di�usivity relies solely on lithography for its 
accuracy and is easy to miniaturize, but it requires a signi�cant amount 
of power (a few mWs) to generate the local heat pulses that it uses to 
measure temperature. MOS-based temperature sensors do not require the 
headroom that BJT-based sensors do, but they do require a large area to 
minimize the e�ect of aging and dri�. Resistors achieve superior energy 
e�ciency, moderate accuracy (enough for thermal management), and have 
no headroom requirements. However, at the beginning of this work, these 
types of sensors were not yet miniaturized.

Chapter 2 investigates the physical principles of electrical conduction to 
give an understanding of the di�erent types of resistors that are available 
and their merits as temperature sensing element. It then investigates the 
two main ways of digitizing resistance: 1) in the amplitude domain, which 
requires a resistive reference which limits area e�ciency, and 2) in the time 
domain, which requires a complex impedance and a frequency as a reference, 
both of which are readily available in SoCs and are very temperature-
stable. �e state-of-the-art uses three di�erent types of architectures to 
combine resistors and capacitors to digitize resistance, each having their 
own merit: 1) a low-pass �lter, 2) a Wien-Bridge band-pass �lter, and 3) a 
poly-phase all-pass �lter. Digitization can be done in two di�erent ways: 
1) by employing the �lter in a frequency-locked loop, which generates a 
temperature-dependent output that is digitized by a subsequent frequency 
counter, or 2) directly digitizing its phase with a phase-domain sigma-delta 
modulator (PD��M). �e latter comes in a highly digital version that can 
be made very small, but exhibits counter wrap-around and su�ers from 
time-quantization noise.
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Appendix II | Samenvatting

Geavanceerde chips zoals processoren vertonen signi�cante hoevelheid 
zelf-verwarming die voorkomen moet worden met behulp van 
temperatuursensoren. Deze sensoren moeten compact zijn zodat ze 
arbitrair geplaatst kunnen worden. Tegelijkertijd moeten ze ook gematigd 
accuraat en precies zijn zodat de totale meetfout in een 1 ms tijdseinheid 
niet groter is dan 1°C. Bi-polaire transistoren (BJTs) zijn het meest 
gebruikte element om een temperatuursensor te maken, maar ze hebben 
een groot potentiaalverschil nodig en zijn moeilijk om compact te maken. 
Op �ermische difusie gebaseerde temperatuursensoren vertrouwen 
op de accuraatheid van litogra�e voor hun eigen acuraatheid and zijn 
zodoende makkelijk the verkleinen, maar hebben een redelijke hoeveelheid 
vermogen nodig (enkele mW) om de lokale hittepulsen te genereren 
die gebruikt worden om de temperatuur te meten. MOSFET gebaseerde 
temperatuursensoren hebben niet de hoofdruimte nodig die BJT�s nodig 
hebben, maar hebben veel oppervlak nodig om veroudering en verschuiving 
binnen de perken te houden. Weerstands-gebaseerde temperatuursensoren 
behalen superieure energie-e�cientie, gematigde accuraatheid (voldoende 
voor thermisch beheer) en hebben geen hoofdruimte vereiste. Echter, aan 
het begin van dit werk waren deze type sensoren nog niet verkleint.

Hoofdstuk 2 onderzoekt de fysische beginselen van electrische conductie 
om een beter begrip te krijgen van de verschillende weerstanden die 
beschikbaar zijn en hun verdienste als temperatuursensorelement. 
Daarna analyseert het de twee voornaamste methodes om weestanden te 
digitaliseren: 1) in het amplitude domein waarbij een referentie weerstand 
nodig is en 2) in het frequentie domein waarbij een complexe impedantie 
en een frequentie als referentie nodig zijn, waarvan de laatste twee vrijelijk 
aanwezig zijn in geavanceerde chips en ook nog eens temperatuurs-
ona
ankelijk zijn. In literatuur worden drie verschillende architecturen 
gebruikt om weerstanden en capaciteiten te combineren om te gebruiken 
als temperatuursensor, elk met zijn eigen verdienste: 1) het laagdoorlaat-
�lter, 2) een Wien-Brug band-doorlaat �lter en 3) een meer-fase (alles-
doorlaat) �lter. Digitalisatie van de weerstand kan gedaan worden op 
twee verschillende manieren: 1) door het gebruik van een frequentie 
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