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“I believe in intuition and inspiration. Imagination is more important than
knowledge. For knowledge is limited, whereas imagination embraces the
entire world, stimulating progress, giving birth to evolution. It is, strictly
speaking, a real factor in scientific research.”

Albert Einstein, Cosmic Religion: With Other Opinions and Aphorisms, 1931, p. 97.

il g 2l 0] filA 4 asadi

To my family and to Esmée






Contents

1 Introduction 1

1.1 Frequency and its accuracy measures ..................ccccemveeeees 2
1.2 Challenges of integrating frequency references .............ccec.. 5

1.3 Frequency generation based on the thermal properties of silicon 7

1.4 MOtIVAtION  ..ouuitiiti e 10
1.5 Challenges ......c.ovuiniiniiiiii e 11
1.6 Thesis Organization .............c.cooevieiiiiiriieiieieeneeiiinnnens 13
1.7 References ......ocoveiiiiiiii e 14
2 Silicon-based Frequency References 17
2.1 Introduction .........coeiiniieiiii i 17
2.2 Silicon MEMS based oscillators ..............ccooevveiininnenn... 19
2.3 LC OSCIllators  .....ovuiieeiiiei e, 23
2.4 RC harmonic oscillators ............cooviiiiiiiiiiiiiiiiiiene, 27
2.5 RC relaxation oscillators ............cooeviiiiiiiiiiiiiiinenn, 29
2.6 Ring oScillators .........coviiiiiiiiiiii e 34
2.6.1 Open-Loop Compensation ...........c.ccoevveuiieeenennennnn 35
2.6.2 Closed-loop Compensation ..............cceevvveveneenennnn. 37
2.7 Mobility-based frequency references .................ccooeiiinnin. 41
PR I 00111] o :1 4 110 ) 1 N S 44
2.9 CONCIUSIONS  ..'uviitiitete ettt e e et et e e e eaeaans 46
2.10 References ......o.eveiiieiieiiii i 47



3 Frequency References Based on the Thermal Properties

of Silicon 53
3.1 INtroducCtion .......o.iieiiniitii i 54
3.2 Thermal Properties of Silicon ............ccooiiiiiiiiiiiiiinnnen. 55
3.3 Electrothermal Filters in CMOS ..., 60
3.4 ETF design .ovviiniiiiii e e 64
3.4.1 General heater considerations ................cocevviiuinnnnn. 64
3.4.2 General thermopile considerations .......................... 65
3.4.3 Designofabar ETF ..., 68
3.4.4 Design of an optimized ETF ........................... 69
3.5 Modeling for time-domain analysis ..............cccceveeiennennn.n 70
3.6 Thermal oscillators ...........cooviiiiiiiiii i, 72
3.7 Electrothermal frequency-locked loops ..............cccoeiinnnnn. 75
3.8 Electrothermal FLL as foundation for frequency references ..... 79
3.9 Dynamics of an electrothermal FLL ................................. 81
3.10 FLL behavioral simulations ................ccooviiiiiiiiiiinnnnnn... 87
3.11 The effect of noise on an FLL s jitter ...............cccovveeeinnen. 90
30101 ETFNOISE  oonviiiiiiie i 90
3.11.2 Implications for FLL design ...............coceviiininnnnn. 93
3013 VCO NOISE wuvviniiniietient et e e e e e e 95
3.12 Challenges associated with the previous FLL’s .................. 96
313 CONCIUSIONS  .ouuinientite e e 97
314 References .....o.oviieiiniiii i 98

4 A Digitally-Assisted Electrothermal Frequency-Locked
Loop in Standard CMOS 101

4.1 Introduction ............coiiiiiiiiiiiii 102
4.2 Proposing a digitally-assisted FLL ....................ccccceiveeeeee. 103
4.2.1 Operating principle ...........cccceevviiiiiiniiinieennienee. 103
4.2.2 DAFLL system-level spec1ﬁcat10ns ........................ 104

II



4.2.3 DAFLL realization phases .............cccoevviiniininnnnnn. 106

4.3 Firsttestchip ......cooovviiiiiiiiiii e eieeeeenn 107
4.3.1 PDAXIM system-level architecture ......................... 107
4.3.2 PDAZM circuit design ..........cocevviiiiiiiiiiniinnannns 113
4.3.2.1 Transconductor design ..............ccccennene. 114

4.3.2.2 Residual offset ..............cevviiiiiiiiiiiiien. 116

4.3.2.3 Gain-boosting and residual offset reduction .... 118

4.3.2.4 Differential-to-single-ended amplifier ........... 121

4.3.2.5 Bias CIrCUIt .....oovvvuiiiiiiiiiiiiiiieiiiiiiiee e 122

4.3.3 First chip experimental results .....................ceeeene. 123
4.3.4 Conclusions from the first test chip ...................... 127

4.4 Second test Chip ....ooviiiiiiiii 127
4.4.1 DCO system-level architecture ............................ 127
4.4.2 Complete DAFLL system-level simulations ............ 128
4.4.3 DCO circuit desSign .........coevevriieeiiniiiiiieinaennn. 131
4.4.3.1 Relaxation oscillator ...............c.oociiini. 131

4.4.3.2 12-bit current-steering DAC ..................... 133

4.4.4 Experimental results with the second test chip  ....... 134
4.5 Measuring the effective thermal-diffusivity of CMOS chips using a
DAFLL ..o 137
4.5.1 The essence of measuring Defr  .ovvvvvereirinnenninniannnnn. 137

4.5.2 Thermal diffusivity measurement using CMOS ETFs ..... 138
4.5.3 An electrothermal FLL as a test vehicle in measuring D¢y 139

4.5.4 Experimental results ............coooiiiiiiiiiiiii 139
4.0 CONCIUSIONS oottt 141
4.7 R CTENCES oot 142

5 A Thermal-Diffusivity Frequency Reference in Standard
0.7um CMOS 145

5.1 IntrodUCtION ..ottt e e 145

I



5.2 Temperature compensation of electrothermal frequency-locked

| £aT ) o 146
5.3 Realization of a TD frequency reference in a 0.7um CMOS
0 (0TS 150
5.3.1 System-level design of the reference ........................ 151
5.3.2 The band-gap temperature sensor design .................. 154
5.3.2.1 System-level design .................cooiiiiiiinn, 154

5.3.2.2 Circuit design .........cooviiiiiiiiiiiiiiieiaen 157

5.3.2.3 Implications of single capacitor sampling ........ 162

5.3.3 Experimental results ..............cocooiiiiiiiiiiiiii 163

5.4 ConcCluSiONS .....c.oiuiiitiit i 168
5.5 References ......c..cooviiiiiiiiiiiiii 169

6 A Scaled Thermal-Diffusivity Frequency Reference in

Standard 0.16um CMOS 173
6.1 Introduction .............cccoiiiiiiiiiiiiiiiiiieieeeeieeeen,. 174
6.2 Scaling Strate@y ........c.coviiiiiiiiiiii e 175
6.3 System-level design ..........ccooiiiiiiiiiiiii 180
6.4 EITOT SOUICES  ...ouviuiniiiiitiit it 181
6.5 Circuit Realizations .............cccooiiiiiiiiiiiiiiiiiee 183
6.5.1 ETFand PDAM ... ..., 183
6.5.1.1 Detailed system overview ...............ccccceeeeeee. 183

6.5.1.2 Transconductor — ..........cciiiiiiiiiiiin e, 185

6.5.1.3 Integrator Opamp ..........ccoovviiiiiiiinnnnnnn... 190

6.5.1.4 Comparator ............ccoceiiiiiiiiiiiiiiiiiiia.. 191

6.5.2 DCO oo 192
6.5.3 Temperature SENSOT ........cecvevereeireeineenneenneenneanns. 194

6.5.4 Heater Drive Circuitry ...........cccoviiiiiiiiiiinennannnnn. 198

6.6 Experimental Results ...............cooiiiiii 201
6.7 ConcCluSIONS .....c.cvuiiiiiiiiii i, 206
6.8 References .......ocooiiiiiiiiiiiiii 206

v



7 Conclusions and Outlook 209

7.1 Main findings .....ooiiiiiii e 209
7.2 FUture WOork ..o, 211
AR I N 1 (5 1o o 212

A Time-Domain Modeling of an Electrothermal DAFLL

215
A.1 Time-domain simulation of an ETF ...l 215
A.2 Time-domain simulation of the DAFLL ... ...l 220

A3 R OIENCES oot 228

Summary 229
Samenvatting 233
List of Publications 237
About the Author 239
Acknowledgements 241



VI



] Introduction

The operation and performance of electronic systems often depends on
the accuracy of the clock signals that determine their timing. For decades,
these signals have been generated by quartz crystal oscillators, which
dominate the 4.5 billion dollar market for frequency control components;
however, due to the dedicated manufacturing process used for quartz crystals,
they can not be integrated into micro-chips. For years, designers have tried
to make integrated frequency references that can compete with the stability
of quartz crystal oscillators. These efforts have resulted in various types of
silicon-based frequency references. Some of these references combine a
MEMS (Micro Electro Mechanical System) resonator with a silicon chip.
Others are based on integrated elements such as resistors, capacitors, or
inductors.

This thesis describes an alternative approach to the realization of
integrated frequency references. Unlike other approaches, it does not rely on
the accuracy of on-chip electrical components. Instead, it is based on the
thermal properties of silicon. In the past, these properties have been used to
build on-chip thermal delay lines intended for filter applications. The
operation of such filters is governed by a physical parameter called the
thermal-diffusivity. This is a measure of the rate at which heat diffuses
through a silicon substrate. The thermal-diffusivity-based (TD) frequency
references proposed in this thesis can be realized in a standard CMOS
process, which is the mainstream technology for the high-volume production
of integrated circuits. In this thesis it will be shown that output frequencies
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Introduction

up to 16MHz and stabilities of 0.1% over the military temperature range (-
55°C to 125°C) can be achieved. Furthermore, it will be demonstrated that
thermal-diffusivity-based frequency references benefit from CMOS scaling.

This chapter is an introduction to the thesis. It starts with a brief
discussion of various parameters related to frequency and its stability.
Furthermore, an overview of quartz crystal oscillators and the efforts
towards their replacement is provided. Thermal oscillators, initially meant
for temperature-to-frequency conversion, are introduced as the predecessors
of thermal-diffusivity-based frequency references. Further, the thermal
diffusivity concept and the way it can be harnessed in a standard CMOS
process is described. The chapter ends by presenting the motivations,
challenges and the organization of the thesis.

1.1 Frequency and its Accuracy Measures

Frequency and time are interdependent parameters. Everyone has a
feeling of time, a parameter that has been measured historically by keeping
track of natural phenomena such as the cycles of day, night, and seasons
[1.1]. The unit of time is the second, the smallest quantity that most wrist-
watches can indicate. Frequency, denoted by the symbol £, is the number of
occurrences of a periodic event within one second [1.2]. The unit of
frequency is Hertz (Hz), meaning that a periodic event that occurs once per
second has a frequency of one Hz. For instance, a violin string that produces
an F musical note, vibrates 660 times in a second, corresponding to a
frequency of 660Hz. Furthermore, the duration of one cycle of a repetitive
event is its period, which is denoted by the symbol 7. The period T is equal
to the reciprocal of the frequency f.

In ancient times (thousands of years BC), the Egyptians used obelisks
and sundials to keep track of time (Figure 1.1) [1.3]. Later, it was discovered
that an object with a reliable periodic movement (stable frequency) could
also be used to keep time. One of these early objects was the pendulum
(Figure 1.1). In 1583, Galileo discovered that a pendulum swings with a
nearly constant period. Later, in 1656, Huygens invented the pendulum clock.
After the invention of quartz-crystal oscillators in 1918, it was possible to
embed quartz crystals with oscillation frequencies of 32,768Hz into
electronic wrist watches [1.1]. This specific frequency can be easily related
to a 1Hz event via a binary counter that divides the oscillator frequency by
2", Cesium atomic clocks were developed in the 50’s. This invention
enabled extremely accurate time (frequency) measurements, with an
inaccuracy of one second in ten million years [1.1]!

2 Thermal-Diffusivity-Based Frequency References in Standard CMOS
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Figure 1.1. (@) Sundials, (b) obelisks, (c) pendulum, (d) pendulum clock, (e)
quartz crystal, and (f) Cesium atomic clock.

Most of us encounter the concept of frequency on a daily basis in the
form of musical notes, radio frequencies, etc. However, these are not the
only ways that frequency plays a role in our modern lives. In the current era
of information, we send and receive data through our communication
devices. It is because of the accurate and stable generation and detection of
frequencies that we have mobile phones, wired and wireless data networks,
ever faster computers, navigation systems based on the Global Positioning
System (GPS), etc. In all these systems, accurate frequency sources allow
data from different channels to be combined, sent through a communication
medium, and successfully received at the destination.

The accuracy and stability of frequency references are crucial to the
operation of any instrument that uses them. A faulty or broken tuning fork
produces a resonant frequency that deviates from the desired musical tone. A
music instrument tuned with that fork might then irritate a musician’s
sensitive ears. If the local oscillator in an FM radio has an unstable
frequency that jumps around every now and then, the received signal will,
accordingly, jump back and forth between the various channels. If the same
oscillator has a poor noise performance, then you might hear the news in the
background of your desired jazz music. If the crystal oscillators in your cell
phone are too temperature dependent, your call will drop every time you step
out of your warm office onto the cold snowy streets. Finally, if the frequency
reference in your MP3 player does not meet the USB standard, copying an
MP3 file through the USB port of your laptop might require several attempts.

The abovementioned examples tell us that a frequency reference needs
to have a certain level of accuracy, stability and noise performance [1.4].
This means that parameters should be defined to describe the quality of such
a reference. In principle, an electrical frequency reference can be regarded as
a circuit block that receives a supply voltage Vpp and produces a periodic
output signal at a target frequency f; (Figure 1.2). The stability of a
frequency reference can be considered from various points of view. One

Thermal-Diffusivity-Based Frequency References in Standard CMOS 3



Introduction

such view involves observing how the output frequency f, varies as a
function of environmental parameters such as ambient temperature and
supply voltage Vpp. Furthermore, variations in the fabrication process can
shift the value of f). The combined effect of these parameters (process,
voltage, and temperature) is called the PVT tolerance of a reference.

The graphical illustrations in Figure 1.2 show how each of the PVT
elements can affect the nominal frequency of a frequency reference. Over its
full range of variations, each parameter causes a certain amount of deviation
in the nominal value of f). When the effects of all parameters are added, a
total deviation of Af) can be expected in the reference’s frequency. This is a
proportion of the nominal oscillation frequency f;, and thus the ratio 4f, / f
is normally denoted in percentage (%) or in parts-per-million (ppm). This is
a measure of the frequency reference’s stability and determines its overall
level of inaccuracy.

Q.
Viw &
<C| ! |
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— time >
To=1/f Temperature
|
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Figure 1.2. Effects of process, voltage, and temperature variations on an
oscillator’s output frequency (PVT effect).
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Figure 1.3. Variations in the period of oscillation due to noise and the jitter
histogram.
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Figure 1.4. Phase noise of an oscillator.

Apart from the stability or accuracy of a frequency reference, its output
also includes noise. This noise adds uncertainty to the period of oscillation.
This is shown in Figure 1.3, where a few cycles of a square-wave clock are
illustrated. In this figure, the period of oscillation has a random variation due
to noise, which usually has a Gaussian distribution [1.5][1.6][1.7]. The
average value of this distribution has a mean, which is the average period of
oscillation called 7= 1/fy. The standard deviation of this distribution, G, is
defined as the cycle-to-cycle jitter, which is a measure of the magnitude of
period fluctuations. Jitter is normally defined as a root-mean-squared (rms)
quantity.

Jitter is a time-domain means of quantifying the noise in an oscillation
period, but this can also be done in the frequency domain. The associated
parameter is called phase noise [1.5], and is especially important for sine-
wave oscillators used in telecommunication applications [1.7]. Ideally, the
frequency-domain representation of a sine-wave signal has a power spectral
density in the form of a peak occurring at the frequency of oscillation, f;.
Due to noise in the phase of this sinusoidal signal S(f), its power spectrum
will exhibit a “skirt” as shown in Figure 1.4. The amplitude of this skirt at
frequencies with a certain offset with respect to fj is an important parameter
in the design of radio receivers. In such applications, the local oscillator’s
phase noise will affect the receiver’s selectivity [1.8]. The phase noise
spectrum L(4f), is defined as the attenuation in dB referenced to the value of
Sc(f) at fy and at an offset frequency Af = f; - f;. This is normalized to the
main carrier’s power and denoted in dBc/Hz (see Figure 1.4).

1.2 Challenge of Integrating Frequency References

Historically, crystal oscillators have been the only frequency control
components that could achieve high performance with regard to accuracy
and noise [1.9]. However, due to the dedicated manufacturing process of a
quartz crystal, they are nearly impossible to realize in IC technology. For
years, integration has brought more reliability to electronic systems allowing
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for lower prices and more functionality at smaller form factors. This is
thanks to the reliable and large volume production made available by IC
technologies such as the CMOS process, which have advanced with the
evolution of microprocessors. To benefit from this integration trend,
researchers and analog circuit designers have faced the challenge of
producing frequencies as stable as those made by quartz crystal oscillators,
but only through the use of on-chip circuitry [1.10].

Integrated (silicon-based) frequency references need to rely on the
properties of on-chip elements in order to produce accurate time constants.
Of the various methods that have been developed in the past decades, only a
few have been commercialized so far. One of them is the silicon MEMS
resonator-based oscillator, in which the quartz crystal is replaced by a
MEMS resonating structure. The resonator is then attached to another silicon
die with the circuitry that maintains the oscillation and performs the
temperature compensation [1.11]. MEMS based frequency references with
sub-ppm stabilities are now available commercially [1.12]. They can replace
quartz crystal oscillators with packages that have exactly the same foot-print.
The major difficulty with this technology is the special processing required
for the fabrication of MEMS structures, which makes their integration with
baseline IC technologies such as standard CMOS uneconomic. This usually
leads to a solution requiring two dies within one package.

Standard CMOS compatibility of an integrated frequency reference
makes it possible to combine it with larger systems-on-a-chip. Such
complicated systems combine accurate analog functionalities with
sophisticated digital signal processing in a single die and are normally
implemented in CMOS process. Various standard-CMOS-compatible
frequency references have been introduced so far, mainly relying on passive
elements such as resistors, capacitors, and inductors. Among these, LC
oscillators (using inductors and capacitors in a resonant circuit) [1.13] have
been commercialized. These oscillators achieve accuracies in the order of a
few hundred ppm by means of trimming and temperature compensation. RC
oscillators dissipate less power than the LC oscillators; however, their
accuracy is limited to tens of thousands of ppm [1.14]. Although, this
certainly does not compete with the accuracy of quartz crystals, RC
oscillators are often used in low-power applications such as biomedical
implants.

Traditionally, the methods of realizing integrated frequency references
make use of the generation, transfer, and processing of signals in the
electrical or mechanical energy domains. RC and LC oscillators are purely
electrical, while MEMS based resonators are electro-mechanical parts. The
frequency generated by each of these methods depends on the manufacturing
process and on the effect of temperature variations. These dependencies

6 Thermal-Diffusivity-Based Frequency References in Standard CMOS
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necessitate some means of trimming and temperature compensation in order
to achieve reasonable accuracies. Sometimes, the lack of correlation among
the various sources of variation requires multi-point temperature trimming,
which increases the manufacturing costs.

Questions that we might ask ourselves could be: “Is there another
physical property of silicon (besides the electrical-domain properties) that is
stable enough and can be used as a means of producing time (frequency)
references? Could this property be harnessed by means of electronic
circuitry? Is this property something that can be used in any IC technology,
especially within the standard CMOS process? Is it a property with
reproducible behavior in response to environmental parameters such as
temperature? Is a research plan for investigating the possibilities and
limitations of using this property for the goal of on-chip frequency
generation attractive?”

1.3 Frequency Generation Based on the Thermal
Properties of Silicon

Energy can be produced, processed and transferred in any of the five
physical domains. These include the electrical, mechanical, chemical,
thermal and electromagnetic domains. Efforts to generate stable on-chip
frequency references have, so far, mainly concentrated on the electrical,
mechanical and the electromagnetic domains. The thermal-domain
properties of silicon have received much less attention.

The first publications in this field date back to the 1970’s, when the
transport of thermal signals in microelectronic structures was investigated. In
1971, Gray and Hamilton showed [1.15] that the interactions between
electrical and thermal-domain signals can be used to produce large time
constants in silicon integrated circuits. Their main interest was to produce
filters with very low cut-off frequencies. These efforts resulted in
microstructures in which integrated heaters were fabricated close to

Heaters &
Temperature
Sensors
silicon
insulation

Figure 1.5. Micro heaters and temperature sensors diffused into a silicon
substrate.
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integrated thermal sensors and within a silicon substrate (see Figure 1.5). In
such structures, the heat dissipated in the heater diffuses through the
substrate and is sensed by the temperature sensor after a certain thermal
delay. This delay is associated with the substrate’s thermal inertia. Hamilton
used this technique to realize integrated high-Q band-pass filters with
bandwidths ranging from a few Hertz to a few hundred Hertz [1.16].

In 1972, Bosch, a researcher at Philips Research Laboratories, proposed
[1.17] the use of the Seebeck (thermoelectric) effect, i.e. the direct
conversion of temperature difference to electric voltage, to realize on-chip
temperature sensors in the form of thermocouples [1.18]. These were made
by "p" or "n" type semiconductor materials in contact with Aluminum. He
considered locating a heater about 200um apart from a thermocouple [1.18].
An amplifier fed back the output of this thermocouple to the heater, forming
a thermal oscillator. Bosh reported a nominal oscillation frequency of 200
kHz, but did not publish measurement results describing the effect of process
and temperature variations. Further work on thermal oscillators was
published in 1995 by Szekely [1.19], in which the behavior of a thermal
relaxation oscillator was investigated over temperature. This was with the
special interest of studying the possibility of using thermal oscillators as
temperature-to-frequency converters.

The concept of thermal oscillators builds on the well-defined thermal
delays that can be realized in microstructures. Such delays involve the
transfer of heat within a defined geometry, fabricated in a silicon substrate.
The substrate acts as the heat transferring medium. Figure 1.6 illustrates the
side view of a silicon slab, in which a diffusion heater, e.g. a resistor, is
implemented in close proximity (s is a few tens of microns) to a relative
temperature sensor, e.g. a thermopile. The heat generated in the heater
diffuses through the substrate and results in a local temperature change. This

AC | | I | Tem;f\ecr;ature
Power i
Fluctuations

Temperature

Heater Sensor

silicon

y 1

AC AC
Current I'I_I'I_({? T T T T% M- Voltage

Figure 1.6. Silicon slab with a heater and a temperature sensor implemented
in it at a distance s and the electrical circuit equivalent to it.
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is mediated by phonons [1.20] and thus involves mechanical vibration within
the silicon atoms of the lattice.

The rate at which heat diffuses through the substrate is determined by
the thermal-diffusivity of silicon, D (in cm’s™) [1.21][1.22], which is a
temperature dependent parameter. This dependency is associated with the
effect of temperature on the silicon lattice causing its expansion or
contraction and affecting the mechanical vibration of the crystalline silicon
atoms. In the past, the temperature dependence of D has been characterized
over various temperature ranges. These are summarized in [1.22], indicating
an approximate relation of 7 '® (where T is the absolute temperature)
[1.22][1.23]. This implies that the thermal delay resulting from the thermal
diffusivity of silicon will also be a function of temperature.

If AC power is dissipated in the structure shown in Figure 1.6, the
resulting temperature fluctuations at the temperature sensor will be translated
back into an AC electrical signal. However, the phase of this signal will be
delayed compared to the heater’s power. This delay is a function of D and s.
Such a structure behaves like a low-pass filter and is therefore called an
electrothermal filter (ETF). Like an electrical filter, an ETF has a defined
phase vs. frequency characteristic. In principle, such a structure can be
implemented in any IC process.

In 2006, Makinwa showed that by embedding an ETF in a frequency-
locked loop (FLL), a voltage controlled oscillator (VCO) can be slaved to
the thermal-diffusivity of silicon (see Figure 1.7) [1.23]. The ETF’s heater is
driven by the VCO output. The ETF’s output signal is then demodulated by
the same heater drive signal via a synchronous demodulator. The output of
the demodulator is integrated and used to drive the VCO. Feedback forces
the VCO to oscillate at a frequency where the output of the demodulator is
zero. This corresponds to an ETF phase shift of 90 degrees. This means that
ideally, the accuracy as well as the characteristics of the output frequency
will be solely determined by the ETF.

ETF Front-end Integrator VCO
J~ fvco

—b

silicon

Figure 1.7. Electrothermal frequency-locked loop (FLL) with an analog
integrator.
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This architecture represented a major breakthrough compared to the
early thermal oscillators. This was mainly due to the use of synchronous
demodulation and integration. One of the main drawbacks of the earlier
thermal oscillators was their poor jitter performance. This is because silicon
is a good conductor of heat and even at large heater power levels the
thermopile signal is rather small. In the presence of the wideband thermal
noise produced by the thermopile’s resistance, the signal-to-noise ratio at the
output of an ETF is quite poor. The narrow-band tracking filter employed in
the electrothermal FLL of [1.23] reduces the noise bandwidth and achieves a
low level of jitter. The work in [1.23] was initially aimed at developing a
temperature-to-frequency converter. It demonstrated that the output
frequency of an electrothermal FLL can be successfully locked to D, and
thus exhibit the same temperature dependence [1.21][1.22].

In [1.23] a remarkable level of untrimmed inaccuracy, i.e. a device-to-
device output frequency spread of +0.25% (36) was reported over the
industrial temperature range. This was very promising because, to first order,
this is determined by the ETF’s phase accuracy, which is a function of D and
its geometry. The accuracy of the geometry is defined by the
photolithography used in the CMOS process, while the value of D should be
stable for the doping levels used for the IC-grade silicon substrates
[1.23][1.24]. These results showed that perhaps the thermal-diffusivity of
silicon could be a potential basis for on-chip frequency generation. However,
the output frequency of the electrothermal FLL has the same temperature
dependence as D. To build an integrated frequency reference, stability over
temperature is required, and so a means of temperature compensation is
necessary.

1.4 Motivation

The main practical motivation of the work described in this thesis is to
make an integrated frequency reference with no external components, which
can be fabricated in standard CMOS process. As described earlier in this
chapter, the elimination of quartz crystal oscillators, as the last external
electrical components, has motivated a large amount of research in the past
years. Many of these efforts have resulted in silicon based on-chip
frequency references that either rely on the tolerance of on-chip passive
elements, or require special manufacturing processes. However, only the
MEMS-based and the LC-based oscillators have been commercialized.

The main scientific motivation of the work in this thesis is to explore the
feasibility and the level of stability that can be achieved by an alternative
method of on-chip frequency generation. Unlike the conventional methods,
the proposed method does not rely on the accuracy of on-chip electrical
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elements. Instead, the thermal-diffusivity of silicon is harnessed through
standard CMOS compatible structures called electrothermal filters (ETF).
The thermal diffusivity of silicon is defined by the parameter D, which is the
rate at which heat diffuses through a silicon substrate. An ETF is a low-pass
structure whose phase response is determined by D and by geometry. The
application of ETFs in frequency-locked loops facilitates the realization of
an electrical oscillator locked to D. The stability of the output frequency is
then no more determined by the oscillator’s own tolerances and drift, but
determined by the ETF characteristics.

The work done on thermal-diffusivity-based (TD) temperature sensors
has shown that ETF tolerances are in the order of 0.1% [1.23][1.25]. This is
mainly determined by the purity of the silicon substrate and by the accuracy
of the lithography used in the IC technology. For scaled processes, with
smaller feature sizes, the lithographic accuracy improves, which implies that
ETFs should benefit from Moore’s law [1.27]. This agrees with the
observation that the untrimmed accuracy of TD temperature sensors
improves as a function of CMOS scaling [1.25][1.28]. Besides exploring the
achievable levels of performance by TD frequency references, another
motivation for this work is to show that such references can also benefit
from process scaling.

A TD frequency reference needs an accurate means of temperature
compensation. This is because of the temperature dependence of D. Contrary
to the multi-point temperature trims used in some silicon-based frequency
references, the temperature compensation of a TD frequency reference
should only require a single room-temperature trim to compensate for
lithographic errors. This is crucial in reducing the extra costs associated with
the test time.

The performance metrics of interest in this work are process and
temperature spread and the achievable levels of output jitter. Since this
method has not been explored yet, there are no specific performance targets
for the, to be developed TD frequency references. From a purely scientific
exploration point of view, design methodologies can be devised with the aim
of discovering the limits of performance, which should then be confirmed by
experimental results. This thesis thus describes a pioneering effort that aims
to determine the possibilities and limitations of the proposed method. It
represents the first steps in the evolutionary path of thermal-diffusivity based
frequency references.

1.5 Challenges

The design and implementation of a thermal-diffusivity-based (TD)
frequency reference involves several challenges at both the system and
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circuit levels. These mainly involve accuracy and noise related trade offs. As
mentioned earlier, the expected tolerance of an electrothermal filter (ETF) is
about 0.1%, which should not be altered by its interface circuitry. This
means that the frequency-locked loop (FLL) in which the ETF is embedded
should be able to excite it and readout its output signal accurately. The phase
information contained in this signal needs to be processed with accuracies in
the order of tens of milli-degrees. Precision analog circuit design techniques
then need to be applied in order to suppress extra error sources such as
excess electrical phase shift and residual offsets.

The simplified FLL shown in Figure 1.7 is based on the proposal in
[1.23]. This loop involves an analog integrator that determines the loop's
narrow noise-bandwidth and suppresses the ripple associated with the
synchronous phase detector used to readout the ETF phase. To achieve this,
an external 1UF capacitor was used in [1.23]. The elimination of this external
component is a major system-level challenge. To achieve this, a new
digitally-assisted FLL is proposed in this work. The narrow bandwidth is
achieved through a digital loop filter whose inclusion in the loop, however,
requires the addition of analog-to-digital and digital-to-analog conversions.

Without temperature compensation, an electrothermal FLL exhibits a
temperature dependence in the order of 3000 ppm/°C (at room temperature).
To guarantee 0.1% frequency accuracy, a temperature compensation scheme
with a state-of-the-art inaccuracy of about 0.1°C is required. This has, so far,
been achieved only by band-gap temperature sensors, which are based on the
temperature dependence of bipolar transistors [1.26]. Therefore, an on-chip
band-gap temperature sensor combined with a delta sigma data converter
was used to measure the temperature of the die. This could then be injected
into the digitally-assisted FLL through a digital mapping scheme in order to
compensate the TD frequency reference.

The design of a TD frequency reference involves trade-offs between
accuracy, output frequency and jitter performance. An ETF’s geometry
determines its thermal delay. The smaller the geometry, the smaller the delay
and hence the higher the output frequency of the reference can be. On the
other hand, the accuracy of an ETF’s phase shift determines the accuracy of
the output frequency. Since this is, to first order, determined by lithographic
error, reducing the geometry increases its effect. This means that the ETF’s
dimensions have to be increased in order to improve its intrinsic accuracy.
However, silicon is a good conductor of heat, and so increasing these
dimensions reduces its output signal. The lower the signal, the more will be
the effect of the ETF’s wideband thermal noise on the FLL’s jitter. Therefore,
there are trade-offs among the accuracy, output frequency and jitter of a TD
frequency reference.
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1.6 Thesis Organization

This thesis describes an alternative method of on-chip frequency
generation based on the thermal diffusivity of silicon. Apart from this
introductory chapter, the second chapter provides a literature study on state-
of-the-art silicon-based frequency references. For each approach, a brief
introduction to the history, principles of operation, state-of-the-art
realizations, performance measures, and the associated possibilities and
limitations will be provided. The study covers silicon MEMS resonator
based oscillators, as well as LC, RC, relaxation, ring, and electron-mobility-
based frequency references.

Chapter 3 provides an overview of the concept of on-chip frequency
generation based on the thermal properties of silicon. The thermal-diffusivity
of silicon, D, will be introduced. It will be shown how an electrothermal
filter (ETF) can harness this physical property. ETFs in standard CMOS and
their design parameters will be described. An overview of the earlier thermal
oscillators and their limitations will be provided. Furthermore, an
electrothermal frequency-locked loop (FLL) will be introduced as a system
level solution to the drawbacks of early thermal oscillators. It will be shown
why an FLL is a suitable foundation for building a thermal-diffusivity-based
(TD) frequency reference. The dynamics of the FLL as well as the effect of
the ETF thermal noise on its output jitter will be analyzed. Also, the earlier
generations of CMOS FLLs and the challenges associated with their
integration will be reviewed. This motivates the need for the realization of an
alternative FLL.

Chapter 4 describes a new architecture for electrothermal FLLs, which
is more suitable for CMOS integration. The proposed digitally-assisted FLL
(DAFLL) achieves the required narrow noise bandwidth by means of a
digital loop filter. The proposed system-level architecture of the loop will be
introduced. Furthermore, the design, implementation and characterization of
the DAFLL will be covered. This includes a phase digitizer in the form of a
phase-domain AX modulator (PDAXM) and a digitally-controlled oscillator
(DCO). The design and characterization of these blocks will be described in
the framework of two test chips.

Chapter 5 describes the complete implementation of the first TD
frequency reference in a 0.7um standard CMOS process. This includes the
addition of temperature compensation to the DAFLL described earlier with
the help of an on-chip band-gap temperature sensor. As a result, the
reference produces an output frequency of 1.6MHz and is stable to £0.1%
over the military temperature range (-55°C to 125°C). The system-level
considerations of the temperature compensation scheme are presented. Then
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the system and circuit level design of the band-gap temperature sensor will
be described in detail. Finally, the characterization results on a test chip
including the complete TD frequency reference will be provided.

Chapter 6 describes the design and implementation of a scaled TD
frequency reference in a 0.16um standard CMOS process. The aim of this
implementation is to demonstrate the feasibility of TD frequency references
in modern CMOS process, as well as to demonstrate that such references can
benefit from technology scaling. For a given accuracy, the improvements
achieved by scaling include less jitter, greater output frequency, and less
power consumption and chip area. The scaling strategy starting from the
ETF and extending to the analog circuit design will be described. The system
and circuit design as well as the experimental results on a test chip
implemented in a 0.16um CMOS process will be provided. The scaled
reference dissipates 2.1mW from a 1.8V supply (3.7x reduction compared to
the previous generation), generates a 16MHz output frequency (10x higher),
and is stable to +0.1% over the military temperature range. Its 45ps rms
period jitter is 7x lower and its area is 12x smaller than the previous
implementation.

In chapter 7, the main conclusions of the thesis are summarized.
Furthermore, possible future work on TD frequency references will be
described.
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2 Silicon-Based Frequency
References

This chapter provides an overview of silicon-based frequency references.
Reduction of size and cost as well as increased reliability have been the main
motivations for the realization of on-chip frequency references. However,
the main limitation of such references is the effect of process, voltage, and
temperature variations (PVT) on their output frequency. This chapter
reviews various state-of-the-art implementations of silicon-based frequency
references described in the open literature or available as products on the
market. Its aim is to provide an overview of the pros and cons of the chosen
approaches in order to build a comparison chart. Such an overview should
help the reader to compare the approach described in this thesis, the
realization of thermal-diffusivity-based (TD) frequency references, with the
other available solutions.

2.1 Introduction

The stability of a frequency reference is a measure of the amount of
variation in its output frequency as a function of environmental parameters.
These include temperature, supply voltage, process tolerances, noise, etc. It
should be noted that the terms stability and accuracy will be used
interchangeably throughout this thesis. This is because they both refer to the
same concept as far as the level of variations in the nominal oscillation
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frequency of an oscillator is concerned. If this nominal value is equal to f,
then its level of stability (accuracy) is measured either in parts per million
(ppm) or in percent [2.1]-[2.4]. If the absolute value of the deviation in the
output frequency is Af, then the error can be calculated as:

Af o Af e
oy (V0)=——-10" or f, _(ppm)=——-10". (2.1)
S ror (70) F; (ppm) F;

0 0

Various electronic systems require different levels of accuracy for their
frequency reference. For instance, in some microcontroller application
references stable from 0.01% (100ppm) to 1% (10000ppm) [2.5] might be
required, while a wire-line data link such as USB 2.0 needs 500ppm of clock
accuracy [2.6]. Wireless communication channels require tighter accuracies.
For instance a cell-phone handset application might need frequencies stable
to 2.5ppm [2.7], while a GPS receiver or a mobile base-station system might
require sub-ppm accuracies [2.3][2.7].

For decades, crystal oscillators have been the only means of producing
stable frequencies. Considering their low temperature dependency, relatively
low cost and small form factor, as well as their wide commercial availability,
they have a dominant share of the frequency control market (more than 90%,
equivalent to more than 4.5 billion dollars) [2.3]. Quartz crystal oscillators
are available with various levels of accuracy. The non-compensated (XO)
and voltage compensated (VCXO) oscillators achieve stabilities in the range
of 20 to 100ppm. When they are temperature compensated (TCXO), their
accuracy is in the 0.1 to Sppm range. Oven controlled (OCXO) oscillators
achieve very high stabilities: in the order of 1ppb (part per billion) [2.3].

Apart from their high levels of accuracy, quartz crystal oscillators also
have some drawbacks. The first of them is the space they occupy on printed
circuit boards, especially when a number of frequency sources are required
within one system. Another important disadvantage is their sensitivity to
mechanical shock and vibration. This mainly affects the quartz crystal,
which is in fact an electro-mechanical part [2.3]. Compared to electronic
circuits, whose functionality is due to the movement of electrons, the crystal
vibrates at the frequency of oscillation. This means that any physical motion
of the crystal will change its frequency [2.3].

The abovementioned limitations have driven the search for integrated
frequency references that can achieve the same level of stability as quartz
crystal oscillators. Such references will be manufactured in silicon, which is
why they are also referred to as silicon-based frequency references [2.8].

As early as 1967, the first steps towards frequency generation by means
of MEMS (micro-machined silicon) structures were taken [2.9]. Around
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1968, the concept of a self-referenced silicon frequency reference was
illustrated with a temperature-compensated Wien-bridge RC oscillator. Later,
various types of electrical oscillators such as RC, relaxation, ring, and LC
oscillators have been proposed. Among these methods, MEMS-based and
LC-based oscillators have been commercialized and currently achieve
performance levels that can compete with crystal oscillators. In this chapter,
an overview of these methods of silicon-based frequency generation will be
described. State-of-the-art references will be studied in regard to their
system-level architecture, their achieved level of accuracy, as well as an
overview of their potential applications.

Since this thesis is about CMOS compatible frequency references,
crystal oscillators will not be further discussed. Furthermore, MEMS-based
oscillators, which are not truly standard CMOS compatible, will only be
briefly introduced in the next section. The chapter progresses with a more
detailed overview of CMOS-based LC, RC, relaxation, and ring oscillators.
Furthermore, a new class of ultra-low-power frequency references based on
the electron mobility of MOS transistors will be introduced. Finally, a
comparison between these methods will be provided allowing for
categorization of the various methods regarding crucial performance aspects
such as frequency stability and power consumption.

2.2 Silicon MEMS Based Oscillators

Quartz crystal resonators are excited at their resonance frequency by an
electrical oscillator circuit. Their operation depends on the piezoelectric
properties of a material that can not be integrated in IC technology: quartz.
Over the years, a lot of research has been done on the development of silicon
MEMS (Micro Electro Mechanical Systems) based resonators with the aim
of replacing quartz crystals. MEMS technology involves many of the
processes used by the integrated circuit technology such as lithography,
deposition, etching, etc [2.10]. This technology has been applied in sensors
such as accelerometers, gyroscopes, microphones, etc.

MEMS resonators are micro-machined structures that can vibrate at
their resonance frequency if an external excitation is applied to them. The
resonance property of such structures was first researched in 1967, when a
resonant gate transistor was presented as a micro-machined integrated
frequency reference [2.11]. This excitation can be of the electrostatic,
piezoelectric or electromagnetic type [2.12][2.13]. The Quality factor of a
resonator determines the stability of the frequency reference that is built
around it. It is the ratio of its peak resonance frequency to the width of the
peak. A MEMS resonator’s shape and geometry determines this factor,
which is typically between 50,000 to 300,000, a range that is comparable to
quartz crystal oscillators [2.12][2.13].
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MEMS resonators have faced many challenges in delivering a cost
effective and reliable solution that could compete commercially with quartz
crystals. The major challenges included packaging, vibration and shock
sensitivity, temperature drift and long term stability [2.14]. In recent years
various commercial products have been introduced by two start-up
companies: Discera and SiTime. Discera was established in 2001 based on
research on MEMS resonators funded by DARPA, while SiTime started in
2004 based on IP licensed through Bosch [2.3]. Today, MEMS-based
frequency references produced by these companies are more compact than
their quartz competitors and are more cost effective due to the mass
production allowed by the use of IC technology. However, their level of
jitter (phase noise) is not (yet) low enough for cell-phone applications.

Because of the special processing required by MEMS technology, a
MEMS resonator has to be manufactured on a separate die from the die that
holds the electronic circuitry exciting and controlling it [2.12][2.13][2.14].
Furthermore, the mass of a MEMS resonator is small, being on the order of
10" kg to 10" kg, which means that its resonance frequency and quality
factor will be affected by any gas molecules surrounding it [2.15]. This
means that silicon MEMS resonators should preferably be operated in
vacuum, which is the reason why they have been fabricated within silicon
cavities [2.12][2.13][2.14].
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Figure 2.1. Simplified block diagram of a silicon MEMS based oscillator.
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Another challenge in making MEMS-based oscillators is the
temperature dependence of MEMS resonators. This is due to the temperature
coefficient of the Young’s modulus of silicon [2.3][2.12][2.13]. This is in the
order of 20 to 40ppm/°C, which is larger than that of quartz and necessitates
a means for the temperature compensation of such oscillators. There have
been various structural techniques proposed to reduce or correct for the
MEMS resonator’s temperature coefficient. These include the combination
of materials with positive and negative thermal stiffness coefficients or the
application of an electric field to control the resonator’s stiffness [2.16]. The
approach that has been ultimately used in commercial products is to correct
the temperature dependence of the oscillator through a fractional frequency
synthesizer and a temperature sensor [2.17]. This technique will be described
later.

An encapsulated silicon MEMS resonator needs to be attached to an
anchor on a substrate [2.14]. Figure 2.1, shows a conceptual and simplified
drawing of a MEMS resonator [2.18]. Folded suspending beams are
anchored to the silicon substrate at two anchor points. The suspending beams
are connected to the sides of comb transducer structures. The resonator
structure is biased with a DC bias source. The output transducer experiences
a change in capacitance due to the movement of the suspending beam with
reference to the fixed electrodes. This causes an electrical signal, i,, which is
fed to an electronic circuit that produces an excitation signal v,, which is
then applied to the input transducer. This signal will electro-statically actuate
the resonator. The structure vibrates at its resonance frequency (typically in
the hundreds of kHz to MHz range), which is the same frequency at which it
is excited electrically. The required electrical signal is in fact the output
signal of the oscillator.

The MEMS frequency references produced by SiTime consist of a
resonator element, which is wire bonded to a CMOS die that includes a
sustaining circuitry, a high-resolution fractional-N frequency synthesizer
[2.19], a temperature sensor and digital circuitry [2.12][2.13][2.14][2.17]. A
simplified block diagram of this system [2.17] is shown in Figure 2.2. The
MEMS resonator vibrates at SMHz, which is the same frequency as that of
the sustaining circuitry. This SMHz signal is provided to the fractional-N
synthesizer, which outputs a higher frequency: in the range of 750MHz to
900MHz [2.17]. This frequency can be adjusted with sub-ppm resolution
over a 10% tuning range. A programmable output frequency can then be
produced by dividing the output of the synthesizer. The advantage of this
approach is that the same MEMS resonator can be used to provide different
output frequencies. This means that the output frequency can be easily
programmed into the device depending on the application.
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The temperature dependence of the MEMS resonator is compensated by
measuring the temperature of the CMOS die with an embedded temperature
sensor. The temperature information is digitally processed through a
compensation polynomial whose coefficients are stored in a non-volatile
memory. The frequency reference achieves a part to part frequency stability
of about 10ppm from -40°C to 85°C [2.17]. In this approach, the jitter
performance of the output frequency is determined by the frequency
synthesizer (that is in principle a PLL). For better jitter performance, low
noise and high quality factor oscillators such as LC based resonance circuits
have been combined with optimized PLLs as well as power supply
regulation techniques [2.13][2.17].

One of the concerns regarding MEMS oscillators has been about their
reliability in comparison to the mature quartz crystal rival. Since a MEMS
resonator is a mechanical device that vibrates at millions of cycles per
second, aging is one of these reliability concerns. Reliability tests published
by Discera, show sub-ppm shifts in the first year of operation of such
devices [2.20]. Furthermore, due to their very small dimensions (micro-
meter range) and very small weight, MEMS resonators have better shock
resistance than quartz crystals [2.20]. Further reliability tests such as
vibration resistance, sensitivity to packaging vacuum, thermal cycling and
high temperature storage life have been reported in [2.20], showing that
MEMS frequency references can compete with crystal oscillators.
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Figure 2.2. Simplified block-diagram of a silicon MEMS oscillator, including
a MEMS resonator, a fractional-N synthesizer and a temperature
compensation scheme.

22 Thermal-Diffusivity-Based Frequency References in Standard CMOS



LC Oscillators

Most commercial MEMS frequency references are manufactured by
SiTime [2.21] and Discera [2.22]. SiTime’s high performance oscillators
include the SiT8208, SiT8102 and SiT9102 in standard six-pin packages
(5.0x3.2 mm?), which are smaller than those currently used for quartz
crystals [2.13]. SiTime also introduced very thin SiT8003 oscillators with
0.25mm thick packages, mainly intended for SIM card, camera, and cell
phone applications. SiTime’s range of products cover output frequency
stabilities from sub-ppm to 50ppm over the commercial and industrial
temperature range (-40°C to 85°C). The high performance SiT8208 and
SiT8209 products have sub-ps output jitter [2.23].

Discera’s MEMS frequency references use the same technique of
combining a MEMS resonator with a PLL [2.22]. Their range of stability is
about 50ppm, at supply voltages of 1.8V to 3.3V, output frequencies of
IMHz to 150MHz and supply currents in the order of 3mA. They are
available in standard packages that can be placed in crystal oscillator
footprints. Their intended applications are in: mobile applications, consumer
electronics, portable electronics, CCD clocks for cameras, etc.

So far, the commercially introduced MEMS frequency references show
that sub-ppm frequency stabilities and programmable output frequencies are
feasible. Furthermore, their small footprints make it possible to replace
standard crystals with MEMS-based devices. However, they still have a few
drawbacks. Their jitter performance is determined by their fractional-N
synthesizer and by the temperature compensation scheme. Also, the special
processing required for the MEMS resonator makes single die integration of
these devices difficult. This means that the integration of such frequency
references as an IP block in a system-on-chip will usually result in a two-
chip solution.

2.3 LC Oscillators

Another class of commercially available frequency references are the
LC oscillators [2.24]. Such oscillators operate at the resonance frequency of
an LC tank [2.25] and have been widely used in VCO’s that produce RF
range of frequencies [2.26]. These VCO’s have been normally embedded
into phase-locked loops (PLLs), with the aim of frequency synthesis from an
external reference source. In order to function as a self-referenced frequency
source, an LC oscillator needs to be free-running. In this case, special
attention needs to be paid to its output frequency stability as a function of
process, temperature and voltage variations. An LC oscillator is based on
passive elements such as inductors and capacitors as well as active elements,
1.e. transistors. Therefore, such an oscillator can be made in a standard
CMOS process.
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Loss elements

Figure 2.3. Simplified block diagram of an LC oscillator including the LC
elements as well as their equivalent losses.

The first steps towards commercializing self-referenced LC oscillators
were taken at Mobius Microsystems, a fab-less company founded in 2004
with the aim of developing all-silicon frequency sources that replace quartz
crystal oscillators. The goal of Mobius Microsystems was to produce a
monolithic free running RF LC oscillator that did not require the frequency
synthesizers used in MEMS frequency references. This was to avoid the
effect of multiplication on the output frequency jitter. These efforts resulted
in oscillators with output frequency ranges from 12MHz to 25MHz and with
initial target applications such as wire-line data communication, e.g. USB
[2.27]-[2.32]. These solutions achieved output frequency stabilities in the
order of 100ppm with period jitters in the order of 3 to 6ps (rms). In 2010,
Mobius Microsystems was acquired by IDT, who has subsequently
introduced LC oscillator based frequency reference to the market [2.24].

A simplified block diagram of an LC oscillator is shown in Figure 2.3. It
includes an LC tank with inductor and capacitor values of L and C,
respectively, each with their equivalent finite losses, Ry and R¢ [2.31]. It also
has a sustaining transconductor amplifier g, (cross-coupled pairs) that
compensates for the loss in the tank. The oscillation frequency is then [2.31]:

2
W= L L CR; . (2.2)
LC\L-C-R;

An LC oscillator based on the resonant tank shown in Figure 2.3, not
only suffers from frequency deviation due to the losses, but also due to
variations in the absolute values of the passive elements due to process and
temperature. The absolute values of integrated inductances have negligible
temperature coefficient [2.31][2.34], however, the temperature dependence
of their equivalent loss resistance, Ry, is determined by the material from
which the inductor is made. Since Ry is usually larger than R¢, the former’s
temperature dependence will be dominant. Furthermore, the capacitance will
be affected by the fringing capacitors due to interconnect and parasitic
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capacitances of the transconductor gm. The latter capacitance then has
considerable temperature and bias dependence [2.31]. In principle, the
temperature dependence of the output frequency of an LC oscillator shows a
concave negative temperature coefficient, whose sensitivity increases at high
temperatures [2.31].

The output frequency of an LC oscillator can also be affected if
conducting materials are in its vicinity, since the field lines of the inductor
will be affected by changes in the permeability or due to eddy currents
[2.31][2.32]. To overcome this problem, the solution proposed by IDT [2.32]
is to build a Faraday shield around the die in order to maintain the fringing
field lines and avoid disturbances. This is done by depositing a thick
dielectric layer on the die of the LC oscillator chip, and electroplating
several microns of Cupper on top of that. The back side of the device is also
shielded by means of an Aluminum layer [2.32].

A simplified circuit block diagram of the LC based oscillator used in the
core of the frequency reference initially proposed by Mobius Microsystems
and later turned into a product by IDT is shown in Figure 2.4 [2.32]. In the
initial publication [2.28] the resonance frequency was 1GHz, which was
later increased to 3GHz [2.32] to increase the quality factor of the inductor.
The LC oscillator consists of a cross-coupled negative transconductance
amplifier with PMOS biasing transistors for low 1/f noise operation. An
array of thin film programmable capacitors Crr[X:0] connected through the
corresponding switches TR[X:0] are used to trim the output frequency. A set
of thin film capacitors Crc[Y:0] and series resistors Rrc[Y:0] can be
connected through switches TC[Y:0], which are used to introduce a loss to
the capacitive network. The type of RC network is chosen such that its
temperature dependence works against that of the inductor’s loss resistance
to minimize the nonlinearity in the temperature coefficient of the oscillator
[2.32]. The frequency reference includes a low drop-out regulator (LDO) to
reduce the effect of power supply fluctuations, as well as a programmable
divider allowing for programmable output frequency.

The LC oscillator introduced in [2.25] (0.35um CMOS) had an output
frequency of 12MHz and a supply current of 9.5mA. It achieved a stability
of about 400ppm from -10°C to 85°C and a period jitter of <10ps (rms). The
work in [2.28] (0.25um CMOS) achieved a frequency stability of 90ppm
(shown for one device) from 0°C to 70°C. This work used an active
temperature compensation scheme and dissipated about 15mA. Its output
jitter was <7ps (rms). A major modification to these devices, towards
reduction of their power consumption, was the change in their temperature
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Figure 2.4. Simplified circuit diagram of the LC oscillator and the trimming
and temperature compensation networks.

compensation schemes. This initially included an active temperature
compensation block including a PTAT generator and varactors in the
LC tank, which were attached to a temperature dependent control voltage
[2.29][2.30][2.31]. Later, this was changed to the passive temperature
compensation scheme described in Figure 2.4 [2.32]. As a result the supply
current was reduced from 15mA in [2.28] to less than 2mA in [2.24][2.32].
The frequency stability of these oscillators was about 300ppm from 0°C to
70°C with a period jitter of 3.5ps (rms). The recent product published by
IDT [2.33] combines the previous active and passive temperature
compensation schemes, adds an improved Faraday shield to solve the
problem of interfering fields with the oscillator’s resonance, and a two-point
temperature trim to achieve a stability of <50ppm from -20°C to 70°C and a
sub-ps jitter level. Apart from the products introduced by IDT, the Si500 LC
oscillators have been introduced by Silicon Labs [2.35]. These are capable of
producing frequencies programmable from 0.9MHz to 200MHz and are
realized in a 0.13um CMOS. They draw 8mA from a 1.8V supply and are
operational from 0°C to 70°C with stabilities in the order of 150ppm.

Considering the number of temperature and process dependent variables
in LC oscillators and the probable lack of correlation between these
parameters, a single-point temperature trim is not sufficient for these devices.
However, multiple point trims add to the production costs. Furthermore, LC
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oscillators have rather narrow temperature ranges, in the order of -20°C to
70°C, limiting their application operating over wide temperature ranges.

2.4 RC Harmonic Oscillators

The next class of oscillator reviewed here is the RC harmonic oscillator.
This type of oscillator uses resistors and capacitors to form an RC network,
which functions as a frequency selection circuit, and which can be combined
with an amplifier to realize a linear oscillator with a sinusoidal output signal
[2.36]. The output frequency of RC oscillators will be affected by variations
in the absolute value of on-chip resistors and capacitors as well as their
temperature dependence [2.37][2.38][2.39]. These variations can be in the
order of tens of percent. By means of trimming and temperature
compensation the stability of RC oscillators reaches about 1% [2.40].
Despite their lower accuracy, compared to the LC oscillators, RC oscillators
are suitable for low frequency (hundreds of kHz to a few MHz) as well as
low power (tens of micro-Watts) applications [2.40]-[2.43].

A well known type of harmonic RC oscillator is the Wien-bridge
oscillator. This is based on an electrical network proposed by Max Wien in
1891 [2.40][2.44]. As shown in Figure 2.5, it includes two resistors and
capacitors. The complete oscillator can be seen as a positive feedback
amplifier with a band-pass network in its feedback path. In 1939, William
Hewlett, a co-founder of Hewlett-Packard Company (HP), designed a Wien-
bridge oscillator while an MSc student at Stanford University. This later led
to HP200A, one of the first products of HP [2.45][2.46], which was a low
distortion oscillator for audio applications.

Wienbridge RC
Amplifier

Res2 %’ Res1

Figure 2.5. Simplified circuit diagram of a Wienbridge harmonic RC oscillator.
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A remarkable point regarding the HP200A was its use of an
incandescent bulb as a positive temperature coefficient thermistor in the
oscillator’s feedback path (Rgg,). This was for amplitude regulation. Without
this, the output signal of the oscillator increases until it clips at the supply
rails, thus creating harmonic distortion. The use of the bulb in the feedback
path means that amplitude growth causes current increase, which heats the
bulb, increasing its resistance and causing the current to decrease.

The Wien-bridge harmonic RC oscillator shown in Figure 2.5 oscillates
when the amplifier has a gain of 3 [2.40]. This gain is set by means of the
resistive feedback network around the amplifier. At a gain of 3, the circuit
will oscillate at:

1
" 27RC

Sose (2.3)

with R and C being the values of the elements in the passive feedback
network. The network has a quality factor Q = 1/3 [2.40]. To first order, the
process and temperature stability of this frequency are determined only by
that of the passive R and C elements. In the implementation reported in
[2.40], metal-insulator-metal (MiM) types of capacitors have been used,
whose temperature dependence is reported to be negligible. In addition,
positive temperature coefficient N-poly resistors were combined with
negative temperature coefficient P-poly resistors, leading to a residual
temperature coefficient of 36ppm/°C. The remaining source of spread is the

T

: :

YO fin Lo oL ok OF
e L5 =
r =L

Rdeg % i Rdeg

Figure 2.6. More detailed circuit diagram of a Wienbridge RC oscillator.
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variation in the absolute values of these elements, which can be up to 10%,
requiring a process trim to be applied to the oscillator.

Other non-idealities contributing to the inaccuracy of the output
frequency are related to the finite gain, output impedance and the phase shift
introduced by the amplifier. In order to mitigate their effects, the fully
differential and modified Wien-bridge oscillator circuit shown in Figure 2.6
has been proposed [2.40][2.41]. Transistor 7; forms the amplifier, which is
degenerated by R4, and cascoded by gain-boosted cascode transistors 7, and
T; (gain-boosters not shown), and biased with extra current-bleeding sources
I,. Resistor degeneration has been used to guarantee that the amplifier’s gain
of 3 is defined by the ratio R / Rue To enhance the degeneration by
maximizing the transconductance of 7; and without sacrificing output
impedance, current bleeding has been applied. The gain-boosted cascode
transistors further increase the output impedance such that it does not
interfere with the Wienbridge network’s transfer function. To minimize
excess phase shift, the cascode transistors are minimum size devices.

The harmonic Wienbridge RC oscillator of [2.40] was implemented in a
65nm CMOS process and dissipates S5U1A from a 1.2V supply. With R =
50kQ, and C = 530fF, it oscillates at about 6MHz. Its measured absolute
accuracy (for six devices characterized from 0°C to 120°C) is reported to be
0.9%, with a temperature coefficient of about 86ppm/°C.

Another Wien-bridge oscillator based on [2.40] was proposed in [2.43],
where the RC oscillator circuit is combined with a low drop out voltage
regulator in order to achieve a supply dependency of 104ppm/V. The
proposed circuit oscillates at 24MHz and was implemented in 0.13pum
CMOS. It operates from a supply voltage range of 0.4V to 1.4V and
dissipates 37uA. No measurement results were reported on its performance
over temperature.

2.5 RC Relaxation Oscillators

Another type of RC-based oscillator is the relaxation oscillator. This
produces a digital (square-wave) output signal [2.47]. Its output frequency
can range from hundreds of kHz to a few tens of MHz. In this case, the
period of oscillation is proportional to a time constant, determined by a
reference voltage a bias current /.., and a capacitor C (see Figure 2.7). Since
the bias current typically involves a resistance (e.g. by forcing a band-gap
reference voltage across a resistor), they are also recognized as RC
oscillators.
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Figure 2.7. A relaxation oscillator and its waveforms.

CMOS compatibility and very low power operation are some of the
major advantages of relaxation oscillators. These characteristics make them
suitable for battery powered applications such as the wake-up timers in
implantable biomedical systems [2.48]-[2.50]. However, one of their main
drawbacks is the dependence of their output frequency on process and
temperature variations [2.48][2.49]. This is mainly limited to about 20% by
the tolerance and temperature dependence of conventional on-chip resistors
and capacitors. By means of temperature compensation and trimming,
stabilities of 2% have been achieved [2.49][2.50], which is sufficient for the
previously mentioned applications.

One of the possible realizations of a relaxation oscillator is shown in
Figure 2.7. This circuit includes a current and a voltage reference, two
capacitors and comparators as well as a set-reset (SR) latch. Its operation
involves charging capacitors C; and C; to Vpp and then discharging them to
V.sby means of 7., (see the waveforms in Figure 2.7). The Schmitt trigger
comparators compare the capacitor voltages with V,.rand change the state of
the SR latch, which, in turn, changes the charge and discharge order of the
capacitors [2.50]. The oscillation frequency is determined by:
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1y, =T, =< [2:(Von V)| (2.4)

2-1,

The flicker (1/f) noise of the current reference /.., as well as the input
referred noise of the comparators both contribute to the output jitter.
Furthermore, the input referred offset and the process and temperature
dependent delay of the comparators will influence the oscillator’s accuracy.
Various solutions to these issues have been addressed in [2.50] — [2.53].

The designs described in [2.48][2.49] are based on the circuit shown in
Figure 2.7. The reference current and voltage are based on a band-gap
reference generator and an 8-bit digital trim can be applied to the oscillator.
Without trimming, the reported accuracy of the 12MHz output frequency is
about +25%, which after trimming (single point) remains stable to 5% over
supply variations and a temperature range of -40°C to 125°C. A reported
realization [2.48] in 0.5um CMOS dissipates about 3uW and its output jitter
is in the order of 0.1%. The realization in [2.49] improves on [2.48] by
reducing the inaccuracy to +2.5% under the same conditions, which is
achieved by correcting for the residual temperature coefficient of the
oscillator after the trimming.

The relaxation oscillator presented in [2.50] is intended for low power
biomedical applications. The oscillator is implemented in a 0.13um CMOS
process, and produces an output frequency of 3.2MHz. It dissipates 38.4uW
from a 1.5V supply. The oscillator is also based on the topology shown in
Figure 2.7, with the application of an auto-zeroing mechanism [2.51] to the
oscillator’s comparators. This reduces their offset and flicker noise, which
improves the oscillator's accuracy and reduces its output jitter, respectively.
An 8-bit digital trim of the reference current of the oscillator has a 0.3%
resolution. The reported variation in the output frequency over a temperature
range of 20°C to 60°C is £0.25% (the number of samples contributing to this
figure has not been reported). The oscillator’s cycle-to-cycle jitter is 524ps
(rms) without the application of auto-zeroing, which drops to 455ps (rms)
when the comparators are auto-zeroed.

A voltage-controlled-oscillator (VCO) based on a relaxation oscillator is
presented in [2.52], with the aim of achieving improved control linearity and
jitter performance. An alternative Schmitt trigger circuit is introduced as the
oscillator’s comparator. The oscillator dissipates 360lLA and has a jitter of
65ppm (rms) at an oscillation frequency of 1.5MHz. Its control linearity is
affected by the comparator delay, which needs to be minimized compared to
the period of oscillation. This could be solved by increasing the comparator
bandwidth at the cost of increased noise and jitter [2.52]. However in [2.52],
the direction of the capacitor’s charging current is changed gradually rather
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than instantaneously. The accuracy of this oscillator was not reported in
[2.52].

The 12.5MHz relaxation oscillator described in [2.53] was implemented
in a 65nm CMOS process and had a current consumption of 70uA ata 1.2V
supply. This work focuses on the reduction of comparator noise to reduce the
total oscillator’s phase noise and jitter. Subtraction of charge by a switched
capacitor circuitry filters the comparator noise, which then allows its power
consumption to be significantly reduced. The measured phase noise of this
oscillator is -82dBm at an offset frequency of 100kHz. There is no
characterization of the temperature stability of this oscillator reported in the
corresponding publication.

As described earlier, one of the variables contributing to the output
frequency variation of a relaxation oscillator is the delay of its comparator.
This is the time it takes the comparator to change the state of the latch after
the capacitor voltage reaches Vs (see Figure 2.7). This delay forms part of
the oscillation period, and increases its spread as a function of PVT. This
delay can be minimized in comparison to the oscillation period, but at the
cost of excess power consumption. The work in [2.54] proposes a voltage-
averaging feedback loop that makes the oscillation period insensitive to the
comparator delay.

The voltage-averaging feedback topology [2.54] is shown in Figure 2.8.
The core of the oscillator can be seen to be a relaxation oscillator with two
comparators and a control voltage V., which is tuned by the voltage
averaging feedback circuitry. The two internal voltages V,,; and V. (see
Figure 2.9) are alternately applied to the active filter in the voltage averaging
feedback circuitry. The active filter made of resistor R;, capacitor C; and an
opamp ensures that at all conditions the DC value of ¥, is equal to V.. This
means that these two voltages are virtually shorted in a low-frequency
bandwidth determined by R;-C; (about 160 kHz with R; = IMQ and C;=1pF).
Assuming an ideal opamp in the feedback circuit and considering that the
main oscillator capacitor C is being charged to ¥, through a resistor R (R;
>> R) the waveforms shown in Figure 2.9 can be modeled as:

Vpra ) =V, (1= . (2.5)

Due to the voltage averaging feedback, the DC value of V., needs to be
equal to V. in half of an oscillation period (7):
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Vosc

Figure 2.8. 4 relaxation oscillator with voltage averaging feedback.

1 T
;fVoscl,z(t)dt =V, (2.6)
0

As shown by Figure 2.8, the reference voltage V., is made by a resistive

divider from Vy; with a division factor ot = V,/ V.. Therefore, (2.6) results in
[2.54]:

%zl—e‘mc . 2.7)

Which means that the oscillation period is ideally only defined by R, C and
o. Therefore, variations in comparator delay will have no effect on the
oscillation period, because the voltage averaging feedback loop controls V¢
to keep the frequency constant. Furthermore, (2.7) shows that the
dependence of oscillation period on supply voltage is cancelled. Finally, the
low-pass nature of the voltage averaging network (active integrator in the
feedback) means that the low frequency (flicker) noise referred to the input

of the relaxation oscillator will be high-pass filtered, which results in a
reduction of the output jitter [2.54].
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Figure 2.9. Waveforms of the voltage averaging relaxation oscillator.

The oscillator presented in [2.54] has been implemented in a 0.18um
standard CMOS process, and dissipates 25UA from a 1.8V supply. The
reported accuracy of the oscillator’s 14MHz output frequency is +0.19%
(result of a single device) from -40°C to 125°C, while its cycle-to-cycle
jitter is 30ps (rms).

2.6  Ring Oscillators

Ring oscillators are widely used as voltage-controlled oscillators in jitter
sensitive applications such as phase-locked loops and clock recovery circuits.
This is due to the high frequencies that they can achieve (high speed digital
inverters provide small propagation delays) and their relatively simple
integration [2.63]. Ring oscillators are widely realized in CMOS process as a
ring of cascaded inverter stages [2.55]. The number of inverters needs to be
odd and the output of the last stage has to be fed back to the input of the first
stage (see Figure 2.10). For an odd number of stages, the output of the last
stage is the inverse of the input of the first stage. Due to the propagation
delay caused by the stages in the loop, the output of the last stage is ready
with a time delay after the input to the first stage is asserted, which causes
the input to the first stage to toggle and thus the oscillation to propagate in
the ring. A half period of oscillation will be equal to the number of inverter
stages times the delay of each stage.

The inverter stages could also be made by means of analog delay stages
such as the ones published in [2.56][2.57] and shown in Figure 2.11. This
fully differential delay stage is made of a differential pair and a symmetrical
load. The time delay introduced by this stage is approximated by [2.58]:
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AU
d = 7 :
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2.8)

Where C) is the total capacitance at the output of the stage, /.. is the bias
current of the circuit and V- V; is the output voltage swing, determined by
Vier and Vergy [2.56]. The ring oscillator proposed in [2.56] is made of a
cascade of three delay stages (see Figure 2.11). To vary the time delay ¢,
and thus the output frequency, the control voltage V7, can be modified.

In a ring oscillator, the delays of the stages vary as a function of PVT.
For instance the supply voltage variations affect the voltage domain
parameters in (2.8), while the temperature dependence of MOS transistors
and passive components affects the reference currents and voltages. In order
to reduce these effects, two main approaches can be found in literature. The
first approach takes free running and open-loop ring oscillators and
compensates the effect of temperature and process variations on the various
voltage and current references used in the oscillator. The second approach
embeds a voltage/current controlled ring oscillator in a feedback loop. In this
approach, feedback locks the output frequency of the ring oscillator to the
time constant produced by a temperature compensated resistor and capacitor
network. When combined with supply regulation, the closed-loop oscillator
will be PVT compensated.

2.6.1 Open-Loop Compensation

The work presented in [2.56] describes how process, temperature and
supply compensation techniques can be applied to a free running and open-
loop ring oscillator, which is based on the fully differential delay cells
described earlier. An earlier oscillator, which was presented in [2.57], had a
nominal frequency of 680kHz and was implemented in a 0.6um CMOS
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Figure 2.10.  Simplified ring oscillator schematic and its conceptual timing
diagram.
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Figure 2.11.  Differential delay cell and a three stage oscillator.

process with inaccuracy of £6.8% from 35°C to 115°C. Later, an improved
implementation in a 0.25um CMOS process was presented in [2.56] with an
output frequency of 7MHz. The improved oscillator had an untrimmed
inaccuracy of £2.6% over process, supply and a temperature range of -40°C
to 125°C. The reported accuracy is based on the data collected from 94
samples from two different batches. A block diagram of the complete system,
including the process and temperature compensation as well as the supply
regulation around the core oscillator, is shown in Figure 2.12.

A band-gap voltage reference regulates the variable supply (2.4V to 3V)
to a supply and temperature stable 2.2V reference voltage V... This voltage
is then used by other blocks in the system. The reference frequency is
produced by the differential three stage ring oscillator at the core of the
system, whose frequency is stabilized by a reference current /.. (see Figure
2.11). This current is derived from the control voltage Vcrg,, which is
generated by the temperature and process compensation circuitry. The
analog output of the ring oscillator is translated by a rail-to-rail swing
comparator to digital voltage levels.

The control voltage Verg, is varied to correct for temperature and
process variations. The critical temperature dependent parameters are the
mobility, tpy, and the threshold voltage, Vyypy, of the MOS transistors
[2.59]. The mobility has an approximate T ' ~ T *? temperature
dependence, where T is the absolute temperature. The threshold voltage
however has a negative temperature coefficient. Furthermore, the junction
capacitances of a MOS device as well as the oxide capacitance have
temperature dependences [2.56][2.59]. Process variations affect gate oxide
thickness and doping concentrations, leading to threshold voltage and
mobility variations. In [2.56] a bipolar transistor’s base-emitter voltage Vg,
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Figure 2.12.  System block diagram of the temperature and process
compensated ring oscillator.

which has a negative temperature coefficient [2.60], was used to correct for
the overall negative temperature coefficient of the ring oscillator.
Furthermore, a threshold voltage detection circuit detects the process corner
and modifies the reference voltage of the oscillator accordingly.

2.6.2 Closed-loop Compensation

A ring oscillator with temperature compensation feedback loop is
described in [2.61]. The oscillator has an output frequency of 10MHz,
dissipates 80uW, and has a temperature dependence of 67 ppm/°C. This
supply regulated oscillator, has been implemented in a 0.18um CMOS
process. Its frequency stability is £0.4% from -20°C to 120°C (data reported
for a single device). There is no data available on the jitter performance of
this oscillator.

A block diagram of the closed loop oscillator of [2.61] is shown in
Figure 2.13. The core ring oscillator has four differential stages and its
supply, Ve, is regulated by a feedback loop. This locks the output
frequency of the ring oscillator to a PVT insensitive voltage V.. To close the
feedback loop, a frequency-to-voltage converter (shown in Figure 2.13) is
used, which also realizes a linear temperature compensation scheme. To
further investigate the operation of the loop, the timing diagram shown in
Figure 2.14 needs to be considered together with the block diagram of Figure
2.13.

A voltage regulator based on a band gap reference produces a 1V
voltage Vigge from the variable Vpp (1.2V ~ 3V). When the reset signal RST
is high, the charge on capacitor Cy is set such that V,,,=Vgrz. After the reset
phase, the frequency conversion phase begins with signal Q = 0, which
causes C, to be discharged by current /... The signal Q is produced through a
frequency divider by dividing the oscillator output frequency by a factor of
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two (see Figure 2.13). The discharge of Cy continues until signal Q changes
state again. This always happens at the end of the oscillation period, which is
because Q is extracted directly from the oscillator output. At the rising edge
of Q, and for any given value of /.., and C,, the voltage across Co, Vqp, will
be a function of the oscillation period. During the time SW = 1 (both SW
and RST are generated by a digital control block that is not shown in the
figure), V., is compared to a reference voltage V. through a switched
capacitor loop filter. This works based on charge transfer from C, to Cj,
which leads to a change in V¢rg,. Due to feedback around the integrator, the
voltage V., will be forced to be equal to V... Since V,,, is a representative of
the oscillation period, for a constant V.., having V.., = V.. 1s equivalent to
having a constant output frequency. At steady-state, the output frequency,
fcik, can be derived from [2.61]:

1

ref
= ) 2.9
chK 2 CO (I yREG L ,ref ) ( )

To ensure a stable output frequency, the values of Vgzg, Ve and I, need to
be insensitive to PVT. The first two are made by means of a band-gap
voltage reference and a sub-threshold voltage divider, respectively [2.61].
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Figure 2.13.  Block diagram of a ring oscillator with a frequency to voltage
converter and a feedback loop.
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Figure 2.14.  Timing diagram of the ring oscillator in a feedback loop.
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Figure 2.15.  Block diagram of the ring oscillator with frequency to current
converter.

Another ring oscillator embedded in a control feedback loop is
presented in [2.62]. This is an implementation in a 0.35um CMOS with a
tunable output frequency from 2 to 100MHz. The oscillator dissipates
180uW at 30MHz and has a process sensitivity of 2.7% and a temperature
coefficient of 90ppm/°C. A simplified block diagram of this oscillator is
shown in Figure 2.15. The circuit includes a bias current generator circuit, a
current comparator, a ring oscillator based VCO and a frequency-to-current
converter arranged in a frequency-locked loop. The current comparator
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block produces the output voltage Voyr driving the VCO based on the
difference between Ip;45 and Ioyr. Feedback forces these two currents to be
equal.

The complete circuit diagram of the oscillator is shown in Figure 2.16. It
consists of a bias current generator that produces a bias current /45 from the
series combination of positive and negative temperature coefficient resistors.
This is done by copying the bias voltage Vs through a feedback amplifier
to the resistors. Furthermore, the circuit includes a current comparator made
of a simple common-source stage comparing /s and Ioyr (the output
current of the frequency-to-current converter). The output of this stage is the
control voltage Voyr. The core ring oscillator is made of seven current-
starved inverter stages. Its oscillation frequency, four, is determined by the
applied current /, to the inverters [2.62]:

1,

— b (2.10)
2mC,V,,

Jour =

Where m is the number of inverters and C; is each inverter’s load
capacitance. The variations in control voltage Voyr determine the current /,
and thus the oscillation frequency.

The frequency to current converter is made of a switched capacitor
resistance made of capacitor Cy and two switches sw; , that are driven by the
output of the oscillator. This means that the switched capacitor resistance is
proportional to the oscillation frequency, and therefore, by copying the Vg4
voltage onto this resistor, a frequency dependent output current /o7 will be
produced [2.62]:

]OUT = fOUT 'Cs 'VBIAS . (2.11)

A current mirror copies this current to the current comparator. At the steady
state of the frequency-locked loop, the oscillation frequency will be given by:

1

fOUT B (RP +RN)'CS ‘

(2.12)

Where Rp and Ry are the positive and negative temperature coefficient
resistors used to produce the /s current from Vpys. To first order, the
residual temperature coefficient of the composite resistor as well as that of
the capacitor Cs determines the temperature coefficient of the oscillator.
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Figure 2.16.  Circuit diagram of the ring oscillator with frequency to current
converter in a feedback loop.

i

For the closed-loop ring oscillators discussed so far, the oscillator’s
frequency is locked to a time constant defined by an RC circuit. These
circuits provide a continuous correction of the frequency in response to
supply voltage and temperature variations. Their achieved level of PVT
variation is determined by that of the RC circuit.

2.7 Mobility-Based Frequency References

Recently, a class of low-power temperature-compensated frequency
references based on the mobility of MOS transistors has been introduced
[2.64][2.65][2.66]. Such references dissipate micro watts of power and
achieve inaccuracies in the order of a few percent. The implementation
described in [2.65] has been targeted for wireless sensor networks. It has an
output frequency of 150kHz, dissipates 42.6lLlA from a 1.2V supply, and is
fabricated in a 65nm standard CMOS process. For a temperature range of -
55°C to 125°C, the reference achieves an output frequency stability of
+0.5% when trimmed at two temperature points. With a single trim its
inaccuracy is +2.7%. Another mobility based oscillator reported in [2.66] has
been implemented in a 0.35um CMOS, has an output frequency of 3.3 kHz,
and consumes 11nW from a 1V supply.

The temperature dependence of mobility is in the order of T ™ [2.65],
which means that temperature compensation needs to be applied to a
mobility-based frequency reference. The core of the reference proposed in
[2.65] is a current-controlled relaxation oscillator, which is controlled by a
current that is proportional to the electron mobility. The temperature
compensation of the oscillator is performed digitally (see Figure 2.17). A
band-gap temperature sensor [2.67] measures the temperature of the die.
Through a non-linear digital mapping, the sensor’s digital output is
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translated into a temperature-dependent division factor N, which is then
applied to a divider. This divides the oscillator’s output frequency by Ny, in
order to produce a stable output frequency f,;..

A simplified circuit schematic of the mobility-based oscillator as well as
its timing diagram is shown in Figure 2.18. The voltage difference between
the gates of M, and Mj is kept equal to V; by the combination of the current
source Iy, Ry and OA; [2.65]. Using the square-law MOS model, the drain
current of M is determined by:

[ = . (2.13)

where m = (W/L);/(W/L), and n = (W/L)4/(W/L),, i, is the electron mobility,
Cox 1s the oxide capacitance of the MOS transistor per unit area. The current
source [, is implemented by mirroring the current flowing in a resistor
matched to Ry whose voltage drop is equal to the reference voltage Vi (not
shown in the schematic).

The drain current of M, is mirrored by M and My with a gain of four
and used to alternatively discharge C, and Cg after they have been pre-
charged to V,,.A comparator changes the state of charge and discharge of
capacitors when the voltage on the discharging capacitor drops below V.
The oscillation frequency of this oscillator can be derived from [2.65]:

C W, Vg
f;,sc — ltln ox > L1, R . (214)
n Ll Vrl _Vr2
4c| = -1
m

where C = Cp = Cg o< C.

A band-gap temperature sensor based on a bipolar core including NPN
transistors and a first-order delta-sigma ADC produces a digital
representation of the die temperature [2.67]. The temperature sensor’s
accuracy should not limit the compensated oscillator’s output frequency
stability. For a frequency error of  about 0.3%, the temperature sensor’s
accuracy needs to be better than 0.5°C [2.65]. A division factor N, with 13-
bits resolution has been chosen. A seventh order polynomial with fixed
coefficients is used to translate the output of the temperature sensor to the
division factor Ny,.
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Figure 2.18.  Circuit and timing diagrams of the mobility-based frequency
reference.
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Another relaxation oscillator locked to the mobility of MOS transistors
has been implemented in a 0.35um CMOS process and is reported in [2.66].
This oscillator has an output frequency of 3.3kHz and consumes 11nW from
a 1V supply. Its reported temperature drift from -20°C to 80°C is 500ppm/°C,
which accounts for a total temperature variation of about 5%. The key
features in this topology are the generation of an electron mobility based
reference current and the production of an oscillator reference voltage with
the same temperature dependence as the electron mobility, to temperature
compensate the output frequency. Further power reduction has been
achieved by using a relaxation oscillator based on a single comparator and
reducing the power consumption of the digital circuitry by means of a
reduced supply voltage operation through a voltage regulator. The reported
process spread of this oscillator, measured at a single temperature point,
amounts to about £15% [2.66].

2.8 Comparison

So far, this chapter has provided an overview of the various types of
silicon-based frequency references. These frequency references included
MEMS-resonator-based oscillators, LC oscillators, RC harmonic oscillators,
RC relaxation oscillators, ring oscillators and finally electron-mobility-based
oscillators. Each approach has its own specific advantages and disadvantages.
In order to make a comparison of their characteristics, it is helpful to
summarize the performance characteristics for each type of frequency
reference.

One of the difficulties in providing a complete and fair comparison
between published frequency references is that often insufficient data on
their performance over process and temperature has been provided. There
are references in which the performance of a single device has been reported
as a measure of stability, which does not allow a fair comparison with
references for which more samples have been characterized. From the
previously described types of silicon-based frequency references, a
performance summary of those with the most complete results is presented
in Table 2.1.

MEMS-resonator-based oscillators and LC oscillators have been
commercialized, and thus their reported performance characteristics are at
production level. The characteristics of other topologies are obtained mainly
from publications. It can be seen that MEMS-based oscillators achieve the
best accuracy over the widest temperature range. Their form factor has also
been shrunk and they are physically smaller than crystal oscillators.
However, their major disadvantage is their need for special MEMS
processing. This requires a two-die solution, in which the MEMS resonator
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Table 2.1.Comparison of some state-of-the-art all-silicon frequency references.
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is wire bonded to another CMOS chip. The power consumption of MEMS
oscillators is comparable to LC oscillators and is larger than the other types.

Apart from the MEMS-based oscillators, all the other frequency
references in Table 2.1 are standard CMOS compatible, which is a great
advantage as far as manufacturing and packaging costs and complexity are
considered. Among these, LC oscillators achieve the best accuracy over
process and temperature, as well as the best jitter performance. However,
their power consumption is higher than the rest and their temperature range
is the narrowest. MEMS-based and LC-based oscillators are the only
solutions that can achieve accuracies better than 0.1% at a reasonable jitter
level.

For less accurate applications with stability requirements above 1% and
with stringent power consumption requirements, RC, ring, mobility-based,
and relaxation oscillators can be used. These oscillators have very low chip
area and can operate at the micro-Watt range. They are well suited for
battery powered applications such as wireless sensor networks or biomedical
implants.

2.9 Conclusions

Most electronic devices require a frequency reference. The stability of
this reference, i.e. its deviation as a function of PVT, is crucial for many
applications. For decades, crystal oscillators have been the dominant
frequency control components. So far, they have achieved the best stability
and noise/jitter performance; however, they have a few drawbacks. Their
integration in the IC technology is nearly impossible. Furthermore, they are
sensitive to shock and vibration, which can cause reliability problems.

In order to replace the crystal oscillators, there has been a tremendous
R&D effort over the past few years. The goal is to produce integrated
frequency references that can achieve the stability of crystal oscillators. This
is justified by the large market for frequency generation and control
components. Furthermore, an integrated, or in other words all-silicon,
frequency reference brings added-value in terms of reliability and reduced
area and cost.

One of the successfully commercialized all-silicon frequency references
is the MEMS resonator based oscillator. This requires a two-die solution that
combines a MEMS resonator with a CMOS chip. MEMS oscillators already
achieve levels of stability below lppm, which is comparable to that of
crystal oscillators. Their stability is not altered by shock and vibration and
their form factor allows for their placement in the same foot print as the
crystal oscillators.
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It will be still more advantageous if an all-silicon frequency reference
could be made that is standard CMOS compatible. This would allow for
cheap and simple production and packaging, as well as integration in
systems-on-chip. So far, such references have been based on time constants
produced by means of on-chip passive elements such as resistors, capacitors
and inductors.

Among such CMOS compatible oscillators, the LC type has so far
become commercial with stabilities in the order of a few tens of ppm’s. This
is achieved by means of trimming and temperature compensation. The RC
type oscillators have stabilities in the order of 1%; however, their power
consumption is much lower than that of LC oscillators, allowing for their use
in battery powered applications. Furthermore, temperature compensated
oscillators locked to the electron mobility of MOS transistors have been
recently introduced achieving stabilities in the order of 1%.

The all-silicon oscillators reviewed so far in this chapter are based on
signals which are produced, transferred and processed in the mechanical,
electrical and magnetic energy domains. This is mainly done through the use
of electromechanical structures or electrical passive components in
combination with electronic circuitry. The main focus of this thesis is on
investigating the possibility of producing and transferring signals in another
physical energy domain: the thermal domain. The ultimate goal is to make
an accurate CMOS-compatible frequency reference. In the following
chapters, the design of an electrothermal frequency reference based on the
thermal properties of IC grade silicon will be investigated.
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3 Frequency References
Based on the Thermal
Properties of Silicon

This chapter provides an overview of on-chip frequency generation
based on the thermal properties of silicon. It introduces the thermal-
diffusivity of silicon, D, which quantifies the rate at which heat diffuses
through a silicon substrate. A description will be provided of how an
electrothermal filter (ETF) harnesses this physical property in order to make
accurate on-chip delays. The design of a practical ETF will be described,
showing how it can be made into a standard CMOS compatible element.

The behavior of an ETF, which resembles that of a low-pass filter, will
be studied, and it will be shown that its phase shift is a combined function of
its geometry and D, and so is quite well-defined. Furthermore, a method of
frequency generation based on a frequency-locked loop (FLL) will be
introduced. The loop locks the output frequency of a variable oscillator to
the phase shift of an ETF. An overview of earlier CMOS FLL
implementations will be provided, describing how the output frequency of an
oscillator can be locked to D with an acceptable jitter level.

The accuracy of the output frequency of an electrothermal FLL is a
function of the accuracy of the phase shift of the ETF. It will be shown that
this is mainly determined by the geometry of the ETF, whose accuracy is in
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turn determined by lithography. As predicted by Moore's law, the minimum
feature size of IC technologies shrink, which implies that their lithographic
accuracy improves. This means that the accuracy of an electrothermal FLL
should benefit from process scaling, and so, should be a good basis for a
thermal-diffusivity based (TD) frequency reference. Furthermore, this
chapter discusses the dynamics of an FLL, as well as the effect of the ETF's
thermal noise on the output jitter of the loop.

3.1 Introduction

The previous chapter provided an overview of on-chip frequency
references. This literature review shows that thermal frequency references
have hardly been investigated. Some applications of electrothermal
[3.1][3.2][3.3] systems have been investigated previously. For instance,
studies have been conducted on the realization of very low cut-off frequency
filters [3.4], high-Q band-pass filters [3.5], and last but not least, thermal
oscillators [3.6][3.7][3.8].

The heat generated at a given point in a silicon chip diffuses through its
substrate and can be sensed some distance s away. The time it takes for heat
to travel between the heater and temperature sensing points is determined by
the thermal-diffusivity of silicon. Early studies on silicon substrates show
that the thermal-diffusivity, D, of IC-grade silicon is a well-defined
parameter [3.9][3.10]. The stability of D, when combined with accurate
geometries, makes it possible to realize accurate thermal delays.

Generate Thermal delay line with ~ Sense T_emp.
heat waves defined distance ~ s fluctuations
| > /
‘0 0’ Thermal
Domain
Electrical
J-Lrl‘ "N Domain

—O Vref

Figure 3.1. The conceptual inclusion of a thermal-delay line in an
electrothermal system, i.e. a thermal oscillator.
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The ability to realize an accurate on-chip delay means that an accurate
period of oscillation, and hence an accurate frequency, can be defined. The
application of this concept is illustrated by the thermal feedback oscillator
shown in Figure 3.1. Here, the digital output of a comparator drives a
heating element in a silicon substrate. The heat waves diffuse through the
silicon and cause temperature fluctuations at a distance s from the heat
source (see Figure 3.1), where a temperature sensor converts them back into
an electrical signal. The delay between this signal and the power dissipation
is the thermal delay. The oscillator's period of oscillation will be
proportional to the thermal delay, and thus determined by s and D.

The thermal delay line described above can be regarded as an
electrothermal filter (ETF). Due to the thermal inertia of the substrate, ETFs
behave like low pass filters. As will be shown later in this chapter, an ETF
can be implemented as a standard CMOS element. This will be the heart of
the thermal-diffusivity-based (TD) frequency references described in the rest
of the thesis. After a brief review of the thermal properties of silicon, the
modeling and design of ETFs will be discussed. This will then be followed
by a description of the use of ETFs in the generation of accurate frequencies.

3.2 Thermal Properties of Silicon

To provide a general understanding of the electrothermal systems
discussed throughout this thesis, it is useful to review the thermal properties
of materials with a special focus on the properties of silicon. This is
especially important when modeling the characteristics of an ETF.

The phenomenon of interest is the transfer of heat, which is physically
possible through three major mechanisms. These are conduction, in which
heat diffuses through a material, convection, in which the flow of a gas or a
fluid transfers heat, and radiation, in which energy is transferred through the
emission of electromagnetic waves. Since microelectronic structures are
solid bodies of material with relatively small geometries, the conduction of
heat is the most dominant mechanism of heat transfer [3.11].

There is an analogy between thermal and electrical systems. In a thermal
system, an amount of heat denoted by O (Joules) flows to produce a heat
flow P (Watts), such that P = Q/t, where ¢ is the time. This resembles the
electric charge O (Coulombs) flowing through a conductor and leading to a
current / (Amperes). A heat flux ¢ (a heat flow Q per area A4) is physically
induced by a temperature gradient VT (Kelvin) such that [3.11]:

q=—kVT . 3.1
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This is Fourier’s law, in which the factor & is the thermal conductivity of
the material in W/mK. This implies that temperature is analogous to
electrical voltage, because an electrical voltage applied to a conductance
(resistance) induces a current flow in the material. The negative sign in (3.1)
implies that heat flows from hot to cold areas. Based on this equation, a
thermal resistance Rty can be defined. The thermal resistance of a material is
the temperature difference AT across it, divided by the heat flow Q, such that:

AT
"o

Using the same methodology, a thermal capacitance can also be defined
as an analogous parameter to the electrical capacitance. An amount of heat
(in Joules) applied to a thermal capacitance C (Joule/Kelvin) leads to a
temperature increase that is proportional to C. Table 3.1 summarizes the
analogies of the thermal and electrical parameters.

R 3.2)

The concept of thermal resistance Rty can be extended to the concept of
thermal impedance Zry in the case when AC heat flow and AC temperature
fluctuations are considered. This will be the case in an electrothermal filter
(ETF). The reason for this is that the heat O(w) produced by the heater is an
AC parameter, which is caused by the electrical signal applied to the heater.
This AC power dissipation leads to temperature fluctuations A7(w). A
frequency dependent thermal impedance Zry(®) can then be expressed as:

Zy () :AT—(CU) (3.3)

Ow)

To obtain intuition by means of a simplified model [3.3][3.12], an ETF
can be reduced to the combination of a point-heater and a point-temperature
sensor. These are located at a distance r apart from each other on the surface
of a silicon substrate (see Figure 3.2). Once this structure can be modeled,
the results can be extended to the more complex geometries of actual
electrothermal filters. Figure 3.2 also shows the passivation oxide layer that

Table 3.1.4nalogy between the thermal and electrical domain quantities.

Thermal Quantitiy Electrical Quantity
Temperature T (Kelvin) Voltage (V)
Heat Flow P (Watt) Current / (A)
Heat Q (Joule) Charge Q (C)
Thermal Resistance RTH (Kelvin/Watt) Resistance R (V/A)
Thermal Conductance k (Watt/milli-Kelvin) Conductance (A/V)
Heat Capacitance C (Joule/Kelvin) Capacitance C (Q/V)
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Figure 3.2. 4 simplified ETF made of a point-heater and point-temperature
sensor located at the surface of a silicon chip, and an electrical
domain equivalent to that made with an RC network.

covers the silicon substrate; however, this may be initially regarded as being
an ideal heat insulator. This is because the thermal conductivity of silicon
oxide is nearly two orders of magnitude less than that of bulk silicon [3.11].

The lower half of Figure 3.2 shows an analogy between the thermal
structure and an electrical domain circuit. The electrical circuit consists of a
network of RC electrical elements. The current source at the left represents
the AC power dissipation Ppe,y in the heater. The temperature fluctuations,
denoted by Ts at the temperature sensor side, can be modeled by a voltage
across a load impedance. Such an electrical model of an ETF is useful
especially when its time-domain behavior, is to be modeled. This will be
introduced further through the chapter. To study the behavior of ETFs in the
frequency-domain, an analytical thermal model is more convenient. This will
be discussed next.

To investigate the behavior of the point-heater point-sensor structure
shown in Figure 3.2, its thermal impedance can be calculated in the
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frequency domain. This is defined as the transfer function that relates the AC
temperature rise 7(®) at the temperature sensor side of the thermal delay line
to the power P(w) dissipated in the heater (see Figure 3.2). In order to derive
this characteristic the linearized heat diffusion equation should be solved in
the frequency domain [3.12]:

V’T(@,r) —%’)T(a}, r)=0 . (3.4)

where j is the complex operator and @ is the angular frequency. The
parameter D (in cm’s™) is the thermal diffusivity of the heat conducting
medium, which, in the structure of Figure 3.2, is the thermal diffusivity of
silicon. This parameter is defined as:

D=—. (3.5)

with & being the thermal conductivity of silicon, p being its density and c,
being its specific heat. The latter relates the temperature rise of a unit
volume of silicon to the amount of absorbed heat. It should also be noted that
D has a temperature-dependent behavior, with a room-temperature value of
0.88 cm’s™! reported in the literature [1.22]. Its temperature dependence over
the industrial temperature range can be approximated with a power law
[3.10][3.13]:

1
T

D (3.6)

Based on the recommended values of D for high-purity silicon over a
temperature range of 250K and 400K, the power n is approximately 1.8
[3.10]. Furthermore, the thermal diffusivity is not affected by the doping
levels normally used in the mono-crystalline IC-grade silicon substrates.
This is because its deviation from the values measured for the pure silicon is
noticeable only for doping levels > 10""cm™ [3.9].

The thermal impedance Zry(®) can then be calculated by solving (3.4),
considering a boundary condition at w= 0, as defined by (3.1) [3.12]:
0 __dl@r) |
A(r) or

(3.7)

where A4 is the area. The effect of the oxide can be considered as a perfect
insulator that reflects the heat flux downwards [3.12]. Therefore, the system

58 Thermal-Diffusivity-Based Frequency References in Standard CMOS



Thermal Properties of Silicon

is symmetrical in a sphere around the heater and thus the temperature around
it will be a function of distance . In this manner (3.4) can be solved, and
then the thermal impedance of the structure can be calculated as [3.13]:

T(o,r) 1 e e
Pw) 2k P pp) I ) - GF)

This thermal impedance has a magnitude and a phase response of:

Z(w,r)=

Magnitude : |Z TH| = M;krexp(—r %)

(0
Phase:arg(Z,,,) =@y, =1 By

(3.9)

It can be seen that the phase shift ¢y of the thermal impedance is a
function of » and @ and has a low-pass characteristic. Figure 3.3 shows the
magnitude and phase of the thermal impedance as a function of frequency
for two different structures with » = 10um and 20um. It shows that the
longer the thermal delay line, the greater is the phase shift and the
attenuation it introduces to the temperature fluctuations at the sensor. The
magnitude of the thermal impedance gives an estimate of the expected
thermal signal amplitude for certain levels of heater power dissipation. For
instance when » = 20um, 1mW of power dissipation in the heater results in
less than 20 mK temperature variations at the temperature sensor. This low
signal level reflects that silicon is a good conductor of heat and also that a lot
of the dissipated heat will be lost to the substrate.

If the purity of the silicon substrate is such that the value of D is stable
over process, the accuracy of ¢y will be determined by the accuracy of the
distance r. In a CMOS process this is defined by the accuracy of the
lithography. In the case of the point-heater point-sensor model of Figure 3.2,
lithographic inaccuracy induces an error in 7, which leads to an error in the
phase shift of the structure. When an oscillator is locked to an ETF’s thermal
phase shift (like in Figure 3.1), any variations in this phase causes frequency
errors. Since D is temperature-dependent, if equations (3.6) and (3.9) are
combined, the effect of the spread in  on the spread of the structure’s phase
response @ry can be calculated as:

dT

Ay, _dr _n dT
=

= (3.10)
Pris

NS IN]
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Figure 3.3. Thermal impedance at various distances of r from a point-heater
source over frequency.

this shows that for larger values of r, the effect of lithographic spread on ¢ry
is smaller. Furthermore, this shows that the lithographic-induced phase error
increases linearly with temperature.

The thermal impedance phase relation can be further used to study the
phase-frequency sensitivity of an ETF for a given temperature. For a fixed »
and 7 (thus fixed D), differentiating (3.9) with regard to frequency results in:

déy 1 do _1 df G.11)

¢y 2 o 2 f

which shows how relative variations in ETF phase, e.g. due to lithographic
errors, can be expressed in terms of variations in its drive frequency.

3.3 Electrothermal Filters in CMOS

An ETF can be realized by integrating a heater in close proximity to a
relative temperature sensor. In CMOS technology, any kind of diffusion
resistor can be used as a heater, i.e. any resistor located in the substrate. In
this case, silicon will be the major heat conducting medium. Transistors can

also be used as heaters.
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The relative temperature sensor can be implemented by various devices:
resistors, transistors, or thermopiles. The drawback of using integrated
resistors as temperature sensors is their rather low temperature coefficients
(in the order of a few thousand ppm/K). Furthermore, they require biasing,
which can lead to extra power dissipation and self-heating. Other possible
temperature sensors are bipolar transistors. They have a relatively strong
temperature dependence (about 2mV/K), but they also need biasing.

A better and simpler solution is to use thermopiles as relative
temperature  sensors. Thermopiles are made of series-connected
thermocouples. A thermocouple consists of the ohmic connection of two
different conducting materials (see Figure 3.4). When a temperature gradient
is applied across the structure a voltage Vrc is induced between the other
terminals: the Seebeck effect [3.14]. This voltage is proportional to the
temperature difference (7; — T5) due to the gradient and to the combined
Seebeck coefficient of the two materials. As shown by Figure 3.4, the series
connection of thermocouples adds up their Seebeck voltages like a battery,
forming a thermopile. It should be noted that a thermopile has two junctions.
When used in an ETF, the junction closest to the heater (the 7/ side in
Figure 3.4) is called the Kot junction and the one furthest away from the
heater (the 72 side in Figure 3.4) is called the cold junction.

Thermocouples can be realized simply in any standard CMOS process,
by exploiting the contact between a p” or n' diffusion and the Aluminum or
Copper interconnect. This results in a sensitivity of about 0.5mV/K [3.13].
Compared to other types of relative temperature sensors, thermopiles do not
require biasing, and are free of offset. Furthermore, it should be noted that a
thermopile can be realized in an n-well. This helps shielding it from the
substrate noise. In this case, the thermopile can be realized only with p*
diffusion material.

Thermocouple Thermopile
T1 T2
™ Material 1 />
T1 |
- Material 1 | !
; . Series !
‘ ! connection Material 2 !
! .
|

Material 2 2Vre

Material 1

) Material 2 «_.

Figure 3.4. A thermocouple and the series connection of thermocouples.
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Another advantage of thermopiles is that the temperature sensing occurs
at the junction between the two different materials, which can be made very
small. In the case of a p'/Aluminum thermocouple, the junction is formed
by a contact hole between the Aluminum and the diffusion, which can have
near-minimum dimensions. This can be compared conceptually to the area of
a minimum-size bipolar transistor in a CMOS process shown in Figure 3.5.
The contact hole forming the thermocouple's hot or cold junctions is almost
the same size as the transistor's emitter contact, while the temperature
sensing base-emitter junction is much larger. This large area introduces
uncertainty in the exact distance between the heater and the temperature
sensing point [3.8], which will degrade the accuracy of the resulting ETF.

Based on the previous discussions, it can be concluded that thermopiles
are the best temperature sensors for ETFs due to their simplicity and precise
geometry, the lack of biasing, and the possibility of increasing their output
signal by stacking thermocouples. Since thermopiles are the selected
temperature sensor structures for ETFs, we need to revisit the simplified
point-heater point-sensor model shown in Figure 3.2. Since thermopiles
measure temperature differences, the thermal impedance seen by a
thermopile will now be affected by the location of its cold junction. This can
be seen in the new model shown in Figure 3.6. Because the AC thermal
impedances are frequency domain phasors, the thermal impedance of a
thermocouple is the difference between the thermal impedance of the kot
Jjunction and the thermal impedance seen at the cold junction:

Ly (@) = Ly (0,1,,) = Ly (@,7,,,) - (3.12)

To increase the efficiency of an ETF, a differential structure can be used
(see Figure 3.7). This also helps reduce the effect of variations in the
position of the heater relative to the position of the thermocouple junctions.
If the heater is shifted away from one thermocouple by Ar (see Figure 3.7) it
will be closer to the opposite thermocouple by the same distance Ar. If Ar is
small compared to r, it can be assumed that the phase shift of the thermal
impedance between the heater and a hot junction is a linear function of », and
so the overall phase response of the differential structure should not be
altered by this error.

The top view of a conceptual differential ETF is shown in Figure 3.8.
As shown here, multiple thermocouples could surround the heater at both
sides. These could be arranged with their hot and cold junctions located on
equi-center circles. A differential voltage V7 is then available at the outputs
of this ETF.
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Figure 3.5. Conceptual comparison of the area of a substrate PNP transistor
(a), with contact holes forming the junctions of a thermocouple (b).
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Figure 3.6. Side-view of a point-heater and thermocouple structure.
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Figure 3.7. Side-view of a differential point-heater and thermocouple structure.
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Figure 3.8. Top-view of a conceptual differential ETF structure with a
differential thermopile that is symmetrically located around its
point heater.

3.4 ETF Design

The design of a practical ETF involves the choice of the appropriate
geometry for its heater and thermopile. This will be discussed in the
following subsections, which will then be followed by two design examples
of ETFs in a 0.7um CMOS process.

3.4.1 General Heater Considerations

A practical ETF does not have a point heater, since a practical heater
will have a certain width and length. Therefore, in order to design a real ETF
we need to be able to derive its thermal impedance considering the heater
geometry as well, which makes the analysis rather complex.

To simplify matters, the heater may be sub-divided into several unit
cubes [3.12][3.16]. Since the width of each cube is much smaller than the
distance to the thermocouple junctions, each cube can be modeled as a point-
heat source. This way, the equivalent thermal impedance of each cube to all
the hot and cold junctions of the thermopile can be calculated. As a result,
the thermal impedance of the whole ETF can be calculated by adding up the
vector sum of all the calculated thermal impedances.

For a total number of M divided cubes, and the number of Aot and cold
thermopile junctions equal to Py and Pqyq, the total thermal impedance of a
practical structure can be calculated analytically from:
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M Phot M Pcold
Loy prr = ZZZTH((U’r )__ZZZTH(anmq) (3.13)
m=1 p=1 m=1 g=1

This implies that further calculations on ETF characteristics require
numerical vector-based calculations that can best be done by mathematical
calculation softwares such as Matlab.

3.4.2 General Thermopile Considerations

Design of a thermopile involves choices regarding the total number of
thermocouple arms and their lengths. These will be discussed in the
following paragraphs.

The more thermocouples in series, the larger the output signal of the
ETF, but one should consider that each extra thermocouple arm contributes
extra thermal noise (caused by extra resistance of each arm). The signal-to-
noise-ratio (SNR) at the output of the thermopile determines the resolution
with which the ETF’s thermal phase shift can be measured. Considering »
thermocouples each with a resistance Ry, the SNR can be calculated within a
bandwidth of BW =1 Hz:

Py [0S, ATT [s,AT]
SNR == — ? =n- =2 (3.14)
P, n-4kTR, 4kTR, '

noise

where S, is the Seebeck coefficient of the Aluminum and p* contact, AT is
the temperature difference between the kot and cold junction, T is the
ambient temperature, and & is Boltzmann constant. Since for a given heater
geometry, the thermopile area will be fixed, and so, increasing n, increases
the resistance of thermopile, and hence the SNR remains constant. However,
increasing n results in a larger output signal and thus the number of
thermocouples should be maximized as much as possible. However, each p*
arm of the thermopile exhibits a parasitic junction capacitance, and thus the
ETF also exhibits electrical filtering. Therefore, a thermopile behaves like a
distributed RC filter, which introduces electrical phase shift. Increasing n
will increase this parasitic electrical phase shift. Consequently, the optimal
value of n involves a trade-off between the signal level and electrical phase
shift.

For a fixed number of thermocouples, increasing the length of a
thermocouple means placing the cold junctions further away from the kot
junctions. This means that, on the one hand, the increase in the resistance of
the thermopile due to the increase in its length increases its thermal noise,
while on the other hand, setting the cold junctions further away increases the

Thermal-Diffusivity-Based Frequency References in Standard CMOS 65



Frequency References Based on the Thermal Properties of Silicon

temperature difference between the two junctions. This is because the
thermal impedance due to the cold junction drops, and therefore the total
thermal impedance increases (see (3.9) and (3.13)). This increase in the
temperature difference will again increase the signal at the output of the
thermocouple, implying that an optimum value of the thermocouple length
for achieving a maximum SNR should exist. This value can be found
numerically through an optimization algorithm.

This algorithm can be shown for the point-source system (see Figure
3.6), by considering the /ot and cold junction distances 7, and r. from the
heater, respectively. For a p” diffusion sheet resistance Ry, and thermocouple
width W, the thermocouple noise power in a bandwidth of BW =1 Hz will be:

P =4kT LRD : (3.15)
w

noise

where L = r. - 1, is the thermocouple length. The signal power at the output
of one thermocouple is:

P

2
o =| Sy AT | (3.16)
where AT is the temperature difference between the cold and the Aot junction,
which is a function of the thermal impedance of the point-source structure
Ztup, and the heater power dissipation Ppeye. The AC temperature variation
AT can be calculated from (3.12) and (3.8) by:

AT (w) = Breter () Zryp ()

: (3.17)
heatu (Cl)) [ZTH(a) rh) ZTH (Cl) )]

which can be written as:

AT (w) = () [Z (0, L=r1.)=Z;,(o,r,)] . (3.18)

eatel

As an example we consider a fixed r,= 25um, @ = 120kHz, Kcpeeck =
0.5mV/K, Preyer = 10mW, Rp= 200€2/square, W = 1um, and solving (3.15) -
(3.18) numerically at room temperature and the bandwidth BW = 1Hz for
Sum < L < 100pum, the SNR of the structure can be calculated in dB (see
Figure 3.9). This figure shows that for this specific example, the optimum
thermocouple length is 25um, for which the structure’s SNR is maximized.
Further increasing L increases the signal by reducing the cold junction’s

thermal impedance, but it also increases the thermal noise, which causes a
loss of SNR.
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Figure 3.9. 4 point-source structure’s SNR as a function of thermocouple
length L.
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Figure 3.10.  Equi-phase shift contours from a point heat source.

In an ETF, the heat generated by a point-heat source diffuses uniformly
in all directions. Therefore, all points located at the same distance from the
heater will have equal thermal impedances and thus equal phase shifts (see
Figure 3.10). This translates into circles with a common center point at the
heater. Therefore, locating all the kot junctions of a thermopile on a circle
with radius y,, and all the cold junctions on another circle with radius 7., will
ideally translate into thermocouple signals that have the same phase. Their
signals, when added together, cause the maximum output signal. These
circles are called equi-phase contours. In practice, when the layout of an
ETF is drawn within the design rule constraints of a CMOS process, it is
difficult to draw the p~ arms arranged on the spikes originating from the
center of the circles (like shown in Figure 3.8). Therefore, to simplify the
layout, horizontal orientation of the thermocouple arms can be kept. The hot
junctions can be fixed on the circle, and the location of the cold junctions
can be calculated numerically for maximum SNR [3.16].
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3.4.3 Design of a Bar ETF

One of the earlier ETFs designed in a 0.7um CMOS process had a bar-
shaped heater and rectangular thermopile [3.13]. The simplified layout as
well as a photomicrograph of the bar ETF are shown in Figure 3.11. The
distance between the heater and the thermopile, denoted by s was 20um in
this design. For layout simplicity the thermocouple arms all have the same
length and the Aot and the cold junctions of the thermopile are all arranged in
parallel and on vertical lines, such that the thermocouples could be placed
horizontally (the layout of the thermocouple p* arms is thus much simpler

Cold junctions

Thermopile

Ho} j“ctions

Heater ThermGpiIe

(a) S __S. N-Well (b)

Figure 3.11.  (a) Simplified layout, and (b) photomicrograph of an earlier
ETF with a bar heater (bar ETF).
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Figure 3.12.  Amplitude and phase response of the thermal impedance
associated with the bar ETF at room temperature.
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than the conceptual layout shown in Figure 3.8). Numerical simulations on
the thermal impedance of the bar ETF have been performed using (3.13) and
the results are shown in Figure 3.12.

3.4.4 Design of an Optimized ETF

With the thermopile optimization considerations in mind, another ETF
was designed [3.15], which is optimized compared to the bar ETF shown in
Figure 3.11. A simplified layout and a photomicrograph of the optimized
ETF are illustrated in Figure 3.13. Here, the layout has been optimized to
maximize the SNR at the output of the thermopile, while maintaining the
same phase-shift of the previous ETF (about 90 degrees) at about 100 kHz.
The amplitude and phase response of the thermal impedance associated with
this structure have been numerically modeled in MATLAB and the results
are illustrated in Figure 3.14.

For the same power dissipation, reducing the heater area leads to a
greater concentration of heat [3.16], and, thus, to larger temperature
variations in the substrate. For this reason, the optimized ETF’s heater has a
smaller area compared to the bar ETF. To achieve the same order of heater
resistance (in the order of 1.2 kQ), the resistor was folded compared to the
rectangular heater of the previous ETF [3.16]. In addition, the thermopile’s
hot junctions are located on a roughly circular, equi-phase contour, which
maximizes the thermopile’s output amplitude. Finally, the length of each
arm, and hence its thermal noise contribution, was chosen to maximize the
SNR at the thermopile’s output. Compared to the earlier ETF [3.13], the
number of thermocouples was increased from 20 to 24. In addition, the
thermopile resistance was reduced from 36 kQ to 20 kQ, leading to a thermal
noise reduction from 24 nV/VHz to 18 nV/VHz. For the same heater power
dissipation, these changes lead to a 50% increase in the output SNR.

Constant Phase-Shift Contours

140um

(@) Thermopile N-Well

Figure 3.13. (@) Simplified layout, and (b) photomicrograph of the optimized
ETF.
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Figure 3.14.  Amplitude and phase response of the thermal impedance
associated with the optimized ETF structure at room temperature.

The thermopile of the optimized ETF has a total resistance of 20kQ and
a total capacitance of 600fF. Simulations show that at an excitation
frequency of 85kHz, the resulting electrical phase shift due to the electrical
filter formed by these values is only 0.14 degrees, which is much smaller
than the thermal phase shift of the ETF. However, the electrical phase shift
will spread by tens of percent over process corners due to spread in the
absolute doping levels of the p° arms and the n-well. This spread forms
another bound on the absolute accuracy of the phase response of the ETF.

3.5 Modeling for Time-Domain Analysis

With the knowledge built so far, a prediction of the frequency response
of a given ETF structure can be derived from its thermal impedance.
However, a model based on a network of RC elements such as the one
shown in Figure 3.2 is more useful for time-domain simulations of the
structure. An equivalent Foster form [3.17] of the ETF thermal impedance
can be made such that its output temperature variation AT is a function of the
power P dissipated in the heater [3.17]. This network is shown in Figure
3.15, including 20 RC sections whose element values are summarized in
Table 3.2. Using this network, the frequency response of an ETF predicted
by the thermal impedance model [3.11] (magnitude and phase response) as
well as the structure’s step response could be reproduced with a reasonable
accuracy (see Figure 3.16). The above-mentioned RC network has been used
in the time-domain simulations presented throughout this thesis. More
details about this method of time-domain modeling are described in
Appendix A.
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Figure 3.15.
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Table 3.2.The approximate RC section values of the Foster network.

Resistance | R1 R2 R3 R4 R5 R6 R7 R8 R9 | R10
Value 0.59 | 3.35 125 | 0.65 | 4.81 |10.57 | 12.59 | 9.59 | 5.86 | 5.65
Capacitance| C1 Cc2 C3 C4 C5 C6 Cc7 Cc8 C9 | C10
Value 9.6E-8 |4.4E-8 | 1.7E-7 | 1.5E-6 |3.3E-7|2.3E-7| 3.1E-7 |6.9E-7|1.7E-6|2.9E-6
Resistance | R11 | R12 | R13 | R14 | R15 [ R16 | R17 | R18 | R19 | R20
Value 499 [ 335 | 2.09 1.06 | 0.78 | 041 | 0.41 | 197 | 8.61 | 2.95

Capacitance| C11 | C12 | C13 | C14 | C15 | C16 | C17 | C18 | C19 | C20
Value 5.2E-6 [1.3E-5| 3.2E-5 [1.1E-4 |2.2E-4|7.1E-4[ 18E-4 |4.6E-8|4.1E-8]|1.8E-7

3.6 Thermal Oscillators

The feasibility of on-chip frequency generation based on the thermal
properties of silicon was initially shown by the thermal oscillators described
in [3.6][3.7]. These were relaxation oscillators whose frequencies were
determined by a thermal delay. The target application of the oscillators in
[3.6][3.7] was to monitor the temperature of microelectronic structures.

A block diagram of the first thermal relaxation oscillator is shown in
Figure 3.17. The output of the thermal delay line is fed back to its heater via
an amplifier. A gain-control block maintains unity loop-gain and an offset-
control block regulates the common-mode level of the oscillating wave
referred to ground. The gain-control block and the amplifier monitor the
signal from the temperature sensor. As mentioned earlier in this chapter,
silicon is a good conductor of heat and therefore the thermal delay line is
rather inefficient. This means that even with large levels of power
dissipation in the heater (10 to 20mW) the thermal delay line's output would
only have been in the order of a few milli-volts. This small signal is
accompanied by the wide-band thermal noise generated by the temperature
sensor. The result is excessive jitter at the output frequency. For the thermal
oscillator in [3.7], the jitter amounted to tens of percent of an oscillation
period. The output frequency varied from 91kHz to 74kHz as the
temperature varied from 20°C to 70°C, respectively.

A thermal-feedback oscillator incorporating thermocouples was
proposed by Bosch in [3.8]. This oscillator used on-chip thermocouples
realized by "p" or "n" type semiconductor materials in contact with
Aluminum. Bosch located a heater ~ 200um apart from the thermocouple
(see Figure 3.18). An amplifier was then feeding back the output of the
thermocouple to heat-dissipating transistors 7; and 7, (bipolar devices used
as heaters), forming the complete thermal feedback oscillator. Bosh reported
a nominal oscillation frequency of 200 kHz. One of the main motivations of
this work described in [3.8] was to fill up the lower frequency range below
300kHz, which was not covered by RC oscillators at that time.
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Figure 3.17. A4 block diagram of the first relaxation thermal feedback

oscillator.
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T,

T4

Thermocouple

Figure 3.18.  Thermal feedback oscillator of Bosch incorporating an on-chip

thermocouple.

Another thermal feedback oscillator implemented in a 2-poly 0.35um
CMOS process is reported in [3.18]. This is a phase-shift oscillator that uses
an inverting amplifier and an ETF in its feedback path. The ETF was built by
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means of polysilicon heaters and MOS transistors operated in the sub-
threshold region as temperature sensors (see Figure 3.19). The silicon oxide
between the heater and the MOS transistor forms the main thermal path.

In [3.18] a phase shifting amplifier was made by combining an
electrothermal filter and a differential amplifier (see Figure 3.19 and Figure
3.20). A heater driving circuit drives the heater and the phase shifted signal
picked up by the electrothermal filter’s MOS transistors is amplified. At the
oscillation frequency, the output of the phase shifting amplifier V,, will have
a phase shift of 60°. By cascading three of these amplifiers in a loop and
feeding back the output of the third amplifier to the first one, a total loop
phase of 180° was made. The structure is able to oscillate at a frequency of

Poly1 > Heater Sio,
Poly2 > Gate jpu—
FOX [Fox K FOX
n+
_/\_/ MOS thermal
sensor
p-well

Figure 3.19.  The electrothermal filter made by the 2-poly process with a
poly heater and a MOS as the temperature sensor.

Vdd
Vid o
T - 180 -
> 60°
Vie —» Heater [—2 v <+
V, —p| Driver 3 > o %
—>4 Electrothermal e 7
* 20mA 3/ Filter
-: § ':-
‘.\ -4-";
Heater
* 20uA

Figure 3.20.  Heat conducting amplifier made of a heater drive and a
differential amplifier combined with an electrothermal filter (left
and center), and a triple-phase oscillator incorporating three of
the heat-conducting amplifiers.
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1.25MHz. The total current through the three heaters of its electrothermal
filters amounts to 60mA, which assuming a 3.3V supply of the 0.35um
process, translates to about 60mW. No jitter or noise measurement results
are reported in [3.18].

3.7 Electrothermal Frequency-Locked Loops

The work published in [3.6][3.7], showing the feasibility of a thermal
oscillator, was followed by an improved architecture based on an
electrothermal frequency-locked loop (FLL) [3.19]. The loop incorporates a
thermal filter, made of two heaters and a thermopile, together with a VCO
(Figure 3.21). The heaters of the ETF are driven in anti-phase by the VCO,
creating an AC temperature variation polarity across the thermopile. The
feedback loop ensures that the VCO operates at a frequency that corresponds
to a fixed phase shift in the thermal filter. Compared to the other thermal
oscillators [3.6][3.18], the key element introduced in [3.19] was the use of a
synchronous demodulator as a phase detector and narrow-band tracking
filter. This narrow-band filtering limits the loop’s noise bandwidth to a few
Hertz, resulting in low VCO jitter at reasonable heater power dissipation.

In the system shown in Figure 3.21 the VCO drives the thermal filter
with a square-wave signal. The resulting low-pass filtered output signal is
amplified and applied to a chopper, which periodically reverses the polarity
of the signal. Since the chopper is driven with the same signal that excites
the thermal filter’s heater, it operates as a synchronous demodulator. This
means that its average output will be a function of the thermal filter’s phase
shift. The presence of an integrator in the forward path of the loop forces the
VCO to oscillate at a frequency where the average output of the chopper is
zero. This corresponds to a thermal phase shift of 90° (Figure 3.22) and
hence the frequency corresponding to this phase shift is called fg.

The synchronous detection and integration gives the implementation of
[3.19] an important advantage over [3.6][3.7][3.18]. This advantage is
mainly the insensitivity of its output frequency to the thermal filter’s output
signal amplitude, which can vary due to process spread. Also, the narrow
band filtering provided by the synchronous detector behaves like a narrow-
band tracking filter centered around the fyco, reducing the effect of the
thermal filter’s thermal noise on the output jitter.

In [3.19], the thermal filter’s readout amplifier had a gain of 100 and a
bandwidth of 2.5MHz. A heater power dissipation of 6.5 mW resulted in a
thermal filter output signal of 500 uV,, (reported distance from heater to
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Figure 3.21.  Block-diagram of an earlier thermal frequency-locked loop.
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Figure 3.22.  Timing-diagram of a thermal frequency-locked loop.

heater is 100um and the heater distance to each side of the temperature
sensor is less than 10um). In a loop bandwidth of 1Hz and at room
temperature, an f;co of 50kHz and a jitter of 0.1% (20ns) were reported. The
device-to-device frequency spread (8 devices) measured from -50°C to
125°C was 1% and showed a temperature dependence of 7 ™', where T is
the absolute temperature.

Followed by the work of [3.19], an improved temperature-to-frequency
converter based on an electrothermal FLL was proposed in [3.13]. Compared
to prior art, this work used a readout amplifier with a larger bandwidth and
lower offset. These resulted in less device-to-device spread of the output
frequency, which led to more accurate temperature sensing. Furthermore, the
temperature dependence of the loop was locked more accurately to the
thermal-diffusivity of silicon. The ETF used in [3.13] is the bar ETF shown
in Figure 3.11.
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Figure 3.23.  Block-diagram of an electrothermal FLL with low-frequency
chopping.

A block diagram of the FLL in [3.13] is shown in Figure 3.23. A pre-
amplifier amplifies the output signal of the thermopile before it is processed
by a transconductor g,. The transconductor’s output current is then
multiplied by a chopper demodulator with the square-wave signal produced
by the VCO, which also drives the ETF’s heater. An off-chip capacitor C;,=
1uF then integrates the output from the chopper demodulator. The loop locks
when the average demodulator output becomes zero, producing a frequency
corresponding to the fy, of the ETF.

At the fgy of the ETF, the preamplifier phase shift, which spreads over
process and temperature, has to be negligible compared to the ETF phase
shift of 90°. Therefore, compared to [3.19], where the readout amplifier had
a bandwidth of 2.5MHz, the preamplifier in [3.13] consisted of an open-loop
four-stage amplifier with each stage made of a PMOS transconductor and
PMOS diode loads. This configuration allowed for a bandwidth of more than
32MHz. However, to prevent the output-referred offset of the preamplifier
from saturating the synchronous demodulator, a DC servo loop consisting of
a transconductance g, a capacitor Cy4. and a transconductor g.; (Figure
3.24), was built around it. This reduces the output-referred offset to the level
of the offset of g, but also gives the preamplifier a high-pass frequency
response. To avoid introducing significant phase shift at around fy, a high-
pass corner frequency of a few Hz was chosen. This translates into a value of
Cac = 100 nF, requiring that this capacitor also be implemented off-chip.

As shown in Figure 3.23 an extra pair of choppers is used after the
synchronous demodulator [3.20]. These choppers are operated at a lower
frequency of fco/128, and their function is to chop the residual offset caused
by the mismatched charge injection of the synchronous demodulator. As a
consequence of adding these choppers, and in order to maintain the polarity
of the loop, a low-frequency chopper should also be added at the input of the
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readout circuitry. This could have been placed at the output of the ETF,
however, in order not to disturb the small signal at the thermopile output;
this chopper was shifted through the ETF to the heater drive. The chopping
of heat signal was done by periodically inversing the phase of the heater
drive signal in phase with the low-frequency chopper after the demodulator.

The low-frequency chopping is a key contributor to the accuracy of this
FLL, since any extra DC error added to the DC output of the synchronous
demodulator, introduces an error to the phase detected by it, causing a
frequency error. The low-frequency operation of the second pair of choppers
prevents them from generating excessive residual offset. The low-frequency
ripple produced by this action will then be filtered out by the large 1UF off-
chip capacitor. Insufficient filtering of this ripple will cause excessive jitter
in the VCO's output frequency.

The electrothermal FLL of [3.13] achieved a device-to-device output
frequency spread of $0.25% (306) from -40°C to 105°C. The output

—o
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Figure 3.24.  Block-diagram of the thermopile preamplifier.
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Figure 3.25.  Block-diagram of the electrothermal FLL with on-chip active
integrator and off-chip sample-and-hold.
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frequency showed a 1/77"7, with T the absolute temperature. This translated
to a temperature sensing inaccuracy of 0.5 °C (306). It can be seen from this
FLL architecture that besides the large off-chip capacitor Cg4. associated with
the preamplifier, the large value of Cy, is of extreme importance. On the one
hand, it determines the 0.5Hz noise bandwidth of the system, while on the
other hand it filters out the low frequency chopping ripple caused by the
chopped residual offset current of the synchronous demodulator.

A next iteration towards improving an electrothermal FLL was the
implementation reported in [3.21]. In this work, the off-chip integrating
capacitor was replaced by an on-chip active integrator around an op-amp
(Figure 3.25) and the effective transconductance of the readout was reduced
by eliminating the preamplifier in [3.13]. This resulted in a noise bandwidth
of 30Hz with a transconductance of 100uS and integrating capacitance of
Cit = 25pF. The elimination of the preamplifier allowed for a larger
bandwidth; however, it increased the effect of the charge injection induced
residual offset associated with the high frequency chopper demodulator.

The combination of low-frequency chopping and large residual offset in
the FLL topologies of [3.13] and [3.21] leads to low frequency ripple. This
ripple cause two major issues: firstly, it causes a large low-frequency term in
the output frequency jitter, and secondly, and more importantly, it modulates
the output frequency of the VCO. As a result, the low-frequency chopping
clock will not have a 50% duty cycle. This causes residual offset, which
significantly increases the inaccuracy of the output frequency.

To mitigate the problem of low-frequency ripple, an off-chip sample-
and-hold was added before the VCO in [3.21]. However, its hold capacitors
had values of 10 puF each and therefore, were implemented off-chip.
Furthermore, addition of a sample-and-hold adds another low frequency pole
to the loop due to the zero order hold function. If this pole is too close to the
dominant pole of the loop the loop can become unstable. The electrothermal
FLL of [3.21] achieved an output frequency error of 0.45% (30) from -40
°C to 100 °C at an ETF power dissipation of SmW. This corresponds to a
temperature sensing inaccuracy of £0.7 °C (30).

3.8 Electrothermal FLL as Foundation for Frequency
References

As discussed in the previous sections, electrothermal FLLs can be used
to realize accurate temperature-to-frequency converters. Untrimmed device-
to-device inaccuracies in the order of 0.25% (36) [3.13] show that the output
frequency of the FLL is mainly determined by ETF characteristics. These are
a function of its geometry and the thermal-diffusivity of silicon, which are
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both well-defined. Unlike the early thermal oscillators, where excess jitter
and high power consumption of heater were major drawbacks, the narrow
noise bandwidth provided by an FLL introduces significant improvement in
both regards.

A frequency reference, in contrast to a temperature-to-frequency
converter, requires the output frequency to be stable over temperature. Since
the electrothermal FLL accurately locks the output frequency of the VCO to
D, the output frequency will follow the same T7™'* characteristic of D (see
Figure 3.26). This corresponds to a temperature dependence of thousands of
ppm/°C, which is not acceptable for a frequency reference. One solution to
this is by measuring the temperature of the die, i.e. the temperature of the
silicon substrate in which the ETF is implemented, and applying the
temperature information to the FLL in order to temperature compensate it.
This could be done by an absolute temperature sensor implemented next to
the FLL (see Figure 3.27).

The temperature information extracted by the absolute temperature
sensor is mapped into a compensation signal and injected into the loop in
order to keep the output frequency constant. It should be noted that the
temperature sensing inaccuracy of the temperature sensor could then
deteriorate the inherent accuracy of the FLL. However, state-of-the-art
temperature sensors with inaccuracies in the range of 0.1°C have been
reported [3.25]. This is still better than the 0.5 °C temperature sensitivity of
the electrothermal FLLs [3.13] and thus should provide the possibility of

Output frequency of an
180 : electrothermal FLL: o 772

/ Desired frequency of a

frequency reference: constant

100

Frequency (kHz)

60

-55°C +125 °C

Temperature (°C)

Figure 3.26.  Temperature dependent output frequency of an electrothermal
FLL vs. the desired constant output frequency of a reference.
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Figure 3.27.  Concept of temperature compensation applied to an
electrothermal FLL for generation of a stable frequency over
temperature.

accurately temperature compensating the loop. Building thermal-diffusivity-
based frequency references based on electrothermal FLLs is the subject of
the following chapters. Before progressing further the dynamic behavior of
FLLs will be discussed.

3.9 Dynamics of an Electrothermal FLL

In order to properly design and implement electrothermal FLLs, it is
useful to analyze their dynamics and stability. Since an FLL locks the output
frequency of a variable oscillator to the phase shift of an ETF, the main
variables processed by the loop are phase and frequency, and so a brief
review of these concepts will be first provided.

Figure 3.28(a) shows a sinusoidal signal A(t) = A,sin(mgt) in the time
domain, while Figure 3.28(b) shows its phase, i.e. wt, which is the total
argument of the signal as a function of time. This is linearly changing with
time with a slope of @y. The time-domain value of signal A(t), therefore,
crosses zero whenever its phase becomes an integer multiple of &. It can be
seen that the larger the slope of the time domain value of the phase, the
faster A(t) zero-crossings will occur, i.e. the larger the frequency. Therefore,
it can be concluded that the faster the phase of a signal changes, the higher
its frequency will be. This means that the frequency term  can be defined as
the derivative of phase ¢ with respect to time [3.23]:

Thermal-Diffusivity-Based Frequency References in Standard CMOS 81



Frequency References Based on the Thermal Properties of Silicon

_a0
dt

a) (3.19)

In order to simplify the study of ETF phase-frequency behavior, we will
assume that the ETF consists of a point-heater source and a point-
temperature sensor, where the heater is driven by a normalized sinusoidal
signal. This could be justified by the fact that the square-wave heater drive
signal will be low-passed filtered by the ETF. Figure 3.29 shows a
simplified diagram of this ETF, where a time-domain input signal at a
frequency of ® and an initial phase of ¢, is applied to the ETF. The output
signal then includes an excess phase shift of Aggrr caused by the thermal
delay. Its amplitude, A4, is a function of the thermal impedance of the
structure [see (3.9)], the power dissipated in the heater, and the sensitivity of
the relative temperature sensor. The excess phase shift in the output signal of
an ETF equals:

A@ere o< S-NF-T' (3.20)

where s is the distance between the point-heater and the point-temperature
sensor, T is the absolute temperature, and f is @/2w. Therefore, the ETF
phase shift can be written as a function of temperature and frequency:

Ag.. = R(TWF . (3.21)

where R(7) is a temperature-dependent value determined by the thermal
diffusivity of silicon, D, and the ETF geometry.

A(t)n
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#(t)y
4r (b)
3z @0
27

T
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Figure 3.28.  Phase of a sinusoid signal as a function of time
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Figure 3.29.  The phase frequency relation of the input and output of an ETF.

With this simplified ETF phase-domain model, its input-output phase
relationship can be written as:

¢out = ¢in + A¢ETF . (322)

by inserting (3.21) into (3.22) we get:
B = 0 + RTNF (3.23)

which considering (3.19) can be expanded to:
do.
6. =8, +R(T) % . (3.24)

As shown by (3.24), to the first order, an ETF can be approximated as a two-
port block that receives a frequency at the input and provides an excess
phase shift at the output for a given temperature point.

As a further step towards simplification of the system, we assume its
behavior to be small signal around its steady state point on an ETF’s phase-
frequency characteristic (see Figure 3.14). This assumption is correct to the
first order because in a locked electrothermal FLL, the loop steady-state
normally changes only due to thermal noise and the ambient temperature
change and these can be considered to be small. This allows for further
simplification of (3.24), through the use of Taylor expansion of a square-root
function, and assuming small values for d@,/dt. Hence, (3.24) can be
simplified to:

_ (1, 144,
b =9, +R(T) (2+2 & j (3.25)

This shows that as far as small signal behavior is concerned, besides adding
a temperature-dependent phase shift, an ETF also behaves like a
differentiator in the phase domain.
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To gain further insight into the system-level behavior of an FLL we
consider the simplified block-diagram of Figure 3.30, where a synchronous
demodulator plays the role of phase detector in the loop. The single tone
excitation model of an ETF (Figure 3.29) can be combined with a
synchronous demodulator at its output, which multiplies the ETF output with
the same signal that drives its heater (Figure 3.31a). It can be shown, through

trigonometric analysis that the output of the synchronous demodulator will
be:

A-sin(wt + @, + A@. ) Xsin(wxt + @, ) =

. (3.26)

0.5- 4-[cos(A@,,. ) —cosRart +2¢, + A@,..)]
From (3.26) it can be seen that this includes a DC term that is proportional to
the cosine function of Aggrr, and some high frequency content, which will be
removed by the loop filter (integrator) of the FLL. Therefore, the
combination of an ETF and a synchronous demodulator in the amplitude
domain can be modeled in the phase domain as an ETF and a phase detector
whose output passes through a cosine function.

The cosine function can be seen as a non-linearity gain around 90°
phase, introduced to the system [Figure 3.31(b)]. Therefore, we add this non-
linear gain Ky to the loop [see (3.26)]. For a point-heater point-temperature
sensor and at a given steady-state excitation frequency @ and a certain
temperature, the parameter K, is determined by the heater power dissipation,
Pheaer, the ETF’s temperature sensor sensitivity, ky, and the thermal
impedance of the structure (defined by the distance s). This parameter should
be determined numerically:

1 w 0]
K, <05 ——P -k, -ex —s‘/— -COS —s‘/— . (3.27
d 27Z'S heater tp p( 2D\J ( 2D} ( )

With slight reconfiguration of the block-diagram in Figure 3.31(b) it can be
further simplified to that in Figure 3.31(c) showing an ETF driven at a given
frequency ®, and followed by a phase detector that can ideally extract its
phase shift A@ggre. The cosine function shown in Figure 3.31(b) can now be
replaced by a summation node in phase-domain. This is followed by a gain
K, that produces an amplitude-domain signal (in DC) from the comparison
of Agerr with a fixed phase reference of 90° in phase-domain.
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Figure 3.30. 4 simplified block diagram of an electrothermal FLL.
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Figure 3.31.  The amplitude-domain simplified model of (a) an ETF with a
synchronous demodulator, and (b) the phase-domain equivalent of
that, and (c) a simplified phase summation node equivalent of the
system.
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Figure 3.32.  The simplified phase domain approximated model representing
a first order system.

Considering the abovementioned simplifications in the phase-domain,
the block-diagram of an FLL (Figure 3.30) can be approximated with a
phase-domain feedback system including the model of Figure 3.31(c) and
including a summation node and a phase reference of 90° (Figure 3.32). A
VCO translates its input to frequency by means of integration. This means
that the VCO is an integrator in the loop and therefore introduces a pole at
DC. As shown by (3.25), considering the small signal behavior of the loop
around its steady-state point, the ETF can be assumed as a block that
receives frequency and produces phase at the output, which means a
differentiator function. A differentiator introduces a zero at DC, and thus
cancels the effect of the VCO’s pole. This means that the order of the loop is
determined by the loop filter, and is thus first order. It can be concluded that
the dynamics of an electrothermal FLL approximately resembles that of a
type I PLL, and therefore is very stable.

Besides providing insight to the dynamics of the loop, this simplified
model of an electrothermal FLL allows for estimation of its noise-bandwidth.
As shown further in this chapter, this is especially important for studying the
jitter behavior of the loop. To further simplify the model, the combination of
the ETF and phase detector shown in Figure 3.32 can be replaced with a
frequency-to-phase conversion gain K, [°/Hz]. This is like a sensitivity
function and can be calculated numerically for the small-signal analysis of
the loop around its steady-state. This can be done by considering a fixed
temperature and a steady VCO frequency of a that correspond to an ETF
thermal phase of 90°. The ETF then translates variations in its input
frequency to variations in phase around this point. For the practical ETF
structures, the sensitivity function, K, should be determined via the thermal
impedance model numerically. For the simple case of a point-heater point-
temperature source structure, the steady state operation of the loop requires:
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Figure 3.33.  Simplified phase-domain model of an electrothermal FLL that
can be used for closed loop studies.

a) (o)
A@,,. =—s /ﬁ =90° . (3.28)

where D is the thermal diffusivity of silicon and s is the distance between the
heater and the temperature sensor. For this model K, is simply calculated
through the derivative of (3.28). The resulting final model, after addition of
Ky, is shown in Figure 3.33.

3.10 FLL Behavioral Simulations

In order to confirm the validity of the simplified phase-domain model
derived above, it is useful to investigate the dynamic behavior of the loop via
its step response. To do this, a time-domain Matlab behavioral model of the
Figure 3.30 FLL was made. The ETF was modeled by the Foster network
shown in Figure 3.15 and with values provided in Table 3.2.

As shown in Figure 3.34, the FLL is excited by a step pulse applied to
the VCO input signal. The step will immediately cause the VCO output
frequency to deviate from its steady-state value, but due to feedback the
integrator will be driven such that fyco returns to the value corresponding to
the 90° ETF phase shift.

To perform this simulation, an integrator with a unity gain frequency of
o, = 300 kHz, a VCO with a sensitivity of Kyco= 100kHz/V, and the RC
network representing the ETF characteristic are considered. The ETF model
has fo0 = 108kHz, which will be the steady state locking frequency of the
loop. Using 24 thermocouple arms for the thermopile with the sensitivity of
each thermocouple being 0.5mV/K, two different levels of heater power
were simulated at 3mW and 10mW. This way the effect of the heater power
on the predicted K4 parameter of the loop (see Figure 3.32) can be verified.
The simulated ETF output is shown in Figure 3.35, which illustrates that the
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ETF outputs a larger signal for larger heater power dissipation (2.2mV in
contrast to less than 1mV).

The time-domain simulation results of the FLL step-response are
summarized in Figure 3.36. The startup of the loop from the initial zero
condition can be seen at the beginning of the simulation (for proper scaling
the data near the start point has been omitted). It is clear that at higher heater
power the FLL starts up faster. A step voltage with an absolute amplitude
level of 200mV has been applied to the input of VCO [see Figure 3.36(a)].
As a result of that, the frequency of the VCO changes instantaneously, which
changes the ETF phase shift and hence the DC term at the output of the
synchronous demodulator [see (3.26)]. This will be integrated by the
integrator by controlling the VCO input voltage such that the frequency
returns to the foo of the ETF. The loop has to react again the same way when
the step is removed.

The settling behavior of the loop as a response to the step [see the
integrator output in Figure 3.36(c)] shows pure first order behavior with a
time constant which is a function of the heater power. The step response
shows that the loop settles faster for the case of 10mW heater power

Vstep J_l_

Oy Kvco ¢
if = | j Aé, VCO |
r ETF

Figure 3.34.  Block-diagram of the FLL model for step-response modeling.
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Figure 3.35.  Time-domain simulated ETF output signal at two heater power.
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Figure 3.36.  Simulated FLL’s step-response for two different heater powers:
(a) the absolute value of the applied step to the loop, (b) the VCO'’s
output frequency, (c) the integrator’s output voltage, (d) the VCO'’s
input voltage.

dissipation compared to 3mW. This implies a larger parameter Ky, which
means a larger loop-gain and thus wider bandwidth. From these step
response simulations the closed-loop bandwidth can be calculated to be 240
Hz and 80 Hz for the 10mW and 3mW simulations, respectively.
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Figure 3.37.  Measured step-response of an electrothermal FLL.

A further confirmation of the modeled behavior was sought in practice
by applying the same experiment step signal to an electrothermal FLL and
monitoring the integrator output settling to a new value with a first order
response. The resulting measured step response from this experiment can be
seen in Figure 3.37, which shows an approximate loop bandwidth of 1Hz.
This number is in line with those predicted by the simulations. The loop
bandwidth in the simulations is more than 100 times larger because the
unity-gain bandwidth of the integrator assumed for the simulations is 300
kHz, which is more than 100 times larger than that implemented in the
practical loop. This choice of simulation conditions was made on purpose in
order to limit the required simulation time and memory.

3.11 The Effect of Noise on an FLL’s Jitter

3.11.1 ETF Noise

Section 3.2 mentioned that the major problem of the first generation
thermal relaxation oscillators published in [3.6][3.7] was the wide-band
thermal noise associated with the temperature sensor of the ETF. This wide-
band noise appears directly at the input of the oscillator's comparator and
causes excessive jitter by introducing uncertainty at the moment the
comparator decides. In later realizations [3.13], by incorporating an ETF in a
feedback loop and using a synchronous demodulator as a narrow-band
tracking filter, the effect of the ETF's thermal noise was significantly
reduced.
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An ETF generates thermal noise due to the resistance of its p" diffusion
thermocouple arms in the thermopile. For the ETF shown in Figure 3.13, the
total value of this resistance is in the order of 20kQ2, which translates into a
thermal noise density of about 18nV/\VHz. This can be modeled as a noise
source added to the output of the ETF, and therefore it can be included in the
simplified block-diagram of an electrothermal FLL, as shown in Figure
3.38(a).

If the rest of the loop is ideally noise-free, the effect of the ETF's
thermal noise, V,grr, on the VCO output frequency can be further studied.
Since the multiplier is a chopper demodulator, to the first order, its
contribution to the noise transfer can be assumed negligible. Therefore, by
applying the wide-band output noise of the ETF to (3.26) we can re-write the
multiplier output as:

[A ’ Sin(a)t + ¢in + A¢ETF) + I/n,ETF]XSin(a)t + ¢1n) : (329)

With the assumption that an ETF's noise is mainly thermal noise (this is to
first order valid since this noise is mainly generated by the resistance of the
thermopile p~ arms), the ETF noise can be shifted directly through the
chopper demodulator (Figure 3.38b), which means that it is added to the DC
term at the output of the demodulator as:

0.5-A-cos(A@yp ) +V, 1y - (3.30)

This noise is added directly to the FLL’s error signal, which is the input of
the integrator. The phase-domain model of an FLL shown in Figure 3.33 can
be adopted again for the noise-transfer analysis. This is done by adding a
noise source V;grr, originated by the ETF and shifted through the phase
detector, at the input of the integrator (see Figure 3.39).

We are interested in the transfer function relating the noise source V,, g7
to the output parameter ® of the loop. As can be seen from Figure 3.39, this
transfer needs to be calculated in a closed-loop system, where at the forward
path the integrator is assumed to have a transfer function H(s) and the VCO
is assumed to have a voltage-to-frequency gain Kyco. The feedback factor is
determined by the ETF. The noise transfer of the FLL is defined by the small
signal characteristics of the loop. Therefore, the combined ETF and phase
detector small signal transfer K, [°/Hz] should be determined numerically.

From the system block diagram of Figure 3.39, the following noise
transfer can be extracted:
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a)n,ETF (S) — KVCO : H(S)
Vn,ETF(S) 1+ K, 'K¢ Koo H(s)

T, pre(8) = (3.31)

It should be noted that the loop parameters K4 and K, are dependent on the
thermal impedance of the ETF, and thus need to be calculated numerically
for a given steady-state point. From (3.31), the total noise at the VCO output
frequency can be calculated as:

a)nzo,ETF = I:‘T;z,ETF (S)‘z 'VnZ,ETF ds . (3.32)
Vi ete
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= | Fveol—
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Figure 3.38.  Inclusion of the ETF thermal noise in the electrothermal FLL.
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Figure 3.39.  Addition of ETF thermal noise to the simplified phase-domain
model of the FLL.
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Figure 3.40.  Open and closed-loop transfer function of the simplified FLL
model.

Since the integrator transfer function H(s) is a low-pass function, and
that the gains K4 and K, can be assumed to be approximately constant for
fixed heater power, temperature, and s, the ETF thermal noise is low-pass
filtered by the loop. This means that the total noise (jitter at the output
frequency @k, rrr) Will be limited by the noise bandwidth of the system. This
can be better seen from the bode-diagram showing the open as well as the
closed-loop transfer T, grr(s). The loop bandwidth @, is determined by the
ETF in the feedback path and by the unity-gain bandwidth of the loop @,
which is determined by the integrator.

3.11.2 Implications for FLL Design

The total noise at the VCO output, i.e. the jitter of the output frequency,
is determined by (3.32), and thus it is worth to consider the effect of FLL
design parameters on the resultant output noise. This includes the ETF
design as well as the loop design. In the first place, the total noise generated
by the ETF thermopile can be reduced. This can be achieved by reducing its
resistance. The other effect that an ETF has on the loop jitter is its influence
on the noise transfer, 7, gr(s) [see (3.31)]. For large values of H(s) (within
the loop bandwidth), this is mainly determined by the effect of the ETF on
the feedback factor of the loop via K¢ and Kj:

1

K, K,

[_](S)_>°°:>Tn,ETF(S)z (3.33)
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Qualitatively, K, is the more dominant parameter, since for small-signal
behavior and in the steady-state condition, Kscan be assumed to be constant.
Therefore, the larger the ETF heater power dissipation, or the smaller the
value of s [see (3.9) and (3.27)] the larger the value of K4 and thus, the
smaller the noise transfer function. This means that as far as the effect of the
ETF on the FLL jitter is concerned, either its heater power dissipation should
be increased and/or its dimension (heater thermopile distance s) has to be
decreased, and/or a thermopile should be adopted with a larger sensitivity
(all leading to a larger signal at the ETF output).

Besides the effect of the ETF on the initial thermal noise level and the
noise transfer, the other design parameter influencing the FLL jitter is the
integrator unity gain frequency @,. Since the system has a first order transfer,
the loop bandwidth determines its noise bandwidth [3.24]:

/4
NBW = Ea)loop . (3.34)
where @0, can be determined considering Figure 3.40, (3.31) and (3.33):

Koo = a,,, = K, -K¢ Ko @, . (3.35)

0 =0, ——
u loop
K, K,

Therefore (3.32) can be simplified to:

2
a):o,ETF = Vnz,ETF ’ -NBW
d*>¢
. 2
T
=V o | = K, K, Kyeo- @, (3.36)
’ KdK¢ 2
_£V2 .KVCO.a)u
- n,ETF
2 KdK¢

Example: consider a point-heater point-temperature sensor ETF
structure with s = 10um, a heater power dissipation Pg,=10mW, a
thermocouple temperature sensor with a sensitivity of 0.5mV/K, and a
thermal noise of 20nV/\VHz at a loop steady-state frequency of w=285kHz
(see Figure 3.3) associated with a phase shift of 90° for this structure. The
loop incorporates a VCO with a sensitivity of Kyco=250 kHz/V, producing a
single-tone sinusoid signal and an integrator with a unity gain frequency of
500Hz.
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The parameter K, of the loop can be calculated numerically around the
steady-state point of the loop, by considering the phase characteristic of the
thermal impedance of the structure (Figure 3.3). This can be done once the
thermal impedance of the structure has been calculated using (3.9) and
numerically taking the derivative of this response. For the specifications
mentioned, the calculated K, is approximately 0.16 [°/kHz].

Furthermore, the parameter Ky can be calculated from (3.9) and (3.26).
The thermal impedance of the structure [equation (3.9)] predicts a
temperature variation of about 0.4°K as a function of a 10mW power
dissipation at the heater. For the thermocouple sensitivity mentioned, this
leads to an output signal amplitude of about 0.2mV. With (3.26) and the DC
value resulting from the phase detector, the value of Ky will be 0.1 [mV/°].
This leads to a K4 - K, in the order of 0.016 [mV/kHz]. The loop noise
bandwidth therefore can be calculated from (3.34) and (3.35) to be about
3Hz. Through (3.36) for a Vyprr= 20 nV/NHz the expected rms jitter at the
output frequency of FLL will be < 100 ps. Compared to the steady-state
locking frequency of my=285kHz, this jitter accounts for 0.003% of the
oscillation period, which can be acceptable.

3.11.3 VCO Noise

The other noise source in the system is the inherent noise of the VCO.
The VCO is a block that translates a control voltage into an output frequency
with a certain gain, Kyco. Like any other electronic circuit block, a VCO can
be assumed to be a noise-less element and its total circuit noise can be
derived from its input as a noise source V,vco (see Figure 3.41). This results
in a different noise transfer for the VCO noise contribution to the FLL output
frequency:

a)n,VCO (S) — KVCO
Vn,VCO(S) 1+K, 'K¢ Koo H(s)

T, yeo(s) = . (337)

This transfer function suggests that for a low-pass characteristic
associated with H(s), the VCO noise is high-pass filtered. This means that to
minimize the VCO noise contribution to the FLL jitter, the loop bandwidth
should be as large as possible. This can be seen intuitively from (3.37),
where the larger H(s), the smaller the @, due to the V,vco. Therefore, the
larger the loop gain at higher frequencies, the more suppression of the VCO
noise will be achieved. This is however, in contradiction with the conclusion
we drew from the analysis of the ETF thermal noise effect on the FLL’s
output jitter. That analysis required a smaller loop bandwidth for less
output noise.
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Figure 3.41.  The introduction of the VCO noise into the simplified model of
an FLL.

Considering that the ETF noise and the VCO noise are the only major noise
sources in the system, we can write:

) 57105
a)no zl:a)no,ETF +a)no,VCO :| N (338)

Therefore, when the ETF is the dominant source of noise, the loop
bandwidth should be minimized, however if an ETF is designed with a low
output thermal noise, to reduce the VCO’s noise effect, the loop bandwidth
can be increased.

It should also be noted that our definition of noise at the output
frequency of the VCO is analogous to the cycle-to-cycle jitter’s definition.
This is simply defined as the fluctuations in a VCO’s output signal period of
oscillation referred to a fixed single edge of the signal as a reference.

3.12 Challenges Associated with the Previous FLL’s

From the previous review of the work done on electrothermal FLLs it
can be concluded that the key to achieving reasonable jitter performance at
acceptable levels of heater power dissipation is the use of a synchronous
demodulator in combination with an integrator in a feedback loop. In
contrast to the earlier thermal oscillators, this approach provides a
narrowband solution that limits the effect of ETF thermal noise on the
frequency jitter. Therefore, when making an on-chip frequency reference
based on a thermal delay, an electrothermal FLL is the most promising
choice.

Before we progress further, it is important to mention the major
challenges associated with the FLL architectures introduced due to their use
of analog signal processing. The major challenge when implementing such
FLLs is the required narrow noise bandwidth of the loop, which is associated
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with the required jitter performance. This translates into large time constants
for the loop integrator, which in turn translates into large capacitance values
for the circuitry implementing this block. Therefore the prior architectures
are less amenable to CMOS integration, such as the large IUF off-chip
capacitor in [3.13] and the 10uF off-chip sample-and-hold capacitors in
[3.21]. This calls for the need to adopt a different topology for an
electrothermal FLL, which is the topic of the next chapter.

3.13 Conclusions

Integrated frequency references have utilized the electrical, mechanical
and magnetic properties of on-chip components. However, the thermal
properties of silicon have hardly been explored. Heat generated in a silicon
substrate causes temperature variations. The generated heat diffuses at a
defined rate through the substrate, which means that the resulting
temperature fluctuations can be sensed at a further distance after a defined
delay. This is the basis of implementing on-chip thermal delays. These are
defined by the thermal diffusivity of silicon and the distance between the
heat source and heat sensing points on the substrate. Due to the accuracy of
lithography and the purity of IC grade silicon, these delays are well defined.

The thermal diffusivity of silicon can be harnessed by a CMOS
compatible element called an electrothermal filter (ETF). An ETF made of a
heater and a relative temperature sensor, located at a distance s apart,
behaves like a low pass filter. This filter has a well-defined phase response,
which is determined by the thermal diffusivity constant of silicon and the
ETF geometry. The major challenge in interfacing ETFs is their small output
signals, which results in low signal-to-noise ratios.

Thermal delays were used in early thermal feedback oscillators, which
measured the silicon die temperature with a temperature-dependent
frequency. The temperature dependence of the thermal delay is due to that of
the thermal diffusivity D of silicon. These oscillators had a rather poor jitter
performance, accounting for tens of percent of the output period even at
large levels of heater power dissipation. This was because of the thermal
noise associated with their thermal delay line.

The jitter problem of the early thermal oscillators was solved by
embedding an ETF in an electrothermal frequency-locked loop. In this type
of loop, feedback locks the output frequency of a VCO to the phase shift of
an ETF. The loop incorporates a synchronous demodulator and an integrator
that together form a narrow-band tracking filter. This helps filter the wide-
band thermal noise associated with the relative temperature sensor of the
ETF, allowing reasonable jitter to be achieved at relatively low heater power
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dissipations. This makes an electrothermal FLL the architecture of choice for
building a thermal diffusivity-based frequency reference.

The ultimate jitter performance of an FLL is determined by the ETF
level of thermal noise, as well as the loop noise bandwidth. In order to
achieve narrow noise bandwidths, early FLLs utilized large time constants.
This required large capacitors that make the CMOS integration of an FLL
difficult. This calls for a new architecture to solve this problem.
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4 A Digitally-Assisted
Electrothermal

Frequency-Locked Loop
in Standard CMOS

This chapter describes an electrothermal frequency-locked loop (FLL)
that is suitable for CMOS integration. An electrothermal FLL requires a
narrow noise-bandwidth to limit the jitter caused by the thermal noise of its
ETF. This is rather challenging to implement in the analog domain, since the
narrow bandwidth requires the realization of a large time constant. This
translates into large capacitor values in the order of micro-Farads (sub-Hz
bandwidth), which were previously implemented off-chip.

This chapter proposes a digitally-assisted FLL (DAFLL) architecture
that mitigates the integration difficulties of previous FLLs. In the DAFLL,
the narrow-band loop filter is realized in the digital domain. As such, it does
not require off-chip analog components. To begin with, the proposed system
level architecture will be introduced. Afterwards, the design, implementation
and characterization of the major building blocks will be covered. These
include a phase digitizer realized by means of a phase-domain AX modulator
(PDAXM), and a digitally-controlled oscillator (DCO).
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The DAFLL was realized in two steps, each one of them included a test
chip. Therefore, the design and implementation of these chips will be
discussed separately. The first chip consists of two ETFs and a PDAXM,
which demonstrates that the phase shift of an ETF can be accurately
digitized. It also enables a comparison between the two ETFs. The second
chip builds on the results from the first, and realizes the complete DAFLL.
Besides forming the basis of a TD frequency reference, a DAFLL can also
be used as a test-vehicle for characterizing the phase-frequency characteristic
of an ETF. The final section of this chapter shows how this concept can be
used in measuring the thermal-diffusivity of a chip.

4.1 Introduction

The previous chapter concluded that to implement a thermal-diffusivity
based (TD) frequency reference, a temperature-compensated electrothermal
FLL is the most suitable architecture. However, previous implementations
required the realization of large time constants, which either require a very
small transconductance and/or a very large capacitor (see chapter 3). The
former solution leads to excess noise and a small signal both leading to extra
jitter. The latter solution is not efficient due to the large amount of chip area.

A solution to the problem described above is to use a digital integrator.
The implementation of the required time constant then translates into a
choice of the digital integrator’s sampling rate and the total number of bits it
accumulates. The digital hardware required to implement this, occupies
much less area than the realization of large capacitors [4.1][4.2].

The simplified block diagrams shown in Figure 4.1 compare an analog
FLL [4.3] with the proposed digitally-assisted FLL (DAFLL) [4.4]. Figure
4.1(a) shows the analog loop including a VCO, an ETF, a synchronous
demodulator and an analog integrator. The ETF’s heater is driven by the
VCO’s output signal, Vieuer, which results in an AC output signal Vgre
[Figure 4.1(c)]. The analog FLL is locked when the demodulator’s DC
output is zero, corresponding to a VCO frequency fyco = foo. At this
frequency, the phase shift of the ETF is about 90°.

Figure 4.1(b) shows the digitally-assisted loop. Here, the ETF's phase
shift, @g7r, is digitized by a digital phase detector. This is compared to a
digital phase reference, ¢, at a phase summation node. The result of this
comparison is an error signal, which is integrated by a digital integrator. The
integrator drives a digitally-controlled oscillator (DCO) that, in turn, drives
the ETF at frequency fpco. Once more, feedback forces the DCO to oscillate
at a frequency, fpco, where @grr = @r[Figure 4.1(d)].
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Figure 4.1.  (a) The analog FLL, (b) the digitally-assisted FLL(DAFLL), (c )
the heater drive Viyeuer and the output signal Verr (d) the FLL's
locking point.

4.2 Proposing a Digitally-Assisted FLL

4.2.1 Operating Principle

A system-level block diagram of the proposed digitally-assisted FLL
(DAFLL) is shown in Figure 4.2. Due to the utilization of a digital filter in
the loop, analog-to-digital and digital-to-analog conversion needs to be
considered in the system. Here, the analog signal is the ETF phase, @grr,
which needs to be digitized. The digital output of the digital filter should
then be translated to an output frequency by the DCO.

For a given ETF structure, @z is a function of the temperature and the
drive frequency. Furthermore, ¢@grr is contained in the sub-millivolt output
signal of the thermopile (see chapter 3), and this needs to be digitized in the
presence of wide-band thermal noise due to the thermopile resistance. Since
for a given driving frequency, this phase shift varies only as a function of
temperature, its variation has a bandwidth in the order of a few tenths of Hz.
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Figure 4.2. Simplified system-level block-diagram of the DAFLL.

Digitizing such a low-frequency signal with high resolution (typically >12-
bits) matches the characteristics of delta-sigma (AX) ADCs [4.5][4.11]. Such
ADCs exchange resolution in amplitude with resolution in time, by means of
oversampling and noise shaping [4.5].

To digitize @err, a phase-domain delta sigma (AX) modulator (PDAXM)
has been adopted to be embedded in the DAFLL. A PDAXM is similar to a
conventional amplitude-domain AX modulator [4.5], with the difference that
the input and the reference values are not in the amplitude-domain, but in the
phase-domain. The PDAXM produces a bitstream output which represents
@err in digital domain. Within the DAFLL, this bitstream is then digitally
compared with a phase reference of 90° (see Figure 4.2), and the resulting
error signal is integrated by the digital filter.

The multi-bit output of the digital filter drives a digital-to-analog
converter (DAC), whose output then drives a VCO. The combination of the
DAC and the VCO forms a DCO. The PDAXM, the digital filter, and the
DAC are all sampled at the same frequency f;, which is a sub-multiple of
foco. The result is a self-referenced system, whose noise-bandwidth is
determined by the digital filter, which can be almost arbitrarily low.

4.2.2 DAFLL System-Level Specifications

In order to derive a set of system-level specifications for the proposed
DAFLL, the more detailed block-diagram shown in Figure 4.3 needs to be
considered. Here, the main building blocks of the loop, including the ETF,
the PDAZM and the DCO can be recognized. The square-wave output of the
DCO, fpco, enters a frequency divider. This produces the sampling clock, f;,
and the ETF drive signal, f;,., which are both sub-multiples of fpco. The
ETF output is then applied to the PDAXM, which digitizes the ETF phase
shift with reference to two phase references, fy,,(¢) or fi1.(#1), produced by
the divider. These are also square-wave signals, which are +45° phase-
shifted regarding to £, [4.6][4.7]. The bitstream output of the modulator is
then a digital representation of the ETF’s phase shift.
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Figure 4.3. Detailed block-diagram of the digitally-assisted electrothermal
FLL.

In order to implement +45° phase references with a 50% duty cycle,
Jfpco = 16-f4ie. The 90° phase reference of the FLL is a square-wave with a
frequency of f/2 (corresponding to consecutive ones and zeros at rate f;).
This phase reference is subtracted from the PDAXM bitstream output, and
the resulting 3-level signal is integrated by an up/down counter. The counter
acts like a digital integrator, and thus forms the loop's digital filter. When the
3-level signal is zero, the XOR gate disables the counter; otherwise, the
counter's state is appropriately incremented or decremented. The counter’s
output is then fed to the DCO.

Since the inaccuracy of a previous FLL [4.3] was 0.25%, the same level
of inaccuracy was expected from the DAFLL. This sets the error
contribution specifications of the loop's building blocks. A potential error
source in a DAFLL is the electrical domain phase error introduced by the
PDAXZM and the ETF. The ETF is designed to have an fy) of about 100kHz at
room temperature and a lithography-limited thermal phase spread of 0.12°
(30) in a 0.7um process [4.6]. Therefore, the PDAZM’s phase error should
be designed to be much (10 times) lower than this. For this specification, a
phase error of 0.01° will lead to an output frequency error of less than 0.04%,
which is more than 5x smaller than the expected accuracy.

It was shown in chapter 3 that due to the temperature dependence of D,
the ETF’s phase shift will be a function of temperature. Therefore, the DCO
needs to have enough tuning range over the temperature. It should be noted
that the DAFLL proposed in this chapter will not be temperature-
compensated. This is mainly to confirm from the experimental results that
the output frequency of the loop is indeed locked to the thermal diffusivity of
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silicon, D, i.e. follows the same 7 * temperature dependence as was shown
by the analog FLLs. This sets the specifications regarding the DCO range.

With the room temperature fop of about 100kHz and to produce the
required phase references of the PDAEM, fpco = 16:fan. = 1.6MHz (at room
temperature). This means that the variations of the FLL’s frequency over the
military range (with @, = 90°) will require a DCO tuning range from
800kHz to 3.2MHz. In line with the expected accuracy of 0.25%, a
frequency resolution of 0.05% was chosen. With the required DCO range
over temperature and the extra +40% additional spread, due to process and
temperature variations, a 12-bit DCO with a step size of 800 Hz was devised.

The noise bandwidth of the system is determined by the length of the
counter and the value of f;. For a 12-bit counter and f; = f4,./64, the
DAFLL’s expected noise bandwidth is 0.4 Hz (at room temperature and f.
= 100kHz), which is close to the previous FLL reported in [4.3]. This
ensures sufficient suppression of the wide-band noise of the ETF and the
quantization noise of the PDAXM.

The expected resolution of the PDAXM, within the full-scale phase
range of ETF over temperature, should be chosen in line with the expected
0.25% inaccuracy level of the DAFLL. Therefore, for a frequency resolution
of 0.05% a phase resolution of better than 20 milli-degrees should be
sufficient (see equation (3.11) showing the phase-frequency sensitivity of an
ETF). For an ETF full-scale phase range of about 50 degrees over the
military temperature range, and at a constant drive frequency of about 100
kHz, this translates to a phase resolution of about 11.5 bits. Considering that
within the narrow noise-bandwidth of the DAFLL, the oversampling ratio of
the PDAEZM can be made quite large, a first-order AX modulator should be
sufficient to achieve a thermal noise limited resolution better than 12 bits.

4.2.3 DAFLL Realization Phases

As mentioned earlier, in order to minimize risks, the design of the
DAFLL was split into two steps, each involving a separate test chip. The
first chip only includes two ETFs and the PDAXM, while the second chip
realizes the complete DAFLL. This strategy was adopted to minimize risks.
The circuit and system design, as well as the experimental results of these
two chips will be provided in two separate sub-sections in this chapter.

The first chip was to investigate the accuracy with which the phase shift
of an ETF could be digitized. Also, a choice had to be made between the bar
ETF used in [4.3] (shown in Figure 3.11) and the optimized ETF (shown in
Figure 3.13). As described in chapter 3, a greater accuracy was expected
from the optimized ETF, which needed to be verified by experimental results.
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The first chip, besides providing a development ground for the DAFLL,
can also be used as a temperature-to-digital converter (TDC) [4.12][4.7].
This is because the digitized @7 is a function of temperature when the ETF
is driven at a constant frequency, i.e. by a crystal oscillator. This was
considered during the system and circuit design of this chip, which will be
described in the following sub-sections. Furthermore, to add more
experimental data to available performance of the thermal-diffusivity-based
temperature sensors at the time [4.7], performance of the first chip was also
evaluated as a TDC.

The second chip, builds on the results obtained from the first chip. The
selected ETF in combination with the PDAXM were integrated next to a 12-
bit DCO, which was designed for the required range and resolution
requirements described in the previous sub-section. The system and circuit
design of the second chip, forming the complete DAFLL, as well as
experimental results on characteristic and accuracy of its output frequency
over temperature will be provided in a separate sub-section.

4.3  First Test Chip

The following sub-section will provide discussions on the system and
circuit design of the first test chip. At the end, the experimental results from
this chip and the conclusions based on those will be provided.

4.3.1 PDAXM System-Level Architecture

As described earlier, the first test chip implements ETFs and a PDAZM
[4.6]. Besides providing a development ground for the DAFLL, the first chip
can also be used as a temperature-to-digital converter (TDC) [4.12][4.7].
This is because the digitized @7y is a function of temperature when the ETF
is driven at a constant frequency, i.e. by a crystal oscillator. For this reason,
the following paragraphs also consider the system-level aspects of the
combination of an ETF and a PDAXM as a TDC. This means that the error
contribution of the various building blocks in the first chip’s system will also
be translated into temperature sensing inaccuracies. The main reason to
consider temperature sensing is to facilitate a comparison between the
performance of the optimized ETF (see chapter 3) and the performance of
the bar ETF, since the latter had previously been used in a similar TDC [4.7].

A simplified block-diagram of the first test chip is shown in Figure 4.4.
The ETF is driven by a square-wave, at a constant frequency fz., which is
derived by a frequency divider from a crystal oscillator oscillating at fy7y;.
The ETF’s output, with a temperature-dependent phase-shift @z, is applied
to a front-end. The output of the front-end is fed to a PDAXM, which
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consists of a multiplier, an integrator, a quantizer and a single-bit phase
DAC. Depending on the output of the quantizer, the output of the front-end
will be multiplied by one of the two digitally phase-shifted versions of fze,
Jarive(¢o) and fun.(@1), generated by the phase DAC. The multiplier acts
as the AX modulator’s summing node [4.5], and outputs a current whose DC
component is proportional to the cosine of the phase difference between the
output of the front-end, @xrr, and that of the phase DAC, ¢. The average of
the modulator’s bit-stream is a weighted average of the two reference phase
shifts ¢ and ¢, that approximate @gry.
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Figure 4.4. Simplified block-diagram of the first test chip.
Test Chip'
FC >3— DQ
T “int M
b >h>
faive £ Tarive(@0) Tarive(@1) fs
Frar Timing Control Block in FPGA

Figure 4.5. Complete block-diagram of the first test chip.
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A complete block diagram of the first test chip is shown in Figure 4.5.
The ETF is driven at f4,, = 85kHz. Its sub-millivolt AC output signal is
converted into a current by a transconductor g,. The modulator’s multiplier
(Figure 4.4) is implemented as a chopper demodulator, embedded in the
transconductor and its integrator is implemented by capacitor Ci,. This
capacitor also filters out the harmonics of f;. present at the output of the
demodulator. The voltage across C; is then boosted by a differential-to-
single-ended amplifier, and applied to a digital latch (in an FPGA). The latch
acts as the modulator’s quantizer. The FPGA also generates the two phase

reference signals, fy,....(¢) and f;...(¢) from the crystal-oscillator output.

For fn. = 85kHz, Figure 4.6 illustrates the simulated phase shift of the
optimized ETF over the military temperature range (left axis). This is a
simulation based on the thermal impedance model that was introduced in
chapter 3. The derivative of this function’s inverse is also shown. When the
chip is used as a temperature sensor, the maximum value of this derivative

defines a worst-case sensitivity factor S; that links ETF phase errors to
ETF

temperature sensing errors:
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Figure 4.6. Simulated phase shift of the ETF (left axis) and the resulting
sensitivity-function relating temperature variations to phase
variations (right axis).
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Therefore, ETF phase spread Aggrr, caused by lithographic inaccuracy
(see chapter 3), will give rise to temperature measurement errors. FErrors
contributed by other sources, such as the electrical phase spread added by the
transconductor g, and the residual offset added by the synchronous
demodulator, should be made much smaller than this.

An idealized block-diagram of the first test chip front-end, based on the
single tone excitation model introduced in chapter 3, is shown in Figure 4.7.
This diagram shows the effect of error sources such as residual offset and
excess electrical phase error. The harmonics present at the output of the
synchronous demodulator are filtered out by the integrator of the phase-
domain AY modulator. To first-order, therefore, the operation of the front-
end and the effect of error sources on it can be analyzed by modeling both
the ETF drive signal, Vv, and the feedback signal of the phase-domain AX
modulator, Vg, as sinusoidal functions:

Ve (1) =082 £, 1) 4.3)

Figure 4.7. Simplified block-diagram of (a) the interface electronics for an
ETF (b), with residual offset, and (c) with phase error.
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Vig (1) = COSQ f 1 + Bry) - (4.4)

where ¢rp, toggles between ¢ and ¢ depending on the polarity of the
modulator’s bit-stream. The ETF’s output signal, Vg, will then be a phase-
shifted version of Vge:

Ve (2) = A-cOSQIf 1t + Py - 4.5)

where A is the amplitude and ¢grr is ETF’s temperature-dependent phase
shift. The amplitude A4 is a function of the ETF’s geometry, the power
dissipated in the heater, and the sensitivity of the thermopile. The
transconductor gy, converts Vyzr into a current iyy, which is then multiplied
by the feedback signal, V5, leading to a demodulated signal ig,:

igm (t) = gm ’ A ’ Cos(zﬁf;lrivet + ¢ETF) . (46)

isig (t) = igm Vig =

.47
8y A-COSQ2T [yt + By ) - COS(RTT f it + )

The current defined by (4.7) has AC terms that will be filtered out by Ciy, as
well as a DC term that carries the phase information:

1
Lig DC (t) = E'gm A cos(Pprr — Ppg) - (4.8)

The feedback in the phase-domain XA modulator (Figure 4.4) acts to
balance the average charge accumulated by the integrator:

1
/U'E'gm - A-cos(Pypy — ) +
(4.9)

(=408, A-cO5(dyze ~4) =0

where p is a number between 0 and 1, which represents ¢@g7= as a weighted
average of the two phase references, ¢, and ¢;:

1~ coS(Pprr — @) ]
CoS(@yrp — &) —coS(Pyprr — 9y)

(4.10)

If (@err- ¢1) and (derr- @) are close to 90 degrees, the cosine function can
be linearized, leading to a linear relation between p and @grr:
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- ¢ETF _(90+¢1)
“ ¢0_¢1 ‘

Non-idealities such as the residual offset [Figure 4.7(b)] added to the
DC signal of (4.8), or the electrical phase error [Figure 4.7(c)] added by the
transconductor to the AC signal of (4.6), lead to errors in the digitized value
of @err. Apart from causing frequency error in DAFLL, via (4.2) these errors
cause temperature sensing errors if the chip is used as a temperature sensor.

4.11)

In the case of a residual offset current, /s, added to the demodulated
DC signal [Figure 4.7(b)], the modulator’s feedback will still ensure that the
average charge accumulated by the integrator is approximately zero.
However, a different steady state value p' results:

’ 1 4 1
H 'E'A'COS(QETF @) +A-u )'E'A'COS(@ETF —@)+ 15 =0
(4.12)

The deviation of p' from the value expected from (4.9) leads to an error
in the digitized @grr. Figure 4.8 (left axis) illustrates the simulated phase
error as a function of residual offset. The resulting temperature sensing error,
calculated from (4.2), is also shown (right axis). A residual offset current of
15 pA, results in a phase error of approximately 0.01 degrees and a
temperature sensing error of 0.05°C. This simulation has been performed for
the optimized ETF at room temperature, fuiv. = 85kHz, a heater power of 1
mW, and a transconductance of 300uS.

Any residual DC offset current can be eliminated by chopping (see
Figure 4.5) the ETF and the entire front-end at a frequency f;, (20 Hz), which
is much lower than f,;,. (85 kHz). The bit-stream output of the first chip was
then decimated by a sinc' filter, with a length of N/f.;,, where N is an integer,
so that its notches perfectly eliminate the ripple caused by the low-frequency
chopping. This filter also limits the system noise bandwidth, thus
suppressing most of the wide-band thermal noise of the ETF.

The other source of non-ideality is the electrical phase shift added to the
transconductor’s output current i,y. The source of this phase shift is the finite
bandwidth of all the circuitry between the ETF’s output and the synchronous
demodulator’s input [Figure 4.7(c)]. This phase error @, is
indistinguishable from ¢z In case the first test chip is used as a
temperature sensor, this directly translates to a temperature sensing error,
and when used in a DAFLL, this phase error will translate to frequency error.
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Figure 4.8. Simulated phase error and the corresponding temperature
measurement error as a function of residual offset current.

Adding @, to @err in (4.9), leads to a different steady-state value p':

» 1
/’1 5 : A ' COS(¢ETF + ¢error - ¢0) +
(4.13)

(=t A-605(Byp +0,, ~ ) =0

From (4.13), it can be shown that for temperature sensing applications, a
phase error of only 0.01 degrees leads to an error of 0.05 °C. Assuming that
the ETF is driven at 85 kHz, and that the transconductor behaves like a first
order filter, this translates into a -3dB bandwidth of more than 100MHz.

4.3.2 PDAXM Circuit Design

As shown in Figure 4.5, the PDAZM circuitry involves a transconductor
with embedded chopper demodulator, which together with an integrating
capacitor forms the modulator's passive integrator. Furthermore, it includes a
differential-to-single ended amplifier and a bias circuitry. The design of
these blocks will be described next.
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4.3.2.1 Transconductor Design

As discussed in the system-level design section, the phase readout
accuracy requires the transconductor of the PDAXM to be designed with a
wide bandwidth. The thermal noise contribution of the transconductor
should be less than that of the ETF. Finally, the residual offset current
produced by the synchronous demodulator should be minimized. To satisfy
these requirements, the transconductor was implemented as a gain-boosted
folded-cascode amplifier, with PMOS input pair, and an embedded chopper
demodulator (Figure 4.9). In order to compare the performance of the bar
ETF [4.3][4.7] with the optimized ETF (chapter 3), the transconductor
employs two PMOS input pairs (M;_4) connected in parallel. By multiplexing
the tail current (60pA) provided by the cascoded current source (Mss), any
one of the two ETFs can be selected for use in the chip. Transistors My
cascode the current sources M1, (each carrying 40pA), while My;.14 (each
carrying 10pA) are cascoded by means of Mg jo. The offset current of the
PMOS current sources (M;3.14) is chopped by means of the upper chopper.

The common-mode feedback (CMFB) circuit of the transconductor is
formed by the two differential pairs made by M;s ;s and M;7,5 biased with
current sources M9 and M,, together with the diode connected transistors
M,; and My, [4.15]. The gates of M and M7 are connected to the common-
mode reference voltage, Vewm e, Which sets common-mode level of the
output terminals. The gate terminals of M;s and M;s sense negative and
positive output terminals respectively. The sum of the output currents of M
and M,;; controls the output common-mode level through the diode
connected transistor M,; and the bottom current sources M;; and M,. With
the voltage of the positive and negative output terminals, the gates of M;;
and Mg change at the opposite directions:

Veais =Varr =Vais = Vs - (4.14)

Vois 7V gis _ Vois tV 61n
2 2

=Vers vor - (4.15)

In order to increase the linear range of operation for M;s.5to achieve a
larger output swing, these devices are degenerated by resistors Ry 4 (each 5
kQ). Capacitors Cc;, (each 120fF) provide frequency compensation for the
CMFB loop in order to guarantee a minimum of 60° phase margin over the
process corners and temperature.

Any electrical phase shift introduced between the input pair and the
input of the synchronous demodulator gives rise to a phase error [see (4.13)].
The thermopile behaves like a distributed RC filter with a phase-shift of 0.14
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degrees at 85kHz. To avoid increasing this phase-shift significantly, the
transconductor’s input capacitance (Figure 4.10), Cparem, Was designed to be
small (50fF) compared to the thermopile’s total capacitance (600fF), by
making the input devices relatively small (36um/0.7um). The voltage
across the input devices gives rise to a differential AC current igg oc, Which is
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o
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Figure 4.9. Gain-boosted transconductor amplifier.
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Figure 4.10.  Electrical filtering due to thermopile’s parasitic capacitance,
and due to the input pair’s parasitic capacitance.
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then phase detected by the embedded chopper demodulator. Over
temperature and process corners, simulations show that the minimum unity-
gain BW of the corresponding transconductance is greater than 115 MHz. At
farive = 85 kHz, this translates into a nominal phase shift of 0.01 degrees in
the AC current entering the synchronous demodulator, which is much
smaller than the 0.14 degrees of electrical phase shift introduced by the ETF
itself. It should however be noted that the phase spread within a batch will be
an order of magnitude smaller. Compared to the use of a preamp in
[4.3][4.7], the use of a single transconductor provides a significantly wider
bandwidth for the AC current entering the demodulator — 115 MHz versus
25 MHz.

In a ZA modulator based on a passive (g,-C) integrator, the integrator
leakage p, is determined by the DC output impedance of the transconductor
Rou, the integrating capacitor Cjy, and the sampling frequency fs:

p= eV IoRuCn (4.16)

The width of the widest dead band Ax, in the modulator’s DC characteristic
normalized to its reference is given by [4.5][4.13]:

_l=p 4.17)
I+p

The amplifier’s simulated DC gain is greater than 140 dB, which
corresponds to a DC output impedance of more than 33 GQ. With Cy,, = 70
pF, and a 2.67 kHz sampling frequency, this means that the dead bands
associated with integrator leakage will be no wider than 0.004 degrees in
terms of @grr. Via (4.2), this translates into a temperature measurement
inaccuracy of less than 0.02 °C if the chip is to be used as a TDC.

Simulations show that the transconductor has an input-referred thermal
noise floor of 12.7 nV/VHz (the ETF’s noise level is at 18 nV/VHz) and a nf
noise corner of 50kHz. Operating the chopper demodulator at 85kHz ensures
that most of the //fnoise is modulated away from DC.

4.3.2.2 Residual Offset

Any offset current added to the current integrated by C;,; will give rise
to a phase measurement error [see (4.12)]. The chopper demodulator itself is
a major contributor of such offset. This issue can be analyzed by considering
the main branch of a classical PMOS-input folded-cascode amplifier shown
in Figure 4.11 (input pair not shown). Current sources /; and /,, carrying a
current /,, represent the upper PMOS current sources, and the chopper
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demodulator is located at the sources of the cascode transistors M;.,
[4.16][4.17]. In the presence of an offset Vs between the NMOS cascode
transistors, a net DC voltage Vs is established at the sources of the cascode
transistors and across the chopper. The transient waveforms of the signals in
the circuit of Figure 4.11 are shown in Figure 4.12. Due to the action of the
chopper, a square-wave voltage Vy appears across the folding nodes of the
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Figure 4.11.  Main branch of a folded-cascode amplifier with chopper

demodulator.
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Figure 4.12.  Transient waveforms of the circuit in Figure 4.11.
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amplifier. On the one hand, Vy charges and discharges the parasitic
capacitors Cpy, leading to an AC current [,;-1,, [4.18], while on the other
hand, it modulates the output currents of the bottom NMOS current sources,
M;_4 (with finite output impedances Ry s.4), leading to another AC current
I33-134. The sum of these two currents is an AC current, Icy-Icn, Which is
rectified by the chopper itself into an output current /s;-Is;. At a chopping
frequency f, the DC value of this current /og is [4.18]:

2-v
Ic=4-f, -CW-VH,|+—| 1 : (4.18)
out3-4
4.3.2.3 Gain-boosting and Residual Offset Reduction

To minimize Ios, the parasitic capacitances at the high-impedance input
nodes of the chopper demodulator should be shielded from the DC voltage
across its outputs. As shown in Figure 4.13, a suitable location for the
chopper is between the source terminals of the cascode transistors and the
input terminals of the booster amplifiers. This way, the booster amplifiers
[4.19][4.20] will establish a virtual ground at the high-impedance, high-
capacitance, folding nodes of the main amplifier. Therefore, the amplitude of
the square-wave voltage V; is reduced by the gain of the booster amplifier,
and the amplitude of the offset current /os, as well. The output of the
boosters must then also be chopped in order to maintain the correct
feedback polarity. This technique has two advantages. Firstly, fixing
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| | fch

Cpar «— Virtual —» Cpar

= " Growns I
-~ _C [ High
To PMOS " v Impedance
Input Pair 3f M E CMFB
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Figure 4.13.  Modified circuit turning the capacitive folding nodes to virtual
grounds.
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the chopper’s input nodes at virtual ground reduces the magnitude of /os by
three orders of magnitude (from simulations), compared to the situation of
non gain-boosted transconductor of Figure 4.11. Secondly, chopping the
booster’s output means that the contribution of its offset (and //f noise) to
the amplifier’s output current is also chopped. Simulations show that, for a
10mV worst-case offset between the cascode transistors and a 10%
mismatch between the chopper switches, los is about 150pA. This is
cancelled (Figure 4.5) by chopping the entire front-end (and the ETF) at a
lower frequency fo, [4.21]. This should reduce the effect of residual offset to
less than 0.01 degrees in terms of ETF phase.

The requirements on the DC output impedance of the transconductor (to
limit the dead bands) mean that the booster amplifiers have to have a DC
gain in excess of 60 dB. To obtain this, as well as the highest possible
common mode rejection ratio, they were implemented as fully differential
folded-cascode amplifiers. Figure 4.14 illustrates the booster amplifier of the
NMOS cascode devices of the main amplifier (Figure 4.9). A similar
topology is used for the booster amplifier of the PMOS cascode devices.
Input common-mode regulation is used to set the common-mode level of the
booster’s input terminals [4.15]. The input pair (M; and M) is provided with
two extra transistors (M; and My) in a common-source configuration, whose
gates are connected to the input common mode reference, Vem in. Due to the
feedback between the input and output of the booster amplifier via the main
cascode transistors, the output common-mode voltage is regulated in such a
way that the input common-mode voltage is equal to Viy in [4.15]. The
booster amplifiers each consume 30pA from the 5V supply.
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° - |

| I

V
ch | M3 e Mo I[: Mg
II—1 T |
QUT- OouUT+
IN+ IN- °—1 —>
°‘| M1 My }'1—{ M; Mz |—o :]
ch_ln Mz Ms Ves
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Figure 4.14.  The booster amplifier for the NMOS cascode transistors with
input common-mode regulation.
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It should be noted that the gain-boosting loop around the cascode
transistors includes chopper switches at the source of the cascodes as well as
the output of the booster amplifier (see Figure 4.9 and Figure 4.13). The
switching action occurring in the loop requires that the loop has enough
phase-margin to guarantee its stability during the switching transients. This
can be better understood if the simplified half-circuit shown in Figure 4.15 is
considered. Ignoring the parasitics due to the chopper switches and without

Vref o—

Figure 4.15.  Gain-boosting loop around a cascode transistor including
choppers and parasitic capacitances (single-ended half circuit).
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Figure 4.16.  Open-loop gain of the gain boosted cascode circuit in Figure
4.15.
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the compensation capacitor C,, the loop has two poles (see the dotted line
open loop gain in Figure 4.16). This is due to the parasitic capacitance C,, at
the drain of M, and the output capacitance of the booster Cp,. This
characteristic will lead to instability since the unity-gain frequency is higher
than the non-dominant pole. By adding a compensation capacitor C, to the
output of the booster the characteristic will be compensated to the solid line
in Figure 4.16. Thus the stability condition of the loop requires that:

Sm oy Sw (4.19)
c, C,

p

To guarantee the stability of the gain-boosting loops in the circuit of Figure
4.9, load capacitances of 900fF are added between the output terminals of
the boosters and ground.

4.3.24 Differential-to-Single-Ended Amplifier

Since the signal swing across Cj is too small to drive an off-chip latch,
it is buffered by a differential-to-single-ended amplifier with a DC gain of 40
dB and a rail-to-rail output (Figure 4.17). The amplifier consists of a
degenerated (R; = R, = 10kQ) differential input pair and three current
mirrors. The NMOS current mirrors have a gain of 2, while the PMOS ones
have a gain of 1. The amplifier has one dominant pole (due to the parasitic
capacitance of the pad it drives), which is located at its output terminal.

o .

40p
2y

ouT

Figure 4.17.  Differential-to-single-ended rail-to-rail OTA.
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4.3.2.5 Bias Circuit

A constant-g,, bias circuit [4.23] produces the biasing current for the
transconductor as well as the differential-to-single-ended amplifier (see
Figure 4.18). This circuit produces a bias current for the input pair of the
transconductor, such that its transconductance is to first order only
determined by the resistor R. The current produced in transistor Mg is
mirrored to M; and Mg and eventually to the drains of My and Mo from
which the various circuit blocks are biased. Considering that the PMOS
input pair of the transconductor is biased at strong inversion, the overdrive
voltage, V4, of each device carrying a drain current of /, is given by:

/ 2 L
| Vo =l Vgs - VTH,P = IUTWICJ . (4.20)
PLox

where Vryp is the threshold voltage and pp is the mobility of the PMOS
device, while Coy is the gate oxide unit capacitance. Considering the voltage
across resistor R to be Vi and the gate-source voltages of transistors M; and
M, denoted by Vi and V!

2 L 27 L
4 :|st ‘_|V,S ‘:\/— 2] -V —\/——_1]+V
R =1V g2 gsl 1,Cor W, a2 Va2 wCo W a Vo

(4.21)

On the other hand, /;; and I, are equal. This is because Vyyu = Vs and
Va = Vg (minimizing the short channel effects in My and Ms). The latter is
due to the feedback provided by the current mirror including My and
transistor M3 ensuring that V,s = Vy and as a result V), = V. Assuming
equal threshold voltages for M; and M, (4.21) can be simplified to:

VRz(/z_ /AJ/ 2, w22
W, \W )\ up,Coy

where Iy = I4 = Ip. Substituting Vz = R-I4 and considering that L, = L, and
W] =k W2 :

2
., _%Lﬁ[l—ij . (4.23)
R™ 1,Cox W, \/z

this current is mirrored and used to bias the PMOS devices in the input pair
of the transconductor. If their current densities, and hence their region of
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Figure 4.18.  Constant-g,, bias generator circuit.

operation is kept the same as that of M,, their transconductance will be to
first order only determined by resistor R and therefore not a function of

temperature:
/ w 2 1
Gm = 2IUPC0X ?Id :E(l—— %j . (424)

Furthermore, transistor M;; is a very long device (W/L = 1/300) that
produces a startup current path from Vpp to Mg allowing for the gate voltage
of the NMOS devices to be raised, which then turns on the PMOS devices as
well.

4.3.3 First Chip Experimental Results

As described in section 4.2.3, besides the phase domain AX modulator,
the first test chip included two ETFs. These were the bar ETF used
previously in [4.3][4.7], and the optimized ETF. This chip is realized in a
standard 0.7um CMOS technology and has an area of 2.3mm” (Figure 4.19)
and is packaged in a ceramic DIL package. The selected ETF and the AX
modulator each consume 2.5mW from a 5 V supply. The timing signals were
generated in an FPGA and derived from a 16MHz crystal oscillator. The
sampling rate of the modulator was 2.67kHz, and the low frequency chopper
was driven at 20Hz. The modulator’s output was decimated by a 14-bit
counter, which acts as a 1%-order sinc filter and limits the system bandwidth
to 0.16Hz. A sinc' filter was chosen over a more complex sinc’ filter,
because the former actually achieves slightly more resolution. This is
because the modulator’s resolution is mainly limited by the ETF’s thermal
noise, which, for the same filter length, is more effectively suppressed by the
narrower noise bandwidth of a sinc' filter. Figure 4.20 shows the output
spectrum of the phase domain AX modulator at room temperature before and
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e ——

Figure 4.19.  Micrograph of the first test chip including ETF’s and the
phase-domain delta-sigma modulator.

after decimation. The tone at 20 Hz is due to use of the low-frequency
chopping, and is completely suppressed by the decimation filter. The
variance of the measured noise in the decimated bit-stream was 0.006
degrees (rms) in terms of the ETF phase, which is better than 13 bits. This
noise corresponds to a temperature-sensing resolution of 0.03 °C (rms).

To measure the accuracy of the devices, they were mounted in good
thermal contact with a large aluminum block, and their temperature was then
measured by a PT-100 temperature sensor. The implementation of an on-
chip multiplexer, meant that TD temperature sensors based on both the bar
ETF and the optimized ETF could be characterized. The averages of the
measured phase-versus-temperature characteristics of 16 devices are shown
in Figure 4.21, as well as the simulated characteristics. These characteristics
were obtained by inverting (4.10) and then performing an 8" order least-
squares polynomial fit on the measured data, i.e. the output of the PT-100
sensor and the decimated output of the chips. Due to their different
geometries, the slope of their phase characteristics is significantly different.

. . . T
From these results, the maximum value of the sensitivity function S borr of

the bar ETF is 4.7 °C/degrees, while that of the optimized ETF is 4.1
°C/degrees. The latter is slightly smaller than the simulated value presented
in (4.2).

The average characteristics were then used to translate the decimated
output of each chip into an absolute temperature value. For the optimized
ETF, the phase deviation from the average characteristic is shown in Figure
4.22 (16 devices). This shows a measured phase characteristic of 0.15° (35).
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The corresponding temperature deviation is shown in Figure 4.23. It can be
seen that a TDC based on the optimized ETF achieves an untrimmed
inaccuracy of about £0.7 °C (30) over the military range (-55 °C to 125 °C),
while a TDC based on the bar ETF only achieves an inaccuracy of +0.8 °C
(30).

4.3.4 Conclusions from the First Test Chip

These experimental results show that the optimized ETF achieves better
phase accuracy compared to the bar ETF. They also conclude that an ETF’s
phase shift can be digitized with a resolution better than 13 bits and accuracy
better than 0.15 degrees, showing a feasible platform for the implementation
of the DAFLL in the second test chip. As discussed earlier in this chapter,
phase accuracy of about 0.15 degrees should allow for frequency accuracies
better than 0.3%. Therefore, in the next phase a combination of the
optimized ETF and the PDAXM were combined with a digitally-controlled
oscillator (DCO) to build a DAFLL.

4.4 Second Test Chip

The second test chip builds a complete DAFLL based on the optimized
ETF and the phase-domain delta sigma modulator (PDAXM), whose
performances were demonstrated experimentally by the first test chip. The
second test chip adds a digitally-controlled oscillator (DCO) to the circuitry
developed in the first chip. The DCO's system-level specifications were
described earlier in section 4.2.2.

Based on the required DCO specifications, a system-level design of the
DCO will be provided. Then, a more complete system-level block diagram
of the DAFLL (compared to the block-diagram shown in Figure 4.3) will be
provided. This block-diagram involves the system-level diagrams of the
PDAXM (described in previous sub-section) and the DCO. Results of time-
domain behavioral simulations of this system will be provided, which
demonstrate the step response and stability of the DAFLL system.

After these system-level discussions, the circuit design of the DCO (as
the only new analog block in the second test chip) will be described. This
will then be followed by experimental results from the second test chip.

4.4.1 DCO System-Level Architecture

In principle, a DCO can be based on any type of oscillator. At RF
frequencies, DCOs based on LC oscillators with a digitally-controlled bank
of capacitors have been proposed [4.14]. With the range of frequencies
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Figure 4.24.  The 12-bit DCO made of a segmented DAC and a relaxation
oscillator.

produced by the DAFLL and the capabilities of the 0.7um CMOS
technology used, the DCO was realized as a 12-bit current steering DAC
whose output current tunes the output frequency of a relaxation oscillator
(Figure 4.24). The 12-bit requirement of the DCO resolution has been
discussed in section 4.2.2.

To guarantee the monotonic behavior required to ensure stability of the
DAFLL, the DAC has a segmented architecture. The 4 MSBs are fed via a
binary-to-thermometer decoder to a unary DAC made of 15 equal elements,
while the 8 LSBs drive a binary-weighted DAC. The matching requirements
determining the monotonicity of the DAC are now relaxed to that of an 8-bit
binary DAC, which can be achieved by proper sizing and careful layout. The
sum of the output currents from both segments is fed to the oscillator.

4.4.2 Complete DAFLL System-Level Simulations

A complete system-level block-diagram of the second test chip is shown
in Figure 4.25. Based on the system shown in this diagram, time-domain and
frequency-domain behavioral Matlab simulations were performed on the
DAFLL. This was mainly to study the response of the DAFLL to a step
applied to the DCO input, as well as to study the output spectra of the
PDAXM and the digital integrator (up/down counter). The details on the
time-domain simulation method can be found in Appendix A. For the time-
domain simulation of the ETF output signal, the RC network described in
chapter 3 has been adopted (see Figure 3.15).

In the behavioral Matlab simulations, the ETF is driven at a frequency
16x lower than that of the DCO. Its output signal is fed to a time domain
model of the PDAXM with phase references that are +45° phase shifted in
reference to the ETF heater drive. The ETF heater dissipates SmW of power
and its thermopile has a sensitivity of 0.5mV/K. The PDAZM’s loop filter
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(gn-C combination) has a unity gain frequency of 300 kHz and the DAC
incorporates 12 bits with a 4V reference voltage. The VCO has a sensitivity
of 3.6MHz/V and the whole DAFLL is sampled at a sampling frequency
which is 2x lower than the ETF’s heater drive frequency.

digital integrator
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Figure 4.26.  Time-domain behaviorally simulated step response of the
DAFLL.
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Figure 4.27.  Output spectra of the PDAIM and the digital integrator of the
DAFLL (24576 samples, Kaiser Window, N=20).
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After the loop stabilizes to a DCO frequency corresponding to a 90°
ETF phase shift, a step voltage of 100mV is applied to the VCO input. The
response of the loop can be monitored through the digital integrator’s output
(see Figure 4.26), which shows a first order settling. This is the same
behavior seen in the analog electrothermal FLL showing that the digitally-
assisted loop also remains first-order and therefore unconditionally stable.
This is because the sampling rate of the loop is much larger than the loop
bandwidth [4.2] (in these simulations, the sampling rate is > 50 kHz and the
loop bandwidth is about 1 Hz).

The time-domain simulation shows the limit cycle behavior of the
DAFLL, where at the steady state of the loop the digital integrator’s output
toggles between two LSB’s. The amplitude of the frequency variation at the
output caused by this idle tone will be determined by the DCO’s minimum
step size. Furthermore, the output spectrum of the PDAXM and the digital
integrator can be seen in Figure 4.27. The former has a 20dB/decade noise
shaping and the latter shows sufficient filtering of the PDAXM’s quantization
noise.

4.4.3 DCO Circuit Design

The DCO is the only new analog block added to the first test chip, and
so, the circuit design of the second chip, only involves the design of the
DCO. This includes a 12-bit DAC and a relaxation oscillator, which are
described in the following sub-sections.

4.4.3.1 Relaxation Oscillator

The oscillator [4.24][4.25], and its transient waveforms are shown in
Figure 4.28. Depending on the state of the latch, either capacitor C; or C, is
charged to V4, by transistor M; or Mj; respectively, while the other capacitor
is gradually discharged by /.., via M, or M,. I, is provided by the cascode
current mirror consisting of Msg. When the voltage across the capacitors
reaches V,.;, comparators Comp; , feed the latch with the appropriate set or
reset pulses, which then toggles after a delay, t; ~ 100 ns. The period of
oscillation is:

2-C-(V, -V,
Tpoe = (I"”’ ! )+td . (4.25)

ref

in which C = C,= C, = 1 pF. For ;= 20 pA, Vgu=5V, and V,;= 225V,
the center frequency is 2.6MHz. To vary this frequency, the reference
current is varied by pushing or pulling a current /,,,, into the current mirror
(drain of Mj). This current is provided by the DAC, and was chosen to be
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between £18 pA, which corresponds to a tuning range from 350 kHz to 4
MHz. This range is wide enough to accommodate the temperature dependent
variation of the FLL’s frequency as well as the spread of the DCO itself. The
cascode transistors Ms and M; are gain-boosted by transistors My and M.
This ensures that the mirror ratio is well defined despite the voltage
excursions on C; ; and the variation of /.

The comparators Comp;, (Figure 4.29) consist of positive-feedback
latches with 50mV of hysteresis, preceded by pre-amplifier made by Mg
differential pair and load transistors Msgo (total gain of = 5) in order to
minimize the effect of their “kickback.” Hysteresis, required to reject the
noise on the ramp voltage produced on the oscillator’s capacitors, is
produced in the latch by making the f, = W,Cox(W,/L,) of My 5 different
from that of My, 1, (50%). In this oscillator, the main cause of jitter is the
input-referred noise of the comparators [4.26][4.27] and the 1/f noise of
reference current. With a supply current of 70UA, over process corners and
temperature, the maximum input-referred noise of the comparator is
140 puV (rms), which translates to 50 ppm of period jitter at an oscillation
frequency of 1.6 MHz [4.26].

Figure 4.28.  Circuit and timing diagram of the relaxation oscillator.
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Figure 4.29.  Schematic of the comparator used in the relaxation oscillator.

4.4.3.2 12-bit Current-Steering DAC

The 4-bit MSB part of the segmented DAC (Figure 4.30) is
implemented by means of 15 equal current sources, while the 8-bit LSB part
is made by means of an R-2R ladder network [4.28][4.29]. The DAC’s
reference current is 1.125uA, which is copied 15 times by current sources
M, b1-15, which are degenerated by resistors 2R. The 15 switches Sty;.is are
driven by a thermometer code representation of the 4 MSBs. An extra copy
of the reference current is generated by M, to provide a 1.125nA
reference current for the R-2R network (R = 80 kQ). This network divides
the current into binary-weighted fractions, which are selected by the M, p;.s5,
which are degenerated by resistors 2R. The 15 switches Styj.j5 are driven by
a thermometer code representation of the 4 MSBs. An extra 8 switches Sg;.g
driven by the 8 LSBs. The output currents of the unary and binary sections
are added in a differential-to-single ended current buffer, CB; (Figure 4.31),
and thus form the oscillator’s tuning current /,,.. The output current of the
resistor ladder enters the current buffer at the virtual ground points provided
by the gain booster of the cascode transistors Mss. The current mirror made
of M4 then translates this current into a single-ended current.

For a monotonic characteristic, the matching between the reference
current sources M, 16 and the unary sources should be better than 8-bits
(0.4%). Therefore, the current sources were carefully laid out in a common-
centroid manner. The input-referred offset of CB; produces an offset current
on the R-2R network, which should be less than the current corresponding to
one LSB. This translates to a worst-case input referred offset of 2mV, which
was achieved by proper sizing and careful layout.
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Figure 4.31.  Schematic of the current buffer CB1.

4.4.4 Experimental Results with the Second Test Chip

For experiments with the second test chip, the critical components of the
digitally-assisted electrothermal FLL (DAFLL) were realized in a standard
0.7um CMOS process [4.4]. The test chip (Figure 4.32) has a die area of 4
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mm?. The optimized ETF dissipates 2.5mW, while the PDAZM and the 12-
bit DCO together dissipate SmW from a 5V supply. For flexibility, the
frequency divider and the up/down counter were realized in an FPGA.

The measured characteristic of the DCO versus input code is shown in
Figure 4.34a. Its tuning range is sufficiently large, and its non-linear
characteristic will be compensated for by the FLL. The measured DNL of
the DAC is shown in Figure 4.34b. Although the DAC is not monotonic
(DNL < -1 LSB), this did not cause problems in practice, because the loop is
effectively dithered by the ETF’s thermal noise (about 2 LSBs p-p). The
DAC’s LSB corresponds to a DCO step of 890 Hz. The sampling rate of the
PDAXM and the DCO was set to fu./32, which corresponds to a noise-
bandwidth of 0.4Hz (at room temperature). The jitter in fyn. (=frco/16) was
about 500ps (rms), which corresponds to a temperature sensing resolution of
0.015 °C (rms). Measurements on 16 samples from one batch show the
expected 1/T"* dependency of f,i. (Figure 4.34). The spread in the FLL’s
output frequency is about £0.3% (306) [Figure 4.35(a)] from -55°C to 125°C.
This corresponds to a temperature measurement inaccuracy of about 0.7 °C
(30) [Figure 4.35(b)]. This level of accuracy is comparable to that of the
analog electrothermal FLL’s reported in [4.3][4.22]. However, those
required the use of large external capacitors.
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Figure 4.32.  Photomicrograph of the digitally-assisted electrothermal FLL.
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Figure 4.35.  Output frequency error of DAFLL measured for 16 samples
(bold lines: £3a borders), (a), the equivalent temperature sensing
inaccuracy (bold lines: +3a borders), (b).

4.5 Measuring the Effective Thermal-Diffusivity of
CMOS Chips Using a DAFLL

The proposed electrothermal DAFLL can be used in order to determine
the effective value of the thermal diffusivity, D4 of a CMOS chip. D is a
parameter that describes the rate at which heat diffuses through a chip, and
hence its knowledge is essential for the thermal management of systems on
chip and the design of thermal sensors. By embedding an electrothermal
filter (ETF) in a frequency-locked-loop (FLL), its phase response, which is
determined by its (fixed) geometry and D,y can be measured. D,y can then
be accurately determined from the measured phase response [4.31].

4.5.1 The Essence of Measuring D

The trend towards smaller and smaller devices in modern CMOS IC
technology, has led to the realization of complex integrated systems on chip,
e.g. advanced microprocessors. In such systems, however, the associated
increase in the dissipated power density means that activity-dependent hot
spots may be formed on the surface of the chip. The resulting peak junction
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temperatures affect system reliability, and so require various forms of
thermal management [4.32].

Successful thermal management relies on good models of the rate at
which heat diffuses from the heat-dissipating devices into the rest of the chip.
For a given CMOS process, this will be a complex function of the thickness
and thermal properties of the field oxide, the epitaxial layer and the
underlying substrate. However, for practical purposes, the rate of heat
diffusion can be modeled by a single parameter: the effective thermal
diffusivity of the die, D, [4.33].

Given the thickness of the various layers of a chip, and their thermal
properties, D, can be determined by numerical modeling [4.33]. However,
these properties are usually not precisely known. In fact, even the reported
values of the thermal diffusivity of pure silicon vary considerably — from
0.758 cm?/s to 0.960 cm’/s at room temperature — probably due to
differences in measurement methods [4.34]. In consequence, D, can best be
determined by measurements on electrothermal filters realized in processed
chips. The phase shift of an ETF, @zzr, is a function of its geometry (fixed by
its layout) and D4 [4.3].

By using a CMOS ETF as the frequency-determining element of a
frequency-locked loop (FLL) [4.3][4.22], the frequency corresponding to a
given phase shift ¢y and, hence, the ETF’s phase response can be
accurately determined. Since this response is only a function of the filter’s
(fixed) geometry and D,y the latter can then be accurately determined by
using it as a curve-fitting parameter to fit the measured phase response with
that predicted by numerical modeling.

Since silicon is a good thermal conductor, an ETF has a sub-millivolt
output signal when driven by a few milliwatts of heater power. Therefore, it
is preferable to characterize the phase response of an ETF with an on-chip
FLL. This approach avoids the extra phase shift that would otherwise be
incurred due to the interaction between the thermopile’s resistance and the
parasitic capacitance associated with the connections to an off-chip FLL.
This approach is also a reasonably generic method of determining D, since
an ETF and an on-chip FLL can be implemented in any CMOS process.

4.5.2 Thermal Diffusivity Measurement Using CMOS ETFs

A semi-analytical model of the ETF needs to be used for the thermal
diffusivity measurements. As described in section 3.2, a simplified point-
heater and point-temperature model described by (3.8) describes the
frequency domain transfer function relating the dissipated heat in the heater
to the small temperature variations detected by the thermopile. As described
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by (3.12) in section 3.4, this model can be expanded to a practical ETF
structure, which is more complex than the point source model.

With the help of the semi-analytical model, @g7+ can be determined as a
function of the filter’s excitation frequency, its geometry, and D.; The
model assumes that the substrate is homogenous and has a constant thermal
diffusivity. The effective thermal diffusivity of the substrate can then be
determined by using D.4 as a fitting parameter to match the phase response
predicted by the model with the measured phase response of the ETF.

4.5.3 An Electrothermal FLL as a Test Vehicle in Measuring D

In order to determine the value of D.4 the ETF’s phase response needs
to be accurately characterized. This can be done by using the ETF as the
frequency-determining element of a frequency-locked loop (FLL), whose
phase set-point can be digitally adjusted.

A conceptual block-diagram of the proposed method including the FLL
in a D,y measurement is shown in Figure 4.36. The FLL is the same one
implemented in the second test chip, with a slight modification in the logic
circuitry in the FPGA. The digital output of the PDAZM, representing ETF’s
phase shift is compared with a digitally programmable phase set-point, @rzr.
The resulting error signal is integrated by the digital filter and fed back, via a
DAC, to the VCO. The feedback forces the VCO to operate at fyco = frer
where fzer is the excitation frequency at which @grr = @rer. The PDAXM, the
digital filter, and the DAC are all sampled at the same frequency f;, which is
a sub-multiple of fyco. By varying ¢rer digitally and measuring fzgr, the
ETEF’s phase response can be extracted.

4.5.4 Experimental Results

Based on the concept proposed in the previous subsection, experiments
were performed on the chips shown in Figure 4.32. The phase response of

[ﬂ = —@ O 2ol p AC> Vool fieo
i f fs % f fs f fs

Figure 4.36.  Concept of Using an electrothermal FLL for Doy measurement.
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the ETF was measured for 4 devices at three temperatures: -55, 27 and 125
°C (Figure 4.37). This was done by sweeping the phase set-point @ggr of the
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electrothermal FLL digitally and measuring the corresponding fzzr, while the
chip’s temperature was controlled in a temperature-controlled chamber.

By using D,y as a fitting parameter, the characteristic predicted by the
analytical thermal model of the ETF (Figure 4.37, bold lines) was fitted to
the measured data. The fit shows a very good agreement between the
measurements and the model. The corresponding values of D, that fitted the
simulation to measurement were 1.405, 0.755, and 0.495 cm?/s at -55, 27,
and 125 °C, respectively. These values show the T"'* dependency expected
from literature (Figure 4.38). The room temperature value of D, also agrees
well with the results of a boundary-element-method analysis of the ETF and
its substrate [4.33]. It should be noted that the room temperature value of D
is considerably lower than that of bulk silicon. This is mainly due to the
lower thermal conductivity of the heavily doped substrate [4.36].

4.6 Conclusions

An electrothermal frequency-locked loop (FLL) locks the output
frequency of a VCO to the phase shift of an electrothermal filter (ETF). An
ETF’s phase shift is a function of its geometry, determined by lithography,
and the temperature-dependent thermal-diffusivity of silicon, D. The latter is
process insensitive for the low doping levels of IC-grade silicon, and so the
accuracy of an ETF is limited by lithography. This means that in an FLL, the
VCO’s own process spread and temperature drift will no more affect its
output frequency.

The main drawback of previous all-analog FLLL’s was that they needed
an off-chip capacitor to reduce the loop noise bandwidth and to filter the
large low frequency ripple associated with chopping. This does not lend
itself to a solution amenable for CMOS integration. Therefore, a digitally-
assisted electrothermal FLL (DAFLL) is proposed in which the required
narrow noise bandwidth was implemented by a digital filter. Such loop
achieved an output frequency accurate to £0.3% from -55 °C to 125 °C. The
output frequency of the loop followed the same 7 ™'* trend associated with
the temperature dependence of D, measured for the prior analog FLL’s.

Such a DAFLL can be used to measure the effective thermal diffusivity
constant of a CMOS chip. The loop was used to measure an ETF’s phase
frequency characteristic over temperature. By using the effective value of D
as a curve fitting parameter, the measured characteristic could be fitted to
that given by an analytical model, and hence its effective value could be
determined. These values are 1.405, 0.755, and 0.495 cm?/s at -55, 27, and
125 °C, respectively. The room temperature value of D,y is considerably
lower than that of bulk silicon reported in the literature, which is probably
due to the lower thermal conductivity of the heavily doped substrate.
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The digitally-assisted electrothermal FLL provides the basis for the
generation of an accurate and stable on-chip frequency reference. It will be
shown in the next chapter that this can be achieved by temperature-
compensating the loop.
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5 A Thermal-Diffusivity
Frequency Reference in
Standard 0.7um CMOS

This chapter describes the design and implementation of a thermal-
diffusivity-based (TD) frequency reference in standard 0.7um CMOS. The
reference locks the output frequency of a variable oscillator via a frequency-
locked loop to the process-insensitive phase shift of an electrothermal filter.
This is in turn a function of the thermal-diffusivity of silicon, which is
temperature dependent. Therefore, the loop needs to be temperature-
compensated. To do this, the digital output of an on-chip band-gap
temperature sensor is applied to the digitally-assisted frequency-locked loop
(DAFLL) that was described in the previous chapter. The result is a
frequency reference in a 0.7um standard CMOS whose output frequency is
stable to within £0.1% over the military temperature range (-55°C to 125°C).

5.1 Introduction

Contrary to all-silicon frequency references described in chapter 2 [5.1]-
[5.8], a thermal-diffusivity-based (TD) frequency reference embeds an
electrothermal filter (ETF) into a frequency-locked loop (FLL). The design
and implementation of a digitally-assisted FLL (DAFLL) was described in
the previous chapter (Figure 5.1). Feedback in the loop reassures that a
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Figure 5.1. Block-diagram of a simplified DAFLL.

digitally-controlled oscillator (DCO) oscillates at a frequency, fpco, where
OGerr = @ As aresult, fpco is determined solely by the ETF properties and is
not affected by the DCO tolerances and temperature drift. In the DAFLL the
output frequency of the DCO follows the 7 ™* temperature dependence of D
(chapter 4). This means that to realize an output frequency which is stable
over both process variations and temperature, requires some sort of
temperature compensation.

The most straightforward method of temperature compensation would
involve injecting a temperature-dependent signal into the loop. This can be
done, by using an integrated temperature sensor to measure the instantaneous
temperature of the die. With the digital nature of the DAFLL, it will be ideal
if the temperature sensor has a digital output, such that the temperature-
compensating signal can be produced digitally. Such smart temperature
sensors have been built based on the temperature dependence of bipolar
transistors and called the band-gap temperature sensors. The inaccuracy of
the temperature compensation scheme will add to the inherent inaccuracy of
the reference, and so designing a sufficiently accurate temperature sensor
will be yet another challenge in the realization of a TD frequency reference.

5.2 Temperature Compensation of Electrothermal
Frequency-Locked Loops

As shown in chapter 4, an electrothermal DAFLL can produce
frequencies with device-to-device spreads less than 0.25% [5.9]-[5.13].
However, this accuracy is defined with respect to a master curve with a T 13
temperature dependence. This can be seen from Figure 5.2, in which the
measured output frequency of the non-compensated DAFLL [5.13] (with
fixed dher = 90°) is compared with a 7™"* fitted line. At room temperature this
translates into a temperature coefficient of 0.3%/°C, which resembles the
behavior of a temperature sensor more than that of a frequency reference.
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Figure 5.2. Measured output frequency of the electrothermal FLL at a fixed
Grer=90°t0 a T']"gﬁt on a log-log scale.

Considering a simplified point-heater point-sensor model of an ETF,
which is excited at a frequency fpco (see Figure 5.1) and a die temperature T’
(in Kelvin), it was shown in section 3.2 that:

Perr o< \/cho /D . (5.1)

in which the thermal-diffusivity D of bulk silicon has a well-defined
temperature dependence [5.9][5.10]:

Doc1/T"® . (5.2)
As aresult, for a fixed @.r of the DAFLL, the output frequency will be:

foco < 1T . (5.3)

This temperature dependency is illustrated in Figure 5.3(a), where the
measured phase-frequency characteristics of an ETF (s = 24um) are plotted
at various temperatures. It can be seen that for a constant @, = 90° the
DAFLL output frequency will be temperature-dependent. This is simply
because the crossing point of the fixed horizontal ¢, line with the
characteristic of the ETF varies over the temperature. This intersecting point
determines the locking frequency of the loop. It can be seen from Figure
5.3(a) that the loop will have a temperature-dependent locking point, and
therefore a temperature-dependent output frequency.
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Figure 5.3. Measured phase frequency characteristic of an ETF over
temperature: (a) with a fixed @..rof FLL and (b) with a
temperature-dependent @,

A suitable control knob, that can be used to keep the locking frequency
of the loop constant, is already present in the DAFLL, and that is the phase
reference input ¢, From the previous discussion it can be concluded that
variations in the intersecting point of the loop’s ¢., with the ETEF’s
characteristic influences the output frequency at any given temperature. This
is because feedback in the loop will regulate the frequency such that @grr =

¢ref~

The proposed temperature compensation method can be seen in Figure
5.3(b). Here, a constant value of fpco over temperature is achieved by
ensuring that ger o< 7°°. This means that a temperature-dependent g.¢ keeps
the intersection point at the same target frequency for all temperature values
(in this case fhco = 100kHz). Since this is a digital control of the loop, the
required @.r can be produced by means of digital circuitry, which translates
the temperature information into a @epoc T 99 characteristic.
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Figure 5.4. Temperature compensation of DAFLL by means of an on-chip
temperature sensor with digital output.

To give @.r the desired temperature dependence, a measure of the die
temperature is required. This could be provided by an on-chip temperature
sensor (TS) with a digital output. The digital output of the TS (Figure 5.4)
can then be translated digitally via a digital mapping scheme into a
temperature-dependent @.«(7). The mapping function is unique for the whole
batch and can be determined by batch-calibrating a number of devices.

The inaccuracy of the TS determines the accuracy of the temperature
dependent ¢,.(7) and as a result contributes to the ultimate inaccuracy of the
TD frequency reference. Figure 5.5 shows the frequency error resulting from
a fixed temperature measurement error. These results were obtained from a
system-level simulation of the DAFLL shown in Figure 4.3, using the
thermal model [5.14] of the optimized ETF shown in Figure 3.13 with fyv.=
100kHz and over the temperature. These show that an absolute temperature
measurement error of 0.1°C results in a frequency error of about 0.08%.

Intuitively, one might think of using a thermal-diffusivity-based
temperature sensor (TD temperature sensor) [5.15] as the compensating TS
of a TD frequency reference. A TD temperature sensor measures the phase
shift of an ETF driven at a constant frequency [see (5.1)]. However, it is
exactly this constant frequency that must be generated! This issue resembles
the so-called chicken-and-egg problem in the sense that to measure the
temperature using a TD temperature sensor, we need to have a well-known
and stable frequency. Also, to make a well-known and stable frequency
through an FLL, we need to know the temperature. This problem can be
solved if the temperature sensor does not share (5.1) with the FLL, i.e. has a
different temperature dependence. As a result, a different temperature
sensing principle is required.
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Figure 5.5. Frequency error of the TD frequency reference over temperature

as a function of a fixed absolute temperature measurement error
made by the TS (simulation).

In the integrated circuit technology, various temperature-dependent
elements can be used as temperature sensors, such as resistors, MOS
transistors [5.16][5.17][5.18] or, the most commonly used, bipolar transistors
[3.25]. Normally, these types of temperature sensors have an analog output
signal in the form of a voltage or current. A survey of the TS literature
[5.19]-[5.22] shows that smart band-gap temperature sensors with digital
outputs and operating based on the temperature dependence of bipolar
transistors are suitable candidates for the temperature compensation of TD
frequency references. On the one hand, their principle of operation is not
fundamentally related to the FLL’s frequency of operation. On the other
hand, they are the most accurate class of temperature sensors, achieving
accuracies in the order of 0.1°C (36) over wide temperature ranges (-55°C to
125°C)[5.19][5.20]. Therefore, a temperature sensor (TS) architecture based
on [5.12], which utilizes the temperature dependence of substrate PNP
transistors, was adopted.

5.3 Realization of a TD Frequency Reference in a
0.7nm CMOS Process

The DAFLL of [5.13] was temperature-compensated with the help of a
band-gap temperature sensor (TS). This was integrated in a test chip using
standard 0.7um CMOS technology [5.23]. The TS was based on the chip
described in [5.12] with a slight architectural modification to reduce its area
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and complexity. The resulting test chip had an output frequency of 1.6MHz
with an inaccuracy of +0.1% (= £1000ppm) over the military temperature
range, i.e. from -55°C to 125°C.

In this section, first the system-level considerations in the design of this
TD frequency reference will be discussed. These concern the error
contribution of the various building blocks to the ultimate inaccuracy of the
reference. Furthermore, a detailed description of the TS design will be
provided, which is followed by the experimental results from the test chip.

5.3.1 System-Level Design of the Reference

A simplified system-level diagram of the proposed TD frequency
reference is shown in Figure 5.6. Its main components are a digitally-assisted
electrothermal FLL (DAFLL) and a band-gap temperature sensor (TS). The
DAFLL includes an ETF, a phase-domain AYX modulator (PDAXM), a 12-bit
DCO, an up/down counter and a second-order digital AX modulator (DAXM).
The heater of the ETF is driven by a square wave at a frequency fi. =
fpco/16. The phase-shifted output of the ETF is then applied to the PDAXM,
which digitizes ¢@err with respect to two phase shift references ¢ and @
[5.11]. The modulator bitstream output D, is a digital representation of @gry.

The temperature dependent phase reference of the loop, @.A7), is
produced by the DAZM. Its bitstream output is subtracted from that of the
PDAXZM and the result is applied to a digital integrator, made of a 12-bit
up/down counter. Subtraction of the two bitstreams is done through an XOR
gate based on the method described in chapter 4. The counter then drives the
12-bit input of the DCO. The DCO consists of a 12-bit current-steering DAC
that tunes a relaxation oscillator [5.23]. The DAFLL is sampled at a
frequency f; (the PDAXM, the up/down counter, and the DCO), which is a
sub-multiple of fgiv.. The noise bandwidth of the system is thus determined
by the length of the counter and the value of f;. For a 12-bit counter and f; =
Sarive/32 the noise bandwidth of the loop is about 0.5Hz.

The TS makes use of the temperature dependence of substrate PNP
transistors. The temperature information extracted from a pair of PNPs is fed
to a second-order AX ADC whose digital output is proportional to the die
temperature. The temperature is then translated by means of a fifth-order
polynomial into a 12-bit digital number that represents the @.«(7), resulting
in a constant frequency of 1.6 MHz. This number is then converted by
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Figure 5.6. Simplified system-level block diagram of the TD frequency
reference.

the DAZM into a noise-shaped single-bit bitstream. The quantization noise
of both the PDAXM and DAXM are then suppressed by the digital integrator.

The ETF (described in chapter 3) has a phase shift gerr = 90 © at fyive =
100kHz and room temperature. Its phase spread is lithography limited to
about 0.1 ° in the target 0.7um CMOS process [5.11]. In the TD frequency
reference, this phase spread translates into an output frequency error of about
10.25%. Therefore, the other blocks in the system must be designed to
contribute significantly less error. The major sources of error are then the
phase error introduced by the PDAXM [5.11] and the temperature sensing
inaccuracy of the TS. The simulation results shown in Figure 5.5 imply that
temperature sensing inaccuracy of 0.1°C is required.

The mechanisms leading to phase measurement error in the PDAXM are
discussed extensively in chapter 4. To investigate their overall effect on the
output frequency of the TD frequency reference, system-level simulations
were performed on the block diagram of Figure 5.6 using a model for the
optimized ETF shown in Figure 3.13 with fi;,.= 100kHz and different levels
of phase error introduced by the PDAXM at various temperatures. Figure 5.7
shows that for a worst-case frequency error of 0.05% at -55 °C, a maximum
phase error of 15 mili-degrees can be tolerated.
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The system-level simulations studying the effects of the TS and the
PDAXM on the output frequency inaccuracy lead to a set of specifications
required from the various system blocks. The specifications required to
achieve a target inaccuracy of 0.1% are summarized in Table 5.1. As
discussed in chapter 4, the DAFLL has already been designed for the error
budget described in the first and third rows of Table 5.1. Therefore, to build
a complete TD frequency reference, the band-gap TS is the only remaining
block that needs to be considered. The following sub-sections describe the
design of the TS.

600
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Figure 5.7. The frequency error due to phase error introduced by the PDAXIM.

Table 5.1.The error contribution of various building blocks to the output
frequency of the TD frequency reference.

Inaccuracy

Building Contribution to Tolerated Required range Requ'r?d
Block Innacuracy resolution
Output Frequency
15me phase error ETF phase over the military
PDAZIM P - 10 m° temperature range (65° — > 12-bits
500ppm
105°)
TS 0.1°C — 800ppm 0.1°C from -55 °C to 125 °C <50 m°C

Enough to cover its +40%
DCO — — spread from nominal
frequency of 1.6MHz over PVT

0.05%
(800Hz)
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5.3.2 The Band-gap Temperature Sensor Design

5.3.2.1 System-Level Design

The output of the TS is the ratio of a temperature-dependent parameter
and a temperature-independent parameter. The former is a proportional-to-
absolute temperature voltage (PTAT), while the latter is the well-known
band-gap voltage [5.24]. This voltage can be made by combining a PTAT
voltage with a complementary-to-absolute temperature voltage (CTAT). A
band-gap reference, therefore, has both of the terms a temperature sensor
requires: a temperature-independent voltage and a PTAT voltage. To
produce these voltages, bipolar transistors are normally used. The base
emitter voltage of a bipolar transistor Vg is a function of its collector current
Ic and its saturation current /s [5.19][5.25]:

kT 1
Ve =—1n([—C) : (5.4)
N

where & is Boltzmann’s constant, 7 is the absolute temperature, and ¢ is the
electron charge. The value of Vg, which has a CTAT dependence with a
sensitivity of about -2mV/°C, can be extrapolated to the silicon band-gap
voltage of 1.2V at zero Kelvin. To produce a PTAT voltage, two identical
bipolar transistors can be biased at different current densities such that their
collector currents /¢ and I, are related as:

Io,=p-1. . (5.5)

Through (5.4) we can expand the difference between the base emitter
voltages Vgg; and Vpg, of these transistors to:

kT v kT . 1 kT
Viggs=Vge = ln(p el )— ln(ﬁ) =—1In(p) . (5.6)
q I q I q

which shows that the difference between the base emitter voltages of these
transistors is proportional to the absolute temperature. This PTAT voltage is
thus an accurate measure of the temperature, such that its accuracy is only
determined by the accuracy of the current ratio of the bipolar transistors’
collector currents [5.19]. As can be seen both PTAT and CTAT temperature
dependences can be made by means of bipolar transistors.

In this work, two diode-connected substrate PNP transistors are biased
at a current ratio of 5:1 [see Figure 5.8(a)]. This causes the difference
between their base emitter voltages AVgg to be:
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AV, @) =" i) | (5.7)
q

If an appropriately scaled PTAT voltage o-AVgg is combined with a Vg,
a band-gap reference voltage, Vrgr, can be made [see Figure 5.8(b)]. In this
design, a gain factor oo = 16 is used. The PTAT voltage and the band-gap
voltage are then both fed into a AX ADC (Figure 5.8a) consisting of a AX
modulator and a decimation filter [5.26].

The AX modulator consists of a charge-balancing loop-filter and a
clocked quantizer (Figure 5.9). At every clock cycle, the bitstream polarity
determines whether o-AVgg (bs = 0), or —Vpg (bs = 1) should be input to the
loop-filter (Figure 5.9). This transfer to the loop filter happens by means of
charge packets (voltage-to-charge transfer and vice versa are not shown in
the figure). Due to feedback, the average input to the loop filter should be
zero and so the charge added by o- AV will be balanced by that removed by
- V. If the bitstream average is denoted by L this can be expressed as:

(A-p)-o-AVy =u-Vy, . (5.8)

Solving this equation gives:

_ a'AVBE — VPTAT .

= (5.9)
a-A VBE + VBE VREF

which is a digital representation of the die temperature. The value of
ranges between about 0.4 and 0.7 over the military temperature range [5.19].

Vier = ot -AVBE + VBE

124 < — — — ———
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Figure 5.8. (@) System-level block diagram of the TS and (b) the PTAT and
band-gap reference voltages over the temperature.
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Figure 5.9. Charge-balancing scheme in the AX modulator of the TS.

The level of inaccuracy required from the TS means that all its error
sources have to be reduced such that their contribution to the total
inaccuracy is well below 0.1°C. This includes the offset in the readout
circuitry of AVpg, mismatch in the current ratio of 1:5, and error in the gain
factor o [5.19]. If the contribution of these error sources is negligible, the
only remaining source of inaccuracy in the TS will be the process spread of
Ve, which, as in [5.19], is corrected by a single PTAT trim. This is done by
varying the bias current of the bipolar device that produces Vpg. This
trimming procedure is discussed further in the next section.

The AX modulator of the TS incorporates a second-order loop filter (see
Figure 5.10) based on the same feed-forward topology used in [5.12]. The
loop filter includes two integrators with gains @; and a, and a feed-forward
coefficient b. The feed-forward path helps reduce the signal swing at the first
integrator output of the loop filter [5.27]. The integrator gains a; and a,, as
well as the feed-forward coefficient b, were chosen to be 1/4, 1/2, and 1/2,
respectively [5.19].

The charge-balancing scheme shown in Figure 5.9 can be combined
with the feed-forward 2™ order loop’s block-diagram shown in Figure 5.10.
This will result in the block-diagrams shown in Figure 5.11, illustrating the
AY modulator during the two charge balancing phases. When bs = 0, the
value of AVpg is applied to the modulator, and the gain factor o is
implemented by the first integrator’s gain as well as the feed-forward
coefficient, such that they become a-a; and o-b, respectively. During the Vgg
cycle when bs = 1, the coefficients are switched back to a; and b.
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o —

Figure 5.10.  The simplified block-diagram of the feed-forward second-order
AX modulator.

AVge
cycle

Ve
cycle

Figure 5.11.  The charge balancing phases in the system-level block diagram
of the second-order feed-forward AX modulator.

5.3.2.2 Circuit Design

The TS employs a bias circuit that provides a bipolar core with a PTAT
bias current [3.25][5.12]. The bias circuit (Figure 5.12) has been directly
adopted from [5.12] and so it will be briefly discussed here. The two PNP
transistors Qp; and Qy, are biased at a 1:m (m = 10) current ratio and hence
their AV is a PTAT voltage [see (5.7)]. The feedback loop enforces virtual
ground at the inputs of the opamp. Considering the forward f of the
transistors to be fr and considering the effect of their base currents [5.19]:
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_ B 1AV,
bias ﬁF Rbias

considering that the substrate PNPs in the bipolar core are biased through
their emitters (see Figure 5.8), their Vpz will be a function of their base
current and hence fr dependent. The advantage of biasing such transistor
with a bias current defined by (5.10) is that the fr dependence cancels
(assuming matching between the PNPs in the bias circuit and the transistors
in the bipolar core) [5.19].

(5.10)

The bipolar core generates the voltages AVzr and Ve A charge-
balancing second-order switched-capacitor AX modulator produces the
ratiometric measurement value [ derived in (5.9). The charge-balancing
phases of this modulator are described below. Figure 5.13(a) illustrates a
simplified circuit diagram of the bipolar core as well as the switched-
capacitor second-order loop filter of the modulator, when bs = 0. In this case,
a set of 6 PMOS current sources provides copies of the current produced in
the bias circuit, each with a nominal value of 1 pA. A set of switches is used
to direct 5 of the 6 currents to one of the two bipolar transistors (Qr or Qg)
while the remaining current goes to the other transistor, producing the 5:1
current ratio. Mismatch between the current sources leads to an error in this
ratio, which is eliminated by means of dynamic element matching (DEM).
i.e. by periodically alternating the current source that generates the unit
current, so that the mismatch errors are averaged out during the course of a

conversion [5.19].
S :gT
m k
Ibias m'lbias"
- I k 'Ibias
: |

Qb2

Qb1

— Rpjas/M

Figure 5.12.  Simplified PTAT bias current generator of the TS.
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As in [5.19] the correlation between the cyclic behavior of the DEM
and the limit cycles of the AX modulator had to be broken. Otherwise, this
leads to the fold-back of quantization noise and loss of performance in the
modulator. To do so, the DEM scheme is only updated during the AVzg
phase and its state is frozen when the modulator has to sample the Vgg The

timing of this bitstream-controlled DEM algorithm can be seen in Figure
5.14(a).

The multiplexer MUX feeds AVpg, as the voltage V5 to the sampling
capacitors Cs (each S5pF) of the loop filter’s first integrator [Figure 5.13(a)].
This voltage is sampled during phase ¢ and integrated during phase ¢
[Figure 5.14(a)] on the integrating capacitors Ciy; (each 20pF). In contrast to
the approach used in [5.12][5.19], the gain factor oo = 16 is implemented here
by sampling and then integrating AVzg 16 times with a single sampling
capacitor [see Figure 5.14(a)]. As a result, the total integrated charge in this
phase is given by:

O sy =16-C, -(AVBE,RL +AVBE’LR) . (5.11)

where AVBE,RL = VBE,R - VBE,L and AVBE,LR = VBE,L - VBE,R [see Figure 513(3)]
Since the gain factor o, also needs to be applied to the feed-forward
coefficient » during the AVgg cycle, the feed-forward capacitor Cgr (each
1pF) is also switched 16 times with the same timing the sampling capacitors
are switched during the phases ¢; and ¢, [see Figure 5.13(a)]. At the end of
every AVpg cycle, the integrated charge in the first integrator is transferred to
the capacitor Cr (each 2pF) forming the sampling capacitor of the second
integrator. This is then discharged to the second integrator’s integrating cap
Cine (each 4pF). This way the modulator’s coefficients can be calculated as:

_C,  S5pF 1 _C. 2pF

1 ==
C.. 20pF 4 C..,

intl

1y G _1pF _1
4pF 2" C, 2pF 2

(5.12)

Figure 5.13(b) illustrates a simplified circuit diagram of the bipolar core
and the loop filter, when bs = 1. In this phase, a variable bias current 7, is
applied to either of the bipolar transistors Qp or Qg, producing a trimmable
Ve voltage. Of the 6 PMOS current sources, 5 are controlled by a coarse-
trim word to form the coarse part of /,;,, which can be set from 11A to SUA.
The sixth current source is switched on and off to fine-tune the current, using
the bitstream output of a digital AX modulator with a fine-trim word as the
input. The switching of the current source is controlled by a first order
digital AX modulator with a full scale between 0 and 255. Like [3.25] the
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Figure 5.14.  Corresponding timing diagrams during a AX cycle while
sampling AVggwhen bs = 0 (a) and sampling Vg when bs = 1 (b).

digital AX modulator is clocked only when the main second order AX
modulator is in the Vgg mode and otherwise its accumulator is frozen during
the AVgg phase. This will prevent the tonal behavior of this modulator from
interacting with the quantization noise of the main modulator and causing
intermodulation products, which will result in the fold-back of quantization
noise [5.28].

The multiplexer MUX then feeds either the Vpg; or Vaggr to the
modulator’s sampling capacitors [see Figure 5.14(b)]. The total integrated
charge in this phase is:

Q(bs:l) = Cs '(VBE,R + VBE,L) . (5.13)

The charge balancing requires (5.11) to be equal to (5.13), which results in
the equivalent of the charge-balancing equation (5.8):

(1 _,U) 16 Cs '(AVBE,RL + AVBE,LR ) =u- Cs '(VBE,R + VBE,L)
(5.14)
where | is the bitstream average. This shows that the effective value of the

gain factor o applied to AVpg is 16, which is fixed by the number of times
AVpe is sampled. The structure of the first and second integrators’ opamps as
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well as the quantizer of the AX modulator remain exactly the same as [3.25],
and thus are not further discussed here.

5.3.2.3 Implications of Single Capacitor Sampling

As discussed in the earlier sections, the gain factor oo was implemented
in [5.19] by using multiple capacitors to sample AVzg, while using only a
single capacitor to sample Vpz. As a result, capacitor mismatch limited the
accuracy of a and DEM was required. In this work, the gain factor o was
implemented by sampling AVg; multiple times on the same capacitor used to
sample Vg, thus guaranteeing the accuracy of o. The associated reduction in
the number of sampling capacitors, as well as the elimination of the digital
circuitry needed for DEM, leads to both a reduction of 30% in the area of the
TS compared to that of [5.19], as well as a significant reduction in its
complexity.

These improvements, however, come at the cost of increased charge-
injection-related offsets, since compared to [5.19], the number of switching
actions per AVpg cycle of the AX modulator is increased by a factor 8.
However, this is eliminated by the system-level chopping scheme described
in [5.19]. To ensure the complete elimination of the chopping tone, two full
periods of the system-level chopping clock (see the chop signal in Figure
5.13) are applied during every conversion of the TS, such that it will be
completely eliminated by the sinc® decimation filter following the modulator
[5.19].

The input-referred noise of the single capacitor sampling scheme needs
to be investigated. This is because it directly determines the resolution of the
TS. It is also important to investigate the settling behavior of the single
capacitor sampling approach, as this will impact the accuracy of the TS.

First we compare the £7/C noise performance of the approach in [5.19]
with the single capacitor solution proposed here. In the case of [5.19][3.25],
a gain factor o of 16 was implemented by sampling the AVgg produced by
the bipolar core two times on eight sampling capacitors each with a value of
8-Cs. The resultant charge corresponding to the sampled £7/C noise can be
determined as:

kT kT
V,= 12 =gq,=18Cy) |2 =J16-kTC; . 5.15
ey TN 6oy B

while in the case of a single capacitor with a value of Cg sampling AVgg for
16 times, the corresponding noise charge is:
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v = [16- ’;—T: 16 =L = l6-kTC, (5.16)

N

This shows that both approaches have exactly the same amount of noise
charge at the end of a AVgg cycle. Since in both cases this noise charge is
compared to the signal charge due to the sampling of AVgg, which is
16-Cs-AVgg for both cases, the signal-to-noise ratio, and therefore the
resolution of the TS, remain the same.

Incomplete settling of the voltage across the sampling capacitors leads
to an error in the gain a [5.19]. For a given settling error, a certain number of
time constants, T, determined by the PTAT bias current of the bipolar
transistor and the sampling capacitor value will be required [5.19].
Comparing the multiple capacitor and the single capacitor approaches for a
fixed AZ cycle length, implies that the single capacitor approach requires 8
times faster settling. However, the capacitance value is also 8 times smaller
and therefore the required settling time is, in principle, proportionally
smaller.

5.3.3 Experimental Results

The TD frequency reference including the DAFLL and the TS was
implemented in a standard 0.7um CMOS process (Figure 5.15) [5.23]. The
chip has a die size of 6.75 mm?, and consumes 7.8 mW from a 5 V supply,
2.5 mW of which is dissipated in the ETF. The DAFLL is exactly the same
as the one described in chapter 4 [5.13], and the band-gap TS, was added to
the left side of the DAFLL in layout. For flexibility, the up/down counter,
frequency dividers, the DAXM, the digital AX modulator producing the fine
trimming word for the TS, and the decimation filter of the TS were realized
off-chip in an FPGA. For characterization, 16 devices were packaged in
ceramic DIL packages and placed in a climate chamber, in good thermal
contact with a platinum PT-100 thermistor, which was calibrated to 20 mK.

The output spectrum of the PDAEM is shown in Figure 5.16, as well as
the spectrum of the signal at the input of DCO. It confirms that the digital
integrator effectively suppresses the low frequency tone caused by chopping,
as well as the high frequency quantization and truncation noise due to the
PDAXM and DAZM.

The compensation polynomial that maps the die temperature onto a
temperature-dependent phase reference ¢,.(T) for the FLL was extracted by
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Figure 5.15.  Chip photomicrograph of the TD frequency reference in 0.7 im
standard CMOS process.

batch-calibrating 16 devices over temperature. First, the FLL was calibrated
by determining the values of ¢,.7) [Figure 5.17(a)] that correspond to the
target frequency of 1.6 MHz over temperature. During this process, the
digital output of the TS (U as a function of temperature), was measured at a
fixed coarse trim current of I, = 2 WA [Figure 5.17(b)]. The device-to-
device spread of ¢,.r with respect to the FLL’s master curve [Figure 5.17(a)],
i.e. the FLL’s untrimmed phase error, is 0.1 ° [Figure 5.18(a)]. The
measured device-to-device spread in W with respect to the TS master curve
(Figure 5.17b) corresponds to 0.2 °C [Figure 5.18(b)], which is a measure
of its untrimmed inaccuracy. Based on these master curves, a fifth-order
polynomial was derived that maps the output of the TS to the 12-bit digital
input to DAXM, in order to produce @, This polynomial (Figure 5.19) is
common to all devices.

After the calibration procedure, temperature compensation was applied
to the FLL by running the temperature sensor at a conversion rate of 2 Hz, in
line with the FLL’s 0.5 Hz bandwidth. The measured output frequency of 16
devices over temperature, without applying any individual trimming, shows
an absolute frequency error of £0.2% from the target frequency of 1.6 MHz
(Figure 5.20).

164 Thermal-Diffusivity-Based Frequency References in Standard CMOS



Realization of a TD Frequency Reference in a 0.7um CMOS Process

0 ‘ ‘
Low-frequency
20 ' o —--chopping tone

Amplitude (dB)

-100

i

output]|

-120 W™ H

-140

Frequency (Hz)

Figure 5.16.  The measured output spectrum of the PDAIM (the low-

frequency chopping tone at 12 Hz), the second-order DAIM, and
the FLL digital filter (16384-point FFT, Hanning window, 8x

averaged).
110 0.75
/
0.7 /

100 | : 065 //
€ 90 0.6 //
~ =055

< /

=80 05 y

0.45 /
70 /

04 [/

60 L ‘ : ‘
(a) 50 0 50 100 150 035 55 0 50 100 150

Temperature (°C) (b)

Temperature®(C)

Figure 5.17.  (a): The measured (.. that tunes fpco to 1.6MHz as a function
of temperature and (b): it the measured output of TS varying
between 0 and 1 over temperature.

As in [5.19], the spread in the PNP’s saturation current can be
compensated by a single PTAT trim. Since the ETF’s spread is also PTAT in
nature [Figure 5.18(a)], both sources of error can be compensated by the
same trimming knob. This is the fine trim of the bias current of the PNP
devices, /;;». The trimming procedure follows the algorithm shown in Figure
5.21. For a given device, a fine-trim word is applied to the TS whose output
produces then a ¢, for the FLL via the fifth-order polynomial. The fine-trim
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word is adjusted until the resulting output frequency is equal to the target
frequency of 1.6 MHz. The corresponding trim word is then stored and used
over the entire temperature range. Since the worst-case temperature
coefficient for the reference is only +11.2 ppm/°C, its temperature does not
need to be stable during this trimming procedure, greatly simplifying the
trimming process. After a single trim at room temperature the TD frequency
reference achieves an absolute output frequency inaccuracy of £0.1% with ¢
= 10.05% (Figure 5.22). Table 5.2 summarizes the performance of the
various building blocks of the system. Table 5.3 compares the performance
of the TD frequency reference with other state-of-the-art temperature-
compensated oscillators [5.2][5.5][5.7].
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Figure 5.18.  Measurements of (a): The untrimmed error of @.rover
temperature and (b): The untrimmed inaccuracy of the TS.
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Figure 5.19.  The fifth-order polynomial that maps the output of TS (1) to the
12-bit digital input of the DAIM.
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Table 5.2.Summary of the power dissipation, size and the measured performance
of the main building blocks of the TD frequency reference.

Building Power |Percentofthe| .. 2 Maijor performance metrics
Lo Size (mm<)
block | dissipation| total power measured
PDAZM | 25 mW 32% 0.845 Combined untrimmed phase
ETF 2.5 mw 32% 0.022 inaccuracy : £0.1 °
DCO 25 mW 32% 1125 Tuning range .: 350 kHz ~ 4 MHz
LSB size: 890 Hz
TS 0.3 mW 4% 1.3 Untrimmed inaccuracy : £0.2 °C
Frequency inaccuracy after a
Complete 7.8 mW 100% 6.75 single room-temperature trim:
Chip +0.1%

Table 5.3.Performance comparison of the TD frequency reference with state-of-
the-art temperature-compensated oscillators.

Reference This work | [5.5]and [5.6]-LC | [5.7]-ring | [5.2] - RC
Frequency 1.6MHz 24MHz 7.03MHz | 6MHz
Supply voltage (V) 5 1.8 2.5 1.2
Power consumption 7.8 mW <4 mwW 1.5 mwW 66 pyw
Technology 0.7um 0.13um 0.25pm 65nm
Die size (mm?2) 6.75 0.8 1.6 0.03
Temp. range (°C) -55~125 0~70 -40~125| 0~120
Inaccuracy 10.1% [£0.005% to +0.03%| +1.84% 10.9%
Number of samples 16 Product 94 6
Period jitter (rms) 312 ps <1ps NA NA
Temp. coeff. (ppm/°C) +11.2 +1.41t018.6 1+50.9 86.1
NA = Not available
5.4 Conclusions

The realization and characterization of a fully-integrated thermal-
diffusivity-based (TD) frequency reference, implemented in a standard
0.7um CMOS process was discussed in this chapter. A digitally-assisted
electrothermal frequency-locked loop (DAFLL) locks the output frequency
of a digitally-controlled oscillator (DCO) to the process-insensitive phase
shift of an electrothermal filter (ETF). The ETF’s phase shift is a function of
its geometry and the thermal-diffusivity constant D of bulk silicon. The
temperature dependence of D leads to a temperature dependent frequency,
which in this work was compensated for by measuring the temperature of the
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die with an on-chip band-gap temperature sensor and injecting the
temperature information to the DAFLL digitally.

The reference has an output frequency of 1.6 MHz, dissipates 7.8 mW
from a 5 V supply and achieves an absolute inaccuracy of +0.1% over the
military temperature range (-55°C to 125°C) with a single room-temperature
trim. The worst-case temperature coefficient of +11.2 ppm/°C allows for
trimming without temperature stabilization, which simplifies the trimming
procedure and thus reduces trimming costs. Since the DCO has been
designed with sufficient tuning range and resolution, the reference’s ultimate
inaccuracy is determined by the inaccuracy of the temperature sensor used
for temperature compensation, and by the inaccuracy of the ETF’s phase
shift, which is, to first order, determined by the accuracy of the lithography
in a 0.7um CMOS process.
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6 A Scaled Thermal-
Diffusivity Frequency
Reference in Standard
0.16um CMOS

The previous chapter described an implementation of a thermal-
diffusivity-based (TD) frequency references. A prototype in a standard
0.7um CMOS technology demonstrated the feasibility of such references.
This reference occupied an area of 6.75mm” and dissipated 7.8mW from a
5V supply. The inaccuracy of its 1.6MHz output frequency was £0.1% over
the military temperature range, and its cycle-to-cycle jitter was about 400ps
(rms). This chapter describes the implementation of a scaled TD frequency
reference, whose performance is improved compared to the previous work.

The performance of a TD frequency reference is mainly determined by
its electrothermal filter (ETF), which forms the heart of the reference. The
characteristics of an ETF are mainly determined by its geometry. In
particular, the accuracy of its phase response will be determined by
lithographic inaccuracy. This will then determine the accuracy of the
reference's output frequency. As CMOS processes scale, lithographic
accuracy improves, thus improving ETF accuracy. To test this, a prototype
has been designed in a more advanced process.
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The 16MHz scaled TD frequency reference described in this chapter,
has been implemented in a baseline 0.16um CMOS process. Compared to
the previous design, it achieves 10x higher frequency, 7x less jitter, 3.7x less
power, and 12x less chip area, while maintaining the same level of accuracy.
These improvements are achieved by scaling the ETF and adapting the rest
of the system accordingly.

6.1 Introduction

CMOS scaling has been mainly driven by the increasing demand for
higher performance microprocessors. Scaling allows for the inclusion of
more transistors on a single die, which results in more functionality.
Furthermore, scaling results in shorter transistor lengths and thinner gate
oxides, which both result in faster devices [6.1][6.2]. Also, the reduction of
supply voltages helps reducing the power consumption of digital circuitry.
Unfortunately, these modifications limit the performance of analog circuits.
On the one hand, the reduced supply voltage limits the signal swings, while,
on the other hand, the short channel effects reduce the intrinsic gain of
transistors [6.3].

Although CMOS scaling makes the design of the analog circuits of a TD
frequency reference more challenging, however, it can significantly improve
the performance of its electrothermal filter [6.4]. In scaled CMOS, the
lithography should resolve smaller feature sizes, which requires more
accuracy. Furthermore, the reduced feature sizes allow for implementation of
smaller ETF structures, i.e. smaller heater-thermopile distances and smaller
thermopile dimensions. These help increase the output signal of an ETF and
reduce its thermal noise, which can eventually improve the jitter
performance of a TD reference (see chapter 3). Furthermore, smaller
dimensions reduce the filter's thermal phase, which enables the use of higher
excitation frequencies.

To implement the scaled TD frequency reference, a single-poly, 5-metal
baseline 0.16um CMOS process with 1.8V supply has been adopted. This
process supports substrate PNP transistors, which could be used in the
temperature compensation scheme of the reference. The scaled TD
frequency reference implemented in this process [6.5], utilizes an ETF,
which is about 5x smaller than the one in previous work [6.6]. This is in line
with the expected 4.5x improvement of lithographic inaccuracy in
comparison with the 0.7um process. After this introductory section, the
chapter progresses with a description of the scaling strategy. Furthermore,
the effect of scaling on the circuit and system design of the TD frequency
reference will be discussed. Experimental results on the test chip will be
provided and the chapter ends with conclusions.
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6.2 Scaling Strategy

As described in chapters 4 and 5, a TD frequency reference can be
realized by embedding an ETF in a digitally-assisted frequency-locked loop
(DAFLL). In such a loop the output frequency of a DCO, fpco, is locked to
the ETF phase shift, @gsrr (see Figure 6.1), by means of feedback. This
ensures that the DCO operates at a frequency, where @grr = @rer, Where @rr is
a temperature dependent phase reference. This reference is provided by an
on-chip, band-gap temperature sensor, which ensures that @ o< T °°, the
same temperature dependence as @grr (see chapter 5). For the simple point-
heater point-temperature sensor model of ETF shown in Figure 6.1, the ETF
phase ¢grr is determined by the heater to temperature-sensor distance,
denoted by s (see chapter 3).

The chosen scaling strategy aims to maintain the inaccuracy of the TD
frequency reference at the +0.1% achieved in [6.6], while improving other
performance metrics. From equation (3.9), we can conclude that:

Oorr < S\ peo ! D 6.1)

Digital mapping
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Figure 6.1. Simplified block-diagram of a TD frequency reference (top), and
the phase frequency characteristic of an ETF at various
temperatures (bottom).
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where D is the thermal diffusivity of silicon. From (6.1) it can be seen that
scaling an ETF, i.e. decreasing s, implies that for a given ¢srr the ETF can
be operated at a higher frequency. However, decreasing s also results in
greater sensitivity to lithographic errors. By differentiating (6.1) we obtain:

Ay _As

, - (6.2)

which implies that for a given process, and thus a given lithographic error As,
the relative accuracy of ¢grr decreases as s decreases [6.7]. However,
increasing s also reduces the thermopile’s output amplitude, which for s =
24um and 2.5mW of heater power dissipation is only a few hundred micro-
volts [6.6]. Since this is quite a small signal, the thermopile’s thermal noise
will be a major contributor to the DAFLL’s jitter. This can only be mitigated
by increasing the ETF’s heater power dissipation. The choice of s thus
involves a fundamental trade-off between accuracy, output frequency, jitter,
and power dissipation (see chapter 3).

To break this trade-off, a more advanced process can be used, thus
reducing As and allowing the ETF to be scaled without losing accuracy. In
the scaled TD frequency reference presented in this chapter, a 0.16um
CMOS process has been adopted. To exploit its improved lithographic
accuracy with respect to the 0.7um process used in [6.6], s has been scaled
by about 5%, i.e. reduced from 24um to 4.7um.

After fixing s, the heater and the thermopile of the scaled ETF need to
be designed. A minimum size U-shaped heater based on a p’ diffusion
resistor has been adopted (see Figure 6.2 for the heater dimensions). Based
on this geometry, the heater has a resistance of Rpeuer ~ 800€2, which allows
for a maximum power dissipation of 2mW, considering the 1.8V supply. The
combination of the design rules and the desired s meant that a maximum of
16 thermocouple arms could be fitted around this heater. These are placed in
4 quadrants, each made of 4 arms. This allows for a differential structure
made of two half-thermopiles, laid out in crossed couples.

To maximize the ETF’s efficiency, the thermopile’s kot junctions are
situated around the heater on a constant phase-shift contour (see chapter 3).
The location of its cold junctions was then optimized for maximum output
and minimum resistance (chapter 3, section 3.4.2). This resulted in four
different thermocouple arm lengths for each of the thermopile quadrants,
which is shown in Figure 6.3(a). The locations of the kot and cold
thermopile junctions of the scaled ETF are shown in Figure 6.3(b).
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Figure 6.2. The p* heater dimensions of the scaled ETF.
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Figure 6.3. (a): The thermocouple arms per thermopile quadrant for the
scaled ETF, and (b): the layout of the ETF illustrating the position
of the hot and cold junctions for the complete thermopile.

A photomicrograph of the scaled ETF adjacent to the previous ETF is shown
in Figure 6.4(a). The locations of their thermopile junctions are compared in

Figure 6.4(b).

Apart from optimizing the location of the thermopile’s junctions, the
signal-to-noise ratio SNRgzr at the output of an ETF can also be improved by
optimizing the number of thermocouples 7,, in the thermopile. The ETF’s
output signal level will be determined by 7,,, the temperature gradient across
the thermopile and the Seebeck coefficient of each thermocouple, while its
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Figure 6.4. (a) Photomicrograph of the previous ETF and the scaled ETF; (b)
Locations of the hot and cold junction of the corresponding
thermopiles

thermal noise will be determined by its total resistance R;,. SNRz7» may thus
be expressed as [6.7]:

SNR Py 6.3
ETF ¢ . (6.3)
SR

tp
Since the choice of the hot and cold junctions fixes the area of the
thermopile, R, o< n,, and so SNRzrr will be fixed [6.8]. However, the output
level can be maximized by maximizing n,,, subject to the design rules of the
chosen process. The resulting scaled ETF has fewer arms than the previous
design (16 vs. 24), lower resistance (8k€2 vs. 20k€2) and a 5.5x greater SNR:
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From (6.1), it can be seen that for a given @grr, scaling s by a factor k&
will scale its driving frequency fpco by a factor k*. Compared to the previous
ETF, which was operated at 100kHz, a 5x scaled ETF should thus be
operated at about 3MHz for the same @grr. This was confirmed by numerical
simulations of the thermal impedance (the relationship between heater power
and sensor temperature) of both ETFs at room temperature (Figure 6.5).
However, since ¢@gsrr cannot be distinguished from the process-dependent
phase-shift of its readout circuit, increasing the drive frequency would
require a proportional increase in the bandwidth of the readout circuit. As a
compromise, it was decided to drive the scaled ETF at 1MHz. At this
frequency, @gerr will vary from 40° to 70° over the military temperature range
(Figure 6.6).

The characteristics of the scaled ETF affect the design of the rest of the
TD frequency reference. Compared to [6.6], the bandwidth of the ETF’s
readout circuitry must be increased by 10x in order to maintain the same
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Figure 6.5. Thermal impedance simulations at room temperature, comparing
amplitude and phase response of scaled ETF with previous ETF.
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Figure 6.6. The expected phase response of the scaled ETF as a function of
temperature and the driving frequency.

level of phase accuracy. Also, to benefit from the 5.5x improvement in SNR,
the resolution of both the DCO and the band-gap temperature sensor must be
improved. The design of these blocks will be the topic of the next sections.

6.3 System-Level Design

A simplified block-diagram of the scaled TD frequency reference is
shown in Figure 6.7. It uses the same architecture as the one described in the
previous chapter. Compared to previous work, the resolution of DAXM has
been increased from 12 to 15-bits. Furthermore, for the 30° expected phase
variation of the scaled ETF (see Figure 6.6) over the military temperature
range, the modulator's resolution will be about 1m®, and so should not limit
the trimming resolution of the reference.

The ETF’s phase shift, @gerr, is digitized by the PDAXM with reference
to its two phase references, faive(¢) and faive(#1), which are digitally phase-
shifted versions of f.v. (see chapters 4 and 5). In this design, fpco = 16 - firive
= 16MHz, which means that fgv.(@) and five (@) can be chosen in steps of
22.5°. The modulator’s bitstream output, bs, will then be a digital
representation of @grr. The bitstream difference between @grp and @y is
integrated by a 12-bit up/down counter, which suppresses the quantization
noise of both AY modulators. The counter is incremented or decremented
according to the polarity of the bitstream difference and is disabled, by an

180 Thermal-Diffusivity-Based Frequency References in Standard CMOS



Error Sources

Band-gap Temp. Sensor (TS) ITTTTTTTT T T

__________________________

iBipolar core i i DASM i
i { T |29order| x4 | | 5"order [15 1yl 2% order i
; AX ADC | Polynomial 77" digital AT mod. :
B . I, i
§ horT)indigial ;
! Relaxation !
i Counter fsl 0sC i
! e | [8-bit foco!
i UP/DN! 8 DAG, i
i i I i
i fae(po) Divider| 3 i
i forive(#1) 7 l
| fdrivee = fpco/16 Bta_tCh !
: fim : 8-bit DCO |
| Electrothermal FLL | f, = fyne/24  fogole— e e |

Figure 6.7. Simplified block-diagram of the scaled TD frequency reference.

XOR gate, when the bitstreams are equal. The counter’s eight MSB’s then
update the DCO at a sampling rate of f; = fgive/24 = 41.66 kHz.

The DCO consists of an RC oscillator that is driven by an 8-bit fine
DAC. This, in turn, produces a tuning current that results in a 0.02% LSB
when applied to the oscillator. This is in line with the expected accuracy and
is more than 4x lower than the expected jitter. A 3-bit coarse DAC is used to
compensate for the effect of process spread on the DCO’s center frequency.
Compared to [6.6], which used a 12-bit fine DAC, the use of a temperature-
compensated RC oscillator in this design means that only an 8-bit fine DAC
is required. This could then be implemented with a straightforward 256-
element resistor ladder, while also guaranteeing the monotonicity required
for loop stability.

6.4 Error Sources

The major sources of error in the scaled TD frequency reference are the
electrical phase shift associated with the finite bandwidth of the PDAXM, the
input-referred offset of the PDAXM, and the temperature sensing inaccuracy
of TS. With the help of the system model shown in Figure 6.7, the effects of
these errors have been simulated at three temperature points: -55°C, 27°C,
and 125°C.
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Figure 6.8. System-level simulations of the scaled TD frequency reference over
temperature showing frequency error as a function of: (a)
excessive phase error due to the limited bandwidth of PDAZM
front-end; (b) residual offset error referred to the PDAIM input,
(c) a fixed absolute temperature measurement error made by TS.

The finite bandwidth of the PDAXM will give rise to process-dependent
electrical phase-shift which will be indistinguishable from the ETF’s own
thermal phase-shift. As shown in Figure 6.8(a), the worst-case situation
occurs at -55°C, when a phase error of only 20 milli-degrees causes a
frequency error equal to the target inaccuracy of 0.1%. To ensure that its
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error contribution is much less than 0.1%, the bandwidth of the PDAZM’s
front-end was designed to be in excess of SOOMHz.

The residual offset of the PDAXM is also an important source of error
(chapter 4). The PDAEM employs a chopper demodulator as a synchronous
phase detector. The chopper’s switching action and charge injection
mismatch is a source of residual offset [6.9], which adds error to the
demodulated phase and thus leads to errors in the DAFLL’s output
frequency (see chapter 4). As shown in Figure 6.8(b), an input-referred
residual offset of 2V will cause a frequency error of about 0.05% at 125°C.
It should be noted that the increased frequency of operation from 100kHz to
IMHz will increase the residual offset proportionally [6.9][6.14]; however,
the technology scaling, and thus the use of smaller size switches, should
reduce the mismatched charge injection (see chapter 4). Furthermore, the
required offset performance can be easily achieved by applying low-
frequency chopping, i.e. by chopping the drive signals applied to the ETF as
well as the digital output of the PDAXM.

The effect of TS inaccuracy on the output frequency is shown in Figure
6.8(c). It can be seen that a temperature sensing error of only 0.1°C results in
a frequency error of about 0.08%. Since an inaccuracy of 0.1°C reflects the
state-of-the-art [6.10][6.11] this represents a fundamental limit on the
accuracy of TD frequency references. Further improvements will require
more accurate temperature sensors or the use of multi-point (e.g. two
temperature points) trimming.

6.5 Circuit Realizations

The following sub-sections describe the design of the major analog
building blocks of the scaled TD frequency reference: the ETF and its drive
circuitry, the phase-domain AY modulator (PDAXM), the DCO, and the
band-gap temperature sensor (TS).

6.5.1 ETF and PDAZM

6.5.1.1 Detailed System Overview

The heater of the scaled ETF is driven at a frequency faive = fbco/16 =
1MHz, by a heater drive circuit (HD) [see Figure 6.9(a)]. The ETF’s phase
shift @gerr is then digitized by the PDAXM, whose sampling clock and phase
reference signals are also derived from fpco. At a sampling rate of f; =
41.66kHz, the DAFLL’s noise-bandwidth is only about 10Hz. In this
bandwidth, the modulator’s resolution should be limited by the ETF’s
thermal noise (12 nV/VHz). For the expected 30 degree variation in PeTF OVer
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the military temperature range, this noise level translates into a resolution of
about 5 milli-degrees. Since the AX modulator’s over-sampling ratio is
greater than 4096, a first-order modulator will be sufficient to ensure that its
quantization noise is below the ETF’s thermal noise [6.12].

The PDAXM [Figure 6.9(a)] consists of a gain-boosted folded-cascode
transconductor (gm) that converts the ETF’s output into a current. This is
then phase detected by a chopper demodulator, which multiplies it by fqive
(¢ = +22.5°) or faive (@ = -67.5°), provided by a phase DAC and depending
on the value of the bitstream, bs [Figure 6.9(b)]. The residual offset of the
chopper demodulator is suppressed by locating it within the gain-booster
loop of the transconductor’s cascode transistors (chapter 4). The chopped
output current, whose DC value is proportional to the difference between
derr and the phase DAC’s phase output, is then applied to an active
integrator built around a two-stage opamp (Ci,; = 13pF). This suits the 1.8V
supply much better than the G,,-C integrator used in previous work [6.6].
The opamp’s DC gain is > 100 dB, which ensures that the quantization noise

fod — C=13pF

] -
] SW fs
fonl] 51 :|r y;cfm
Phase:
PAC faelhh=+225°) (@)

fdr/ve(¢1 =-67. 50)

|
f drive J i

fdrive(¢0) |

fdrive(¢1) F (b)

Figure 6.9. PDAXM: (a) simplified circuit diagram including ETF and its
heater driving circuitry, (b) timing diagram of phase references
and ETF drive.
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floor established by integrator leakage is still well below the thermal noise
level [6.12]. To further reduce the demodulator’s residual offset, the entire
front end (including the ETF) is low-frequency chopped at fon = farive/ 16376
=61.06Hz.

At 1MHz, the PDAXM’s simulated phase error (including the influence
of the thermopile’s parasitic capacitance) is less than 7 milli-degrees over
process and temperature, which leads to a frequency error of less than
0.025%. The modulator consumes 290uA, which is about 2x less than [6.6]
and has an input referred noise of 10nV/NHz. About 70% of its total power is
consumed by the OTA while the rest is consumed by the opamp and the
comparator.

Additional phase delay between the ETF’s heater drive and the
demodulator’s phase references will increase the error in @grr. For the scaled
ETF, a 200ps delay at fiiv = IMHz leads to an output frequency error of
0.25%. To suppress this effect, the clock-synchronized heater driving block
(HD) has been added. As shown in Figure 6.9(a), the use of D flip-flops
clocked at fpco ensures that the additional phase delay remains well below
15ps over the process and temperature variations.

The detailed transistor-level design of the PDAXM's various building
blocks, i.e. its transconductor, active integrator, and quantizer as well as a
detailed design of the ETF heater drive circuitry (HD) will be described next.

6.5.1.2 Transconductor

The 1MHz drive frequency of the scaled ETF is 10x larger than the
previous work, which means that special attention had to be paid to the
design of the transconductor. The main concern was the possibility of
excessive electrical phase spread at the excitation frequency of 1MHz
resulting in a degradation of the reference’s accuracy. To increase safety
margins, it was decided to keep the option for having an equivalent of the
previous ETF (s = 24um) implemented into the design.

The previous ETF’s 100kHz drive frequency is much less sensitive to
excess phase error issues; however, it imposes other challenges due to the
larger chopper ripple amplitudes. Such ripple is due to the offset of the
transconductor, which is modulated to fg.v. by the synchronous demodulator.
In the previous design, the 100kHz ripple over the PDAZM’s integrator had
an amplitude of about 500mV. This is not a very important issue for a 5V
process (0.7um), however for a 1.8V process (0.16um), such large ripple
could waste a lot of signal headroom, and eventually result in clipping of the
integrator. Therefore, the possibility of auto-zeroing the transconductor in
order to reduce its initial offset has been considered. It should be noted that
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the options mentioned above are to add margins and thus should not be
necessary in case the scaled ETF performs as expected at 1MHz.

To develop insight into the expected signal levels within the PDAXZM,
i.e. the ripple associated with the chopped offset of the transconductor and
the maximum expected signal swing on the modulator’s integrator, a series
of simulations were performed on the circuit of Figure 6.9(a). The summary
of simulation results has been provided in Table 6.1. This table reports the
largest swing and ripple over the integrator of the modulator for different
sampling frequencies. These simulations consider a ImV ETF output signal
at both IMHz and 100kHz, and assume the largest phase input for the
modulator (the full-scale phase signal). A SmV offset has been considered
for both the transconductor (gm) and the integrator opamp. A comparison of
these results for the auto-zeroed (denoted by "W AZ") and non auto-zeroed
(denoted by "no AZ") cases shows that the operation of the system with the
scaled ETF and an f3,;,.=1MHz should not require auto-zeroing.

Figure 6.10 shows the simplified auto-zeroing circuitry of the
transconductor (gm) with its switches and associated timing diagram [6.14].
Since for the expected operating conditions with the scaled ETF involved, no
auto zeroing is expected to be used, an enabling signal 4Z EN can be used to
disable the auto zeroing loop completely. If the transconductor needs to be
auto-zeroed, AZ EN will be asserted, and the ETF heater drive will be
disabled to remove the signal at the input of gm, which effectively short
circuits its input.

Table 6.1.The simulated integrator swing and the ripple due to the offset chopped
by the demodulator at different fy,i. and f; values.

. . High fi ippl
ETF ) Largest . Largest Ttegrator swing (gm (:gus:gqbt;e&(;y;?s‘;f
fdrive fs integrator swing offset = 5mV and opamp chopped by the synch.
(No offset) offset = 5mV) Demodulator
1MHz 500kHz 40mVvV 150mV 100mV
1MHz 100kHz 200mV 300mv 100mV
1MHz 20kHz Vv 1.1V 100mV
100kHz 50kHz 400mV No AZ: 1.1V - W AZ: 450mV No AZ: 800mV
100kHz 25kHz 800mvV No AZ: clips - W AZ:800mV No AZ: 800mV
100kHz 12.5kHz 1.6V No AZ: clips - W AZ:1.6V No AZ: 800mV
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Figure 6.10.  The auto-zeroing circuitry associated with the transconductor
gm and the timing of it.

To perform auto-zeroing, the gm’s output will be connected to the input
capacitors of an auxiliary transconductance g,AZ via the switches driven by
AZ. Meanwhile, AZb switches disconnect the integrator from gm. The
feedback loop formed by gm and g,AZ (assuming zero input for gm) causes
the offset of gm to generate a current that will be integrated by Caz. The
auxiliary g,AZ will then drive a correction current into a node inside gm,
which cancels the initial offset (this will be shown later). The loop gain
determines the final level of offset reduction [6.9]. Once auto-zeroing is
completed, the parasitic capacitances at the output of gm are discharged
through dead-banding switches AZ DB. This is done before the output of gm
is re-connected back to the integrator input by 4Zb. This minimizes the
voltage spikes that occur when the integrator is re-connected to gm.

A complete circuit diagram of gm is shown in Figure 6.11. It is basically
a folded-cascode OTA with PMOS inputs. A current multiplexer, MUX,
steers a tail current to any of the desired four input pairs. Each input pair can
then be connected to a different ETF test structure. The 60UA tail current
results in an input transconductance of 570uS within the input devices with
W/L = 60um/0.36um. This relatively small ratio was chosen to reduce their
gate capacitance, which contributes to the electrical filtering of the ETF
signal. This size of input pair in combination with the magnitude of the tail
current means that the devices operate in strong inversion. The input
common mode, i.e. the bias voltage of the ETF thermopile, was set to 400
mV.
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Figure 6.12.  The gain-boosters of the PMOS and NMOS side cascode
transistors.

The transconductor’s output common-mode of 900mV is regulated by
CMFB circuitry, as in the previous design (section 4.3.2.1). The CMFB loop
is frequency compensated by 1.5pF capacitors and has a phase margin of 67°.
To minimize the residual offset due to the switching action of the chopper
demodulators, they are located at the virtual grounds provided by the booster
amplifiers. The PMOS and NMOS gain-boosters (Figure 6.12) consume
101A and 16UA respectively and provide DC gains in the order of 60dB.
The gain-boosting loops at the PMOS and NMOS sides are frequency
compensated by 800fF capacitors (Figure 6.12) for 60° loop phase margins.

The transconductor of Figure 6.11 has a simulated nominal DC gain of
140dB, which can vary from 110dB to 145dB over the process, temperature
and mismatch. Its estimated input-referred offset is about 2.5mV, and its
maximum residual offset current when the chopper demodulators are
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operated at 1MHz, is about 3nA (about 5uV input-referred). The simulated
maximum excess phase shift added to the ETF signal before phase detection
amounts to 17 milli-degrees over temperature, process, and mismatch (at
IMHz). Within one batch, this can be as low as 3 milli-degrees. Considering
the parasitic capacitance associated with the scaled ETF's thermopile, the
excess phase shift can amount to about 7 milli-degrees. The transconductor
consumes a total supply current of 210pA. The total modulator input-
referred noise (including the opamp noise) is about 10nV/VHz.

6.5.1.3 Integrator Opamp

A detailed schematic of the integrator opamp is shown in Figure 6.13. It
is a two-stage amplifier with a telescopic first stage, PMOS input pair, and
NMOS common-source output stages. At a total supply current of 42uA, it
has a nominal simulated DC gain of 110dB (97dB to 119dB over the process
and temperature). With a Miller capacitor of C,=4pF and for the total load
capacitance of the integrator, the amplifier has a unity gain bandwidth of
about IMHz with a phase margin of 62°.

2uA 153uA  15.3uA 700nA 350nA
5w/ 5/
v | Mg 41 x6 | My | My3 4uX46 | Miy IJM15
B1 © i = = | - 50 | 50,
our+ i N
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Figure 6.13.  The two-stage opamp of the active integrator used in the
PDAIM.

190 Thermal-Diffusivity-Based Frequency References in Standard CMOS



Circuit Realizations

The opamp's input chopper is merged with the feedback path (see Figure
6.9 and [6.13]), and the output chopper is located before the output stage.
This will not increase the residual offset because the total input-referred
offset of the output stage is suppressed by the input-stage gain. The total
estimated opamp input-referred offset is about 3.5mV (non-chopped). The
amplifier’s fully differential output swing is 3V over process and
temperature. Resistors Reyrg = 300k provide an estimate of the output
common mode level, which then the CMFB loop including M¢_j5 regulates
to the common mode reference, V., r[6.9].

6.5.14 Comparator

The PDAXM’s comparator (Figure 6.14) was designed to be operational
for sampling frequencies as high as f; = f4ive/2 = 500kHz. This includes a pre-
amplifier with a gain of 8 to reduce the kick-back effect of the following
positive feedback latch. A minimum-size reset switch M driven by the
comparator clock signal PhEval, releases the latch from reset state at the
sampling moment of the modulator. When the switch opens, the latch
regenerates and its output drives a set-reset flip-flop via output stage made
by transistors M;;.;4. The comparator’s supply current is 16{A, and has a
maximum input-referred offset of 1mV over process and temperature. At
sampling rate of 500 kHz and with an input common mode of 900mV its
minimum input signal is 500UV pic_p.
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Figure 6.14.  Schematic of the comparator used in the PDAIM.
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6.5.2 DCO

The DCO is an RC relaxation oscillator, whose output frequency is
tuned by an 8-bit fine DAC (see Figure 6.15). Compared to the previous
implementation, the DAC employs a simpler and smaller unary architecture
in order to guarantee monotonicity. The effect of process spread is then
corrected by means of a 3-bit batch trim applied by means of a coarse DAC.
The oscillator includes comparators U, which compare Vi, to V. While
one capacitor is being charged through R, to Vpp, the other one is being
discharged by I [6.15]. The speed at which the capacitor is charged has
been reduced via resistor R, This is to minimize the current spikes drawn
from the analog supply and eventually injected into the analog ground when
the capacitor is connected to Vpp. The states of the SR-latch and the chopper
CHI1 change when the voltage across the capacitor reaches V.

The nominal fpco is 16MHz, which can be tuned to a range of £500kHz
through the fine 8-bit DAC. This is enough to correct for the mismatch and
temperature variation effects. The batch trim, which is applied by the coarse
DAC, has a range of £3MHz and can be adjusted with steps of 750kHz. For
this reason, Vs is varied using a 3-bit DAC made of the divider Ry_g,
switches Sy_7, and the buffer Us. The batch trim is a process corner trim and
thus will be fixed for the entire batch. During the normal operation of the
DAFLL, the loop constantly tunes the DCO by tuning /. through the fine
DAC.

The 8-bit input code to the DCO selects only the n™ switch from the
switches Sy »ss copying Va to the corresponding point on the resistive ladder
made of unit resistors Ry »ss = R = 125Q. This produces a current /..

[ e Yot .
R, +(nXR)

Since there is no current through the DAC switches, their on-resistance
will be of no importance allowing for the use of minimum-size devices. The
256 elements of the resistive ladder are arranged in a 16x16 matrix with row
and column decoders made of two binary-to-thermometer decoders. The
inputs to the decoders are the 4 MSB and LSB bits of the DAC 8-bit binary
input. This also allows for a matrix layout of the DAC elements, each
including a resistor R and switch S;.

The DCO is further temperature-compensated by adding an N-well
resistor Ry with positive TC to the divider, generating V4. The temperature
compensation and the batch trim ensures that the range of the 8-bit fine DAC
is enough to compensate for the VCO’s residual spread with a step size of
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Figure 6.15.  Detailed schematic of the DCO including the 8-bit fine DAC
(showing the arrangement of the 256 DAC elements), the oscillator,
and the 3-bit coarse DAC.

200ppm. Since both V, and Vs are supply-referenced, the DCO output
frequency is insensitive to supply-voltage variations.

The circuitry of the oscillator’s comparators resembles those used in the
previous design. The comparators’ -3dB bandwidth is 100MHz and their
supply current is SOUA. A 50mV hysteresis is built into the comparators and
their input referred noise is 1501V (rms). This noise and the 1/f noise due to
the current /¢ result in a simulated cycle-to-cycle jitter of 20ps (rms) at a
nominal output frequency of 16MHz. The DCO’s total supply current is
117uA, of which 100pA is consumed by the oscillator and the rest by the
two DAC:s.
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6.5.3 Temperature Sensor

A band-gap temperature sensor (TS), is used to temperature compensate
the DAFLL. This includes a bipolar core and a AX ADC [6.10][6.11]. The
bipolar core produces a PTAT voltage AVgg, which is the difference between
the base-emitter voltages of two substrate PNP transistors. These are biased
at different current ratios. This is then combined with a trimmable CTAT
voltage Vgg, which is the base-emitter voltage of only one of those PNP
devices. The PTAT and CTAT values are fed to a charge balancing AX
modulator that produces a ratiometric value u defined by (5.9). This digital
number is a representative of the die temperature (see Figure 5.8).

The bipolar core of TS has been adapted from a micro-power
temperature sensor design implemented in the same 0.16um process
[6.16][6.17]. This design uses a fast two-step or a zoom ADC (the
combination of a SAR algorithm and a AX data converter) [6.16][6.17].
Considering the required resolution of less than 10mK, a second-order
charge balancing AX modulator was designed to be interfaced with the
abovementioned bipolar core. The ADC is based on the single-capacitor
architecture introduced in section 5.3.2.2. Since the system-level design and
accuracy requirements of TS resemble the previous one (chapter 5), only the
circuit realizations will be briefly discussed here.

Figure 6.16 illustrates a schematic diagram of the bipolar core [6.17]. A
PTAT bias generator on the left side produces a PTAT bias current / via two
PNP transistors (Sum X 5uum) that are biased at a 5:1 current ratio. With the

DEM
| _|Coarse
Trim
| | Fine
Trim
A
"—bS .
Rp MUX o Vs
Ru/5 | | | J B
Q j—w—b Qe QY g
BL BR L/‘ r‘ W l\QR
Jr Bias Bipolar
. Circuit _ Core _

Figure 6.16.  The bias circuit and the bipolar core of the band-gap
temperature sensor.
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variations in S of the bipolar devices (over process and temperature), a S
compensation circuitry, including a resistor Ry/5 in series with the base of
QgL, is incorporated [6.10]. Due to feedback, the collector current of the
bipolar transistors in the bias circuit will therefore be independent from /4 of
the PNPs, and thus the resulting Vg produced in the bipolar core will not be
altered by this non-ideality (see section 5.3.2.2). The value of / has been
chosen to be 90nA at room temperature. This ensures that both / and 5-7 are
in a relatively flat region of the PNP’s S vs. bias current characteristic. The
opamp has been chopped to reduce the temperature sensing inaccuracy
induced by its offset [6.10][6.17].

The current / produced by the bias circuit is mirrored to six current
sources with a gain of 2. This means that each current source carries a PTAT
current 2x/ (180nA) at room temperature. Depending on the bitstream
polarity of the charge balancing AX modulator, the bipolar core produces Vgg
or AVgg as input to the converter (section 5.3.2.2).

If AV needs to be applied to the modulator, a 5:1 current ratio is
applied to both Q and Qg, respectively. The accuracy of the current sources
determines the accuracy of the PTAT voltage AVge. As in the previous
design a dynamic element matching cycle rotates the unit current source that
determines the 5:1 ratio at the AVgg phase.

If Vg has to be the input to the modulator, a coarse trim can be applied
to the bias current of the transistor Q or Qg that produces Vgg. This can be
done by selecting a range of one to five of the current sources. In this phase,
the sixth current source is modulated by a digital AX modulator in order to
apply a fine trim to the Vgg (see section 5.3.2.2). A multiplexer MUX at the
output of the bipolar core determines whether the AVgg or Vg will be input
to the AX modulator (controlled by the modulator's bitstream bs).

The operating principle of the second-order charge balancing AX
modulator of TS exactly resembles that of the previous design. In the
switched-capacitor modulator (Figure 6.17), the PTAT gain o=16 is
generated by sampling AVgg 16 times on a unit sampling capacitor. The
modulator utilizes the same feed-forward topology as the previous one and
its coefficients remain the same; however, the capacitor values are scaled.
The scaling of the capacitors is referred to the scaling of the sampling
capacitor, which determines the modulator's input-referred thermal noise. A
thermal noise limited resolution better than 10mK can be achieved by a
S00fF input capacitor at oo = 16 and for 1048 samples within one incremental
conversion (corresponding to a conversion rate of 2Hz) [6.10]. The
modulator coefficients as well as the other capacitor values are:
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1 Cou  2pF &4 ’ Gz _4OOfF
(6.6)

G _S00fF 1 Cp _200/F 1, Cp _100/F _1
27 C, 200fF 2

Apart from a few changes in the modulator timing (shown in Figure
6.18), the only major change (compared to the previous design) is the
topology of the second integrator. This was modified from the previous non-
auto zero structure to an auto-zeroed version. This is just for compatibility
with the different timing used in the switched-capacitor common-mode
feedback of the integrator opamps. This helps reduce the offset and 1/f noise
of the second integrator. The opamps used in the first and second integrator
are the same. They utilize a conventional folded-cascode topology with a
quiescent current of 1.66yA and provide a DC gain of 90dB with a phase
margin of 62 degrees at a unity gain bandwidth of 1.8MHz.

The modulator’s sampling frequency is 2kHz. As the timing diagram in
Figure 6.18 shows, the first AVgg sampling phase, which directly follows a
Vge phase, has been given extra time to allow for better settling of the
sampling capacitor. This is mainly because after a Vg phase, one of the
capacitors should always be charged from ground, which requires more
settling time (timing is described in chapter 5). With 500fF sampling
capacitor, and at the aforementioned operating frequency, the settling of the
bipolar core when sampling AVpgis better than 10mK (16x higher sampling
rate in this phase compared to the modulator’s sampling frequency).

System level chopping has been applied to the modulator (see Figure
6.17) to remove the residual offset associated with the mismatched charge
injection of the switches. The system level chopping is performed in a
bitstream-controlled manner [6.11] in order to break the correlation between
the tones associated with the chopping ripple and the modulator’s
quantization noise. This avoids folding of the quantization noise to the band,
which can cause an increase in the modulator’s noise floor. The bitstream
controlled chopping mechanism changes the chopper state only when the
bitstream polarity is high. A total of two system level chopping periods are
accommodated within every conversion of the TS.

Compared to the previous implementation (see Figure 5.13) the timing
associated with the modulator’s feed-forward capacitor Cgr is also modified.
The capacitor is not discharged to the second integrator’s integrating
capacitor during the auto-zeroing phase. This was not a problem in the
previous implementation when a non auto-zero second integrator was used.
The new timing of the TS ensures that the complete charge of Cgr is always
transferred during the first half of the modulator cycle (see Figure 6.18).
This means that the effective amount of charge transferred during the AVgg
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cycle is halved. To compensate for this, a second Cgr capacitor will be
connected in parallel with the main Cg capacitor during this phase (see
Figure 6.18).
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Figure 6.17.  The second-order charge- balancing switched-capacitor AX
modulator of the temperature sensor with both auto-zeroing
integrators.

Thermal-Diffusivity-Based Frequency References in Standard CMOS 197



A Scaled Thermal-Diffusivity Frequency Reference in Standard 0.16pm CMOS

Allow for the first sample’s settling if

/ previous mode is Vgr mode |
P \\\
\

| |
! |

P L] ! I
PHF21:‘ rl : n |-|

h

|

! 7
bs = Vie_mode } /

[

I\
eval ™~ 4
R AVge cycle

Ve cycle }

4"

Figure 6.18.  Timing diagram of the delta sigma modulator for the AVyp and
Vg cycles.

6.5.4 Heater Drive Circuitry

On-chip heater drive circuitry has been implemented in the scaled TD
frequency reference. In the previous 0.7um design, the heater driver switches
were implemented by means of 5Q analog off-chip switches realized by
ADG719 devices [6.18]. The main task of the heater drive circuitry is to
provide the required current to the ETF heater with a minimum ohmic
dissipation and without the addition of excess phase delay. Implementing an
on-chip heater drive allows for synchronization of the heater drive signal
with the phase references of the PDAZM.

With the 10x increase of the drive frequency (IMHz compared to the
previous 100kHz), synchronization is rather crucial. This is because any
additional phase delay between the ETF’s heater drive and the
demodulator’s phase references will increase the error in @grr. For the scaled
ETF, a 200ps delay leads to an output frequency error of 0.25%.

Furthermore, the heater drive circuitry needs to be able to drive the
heater with a bi-directional current. This is to implement a heater drive
inversion scheme (HDI) [6.7] in order to cancel the capacitively coupled
spikes appearing at the ETF’s thermopile. These spikes, (Figure 6.19) are in
phase with the heater drive and thus cause a DC error at the output of the
PDAXM’s synchronous demodulator. The error induced by them is more for
the scaled ETF, where the heater thermopile distance is reduced to 4.7um.
As described in [6.7], this problem can be solved by periodically inverting
the polarity of the heater drive at a rate of fy,./2 (see Figure 6.19). This
emulates an effective chopping applied to the resulting spikes' polarity.
Furthermore, the low-frequency chopping of the PDAXM requires the heat
signal in the ETF to be chopped as well. This requires that the heater drive
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circuitry changes the heat generation phase by 180°, synchronous to the low
frequency chopping signal fcp .

The heater drive circuit includes a bridge circuit (see Figure 6.20). This
circuit involves four switches 4, 4,, By, and B,, two supply connections, and
two ground connections. The supply side switches, 4; and B, are made of
transmission-gates, a parallel connection of a 300um/0.16um PMOS and a
120um/0.16um NMOS device. The ground-side switches B, and A, are
made of 120um/0.16um NMOS devices. The switches have a nominal on
resistance of less than 7 ohms. The signals driving the switches are derived
from fiive, fup1 and fon. These are the ETF driving signal, the HDI drive, and
the low-frequency chopping signal, respectively. The application of fcu to
Jarive 18 simply done by means of an XOR gate (see Figure 6.21 showing the

fdrive | | | | | | | | | | | |
fHDI | | | +

= m_l_% "
Vip spikes V_V_V_VJ\_’\_’\_’\_V_V_V_V_

Figure 6.19.  The heater drive inversion (HDI) applied to the heater drive
signal to reverse the polarity of the capacitive-coupled spikes.
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Figure 6.20.  The on-chip switching bridge driving the ETF heater, including
the HDI scheme and the timing diagram of the switch drive signals.
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Figure 6.21.  The logic producing the heater driver switches.

digital circuitry producing the switch drive signals). For simplicity, the effect
of fcnp polarity change influencing the timing signals has not been shown in
Figure 6.20. The logic equations applicable to the switch drive signals are:

-fd = fdrive ® fChL

A] = fHD[

A= 1 & fu 6.7)
B] = j;l &fHD[

B, = fHDI

The switch driver signals are passed through large inverters to be able to
drive the gate capacitances of the main bridge switches. The switch driver
signals for A, and B,, which negate each other, are passed through a non-
overlapping signal generator to minimize the effect of shoot-through currents.
The other signals (A, and B,) are non-overlapping by logic (see Figure 6.21),
which means that in their case no shoot-through will happen.

The synchronization of the switch-drive signals has been done via a
signal fonen=_foco = 16MHz (a copy of the DCO output signal). This signal
then drives the synchronization D flip-flop between the phase DAC of the
PDAZM and its synchronous demodulator [see Figure 6.9(a)]. Process,
temperature and mismatch simulations performed on the spread of the delay
between the heater current and the synchronous demodulator drive signal
shows a worst-case delay of 15ps, which is well below the 100ps error
budget.

A summary of the operating conditions as well as the expected accuracy
and resolution of the major building blocks of the scaled TD frequency
reference is provided in Table 6.2.
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Table 6.2.The expected operating points as well as expected accuracy and
resolution considerations for the scaled TD frequency reference.

Block Operating Expected Expectfed Power Noise or Jitter
Frequency Inaccuracy Resolution
Scaled TD 2mwW =
Frequency 16 MHz +0.1% - 1 mW (ETF) + 50 ps (jitter)
Reference 1 mW (circuit)
0.1 degrees X
ETF 1 MHz in phase - 1mW 12 nVAHz (output noise)
faive = 1 MHz 5 milli-degrees .
PDAEM fs =41 kHz ) > 13 bits 0.3 mw 10 nVAHz (input noise)
- in phase
fyew = 10 Hz
DCO 16 MHz +10% 0.02% 0.2 mw 20 ps (jitter)
2Hz o
TS (conversion rate) 0.1°C 10 mK 0.2 mwW

6.6 Experimental Results

The scaled TD frequency reference (Figure 6.22) was fabricated in a
baseline 0.16um CMOS process. The chip has an active area of 0.5mm?,
which is 12x smaller than previous work. It dissipates 2.1mW from a 1.8V
supply (ImW in the ETF), which is 3.7x less than the previous design. 24
devices from one batch were built in ceramic DIL packages and
characterized in a temperature-controlled oven.

Initially, a batch-calibration of 12 randomly selected devices was
performed to determine the settings of the DCO’s coarse DAC and to extract
a 5™ order compensation polynomial that will then be applied to the whole
batch. This polynomial maps the digital temperature output & of TS [Figure
6.23(b)] to the 15-bit digital input ¥ of the DAXM that, in turn, generates the
&(T) [Figure 6.23(a)] that maintains an output frequency of 16MHz over
the military temperature range: -55°C to 125°C. The measured device-to-
device spread in ¢, with respect to the FLL’s master curve [Figure 6.23(a)]
represents a phase error of £0.15° [Figure 6.24(a)]. The measured device-to-
device spread in g with respect to the master curve of TS [Figure 6.23(b)]
represents an inaccuracy of about +0.25 °C [Figure 6.24(b)]. The TS
achieves 5SmK (rms) resolution (at 1 conversion/s) and thus makes a
negligible contribution (tens of ppm) to the frequency jitter.

After batch-calibration, the compensation polynomial (Figure 6.25) was
applied to 24 devices. Without trimming, the TD frequency reference
achieves an absolute frequency error of £0.4% over the military temperature
range [Figure 6.26(a)]. As in previous work, the PTAT spread of the TS can
be trimmed together with the phase spread of ETF (see chapter 5). This was
done by using the PTAT trim knob implemented in the TS as a single
trimming knob for the complete system. After a single room-temperature
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Figure 6.22.  Photomicrograph of the scaled TD frequency reference in

0.16um standard CMOS.
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Figure 6.26.  Measured (24 devices) output frequency and its error from the
target 16 MHz over military temperature range. (a) before
trimming; (b) after a single room-temperature trim.

trim, the inaccuracy of the frequency reference drops to £0.1% (¢ = £0.06%)
[Figure 6.26(b)], confirming that the accuracy of the previous design could
be maintained. The residual temperature coefficient is low enough (< 12
ppm/°C via box method) to eliminate the need for temperature stability
during the trimming process. As expected, the accuracy of the TD reference
is limited by the inaccuracy of the TS (Figure 6.27), which is 20.5 °C (30)
and £0.2 °C (30) before and after trimming, respectively (24 samples).

In Figure 6.28, the jitter of the scaled TD frequency reference is shown.
At 45ps (rms) cycle-to-cycle jitter it is more than 7x less than that of the
previous design [6.6]. It is mainly limited by the 40ps (rms) jitter of the free
running DCO, which is larger than the 20ps predicted by simulations. The
excess jitter may be caused by supply noise or by errors in the 1/f noise
corner models of the process.
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Figure 6.27.  The ultimate temperature sensing inaccuracy of TS (bold lines
indicating the 30 boundary of error): (a) untrimmed, (b) after a
single room-temperature trim.
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Figure 6.28.  Measured long-term jitter (left) and cycle-to-cycle jitter of the
scaled TD frequency reference (top right) in comparison with that
of the previous design (bottom right).
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Table 6.3.Performance summary and comparison to the current state-of-the-art.

Reference This work | [6.6]-TD | [6.20]and [6.21]-LC |[6.19]-RC
Frequency 16MHz 1.6MHz 24MHz 14MHz
Supply voltage (V) 1.8 5 1.8 1.8
Power consumption 21 mw 7.8 mW <4 mw 45 pw
Technology 0.16um 0.7um 0.13um 0.18um
Area (mm2) 0.5 6.75 0.8 0.04
Temp. range (°C) -55~125 | -55~125 0~70 -40~125
Inaccuracy (ppm) +1000 +1000 +50 to £300 +1900
Number of samples 24 16 Product 1
Period jitter (rms) 45 ps 312 ps <1ps 30 ps
Temp. coeff. (ppm/°C) +11.2 +11.2 +1.41018.6 123

In Table 6.3, the performance of the TD reference is compared with that
of other all-CMOS oscillators [6.6][6.19][2.33][6.20][6.21]. It may be seen
that the scaled TD frequency reference is more accurate than state-of-the-art
RC oscillators and dissipates less power than an LC oscillator. It also
maintains its accuracy over a wider temperature range with only a simple
room temperature trim.

6.7 Conclusions

A scaled thermal-diffusivity based frequency reference with an output
frequency of 16MHz and 45ps (rms) jitter has been implemented in a
0.16um CMOS process. The reference, occupying 0.5 mm? dissipates
2.1mW from a 1.8 V supply and achieves an absolute inaccuracy of +0.1%
over the military temperature range (-55°C to 125°C). The improvements
over the prior art prove that the performance of TD frequency references
benefits strongly from technology scaling.
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7 Conclusions and Outlook

This thesis has described the realization of frequency references based
on the well-defined thermal diffusivity of IC-grade silicon. This chapter
presents the main findings of the thesis. Furthermore, some suggestions for

future work are presented.

7.1 Main Findings

e The well-defined thermal diffusivity of IC-grade silicon can be used
as the basis for accurate on-chip frequency references in standard

CMOS processes [7.1][7.2].

e A digitally-assisted electrothermal frequency-locked loop (DAFLL)

solves the integration challenges associated with

earlier

electrothermal frequency-locked loops (FLLs). This architecture
facilitates the realization of thermal-diffusivity-based (TD)

frequency references (chapter 4).

e In a chopper amplifier with gain-boosters, the residual offset,
emanating from the interaction between the output chopper’s
switching action, the cascode transistors' offset, and parasitic
capacitances, can be suppressed by locating the chopper switches

within the gain-boosting loops (chapter 4).
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A DAFLL can be used as a test vehicle to measure the effective
thermal diffusivity, Des, of substrate silicon. In a 0.7um CMOS
process, the measured values at -55, 27, and 125°C are 1.405, 0.755,
and 0.495 cm?/s, respectively. At room temperature, the value of Dy
is considerably lower than that of pure bulk silicon, which is
probably due to the fact that the substrate consists of a lightly doped
epitaxial layer on top of a heavily doped substrate, which has a
lower thermal conductivity (chapter 4).

By measuring die temperature with a band-gap temperature sensor, a
DAFLL can be temperature compensated. This resulted in the first
integrated TD frequency reference. Realized in a 0.7um CMOS
process, this reference had an output frequency of 1.6MHz and
achieved an inaccuracy of 20.1% from -55°C to 125°C after a single
room-temperature trim (chapter 5).

The performance of a TD frequency reference is mainly determined
by its electrothermal filter (ETF), which is embedded in a DAFLL.
The ETF’s accuracy is a function of lithographic inaccuracy, which
improves with CMOS scaling. Scaling the ETF dimensions also
enables trade-offs regarding the accuracy, power consumption,
output frequency and jitter of a TD frequency reference (chapter 6).

By scaling the ETF and adopting a more modern CMOS process, a
16MHz scaled TD frequency reference with 45ps (rms) output jitter
was implemented in a 0.16um CMOS process. Compared to the
previous 0.7um realization, its output frequency is 10x higher, its
power consumption is 3.7x lower, its area is 12x smaller and its
output jitter is about 7x lower. The scaled reference maintains the
same 0.1% level of inaccuracy over the military temperature range,
thus demonstrating that TD frequency references benefit strongly
from CMOS scaling.

When compared to the state-of-the-art, [7.3] - [7.6], the accuracy of
the proposed TD frequency references is better than RC and ring
oscillators, while their power consumption is lower and their
operating temperature range is wider than LC oscillators.

The inaccuracy of the proposed TD frequency references is mainly
limited by the accuracy of their temperature compensation schemes.
State-of-the-art band-gap temperature sensors achieve inaccuracies
in the order of 0.1°C [7.7], which translates into a frequency error of
about 0.08% (chapters 5 and 6). This is because the temperature
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dependency of these frequency references is linked, via an ETF, to
the strongly temperature dependent thermal-diffusivity of silicon, D.

7.2  Future Work

The TD frequency references proposed in this work could be further
improved by means of future work at the system and circuit level. A
summary of some possible improvements will be provided next.

Silicon-based electrothermal filters (ETFs) exhibit temperature drifts of
about 0.3%/°C, which, together with the current accuracy of state-of-the-art
temperature sensors, limits the frequency inaccuracy of TD references to
about 0.1% [7.8] - [7.10]. Another material present in IC processes is
silicon-dioxide, whose temperature dependence is about two orders of
magnitude less than that of silicon [7.11][3.11][7.12]. Perhaps the thermal
path of an ETF could be partially or completely made in silicon-dioxide.
This would reduce its temperature dependency and hence relax the
requirements on the TD reference’s temperature compensation scheme.

Another way to improve the accuracy of the proposed TD frequency
references is by using a different trimming strategy. So far, this has been
based on a cost-effective, single room-temperature trim. However,
significant improvement can be expected if multi-point trimming is applied.
It should be noted that the trimming resolution of the scaled TD frequency
reference presented in chapter 6 is limited to about 200ppm by its 8-bit DCO.
Thus an improved DCO is required if multi-point trimming is to be applied.
As discussed in chapters 4 and 6, the DCO needs to have sufficient tuning
range to compensate for process spread and supply and temperature
variations. In order to achieve both wide tuning range and fine resolution, a
sigma-delta DAC can be combined with an oscillator to make a sigma-delta
DCO [7.13].

Another way of improving the performance of the proposed TD
frequency references is to reduce their output jitter. This is mainly due to the
ETF’s thermal noise, which could be further reduced and its output signal
increased by reducing its dimensions. This can be easily done by realizing
the entire TD frequency reference in a CMOS process with smaller feature
sizes. Furthermore, a system-level modification could be applied to the
DAFLL. The DCO jitter is currently suppressed by a first-order high-pass
filter (see chapter 3). Using a second-order filter would result in better jitter
suppression. Another limiting factor is the jitter of the DCO (chapter 6),
which was based on a relaxation oscillator. Since a DAFLL can, in principle,
utilize any type of DCO, lower jitter can be achieved by using oscillator
types with lower inherent jitter, such as ring or LC oscillators.
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Ultimately, the application of the above-mentioned improvements into
the design of the future standard CMOS thermal-diffusivity-based frequency
references, should allow them to achieve inaccuracies in order of 50ppm,
with lower power and jitter levels as well as wider temperature ranges
compared to the LC oscillators.
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A Appendix

Time-Domain Modeling of an
Electrothermal DAFLL

This appendix provides a time-domain modeling method for the
digitally-assisted electrothermal frequency-locked loop (DAFLL). A set of
basic Matlab codes have been developed, which can be used in further
simulations of various time-domain effects in the behavior of a DAFLL. The
electrothermal filter (ETF) of the loop realizes part of its signal chain in the
thermal-domain. It will be shown how the analogy between the thermal and
electrical domains can be used to develop a network of resistors and
capacitors that reproduce the ETF characteristic. This network can be
embedded in the time-domain model of the loop, which is in principle an
analog mixed-mode system, with continuous-time and discrete-time
functions. These can be modeled with the behavioral simulation techniques
used for data converters [A.1].

A.1 Time-Domain Simulation of an ETF

Chapter 3 provided an analytical modeling of the ETF based on its
thermal impedance (see sections 3.3 and 3.4). This model mainly describes
the frequency-domain characteristics of an ETF by means of numerical
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calculations, which are rather difficult to use in time-domain simulations. It
should be noted that the thermal-impedance model has been extensively used
in determining the various sensitivity functions that relate the DAFLL
performance to various error sources.

A simpler method for the time-domain modeling of an ETF is to match
the frequency-domain response of a low-pass filter, e.g. a network of R and
C elements (electrical-domain resistors and capacitors), to that of the ETF.
This method was previously used in the development of a wind sensor that
incorporated electrothermal filters [A.2]. The step response measured for the
wind sensor was fitted to that of a Foster network of 20 parallel RC
segments (see Figure A.1). Here, the wind sensor model has been adopted
and its RC values have been modified to map its phase, amplitude and step
response to that of the ETF, as predicted by the thermal-impedance model
(see Figure 3.16). The resulting R and C values are reported in Table 3.2.

The Foster network shown in Figure A.1 is excited by the square-wave
current sources with amplitude P (ETF heater power). This current (power
dissipation) results in an AC voltage (AC temperature variations) at the
output of the network (thermopile output). This output is denoted by AT, and
is the difference between the voltages (temperatures) 77 and 75, which
represent the hot and cold junction temperatures of the thermopile,
respectively:

AT =T,-T,. (A.1)

Using superpositioning, AT can be written as a function of each RC
segment’s voltage (temperature):

O
T R C1 AT=T,-T,
O

R, C,
P] o P| © | Risl] T Ce
N Ri E: C’ITRCi
- Rig Cig

i A\

R17 Bcﬁ R20 C20

1 1

Figure. A.1. The Foster equivalent RC network of the ETF that is used in
the time-domain simulations.
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17 20
AT =3 Tre ;=D Tac ;- (A2)
i=l

j=18

The goal is to calculate the AT (thermopile output) in the time-domain
using the P, R; and C; values, and the heater excitation frequency.
Simulations were carried out in Matlab [A.3], where numbers are mainly
stored and processed in vectors with an integer number of elements. This
means that the time-domain simulations can be done at a limited number of
instances, which introduces quantization in time. As a result, a minimum
time-step of At can be defined as the time space between every two
calculation instances of ETF output.

In order to calculate Tkc ; for each segment in equation (A.2), the step
response of a single RC element (shown in Figure A.2) was considered. The
voltage (temperature) across this parallel RC segment, denoted by Tx(?),
when excited by a step current source i(¢) = P-u(?) is:

Toot)=P-R-(1-e7). (A.3)

where 7= R-C.

As shown in Figure A.2, Trc(f) was calculated at discrete-time instances,
each At seconds apart. The goal was to derive a generic equation for Trc(?)
that can be plugged into a generic Matlab code for calculation of ETF output
signal at discrete-time instances. To do so, parameter ¢ can be expanded into
a discrete equation:

t=t,+n-At. (A4)
P
3 = Tro(to+At)
C rcllo
Q”' % I CI@ Tre(to)
= — 4t
fime
0 tp totAt

Figure. A.2. Discrete-time values of an RC segment step response.
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with 7y as an initial moment of time and # as an integer. In the next step,
Trc(?) should be calculated at two consecutive instances: ¢y and #,+At (see
Figure A.2). This allows Txc(¢ytAf) to be derived as a function of Trc(?)),
which enables the compilation of a generic discrete-time equation for Txc(n).
Using (A.3):

—(ty+At)

Too(t,+A1)=P-R-(1—e © ). (A.5)

which can be modified by adding and subtracting an extra term:

—(ty+At) —At —At
Tpot,+At)=P-R-(1-e * )+P-R-e”™ —P-R-e’
(A.6)
By re-arranging:
—t, —At At

Tooty,+At)=P-R-(I—e * )-e © +P-R-(l—e 7 ).(A.7)

The first term on the right hand side of (A.7) is equal to Txc(#y) and thus:
—At —At

Too(ty+At) =T, .(t,)-e = +P-R-(1—e * ). (A8)

Using (A.4), (A.8) can be expanded into an equation for discrete samples n =
1,2,3,...:

Tpe(n)=Tp.(n—=1)-exv +P-R-(1-exv). (A9)

where:

—At

exv =e 7 . A.10
(A.10)

Within a complete period of the ETF heater drive defined by
Tarive=1/farive, @ total number of n, discrete time instances can be considered
(see Figure A.3). With this assumption, the value of Az can be calculated as:

T,
Ap =—dive (A.11)

n,

Furthermore, the heater drive signal P(n) can be written as:
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| N2 points I
— I
[ I
p L I
Hee_tter : : Discrete time matrix of heater drive values:
dive | I P=[PPP. P-P-P-P.-P]
W H_/ H_/
Il ny/2 ny/2
I
ETF Discrete time matrix of ETF output values:
output Tre=[Tre(1) Tre(2) ... Tre(Np)]

I At ! time

ny, per period

Figure. A.3. An illustration of the ETF continuous and discrete-time
input and output waveforms, and matrixes that could be
programmed in Matlab to hold the discrete-time values.

P for 1<n <n_p
P(n)= . (A.12)

where +P and —P result in a differential thermopile output signal (see Figure
3.7 and Figure 3.8 for differential thermopile structures).

Using (A.2), (A.9), and (A.10), a generic equation can be developed,
which calculates the ETF output signal within a period of the heater drive:

AT (n)=iTRCJ. (n—=1)-exv, +P(n)-R, -(1—-exv,)—

i=1
n=1,2,.4,nl,

20
ZTRCJ (n —1)-exvj +P(n).Rj .(l_eij)
j=18

(A.13)

where:

exv, :R—' (A.14)
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The RC values reported in Table 3.2 for the ETF model can be loaded
into matrixes to be used in a generic Matlab code that calculates the ETF
output for a period of the heater drive:

R=[R R, R; ...R; Rg R,y Ry]

. (A.15)
C=[C,C,C;...C; Cpi Cy Oy

The result is the following Matlab code that can be extended to any number
of periods by extending the vectors that define the heater drive input:

tau = R.*C; % time constant vector

np = 100; % number of points per heater drive period
fdrive = 100e3; % heater drive frequency = 100kHz in this case
Tdrive = 1/fdrive; % heater drive period

delta_t = Tdrive/np; % time step

power = 2.5e-3; % heater power = 2.5mWin this case

P(1:np/2)=power; % first half period of heater drive

P(np/2+1:np)= -power; % second half period of heater drive

s_tp = 24*0.5e-3; % number of thermocouples times Seebeck coefficient of one
pol(1:17)=1; % summation polarity for hot junction side of network
pol(18:20)=-1; % summation polarity for cold junction side of network

exv = exp(-delta_t./tau); % realization of exv_k in equation A.14

dT((1:20),1) = 0;

for i=2:length(P); % This loop runs per calculation point of the ETF output
dT(;,i) =dT(,(i-1)) .*exv + P(i)*"R.*(1-exv); % realization of sigma functions in A.13
V_ETF(i) = pol*dT(:,i)*s_tp; % translation to voltage and summation

end; % At the end, the ETF output signal is stored in V_ETF matrix

Simulation results for the ETF output signal based on this code, and
within a few periods of the heater drive at 100 kHz, and at two levels of the
heater power are shown in Figure 3.35. This code will be embedded into
another code that builds the complete time-domain model of the DAFLL.
This will be discussed in the following section.

A.2 Time-Domain Simulation of the DAFLL

The DAFLL system architecture was described in chapter 4, as depicted
by the block-diagram of the loop shown in Figure 4.25. This loop includes a
phase-domain AYX modulator (PDAXM), a 12-bit digitally-controlled
oscillator (DCO), and a digital integrator. The block-diagram that formed the
basis on which the Matlab model of the loop was developed is shown in
Figure A .4.
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The output of the RC network representing ETF is fed to the PDAXM,
where it is multiplied by the output of a phase DAC. The result is integrated
by the continuous-time integrator of the modulator, V_integ PDSD, which
drives the quantizer. The PDAXM, the DAFLL’s digital integrator, and the
DAC driving the VCO, are sampled at frequency f;. The DAC has a total
number of bits = Npsc and a reference voltage = V. The VCO has a
voltage-to-frequency gain = Kvco. The output frequency of the VCO updates
a parameter in the loop: fyco, from which f;,.,. of ETF and f;, are extracted.

Matlab is a discrete-time environment in which the values of various
signals in the loop can be processed and stored in vectors. The loop is
simulated for a limited number of sampling periods = Ngmpie. Each sampling
period includes an integer number of ETF heater drive periods = 2XMNg,
where Ny represents the number of half-periods. Per half-period of ETF
drive signal, there are a limited number of time instances = Npins. The
continuous analog signals within the loop, e.g. the ETF output, V _ETF, and
V_integ PDSD, are only calculated within these time instances. Therefore,
the time interval among each two calculation points, denoted by Az, is the
smallest time interval in the calculations. In every simulation run of DAFLL,
the total number of calculation points is equal to:

N total — N sample X 2 X N /s X points
| I . . | I
Total number of samples ~ Total number of ETF drive periods  Total number of time instances in
per loop sample one half period of ETF drive
(A.16)

The minimum time interval At of the loop is updated every time the
DCO output frequency is updated. The value of A7 remains the same (for the
calculation of the intermediate points) until the next sampling moment of the

5 2
ETF U 2
i A g 4 ref Digital 3,
:l tl [regrator -EI - Integrator §’ fs‘ vco
—{it o >z 1 -DlelH i3
@
2 3) s
o3 3 3
o S
8
< -
S,
I Freq. divider
demHFLead
demHFLag

fVCO

fdri ve

Figure. A.4. Block-diagram of DAFLL used for Matlab simulations.
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loop, when the DCO frequency is updated. Considering a division by 16
between fyco and fiive (see Figure A.4), the value of Af can be calculated
from:

At=1/(16 fcp -2+ N, (A.17)

oints )

All the periodic signals within the loop can be defined in matrixes with
an integer number of elements. For instance: f;,., the signal that drives the
ETF heater, can be defined by a vector with an N, number of elements [see
(A.16)]. In this vector, the value of elements toggle periodically between +P
and —P (P is the heater power) at every Npoinis €lement. The phase DAC
reference signals can also be defined in the same way. These are equivalent
to the fy.. vector, with the difference being that their elements toggle
between +1 and -1. The lead and lag phase shifts of the phase DAC
references, in reference to fy.., can be simply implemented by shifting the
vector elements forwards and backwards (see Figure A.5) by a total number
of:

phase _ref

ints s A.18
points 360 ( )

Nshg‘ft =2-N

where phase_ref can for instance be equal to +45°.

Once the signals in the DAFLL system block diagram are pre-defined,
an algorithm (see Figure A.6) can be defined that runs for the total number
of samples and calculates the intermediate points for the internal signals.

fuco nnmmmuuuuuuuuumnnnnnmmnnnnmm

fs = fdrive/ 2*N, fs

V_ETF

demHFLead

demHFLag

At = (0.5/furive)/Nrs: smallest Discrete instances of time at which
time instance between two signals are calculated: Total of
consecutive data points Npoints per half period of fuive.

Figure. A.5. Some of discrete-time instances within DAFLL
continuous time signals, and the time interval At between them.
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This algorithm involves three loops. The most inner loop runs per half-
period of the ETF heater drive signal. This is a for loop in Matlab that runs
for Npoins. Within this loop, the ETF output signal Vere(n), and the result of
its multiplication with the phase DAC output, Vgrr gem(n), are calculated.
Furthermore, this loop calculates the PDAXM's integrator output,
V_integ PDSD. Consequently, the integrator's continuous-time output signal
is calculated every time one of the intermediate ETF output signal points is
calculated. This reproduces the continuous-time integrator's signal in an
over-sampled fashion in regard to the modulator's sampling frequency.

An ideal continuous-time integrator has a frequency-domain transfer:
Q)
H(s)=—". (A.19)
N

in which @ is its unity-gain frequency [Figure A.7(a)], i.e. the frequency at
which the amplitude response of the integrator reaches the 0dB gain point. In
the time-domain, the output of such integrator will be a ramp in response to a
unit step input [Figure A.7(b)]. After A¢ seconds the integrator output growth
(from zero initial condition) is:

AV, (At)=a,- At . (A.20)

out
In the discrete time simulation environment of Matlab, a calculation of the
continuous-time integrator output at the i discrete sample can be written as:

V.=V ,a@a-D+v, (i) a, At. (A.21)
For the DAFLL, At can be calculated from (A.17).

The intermediate loop of the DAFLL algorithm (see Figure A.6) runs
for the £, half periods within one sampling period of the loop. Therefore,
the loop runs for 2-Ng times between every two samples. The most outer
loop runs for the total number of samples Ngmpe. Within this loop, the
PDAXM quantizer and the phase DAC outputs are updated. Also within the
same loop, the bitstream of the modulator, Y (see Figure A.4), is compared
with the DAFLL phase reference, ref. This is a consecutive set of one's and
zero's at a rate of f/2 and represents a 90° phase shift in the ETF (for
phase_ref values of £45). The result of this comparison is integrated by the
digital integrator, whose output then updates the DAC input every time the
outer loop runs. This then changes the VCO output frequency, fvco, which
updates fy.... and At eventually.
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Figure. A.6. The DAFLL time-domain calculation algorithm.
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Figure A.7. A continuous-time integrator: (a): frequency-domain
response; (b): step-response.

Based on the proposed algorithm a Matlab code can be devised which
forms the basis for the time-domain simulations of the DAFLL shown in
Figure A.4. This code can be further expanded for the addition of non-
idealities or the study of loop dynamics in the time domain. A few
simulation results, such as the loop startup and step response, as well as the
output spectrum of the PDAXM and digital integrator, were shown in chapter
4 and in Figure 4.26 and Figure 4.27. The generic Matlab code that
implements the proposed algorithm is as follows:

% Initial definitions

s_tp = 24*0.5e-3; % Thermopile sensitivity

kvco = 0.9e6; % VCO sensitivity [Hz/V]

Nsample = 8192; % Number of samples of the loop

Nfs = 2; % Number of ETF drive periods per sample

Nperiods = 2*Nfs*Nsample; % Number of half periods of ETF drive to be simulated
Npoints = 24; % Number of intermediate points in every half period of fdrive
f=100e3;T = 1/f; % Initial condition for ETF drive frequency

fvco = f*ones(1,Nsample); % Define a vector that holds fVCO values

vco_in = zeros(1,Nsample); % Define a vector holding VCO input signal

fs = f/Nfs; %Sampling frequency of DAFLL
fT = 300e3; % 0-dB frequency of the continuous-time integrator [Hz]
NDAC=12;Vref=4; % DAC definition

demHFLead = zeros(1, Nperiods*Npoints); % phase DAC's Lead feedback signal
demHFLag = zeros(1, Nperiods*Npoints); % phase DAC's Lag feedback signal
V_integ_PDSD = zeros(1, Nperiods*Npoints); % PDSD's integrator signal
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y = ones(1,Nsample); % PDSD's bitstream

% DAFLL reference bit stream (90 degrees phase), and error signal of the loop
yerror = zeros(1,Nsample);

diginteginit = 256; % The initial condition at which the digital integrator starts
integ_dig = diginteginit*ones(1,Nsample); % error signal pre-allocation

ref = zeros(1,Nsample); % DAFLL reference signal
ref(3:2:Nsample)=1; % DAFLL reference signal

% Definition of the ETF drive square-wave

range = 1:2*Npoints:Nperiods*Npoints; % initialization of vectors

fdrive = zeros(1, Nperiods*Npoints); % initialization of vectors
fdrive(range) = 1; % initialization of vectors

cycle = [ones(1,Npoints),zeros(1,Npoints)]; % initialization of vectors

fdrive = filter(cycle,1,fdrive); % initialization of vectors

fdrive = 2*fdrive - 1;

demHFLead = circshift(fdrive, [1 -Npoints/4]); % Definition of the Lead feedback
demHFLag = circshift(fdrive, [1 Npoints/4]); % Definition of the lag feedback

phase_DAC = demHFLead; % Initial phase DAC value

P =25/(2*1.2e3); % The heater drive power [W]

R = etf_model(:,2); % The vector including ETF's Foster network resistances
C = etf_model(:,3); % The vector including ETF's Foster network capacitances
pol(1:17)=1; % polarity of summation for hot junction side of network
pol(18:20)=-1; % polarity of summation for cold junction side of network
tau = R.*C; % Time constant vector

V_ETF = zeros(1,Nperiods*Npoints); % pre allocating thermopile output signal

V_ETF_dem = zeros(1,Nperiods*Npoints); % pre allocating demodulated ETF output

ix=1;

% Assignment of startup values so that the loop can start working

delta_t = T/(2*Npoints);

exv = exp(-delta_t./tau);

dT((1:20),1) = 0;

% An initial condition for the continuous time integrator's cut off frequency

omega = 2*pi*fT/fs/(2*Npoints*Nfs);

% The DAFLL loop simulation

% The outer loop runs per loop sample

for sdx = 2:Nsample
% The mid loop runs per half period of fdrive in one sampling period of sigma-delta
for jx = 2:2*Nfs+1

226 Thermal-Diffusivity-Based Frequency References in Standard CMOS



A.2 Time-Domain Simulation of the DAFLL

% The inner loop runs per intermediate calculation steps
for px = 1:Npoints
% Calculating the ETF output value for the current intermediate point
iX=ix+1;
ix = min(Npoints*2*Nfs*Nsample, ix);
dT(:,ix) =dT(:,(ix-1)) .*exv + P*fdrive(ix)*R.*(1-exv);
V_ETF(ix) = pol*dT(:,ix)*s_tp;
% multiply ETF output with phase DAC feedback phase
V_ETF_dem(ix) = V_ETF(ix)*phase_DAC(ix);
% phase-domain delta sigma's integrator value evaluation
V_integ_PDSD(ix) = V_integ_PDSD(ix-1) + omega*V_ETF_dem(ix);
end

end

% Quantizer

y(sdx) = sign(V_integ_PDSD(ix));

% Phase DAC

if (y(sdx)==1)

phase_DAC = demHFLead else
phase_DAC =demHFLag end;
% DAFLL phase summation node: subtraction, error signal generation
yerror(sdx) = ref(sdx)-(((y(sdx)*-1)+1)/2); %subtract PDSD bitstream & phase ref
integ_dig(sdx) = integ_dig(sdx-1) + yerror(sdx-1); % digital integrator

% Update the DCO DAC value

vco_in(sdx) = 4*(integ_dig(sdx))*(Vref/2/(NDAC-1));

% Update the VCO frequency

fvco(sdx) = max(kvco*vco_in(sdx),100e3);

% Feedback the VCO output to the ETF, i.e. close the DAFLL loop feedback
f = fvco(sdx)/16;

T=1/;

fs = f/Nfs;

delta_t = T/(2*Npoints); % update the time stamp of the loop based on latest fVCO
exv = exp(-delta_t./tau);

% Update the PDSD's continus time integrator cut off frequency

omegal = 2*pi*fT/fs/(2*Npoints*Nfs);

end
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Summary

This thesis investigates the concept of generating accurate on-chip
frequencies based on the thermal properties of silicon. The work presented
here shows that thermal-diffusivity-based (TD) frequency references are
feasible in standard CMOS processes. Furthermore, the possibility of scaling
such references into the more modern CMOS processes is studied. The
improvements achieved in the performance of the scaled reference show that
TD frequency references strongly benefit from process scaling.

A frequency reference is an indispensable part of most electronic
systems. In recent years, a lot of effort has been devoted to the replacement
of quartz crystal oscillators with integrated solutions. The main motivations
have been the reduction in size and cost as well as the increase in reliability
of electronic circuits. Chapter 2 provides an overview of the recent
developments in the implementation of silicon-based frequency references.
In this survey, various types of oscillators including MEMS, RC, LC, ring,
and electron-mobility-based are studied. The MEMS and LC oscillators have
been commercialized, so far. These references achieve stabilities of < 1ppm
and 50ppm, respectively, enabling them to compete with the quartz crystal
oscillators.

Apart from some earlier thermal oscillators, the thermal properties of
silicon have received much less attention in generation of on-chip
frequencies. These concepts are discussed in Chapter 3. In principle, the heat
generated in a silicon substrate diffuses at a defined rate which is determined
by the thermal diffusivity of silicon, D. This forms the basis for the thermal
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delay lines, around which the thermal oscillators are made. A thermal delay
line embeds a heater at a distance s from a temperature sensor within a
silicon substrate. Its delay is then governed by D and s. The former is a
stable property of IC-grade silicon, while the latter is defined by lithography.
The early thermal oscillators had large levels of output jitter and high levels
of power consumption. These were mainly due to heat losses in the substrate,
which resulted in very small signals at the output of their temperature
Sensors.

Chapter 3 further describes how a thermal delay line can be extended
into a more complex structure called an electrothermal filter (ETF). An ETF
realizes a heater (e.g. a resistor) at a close distance s (less than 25um) from a
relative temperature sensor (e.g. a thermopile), and thus can be realized in
standard CMOS processes. This structure behaves like a low-pass filter,
whose well-defined phase response is determined by D and its geometry.
Measurements on ETFs have shown tolerances in the order of 0.1%. Chapter
3 describes how embedding an ETF into a feedback loop with a narrow
noise-bandwidth solves the unacceptable jitter performance of the previous
thermal oscillators. Such loop is called an electrothermal frequency-locked
loop (FLL). An FLL locks the output frequency of a VCO to the accurate
phase shift of the ETF. As a result, this frequency is determined only by the
ETF and thus not affected by the VCO's tolerances and drifts. Earlier
implementations of electrothermal FLLs are investigated in chapter 3. Since
the output frequency of an FLL follows the same 7 * temperature
dependence of D, these FLLs were aimed as accurate temperature-to-
frequency converters.

The temperature-dependent output frequency of FLLs showed
promising levels of untrimmed device-to-device frequency spread, which
was in the order of £0.25% over the industrial temperature range. Chapter 3
concludes that such levels of inaccuracy imply that a temperature-
compensated electrothermal FLL should form a suitable basis for the
realization of accurate TD frequency references.

There were challenges associated with the integration of early FLLs.
These required large off-chip capacitors in order to implement their narrow
noise-bandwidths, making their CMOS integration rather difficult. Therefore,
chapter 4 proposes a digitally-assisted electrothermal FLL (DAFLL), in
which the narrow noise-bandwidth of the loop is implemented by a digital
filter. A DAFLL incorporates a digital phase detector (a phase-domain AX
modulator) that digitizes the phase shift of an ETF, a digital phase reference,
a phase summation node, and a digitally-controlled oscillator (DCO). An
implementation in a standard 0.7um CMOS achieved an output frequency
with an untrimmed device-to-device spread of 1+0.3% (36) from -55°C to
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125°C. This level of inaccuracy is comparable to the early FLLs.
Furthermore, the output frequency of the loop followed the same 7 *
temperature dependence, associated with the thermal diffusivity of silicon.
The DAFLL provided a solution for the integration challenge of
electrothermal FLLs and therefore was adopted as the foundation of the TD
frequency references proposed in this thesis.

Chapter 5 describes how a TD frequency reference can be realized by
temperature-compensating a DAFLL. This was done by measuring the
temperature of the die using an on-chip band-gap temperature sensor and
injecting the digital temperature information into the loop. The result was the
first fully-integrated thermal-diffusivity-based (TD) frequency reference,
realized in a standard 0.7um CMOS process. The reference has an output
frequency of 1.6MHz, dissipates 7.8mW, and achieves an absolute
inaccuracy of £0.1% over the military temperature range (-55°C to 125°C)
with a single room-temperature trim. Its worst-case temperature coefficient
of £11.2 ppm/°C allows for trimming without temperature stabilization,
which simplifies the trimming procedure and thus reduces trimming costs.

Chapter 6 describes the scaling of a TD frequency reference into a more
modern CMOS process. The performance of a TD frequency reference is
mainly determined by its ETF. The accuracy and phase-frequency
characteristic of an ETF are functions of its geometry. Scaling the ETF
enables trade-offs regarding the accuracy, power consumption, output
frequency and jitter. By scaling the ETF and adopting a more modern CMOS
technology, a scaled TD frequency reference was developed in a standard
0.16um CMOS process. The ETF's critical dimension s (the distance
between heater and temperature sensor) was scaled from 24um to 4.7um,
which results in 5.5x more SNR and allows for a 10x higher frequency. The
improved lithographic accuracy of the 0.16um process (compared to the
previous 0.7um process) maintains its accuracy. The resulting scaled TD
frequency reference has an output frequency of 16MHz (10x higher
compared to previous work), occupies an area of 0.5mm” (12x smaller),
dissipates 2.1mW (3.7x less), and has an rms output jitter of 45ps (7x less).
Measurements on 24 devices show that the reference maintains the +0.1%
level of inaccuracy (from -55°C to 125°C) achieved by the previous work
with a single room-temperature trim.
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Dit proefschrift onderzoekt het genereren van op-chip nauwkeurige
frequenties gebaseerd op de thermische eigenschappen van silicium. Het hier
gepresenteerde werk laat zien dat frequentiereferenties gebaseerd op
thermische diffusiviteit (TD) haalbaar zijn in standaard CMOS processen.
Bovendien is de mogelijkheid van schaalverkleining van dergelijke
referenties in de modernere CMOS processen bestudeerd. De bereikte
prestatieverbeteringen van de geschaalde referentie laten zien dat TD
frequentiereferenties sterk profiteren van processchaalverkleining.

Een frequentiereferentic is een noodzakelijk deel van de meeste
elektronische systemen. Er is in recente jaren veel inspanning gewijd in de
vervanging van kwartskristallen met geintegreerde oplossingen. De
belangrijkste motivaties waren de vermindering in grootte en prijs, alsook de
betrouwbaarheidsverbetering van elektronische circuits. Hoofdstuk 2
verstrekt een overzicht van de recente ontwikkeling in de realisatie van op
silicium gebaseerde frequentiereferenties. Verscheidende types van
oscillatoren worden in dit overzicht bestudeerd, inclusief MEMS, RC, LC,
ring, en op elektronmobiliteit gebaseerde oscillators. Tot nu toe zijn de
MEMS en LC oscillators gecommercialiseerd. Deze referenties bereiken
respectievelijk een stabiliteit van <lppm en <S50ppm, waardoor ze de
competitie aangaan met kwartskristal oscillatoren.

Behalve enkele eerdere thermische oscillators, hebben de thermische
eigenschappen van silicium veel minder aandacht gekregen aangaande het
genereren van op-chip frequenties. Deze concepten zijn besproken in
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hoofdstuk 3. De warnte, die wordt gegenereerd in een silicium substraat,
diffundeert met een gedefinieerde snelheid die wordt bepaald door de
thermische diffusiviteit van silicium, D. Deze vormt de basis voor de
thermische vertragingslijnen, waaromheen thermische oscillatoren worden
gemaakt. Een thermische vertragingslijn bestaat uit een warmtebron op een
afstand s van een temperatuursensor in een silicium substraat. Zijn
vertraging is dan bepaald door D en s. De eerste is een stabiele eigenschap
van IC-klasse silicium, terwijl de laatste is gedefinieerd door lithografie. De
vroege thermische oscillators hadden hoge niveaus van impulspositieruis en
hoge niveaus van vermogensverbruik. Deze werden voornamelijk
veroorzaakt door warmteverlies in het substraat, welke resulteerde in hele
kleine signalen aan de uitgang van hun temperatuursensoren.

Verder beschrijft hoofdstuk 3 hoe een thermische vertragingslijn kan
worden uitgebreid tot een complexere structuur, een elektrothermisch filter
genoemd (ETF). Een ETF bestaat uit een warmtebron (b.v. een weerstand)
op een korte afstand s (minder dan 25um) van een relatieve
temperatuursensor (b.v. een thermozuil) en kan op deze manier worden
gerealiseerd in standaard CMOS processen. Deze structuur gedraagt zich als
een laagdoorlaatfilter, wiens goed gedefinieerde fase responsie is bepaald
door D en zijn geometrie. Metingen aan ETFs hebben tolerantiegrenzen laten
zien in de orde van 0.1%. Hoofdstuk 3 beschrijft hoe het gebruik van een
ETF in een terugkoppelingslus met een smalle ruisbandbreedte een oplossing
biedt voor de onacceptabele impulspositieruis van de eerdere thermische
oscillators. Een dergelijk lus wordt een -elektrothermische frequentie
vergrendelde lus (FLL) genoemd. Een FLL vergrendelt de
uitgangsfrequentie van een spanningsgestuurde oscillator (VCO) met de
nauwkeurige faseverschuiving van de ETF. Als een resultaat is deze
frequentie alleen bepaald door de ETF en dus niet beinvloed door de
afwijkingen en fluctuaties over tijd van de VCO. Eerdere realisaties van
elektrothermische FLLs worden onderzocht in hoofdstuk 3. Omdat de
uitgangsfrequentie van een FLL dezelfde T * temperatuurafhankelijkheid
van D volgt, waren deze FLLs bedoeld als nauwkeurige temperatuur naar
frequentie omzetters.

De temperatuurathankelijke uitgangsfrequentie van FLLs liet
veelbelovende niveaus van onafgeregelde component-tot-component
frequentiespreiding zien, deze was in de orde van £0.25% in het industriéle
temperatuursbereik. Hoofdstuk 3 concludeert, dat zulke niveaus van
onnauwkeurigheid impliceren, dat een temperatuur gecompenseerde
elektrothermische FLL een bruikbare basis zou vormen voor de realisatie
van nauwkeurige TD frequentie referenties.

Een uitdaging lag in de integratie van vroege FLLs. Deze hadden grote
capaciteiten nodig buiten de chip om de smalle ruisbandbreedte the
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realiseren, dit maakte hun CMOS integratie erg moeilijk. Hoofdstuk 4 stelt
een digital geassisteerde elektrothermische FLL (DAFLL) voor, waarin de
smalle ruisbandbreedte van de lus is geimplementeerd met een digitaal filter.
Een DAFLL bevat: een digitale fase detector (een fase-domein
AY modulator), die de fase verschuiving van een ETF digitaliseert; een
digitale fase referentie; een fase optellingpunt; en een digitaal gecontroleerde
oscillator (DCO). Een realisatie in een standaard 0.7um CMOS proces
bereikt een uitgangsfrequentic met een onafgeregelde component tot
component spreiding van +0.3% (36) van -55°C tot 125°C. Dit niveau van
onnauwkeurigheid is vergelijkbaar met de eerdere FLLs. Verder volgt de
uitgangsfrequentie van de lus dezelfde 7 '* temperatuursafhankelijkheid van
the thermische diffusiviteit van silicium. De DAFLL biedt een oplossing
voor de integratie uitdaging van elektrothermische FLLs en werd daarom
aangenomen als het fundament van de in deze thesis voorgestelde TD
frequentie referenties.

Hoofdstuk 5 beschrijft hoe een TD frequentie referentie kan worden
gerealiseerd door een DAFLL temperatuur te compenseren. Dit werd gedaan
door de temperatuur van de chip te meten door gebruik te maken van een op
chip band-gap temperatuursensor en de digitale temperatuursinformatie te
injecteren in de lus. Het resultaat was de eerste volledig geintegreerde op
thermische diffusiviteit gebaseerde (TD) frequentiereferentie, gerealiseerd in
een standaard 0.7um CMOS proces. De referentie heeft een
uitgangsfrequentie van 1.6MHz, verbruikt 7.8mW en bereikt een absolute
onnauwkeurigheid van +0.1% over het militaire temperatuurbereik (van -
55°C tot 125°C) met een enkele kamertemperatuur afregeling. Zijn slechtst
mogelijke temperatuurcoéfficiént van £11.2 ppm/°C biedt mogelijkheid voor
afregelen zonder temperatuur stabilisatie, dit vereenvoudigt de
trimprocedure en vermindert dus trimkosten.

Hoofdstuk 6 beschrijft de schaalverkleining van een TD frequentie
referentie in een moderner CMOS process. De prestatie van een TD
frequentie referentie is voornamelijk bepaald door =zijn ETF. De
nauwkeurigheid en fase-frequentie karakteristieck van een ETF zijn functies
van zijn geometrie. Schaalverkleining van de ETF maakt afwegingen
mogelijk aangaande de nauwkeurigheid, vermogensverbruik,
uitgangsfrequentie en impulspositieruis. Door schaling van de ETF en het
aannemen van een meer moderne CMOS technologie, werd een geschaalde
TD frequentiereferentie in een standaard 0.16um CMOS proces ontwikkeld.
De ETF zijn kritische dimensie s (de afstand tussen warmtebron en
temperatuur sensor) werd geschaald van 24um tot 4.7um, dit resulteert in
5.5x meer SNR en maakt een 10x hogere frequentie mogelijk. De verbeterde
lithografische nauwkeurigheid van het 0.16um proces (in vergelijking to het
vorige 0.7um proces) handhaaft zijn nauwkeurigheid. De uiteindelijke
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geschaalde TD frequentie referentie heeft een uitgangsfrequentie van
16MHz (10x hoger in vergelijking tot voorgaande werk), neemt een
oppervlak in van 0.5mm? (12x kleiner), verbruikt 2.1mW (3.7x minder), en
heeft een rms uitgangsimpulspositieruis van 45ps (7x minder). Metingen aan
24 componenten laten zien dat de referentie het +£0.1% niveau van
onnauwkeurigheid handhaaft met een enkele kamer temperatuur trim (van -
55°C tot 125°C) behaald door het voorgaande werk.

236 Thermal-Diffusivity-Based Frequency References in Standard CMOS



List of Publications

Journal Papers

S.M. Kashmiri, K. Souri, K.A.A. Makinwa, “A Scaled Thermal-Diffusivity-
Based 16MHz Frequency Reference in 0.16um CMOS,” accepted to be
published in the /IEEE Journal of Solid-State Circuits, JSSC, vol. 47, no. 7,
July 2012.

S.M. Kashmiri, M.A.P. Pertijs, K.A.A. Makinwa, “A Thermal-Diffusivity-
Based Frequency Reference in Standard CMOS with an Absolute Inaccuracy
of £0.1% from -55°C to 125°C,” IEEE Journal of Solid-State Circuits, JSSC,
vol. 45, no.12, pp. 2510-2520, December 2010.

S.M. Kashmiri, S. Xia, K.A.A. Makinwa, “A Temperature-to-Digital
Converter Based on an Optimized Electrothermal Filter,” IEEE Journal of
Solid-State Circuits, JSSC, vol. 44, no.7, pp. 2026-2035, July 2009.

Conference Papers

S.M. Kashmiri, K. Souri, K.A.A. Makinwa, “A Scaled Thermal-Diffusivity-
Based Frequency Reference in 0.16um CMOS,” in the proc. of [IEEE
European Solid-State Circuits Conference, ESSCIRC, pp. 503-506, 2011.

S.M. Kashmiri, M.A.P. Pertijs, K.A.A. Makinwa, “A Thermal-Diffusivity-
Based Frequency Reference in Standard CMOS with an Absolute Inaccuracy
of 20.1% from -55°C to 125°C,” in the digest of technical papers, IEEE
International Solid-State Circuits Conference, ISSCC, pp. 74-75, 2010.

K. Souri, S.M. Kashmiri, K.A.A. Makinwa, “A CMOS temperature sensor
with an energy-efficient zoom ADC and an Inaccuracy of £0.25°C (30) from
—40°C to 125°C,” in the digest of technical papers, I[EEE International
Solid-State Circuits Conference, ISSCC, pp. 310-311, 2010.

Thermal-Diffusivity-Based Frequency References in Standard CMOS 237



S.M. Kashmiri, K.A.A. Makinwa, “A Digitally-Assisted Electrothermal
Frequency-Locked Loop,” in the proc. of IEEE European Solid-State
Circuits Conference, ESSCIRC, pp. 296299, 2009.

S.M. Kashmiri, K.A.A. Makinwa, “Measuring the Thermal-Diffusivity of
CMOS Chips,” in the proc. of IEEE Sensors, pp. 45-48, 2009.

S.M.Kashmiri, K.A.A. Makinwa, L.J. Breems, “A multi-bit cascaded
sigma-delta modulator with an oversampled single-bit DAC,” in the proc. of
IEEE 16" International Conference on Electronics, Circuits, and Systems,
ICECS, pp. 49-52, 2009.

C.P.L. van Vroonhoven, S.M. Kashmiri, K.A.A. Makinwa, “CMOS
Temperature Sensors Based on Thermal Diffusion,” in the proc. of
THERMINIC, pp.140-143, 2009.

S.M. Kashmiri, S. Xia, K.A.A. Makinwa, “A Temperature-to-Digital
Converter Based on an Optimized Electrothermal Filter,” in the proc. of
IEEE European Solid-State Circuits Conference, ESSCIRC, pp. 74-77,
2008.

Patents

S.M. Kashmiri, K.A.A. Makinwa, “Electrothermal Frequency Reference,”
Publication Number US 2011/0187428 Al, filed January 26" 2011.

238 Thermal-Diffusivity-Based Frequency References in Standard CMOS



About the Author

Mahdi Kashmiri was born in 1980 in Tehran, Iran. He received his B.Sc.
degree in electrical engineering from Tehran University, Tehran, Iran, in
2001, and his M.Sc. degree in microelectronics (cum laude) from Delft
University of Technology, Delft, the Netherlands in 2006. He expects to
receive his PhD degree from the same university in April 2012, for his work
on thermal-diffusivity-based frequency references in standard CMOS. From
June 2001 to August 2004, he was a system design engineer at Parman Inc.
Tehran, Iran, where he worked on the development of a SDH fiber optics
telecommunication system. From September 2005 to October 2006, he was
an intern at the mixed-signal circuit and systems group of Philips Research
Laboratories (currently NXP research), Eindhoven, The Netherlands, where
he worked on a wide-band continuous-time AX modulator. Since October
2010 he has been with the precision systems group of Texas Instruments
Incorporated, Delft, The Netherlands (formerly National Semiconductor
Corporation). His interests include the design of mixed-signal integrated
circuits, precision analog systems, and data converters.

Mahdi Kashmiri received the ESSCIRC 2009 Young Scientist Award.

Thermal-Diffusivity-Based Frequency References in Standard CMOS 239



240 Thermal-Diffusivity-Based Frequency References in Standard CMOS



Acknowledgements

It is really a wonderful moment at which I get to write the last pages. It is
not only a sign that the end of this long journey is at sight, but also is an
opportunity to express my gratitude to those who have made it possible.

At the foremost, I thank my supervisor Prof.dr. Kofi Makinwa. Back in
2006, when hesitant about the choice of a PhD topic, Kofi told me: "One day,
this concept will be a break-through. Let the both of us show to the world that
thermal-diffusivity-based frequency references are feasible." 1 had my own
doubts, like many others. My concern was having difficulty to find a job after
graduation, if this project was not to deliver results! Throughout years, Kofi’s
belief, enthusiasm and presence was a solid supporting force, which helped me
go on and get results. I am happy I chose for this topic. I learnt from Kofi that it
is never good enough, because it can be further improved! I also learnt from him
to be as critical as I can, and how to write and to present such that others can
actually understand! I am thankful to him for these lifelong skills with indefinite
values. At last, I need to thank him for his trust in me and for his thorough
understanding of a foreign student’s worries and difficulties.

Next, I would like to thank Prof.dr. Johan Huijsing. At the beginning of my
PhD adventures, he calmed me down a couple of times and gave me valuable
fatherly advice. I thank him for the opportunity of serving in the operational
amplifiers course. Those four years that I contributed to the course, gave me the
unique chance of teaching, which made me learn.

I am thankful to Dr. Michiel Pertijs for his invaluable support during the
desing of my first 0.7um frequency reference. I got Michiel’s world-class
temperature sensor design, and modified it slightly for the temperature-
compensation of my frequency reference. His support was crucial to the results.

I need to thank my professor from Tehran University, Dr. Omid Shoaei, as
the one who raised the passion for analog circuit design in me. His way of
teaching this subject made it reveal its artistic side. He told us about the glory of
writing to the red journal and about being fired if the company misses time-to-
market due to your design mistakes. It seemed so exciting! After writing to the
red journal, I got to the state of: now what?! Ten years after my last courses with
him, it was him who explained in a rather philosophical discussion that it is not
about the red journal!

Academic experience during the PhD work is valuable because it exposes
one to tens of talented graduate students who ask the most unexpected questions.
I am thankful to Dr. Marcel Pelgrom and Dr. Lucien Breems for the opportunity
of assisting them within their Data Converter Design courses at TU Delft.

Thermal-Diffusivity-Based Frequency References in Standard CMOS 241



I would like to thank Greta Milczanowska and Marc van Eylen from
Europractice, IMEC, for their support with the manufacture of my 0.7um chips.

I express my gratitude to Frank Thus, Paul Noten and Erik Moderegger for
their invaluable support and NXP Semiconductors for fabrication of the scaled
frequency reference in a 0.16um CMOS.

I am thankful to the wonderful room-mates in office 13.060 of the tower
with whom 1 shared lots of memories. In a chronological order: André Aita
(Brazilian warmth), Lukas Mol (introduced me to jazz concerts), Ferran
Reverter, Caspar van Vroonhoven, Luca Giangrande, Saleh Heidary (helped me
move and a great friend), and Zichao Tan. Caspar worked on thermal-
diffusivity-based temperature sensors, which is why we enjoyed lots of fruitful
discussions, technology and experience sharing, as well as a wonderful camping
trip in New Zealand. It is great that after our times at the TU, we can still be
(remote) colleagues within the same company.

Special thanks to the staff of the Electronic Instrumentation (EI) lab, whose
valuable work allows the department to run. During my times Inge, Trudie, Pia,
Helly, Ilse and Joyce ran the secretariaat. Thanks to Joyce for her support and
friendliness. Thanks to Willem van der Sluys who made it financially feasible.
Thanks to Ger, Piet, Jeroen, and Maureen (a great friend and did her best to
arrange whatever needed in the oven room). Thanks to Zu-Yao Chang who
rescued my computer after a virus sneaked through the anti-virus! Thanks to
Antoon Frehe who took care of the servers and made designing possible.

And of course, many friends and colleague whose presence in my life has
meant a lot to me. In an alphabetical order: Arvin Emadi, Berenice, ChungKai
Yang, Dafina Tanase, Eduardo Margallo (great New Zealand trip, wonderful
parties in Delft, amazing experience of a true Spanish wedding ceremony),
Frerik Witte, Gayathri, Gregory Pandraud, Kamran Souri (thanks for the temp
sensor front-end and for the good times in California), Lukasz, Martijn Snoeij,
Morteza Alavi (thanks for the true Persian atmosphere you and your wife Haleh
create), Mohammad Talaie (it is finally finished dear Mohammad!), Mohammad
Mehrmohammadi (great host in Austin Texas and thanks for visiting me in NL),
Mohammad Farazian (wonderful tour of La Jolla), M. Nabavi, Nishant, Omid
Noroozian and Pedram Khalili (great UCLA tour), Paulo Silva (whose desk I
got), Qinwen Fan, Rong Wu, Sha, Sharma, Shishir, Ugur, Wen Wu, and
Youngcheol Che (thanks for moral support during the writing and for
introducing me to Korean food), Yue Chen and Zili. Also thanks to the
wonderful remote colleagues at NXP: Fabio Sebastiano (the best conference
partner and the person with whom I shared the boat of writing a PhD thesis
while working) and Mohammed Bolatkale.

Thanks to Sarah von Galambos for English corrections of this thesis.

242 Thermal-Diffusivity-Based Frequency References in Standard CMOS



The past period of one and half year, when I combined working and writing,
was not the easiest period of my life. It would have been unbearably difficult for
me to finish this thesis without the support of my colleagues at the precision
systems group of Texas Instruments Delft design center (former National
Semiconductor). I am especially thankful to my manager Dr. Wilko Kindt
whose continuous support and understanding of my situation was a major source
of energy. I am also thankful to my colleagues: Dr. Frerik Witte (who translated
the summary to Dutch), Jinju Wang, and Sergio Roche for their encouragement.

I am very much indebted to my family, my parents and my brothers, for
their support and trust in me. It is thanks to their dedications and love that I have
been able to pursue my dreams. Thanks to all of you.

And last but not the least: The person who tolerated me for the past (almost)
five years. The one who suffered due to my working during the weekends, late
evenings, holidays, my checking on the lab computer remotely in the darkness
and in middle of the night and etc. etc. I am indefinitely thankful to my fiancée,
Esmée. Without her unconditional love, understanding, and support I would not
have finished this thesis. Finally, I need to thank her for her contribution to this
thesis: translation of my propositions to Dutch.

Mahdi Kashmiri

Delft, March 2012

Thermal-Diffusivity-Based Frequency References in Standard CMOS 243



244 Thermal-Diffusivity-Based Frequency References in Standard CMOS



