<]
TUDelft

Delft University of Technology

Low-cost temperature sensors in CMOS technology

Yousefzadeh, B.

DOI
10.4233/uuid:389f6a1c-f86b-48bd-a53c-f66bead5a3db8

Publication date
2024

Document Version
Final published version

Citation (APA)
Yousefzadeh, B. (2024). Low-cost temperature sensors in CMOS technology. [Dissertation (TU Delft), Delft
University of Technology]. https://doi.org/10.4233/uuid:389f6a1c-f86b-48bd-a53c-f66bea5a3db8

Important note
To cite this publication, please use the final published version (if applicable).
Please check the document version above.

Copyright
Other than for strictly personal use, it is not permitted to download, forward or distribute the text or part of it, without the consent
of the author(s) and/or copyright holder(s), unless the work is under an open content license such as Creative Commons.

Takedown policy
Please contact us and provide details if you believe this document breaches copyrights.
We will remove access to the work immediately and investigate your claim.


https://doi.org/10.4233/uuid:389f6a1c-f86b-48bd-a53c-f66bea5a3db8
https://doi.org/10.4233/uuid:389f6a1c-f86b-48bd-a53c-f66bea5a3db8

Low-COST TEMPERATURE SENSORS IN CMOS
TECHNOLOGY






Low-COST TEMPERATURE SENSORS IN CMOS
TECHNOLOGY

Dissertation

for the purpose of obtaining the degree of doctor
at Delft University of Technology
by the authority of the Rector Magnificus Prof. dr. ir. T. H. J. J. van der Hagen
chair of the Board for Doctorates
to be defended publicly on
Thursday 30 May 2024 at 15:00

by

Bahman YOUSEFZADEH

Master of Science in Electrical Engineering, Sharif University of Technology, Iran
born in Shoshtar, Iran



This dissertation has been approved by the promotor.

Composition of the doctoral committee:

Rector Magnificus
Prof. dr. K.A.A. Makinwa

Independent members:

Prof. dr. ir. E P. Widdershoven
Prof. dr. Y. Chae

Dr. ir. M. A. P. Pertijs

Dr. E Sebastiano

Dr.J. Shor

Prof. dr. ir. A. J. P. Theuwissen

chairperson

Delft University of Technology, promotor

Delft University of Technology
Yonsei University, South Korea
Delft University of Technology
Delft University of Technology
Bar-Ilan University, Israél

Delft University of Technology

,; Delft ‘
TUDelft =y N

Keywords:

CMOS, BJT, Accurate, Low-cost, Calibration, Heater-assisted, On-chip

heater, Multi-function sensor, ADC

Printed by:

ProefschriftMaken

Copyright © 2024 by Bahman Yousefzadeh

ISBN 978-94-6384-590-8

An electronic version of this dissertation is available at
http://repository.tudelft.nl/



To Joélle
and my parents






Contents

1 Introduction

1.1 Background . . . ... ... .. ... 0L
1.2 Production cost of a temperature sensor . . . .. . ..
1.3 Motivation and objectives . . . . . . .. .. ... ...
1.4 Method . .. .. .. .. ...
1.5 Organization of this thesis . . . . . .. ... ... ...
Bibliography . . . .. .. ... Lo

2 CMOS temperature-to-digital converters

2.1

2.2

2.3

Resistor-based TDCs . . . . . .. ... ... ... ...
2.1.1 Resistors in CMOS technology . . . .. .. ..
2.1.2 Readout circuits . . . .. ... ...
2.1.3 Temperature-sensing inaccuracy and calibration
Thermal diffusivity (TD) based TDCs . . . .. .. ..
2.2.1 Principle of operation . . ... ... ... ...
2.2.2 Readout circuits . . . .. ... 0oL
2.2.3 Temperature-sensing inaccuracy and calibration
MOSFET-based TDCs . . . . . . .. ... ... ....
2.3.1 Principle of operation . . ... ... ... ...
2.3.2 Readout circuits . . . .. ... ... L

2.3.3 Temperature-sensing inaccuracy and calibration

vii



viii Contents
24 BJT-based TDCs . . . . . . .« . i i 27
2.4.1 BJTsin CMOS Technology . . . . . ... ... ... ...... 27

2.4.2 Principle of operation . . . . ... ... 29

2.4.3 Readout circuits . . . ... .. Lo o 31

2.4.4 Temperature-sensing inaccuracy and calibration. . . . . . . .. 32

2.5 Conclusion . . . . .. L 33
Bibliography . . . . . . .. 34

3 Bipolar junction transistors in CMOS technology 43
3.1 Ideal Io — Vpg characteristic . . . . . . . . . . .. ... ... ..... 43
3.2 Saturation current (Ig) . . . . .. .. .. ... ... .. 44
3.2.1 Temperature dependence of Is . . . . . . ... ... ... ... 44

322 Spreadof Ig . . .. . . . ... 44

3.2.3 Igcompensation . . . ... ... ... ... ... 45

3.3 Current gainsapand 8 . . . . . . . ... 46
3.3.1 Temperature dependence of B . . . . . . ... ... .. ... 46

332 Spreadof 8 . . . . .. 47

3.3.3 Pcompensation . . . . ... 48

3.4 Series resistances (Rg) . . . . . . . .o 49
3.4.1 Baseresistance (Rp) . . . . . . . . . o oo 50

3.5 Effect of mechanical stresson BJTs. . . . ... ... ... ... ..., 50
3.5.1 Stress due to packaging . . . . ... ..o 51

3.5.2 Piezo-junction effect . . . . . .. ... oL oL 52

3.6 Conclusion . . . . . ... .. 54
Bibliography . . . . . . .. 55

4 An accurate and process-insensitive BJT-based TDC 59
4.1 Operating principle . . . . . . . . ... 60

4.2 Accuracy limits of the bipolar core . . . . . . ... .. ... .. 60



Contents ix

4.2.1 Uncompensated Sand Rg . . . . . . . . . .. .. .. .. ... 61
4.2.2 Compensated 5 and uncompensated Rg . . . . . ... ... .. 62
4.2.3 Compensated fand Rg . . . . . . .. ... ... 63

4.3 Inaccuracy sources in the bias circuit . . . . . . .. ... 65
4.4 Sensing front-end . . . . . ..o 69
441 Biascircuit . .. ... ... o 70
4.42 Pdetection . . . .. ... 71

4.5 Readout circuit . . . . ... L 71
451 Zoom-ADC . .. ... 72
4.5.2 Switch leakage . . ... ... .. o oL 74

4.6 Experimental results . . . . . ... .o oo 75
4.6.1 Batch-calibrated accuracy . . . . . .. ... ... ... 7
4.6.2 Batch-to-batch variation . . . . . ... ... o000 80
4.6.3 Switch leakage . . . ... ... ... oo 81
4.6.4 Voltage calibration (VCAL) . . . . ... ... ... ... .... 82
4.6.5 Batch trimming . . . . . ... . oL oo 84

4.7 Conclusion . . . . . ... 85
Bibliography . . . . . . . 86
5 Heater-assisted calibration and trimming of BJT-based TDCs 89
5.1 Heater-assisted voltage calibration (HA-VCAL) . . . . ... ... ... 90
5.1.1 Operating principle . . . . . . .. ... oL 90
5.1.2 On-chip heater . . . ... ... ... ... ... ... ..., 90
5.1.3 Sourcesof error . . . .. . .. ..o 92

5.2 Heater-assisted bandgap trimming (HA-BT) . . . . . .. ... ... .. 95
5.2.1 Operating principle. . . . . . .. ... oL 96
5.2.2 Sourcesof error . . . .. . ... 98

5.3 Low-leakage readout circuit . . . . . . . .. ... oL L L. 100

5.3.1 Switch leakage . . . . . .. .. ... oL 100



X Contents

5.3.2 Charge-balancing scheme in the low-leakage ADC. . . . . . .. 101
5.3.3 Sampling scheme in the low-leakage ADC . . . . ... ... .. 102
5.4 Experimental results . . . . . . .. .o oo 104
5.4.1 Errors due to plastic packaging stress . . . . . ... ... ... 106
5.4.2 Walfer-level trimming and package-specific calibration . . . . . 107
5.4.3 On-chip temperature gradients . . . . . ... . ... ... ... 109
5.4.4 Local heating versus uniform heating . . . . . .. .. ... ... 111
5.4.5 Conventional VCAL versus HA-VCAL . . . . ... ... .. .. 111
54.6 Post-packaging HA-VCAL . . . . . .. .. ... ... ... ... 114
5.4.7 Heater-assisted bandgap trimming (HA-BT) . . . . . .. .. .. 114
5.5 Conclusion . . . . ... 118
Bibliography . . . . . . . 120

6 A Multi-function sensor with temperature, voltage, and capacitance

sensing modes 123
6.1 Overview of the multi-function sensor . . . . . .. ... .. ... ... 123
6.2 Temperature-to-digital conversion . . . . . . .. .. ... ... ... 124
6.3 Voltage-to-digital conversion . . . . . . ... .. .. Lo 126
6.3.1 Principle of operation . . . .. ... ... . 0L 126
6.3.2 Accuracy of the voltage sensing mode . . . .. ... ... ... 128
6.4 Capacitance-to-digital conversion . . ... ... ... ... ... ... 129
6.5 Noise analysis . . . . . . . . . .. 131
6.5.1 Noise in the temperature sensing mode . . . . . . .. ... ... 131
6.5.2 Noise in the voltage sensing mode . . . . ... ... ... ... 134
6.5.3 Noise in the capacitance sensing mode . . . . . ... ... ... 135
6.6 Experimental results . . . . . . ... ..o oL 137
6.7 Conclusion . . . . . . . ... 141
Bibliography . . . . . . . 143

7 Conclusion 145



Contents xi

7.1 Main findings . . . . . ... 145
7.2 Future work . . . . .. .. L 146
7.2.1  B-compensation for BJT-based TDCs . . . .. ... ... ... 146

7.2.2 Efficient on-chip heaters . . . . . . ... ... ... 148
Bibliography . . . . . . .. 149
Appendices 150
A BJT theory 151
A.1 Ideal I — Vgg characteristic . . . . . .. ... .. ... ... ..... 151
A.2 Non-ideal current components . . . . . . . .. ... L. 153
A.3 Temperature dependence of Is . . . . . . .. . ... ... ... ..., 156
A.4 Non-idealities of the I — Vg characteristic . . . . .. .. ... ... 159
A.4.1 High-level injection . . . . . . . .. ... o oo 159

A.4.2 Base-width modulation . . ... ... ... ... ... ... 159

A5 Non-linearity of the Vpg(T) curve . . . .. ... ... ... ... ... 162
A6 Noiseinthe BJTs . . . . . . . .. .. ... ... .. ... ... 165
Bibliography . . . . . . . 167
Summary 169
Samenvatting 171
Acknowledgements 173
List of publications 175

About the author 177






Chapter 1

Introduction

Temperature greatly affects the performance of integrated circuits (ICs), and so tem-
perature sensors are often necessary to ensure reliable operation and stable perfor-
mance. For instance, they can be used to detect hot-spots in large system-on-chips
(SoCs) to prevent them from premature failure and increase their performance. They
are also used to compensate for the temperature dependence of other sensors and ref-
erences and thus increase their accuracy. Depending on the application, the required
sensing range varies: from small (e.g., £10 °C around body temperature) in biomed-
ical sensors [1.1], to large (e.g., —40 °C to +150 °C) in automotive electronics [1.2].
The required inaccuracy also varies with application: from £1 °C for the thermal
management of SoCs [1.3], to less than +0.1 °C in precision sensors [1.4],[1.5], and

references [1.6].

Temperature can be determined by measuring an electrical parameter of an on-
chip element with a known temperature dependency. To make an accurate temper-
ature sensor, the variation in this parameter due to the fabrication process and the
mechanical stress of packaging must be corrected by calibration or by design. In prin-
ciple, parameter variation can be sufficiently suppressed by using multiple calibration

points. However, this will proportionally increase production costs.

1.1 Background

The temperature behavior of Bipolar Junction Transistors (BJTs) has been well stud-
ied [1.7]-[1.9], and shown to be stable over long periods of time [1.10]. Furthermore,

the effect of process spread in BJTs can be corrected by a single calibration. As a
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result, BJTs are often used in integrated temperature sensors.

In early bipolar technologies, the difference between the Base-Emitter voltages of
two BJTs with different current densities (AVpg) was used to generate stable bias
currents [1.11]. Later, temperature sensors based on this principle were introduced.
These typically had outputs in the form of voltages [1.12], currents [1.13],[1.14], or
frequencies [1.15]. Analog-to-digital converters (ADCs) were subsequently added to
realize temperature-to-digital converters (TDCs) [1.16], whose digital outputs were

more robust and could be easily connected to microprocessors.

TDCs then evolved by shifting from bipolar technologies to CMOS, mainly to
be compatible with the mainstream digital circuits. Fortunately, BJTs can still be
realized in CMOS technologies as lateral [1.17], or vertical [1.18] devices. MOSFETs

also exhibit bipolar-like behavior when biased in the weak inversion region [1.19].

1.2 Production cost of a temperature sensor

The cost of producing a temperature sensor can be divided into three parts: design,
fabrication, and testing. Design accounts for the smallest fraction of the total costs,
as it is a fixed amount that will be spread over a large number of samples. Fabrication
costs are higher, as they consist of a one-time cost for the production of masks and
then the repeated cost of fabricating each batch of wafers, which contain thousands
of samples. The third and highest costs are due to testing, which may need to be
carried out on each sample. Delivering a faulty sample can cause a larger system to

fail, leading to even higher costs.

Temperature sensors can be tested at wafer-level, package-level, or both. Dur-
ing wafer-level testing, non-functional samples are marked and then excluded from
the packaging. A performance assessment is also carried out, which is then used to
sort samples into different bins with different performance ranges. When required,
calibration and trimming are carried out during wafer-level testing. During package-
level testing, errors that might arise from either erroneous wire-bonding, or the high

pressure used during the encapsulation process, will also be detected.

The cost of wafer-level testing is usually lower than that of package-level testing,
because thousands of samples can be tested at the same time. A test probe then
scans the wafer, makes connections to each sample, and performs an electrical test.
For temperature calibration, the wafer is placed on a temperature-controlled chuck.
In a minute-long process, the wafer and the chuck reach a thermal equilibrium after

which the electrical measurements can start. Due to its higher costs and infrastructure
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requirements, package-level testing is usually limited to simple functionality tests.

1.3 Motivation and objectives

At the start of this work, a state-of-the-art temperature sensor in the target CMOS
technology (0.16-um) could obtain 3o-inaccuracies of +0.15 °C from —55 °C to 125 °C
[1.20]. However, this shifted somewhat over two production batches, and could only
be corrected at the expense of more calibration. In earlier 0.7-um CMOS technology,
by contrast, this shift was negligible [1.10]. Table 1.1 summarizes the results of [1.20]
for two different production batches, and in both ceramic and plastic packaging. To
correct the shift between the two batches, a batch-specific set of calibration parameters
(A, B, a) had to be determined. The same procedure had to be repeated when
the sensor was packaged in plastic. The need to re-calibrate separate batches and
differently packaged samples made it impractical to use the sensor in [1.20] as a low-

cost precision product.

The goal of the work described in this thesis is the realization of a temperature
sensor that does not require batch-calibration. To this end, the first challenge is to
determine the root cause behind the batch-to-batch shift observed in [1.20]. From
the reported performance of this sensor (see Table 1.1), it could not be conclusively
determined whether this shift was due to the available BJTs and resistors, or due to
an architectural limitation. The second challenge is to develop low-cost methods to

correct the sensor’s shift in different packages.

1.4 Method

To address the first challenge, an accurate and process-insensitive sensor was designed,
which unlike [1.20] does not require individual batch-calibration, and thus, can be
produced with lower costs. This was achieved by adding circuit techniques to the
sensor’s front-end to mitigate its sources of error. The accuracy of the sensor was then
verified by measuring samples from three different batches. This approach enabled the
experimental characterization of the main sources of spread, thus capturing physical

effects not included in the device models.

To address the second challenge, low-cost calibration methods were developed to
help reduce test costs. These calibration methods involved measurements at two dif-

ferent temperatures. Room temperature was used as one temperature point, while
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Batch-1 Batch-2 Batch-2
CMOS technology (pum) 0.16 0.16 0.16
Packaging type Ceramic Ceramic Plastic
Temperature range (°C) —55 to +125 | —55 to +125 | —55 to +125
Untrimmed inaccuracy (3c) +0.6 °C +0.6 °C +0.8 °C
Trimmed inaccuracy (30) £0.15 °C +0.25 °C £0.25 °C
o 15.44 15.45 15.47
A 613.31 610.74 611.59
B 283.70 282.93 283.94

Table 1.1: Performance summary of the state-of-the-art CMOS BJT-based tempra-
ture sensor [1.21]. «, A, and B are average calibration parameters.

an on-chip heater was used to elevate die temperature and create a second temper-
ature point. The effectiveness of these heater-assisted calibration methods was then

evaluated on sensors from different production batches and in different packages.

In the final step, additional functionality was added to the sensor by re-configuring
its front-end circuitry, and so, making more cost-effective use of its area. The result
is a multi-function sensor that can digitize external voltages and capacitances as well

as temperature.

1.5 Organization of this thesis

Chapter 2 discusses four different methods for realizing a TDC in CMOS technology
based on resistors, MOSFETSs, thermal-diffusivity (TD), and BJTs. For each method,
the sensing principle is explained, and then examples of typical readout circuits and
the resulting inaccuracy are provided. This gives an overview of the expected inac-

curacy of different TDCs and their calibration requirements.

Chapter 3 focuses on BJT devices. It starts with a discussion of the equations
that govern the operation of ideal BJTs. Non-ideal effects that cause temperature
inaccuracy, such as finite current gain and non-zero series resistances, are explained

in detail. Lastly, the effect of mechanical stress on the BJTs is discussed.

Chapter 4 discusses the first TDC implementation in this thesis, which was in-
tended to reduce the batch-to-batch shift observed in [1.20]. It starts with an analysis
of the error sources in the sensor’s front-end and then describes ways of suppressing
them. Compared to the state-of-the-art, the sensor achieved 2x better accuracy,

which also eliminated the need for batch calibration. Voltage calibration as a low-
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cost alternative to temperature calibration was also verified for this sensor.

Chapter 5 describes the second TDC implementation in this thesis. It includes
the realization of two TDCs that were equipped with on-chip heaters. These TDCs
were used to investigate two different heater-assisted calibration methods. The effect
of the mechanical stress of plastic packaging on the TDC, and low-cost methods to

correct for this are also discussed in this chapter.

Chapter 6 describes the third TDC implementation in this thesis, which expanded
the sensor’s functionality. It describes how the circuitry of the TDC in Chapter 4 can

be re-used to also digitize external voltages and capacitances.

Chapter 7 summarizes the main findings in this thesis and provides some sugges-

tions for future work.
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Chapter 2

CMOS temperature-to-digital converters

This chapter gives an overview of various types of CMOS temperature-to-digital con-
verters (TDCs). For each TDC type, its operating principle and some typical readout
circuitry will be discussed. Based on the available literature, the achievable tem-
perature inaccuracy, calibration requirements, and limitations will also be discussed,
which then allows the TDCs to be compared. This chapter consists of five sections.
The first four sections discuss TDCs based on resistors, thermal diffusivity (TD),
MOSFETSs, and BJTs, respectively. Section 5 concludes this chapter.

2.1 Resistor-based TDCs

2.1.1 Resistors in CMOS technology

When the behavior of a resistor with respect to temperature is known, its value
can be digitized and used as a measure of temperature. The available resistors in
standard CMOS technology are shown in Table 2.1, tohether with their associated
parameters such as Sheet Resistance R, Temperature Coefficient (TC), Voltage

Coefficient (VC), and also a qualitative description of their flicker noise.

Metal resistors are made with the same material used to realize the interconnects
in a chip. Initially, Aluminium (Al) or an alloy of Al with Silicon (i) or Copper (Cu)
was used as the interconnecting material in CMOS technology. Later, Cu was chosen
for its lower resistivity compared to Al, its higher resistance to electro-migration,
and also its better reliability. Metal resistors have a very low sheet resistance which,

depending on the thickness of the metal layer used, ranges from ~ 0.02 to ~ 0.08 /0.
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Resistor type Rsn (Q/0) , TC %%/°C) VC “(ppm/V) 1/f noise
Metal 0.02 to 0.08 | +0.3 to +0.4 Negligible Negligible
N-well 1ktol10k +0.3 ~10 k Very low

Diffusion (p+/n+) 50 to 200 | 4+0.08 to 4-0.15 100 to 500 Very low
Silicided diffusion 5 to 10 +0.25 to +0.4 | Lower than diffusion Low
Polysilicon (p+/n+) | 50 to 350 | —0.15 to 4+0.01 ~100 High
Silicided polysilicon 5 to 10 +0.25 to +0.4 | Lower than polysilicon Low

¢ Sheet resistance ® Temperature coefficient ¢ Voltage coefficient
4 R of high-resistive poly (undoped) is ~ 1 kQ/O

Table 2.1: Overview of resistor characteristics in CMOS technologies.

They have a large TC of ~ 0.3%/°C and little to no flicker noise. Metal resistors also
show a very low dependence on applied voltages. This is mainly because, unlike
diffusion or n-well resistors, their geometry hardly changes in response to applied
voltages. Due to their large TC, decent linearity, and negligible low-frequency noise,
metal resistors are very suitable candidates for realizing a TDC. However, due to their

relatively low sheet resistance, these advantages come at the expense of area.

In standard single-well CMOS technology, N-well resistors are made with low-
doped (n-type) silicon in a p-type substrate. In twin-well technologies, it is also
possible to realize p-well resistors. Well resistors typically have a high R, which
can range from ~ 1 to ~ 10 k2/0. They exhibit a large TC of ~ 4+0.3%/°C, and
also very low flicker noise [2.1]. However, well resistors are known for their poor
non-linearity or equivalently large voltage dependence. The resistance of an n-well
resistor is modulated by the potential difference between the well and the underlying
p-substrate. This is because the width of the depletion region formed in the reverse-
biased junction between the p-substrate and the n-well varies with the voltage across
the resistor. As a result, the effective geometry of the well-resistor varies and cause
resistance variation [2.2]. The resistance of an n-well increases with an increase in the
applied voltage, since a higher voltage extends the depletion region into the resistor
region and reduces its effective thickness. Due to the relatively low doping concen-
tration of the n-well, the depletion region predominantly extends inside the n-well
rather than the p-substrate, which accounts for their relatively higher VC compared
to diffusion resistors. Unless it is necessary to realize very large resistors in a small
area, this makes them unsuitable for use in most analog circuits. Besides their high
VC, they are also vulnerable to substrate noise, which can couple to the resistor via
the well to substrate junction capacitance, and they are very sensitive to mechanical

stress.
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Figure 2.1: Temperature dependence of mobility in doped silicon for different doping
concentrations.

Diffusion resistors are made from the n+ or p+ regions which form the source and
drain of MOSFETSs. These regions are usually silicided to provide a robust connection
to the metal interconnect. Using unsilicided diffusion, a decent R, can be obtained,
which depending on the doping concentration can range from ~ 50 to ~ 200 /0.
The TC of diffusion resistors depends on the doping concentration and ranges from
~ +0.08%/°C to ~ +0.15%/°C. As shown in Fig. 2.1, a higher doping level results
in a lower TC since the dependence of mobility on temperature becomes weaker at
higher doping levels. The TC of diffusion resistors is positive at all doping levels since
the charge carrier mobility is mainly determined by phonon scattering [2.3]. Similar
to n-well resistors, diffusion resistors have low-levels of flicker noise and suffer from
a relatively large VC. The VC of diffusion resistors, however, is lower than that of
well resistors [2.4]. This is due to their relatively higher doping concentration, which

results in a thinner depletion region.

Poly resistors are made from the polysilicon material used to realize the gate
of MOSFETSs. Polysilicon consists of amorphous silicon, i.e., grains of silicon with
different crystal orientations. As a result, the behavior of polysilicon resistors differs
from that of resistors made from mono-crystalline silicon such as n-well or diffusion
resistors. They exhibit the largest flicker noise compared to other resistors [2.5]. Poly
resistors depend less on the applied voltage and are very linear since they are placed on
top of an insulating layer of oxide. This prevents direct junctions between the resistor
and the substrate. However, the bottom part of this resistor can still be depleted
by the field across the oxide [2.6], which accounts for a small VC. Typical values for
the VC of polysilicon resistors are ~ 100 ppm/V. It is known that the average size
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of the grains in the polysilicon plays a key role in determining their Ry, and TC
[2.7]. As a result, the Ry, and TC of poly resistors are functions of the parameters
that determine the size of these grains, such as the chosen time and temperature
used to grow and, subsequently, anneal the polysilicon film [2.7]. Polysilicon resistors
are often doped with p or n impurities, which can then cause their Ry, and TC to
vary depending on the type and dose of the impurity used. It is also known that the
dimension of the doped polysilicon resistors is a determining factor of their TC [2.3].
Being dependent on several parameters, the R, of poly resistors can range between
~ 50 to ~ 350 Q/0, while their TC can vary from negative values, e.g., ~ —0.15
%/°C to positive values, e.g., ~ 4+0.01 %/°C [2.7]. As a result, they can be used as
temperature-sensing elements in TDCs, in which a high TC is desirable, and also in

precision analog circuits, where a near-zero TC is preferred.

There are two other types of resistors available in standard CMOS which are es-
sentially variants of the ones already described: silicided poly and silicided diffusion
resistors. Silicide is conventionally used to form a low-resistive interface to the termi-
nals of circuit elements such as the source and drain of MOSFETS or the terminals
of resistors. It is formed by the reaction of a metal (usually Titanium) with silicon,
which provides a low-resistance, thermally stable, and CMOS-compatible solution for
realizing contacts. Silicide, in combination with polysilicon (or diffusion), can make
resistors which are highly conductive and, as shown in Table 2.1, exhibit behavior
that lies between that of poly (or diffusion) and metal. Silicided poly (or diffusion)
resistors have a very low Ry, of ~ 5 to 10 /0, which is considerably higher than
that of metal resistors. Their VC is lower than that of unsilicided resistors since their
resistance is mainly determined by the silicide layer [2.8],[2.9]. Silicided p+ poly re-
sistors exhibit a very low flicker noise [2.9],[2.10] and also a high TC of ~ 0.3 %/°C,
both similar to that of metal resistors. Their relatively high R, compared to metal
resistors makes them a suitable choice for realizing TDCs. In some modern Fin-
Fet technologies, silicided resistors are not part of the standard fabrication process.

Therefore, metal resistors can be employed as an alternative [2.11].

2.1.2 Readout circuits

Fig. 2.2 (a) shows one method for digitizing a resistor’s value that is used in a variety
of resistor-based TDCs [2.9],[2.12],[2.13]. This involves digitizing the phase shift of a
Wien Bridge (WB) ¢wp with respect to a reference phase ¢ppgr. When driven by
a sine-wave signal, the output of the WB exhibits a phase-shift ¢y p with respect to
the input sine-wave. This output signal is then demodulated by multiplying it by a
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sine-wave with the same frequency but a different phase ¢pgps. This yields a DC
term, which is a function of ¢pwp — dpEnr, along with a higher-frequency term that
can be disregarded when sufficiently filtered. In practical implementations, generating
a sine-wave reference signal with a precise phase reference and employing an analog
multiplier is often not feasible. Instead, a square wave signal and a square-wave mlti-
plier, i.e., chopper switches, are utilized. It can be demonstrated that this approach
only minimally reduces the DC term generated in the demodulation process. To dig-
itize ¢y B, a phase-domain XA ADC can then be used to balance ¢y p with respect
to two demodulation signals with phases ¢rpr1 and ¢rgre. When the modulator is
stable, its decimated bitstream bs is a function of ¢y p and the two phase references

¢rer1 and PrEF2.

Over temperature, ¢wp(T) is a function of the bridge resistance Ry p(T), the
bridge capacitance Cyy g (1) and the driving frequency Frrr(T). To be able to extract
Ry p(T) from the digitized ¢wp(T), it is essential that Frrppr(T) and Cwp(T) are
independent of temperature, or at least that their temperature dependence is known.
On-chip Metal-Insulator-Metal (MIM) capacitors have an extremely low TC (~ 15
ppm/°C), resulting in a nearly constant Cyy g, while a fixed Frgpr(T) can be provided
externally. As a result, ¢wp(T) can be mainly defined by Ry p(T). One main
drawback of this method is the need for an accurate external Frgr, which also needs

to have very low jitter (e.g., 1 ps,ms used in [2.9]) to avoid adding extra phase error

to ¢rEr1 and ¢rer.

Another method for digitizing a resistor’s value is to integrate it in a Frequency-
Locked-Loop (FLL) as demonstrated in [2.14],[2.15]. Fig. 2.2 (b) illustrates a simpli-
fied diagram for such a readout circuit. The FLL comprises an RC filter, a Phase-
Detector (PD), a Loop Filter (LP), and either a Voltage-Controlled Oscillator (VCO)
or a Current-Controlled Oscillator (CCO). The RC filter introduces a phase-shift,
drc, at the driving frequency, F/(T). This phase shift is detected and then converted
into a DC voltage or current by using a PD and the LF, respectivley. The VCO or
the CCO then outputs F(T). At steady-state, the loop enforces a zero at the output
of the PD, thereby keeping the value of ¢rc fixed. This, in turn, requires F(T) to
become a function of the RC components, R(T) and Crgr. The value of F(T) can
then be digitized using a counter that is sampled at a much higher frequency, Frgp.
Similar to the previously discussed readout method, when both Frrpr and Crpp are
held constant, the digitized value of F(T) is determined by the value of R(T).

An alternative method of digitizing a resistor’s value R(T) is to use a reference
resistor Rrpr and then digitize their ratio using an ADC. Fig. 2.2 (c) shows an

example of a readout circuit using an external Rrgp in which an arbitrary bias current
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Figure 2.2: Different methods for digitizing a resistor’s value: (a) using a phase-
domain XA modulator, (b) using an FLL, (c) using an external Rrgr and a voltage-
domain ADC, and (d) replacing Rrgr with its switched capacitor equivalent.
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excites both R(T') and Rrgpr. The ratio of output voltages can then be digitized by
a voltage-domain ADC [2.16]. The requirement for an external component, however,
rules out this method in many applications. Instead, an equivalent on-chip Rrpp
can be realized, albeit at the cost of less accuracy. As shown in Fig. 2.2 (d), Rgrgr
can also be replaced by its switched-capacitor equivalent using an external reference
frequency Frpr and an on-chip capacitor [2.17]. This results in a reference resistor
equal to 1/(Crpr - Frer), where Crpr is the value of the on-chip capacitor. Similar
to the phase-domain readout circuit shown in Fig. 2.2 (a), this method also requires

an accurate and low-jitter frequency reference [2.17].

The main drawback of the aforementioned readout circuits is that they require
external references or components, which may not be readily available in many ap-
plications. However, when such limitations are not a concern, FLL-based TDCs have
been shown to be a suitable option for achieving low area consumption [2.14],[2.15].
Moreover, they have exhibited decent accuracy after a single-point trim across a wide
temperature range from —40°C to +180°C [2.18].

Ratio-metric readout circuits composed of two temperature-dependent resistors
can also be used to digitized temperature. Such stand-alone resistor-based TDCs
digitize a ratio of two resistor values which can then be mapped to temperature. One
example of such a readout circuit, shown in Fig. 2.3, is used in [2.10] and [2.19].
For simplicity, the single-ended realization is shown in this figure. Two types of
resistors are configured as a Wheatstone bridge (WhB), which provides a temperature-
dependent current Iy;,. This current is then balanced against a reference current Ip 4c
using a XA loop that eventually reduces the error signal Ieyror = Isig — Ierror to zero.
Ipac is made from one of the resistor types, and the same supply voltage is used
to generate the currents. As a result, the output of the TDC becomes a ratio which
only depends on the value of the two resistors. Due to the combined temperature
dependence of the two resistor types in this ratio, these sensors are the most energy
efficient type of on-chip TDCs [2.20].

2.1.3 Temperature-sensing inaccuracy and calibration

Neglecting its voltage dependence, the value of a resistor as a function of temperature

can be expressed as:

R(T)=R(T,) 1+ TCy - (T —T,) + TCsy - (T — T,)?) , (2.1)
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Figure 2.3: Stand-alone resistor-based readout circuit using two temperature-
dependent resistors, and a XA modulator to digitize their ratio.

where R(T,) is its absolute value at a reference temperature 7)., and T'C; and T'C are
the first- and second-order temperature coefficients (T'Cs). The resistor’s higher-order
TCs are neglected in (2.1), which is a reasonable assumption for most temperature-
sensing applications. The inaccuracy and the required calibration for resistor-based
TDCs thus depend on the variations in R(T;.), TC; and T'Cy due to processing spread
and the mechanical stress caused by packaging. Unlike BJT-based TDCs, which
only have to deal with one major source of spread (see Sec. 2.4), resistor-based
TDCs must cope with variations of multiple parameters and thus usually require
multiple calibration points (> 2) to achieve comparable accuracies [2.9]. This is the
main disadvantage of resistor-based TDCs, which, in turn, limits their use in low-
cost applications. In highly accurate MEMS frequency references, however, multiple-
point calibration is often required and so resistor-based TDCs have been used to
compensate for their temperature dependence [2.17]. Furthermore, resistor-based
TDCs are capable of obtaining the uK-level resolution required to avoid increasing
their phase noise [2.9],[2.13]. Lastly, resistors can be co-integrated with the MEMS,

which can then provide good thermal tracking and thus robust compensation.

The sensitivity of a resistor’s parameters to mechanical stress can also cause its
accuracy to degrade after packaging. This stress sensitivity originates from either the
piezo-resistive effect or from dimensional changes in the resistor due to strain. For
metal resistors, this change is dominated by the dimensional variation [2.21], while
for semiconductor resistors, it is dominated by the piezo-resistive effect [2.22]. Piezo-
resistive coefficients, i.e., the variation of resistivity as a function of the applied stress
are often empirically found [2.23],[2.24].

The piezo-resistive coefficient of a semiconductor material is a function of tem-
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perature, carrier mobility and doping concentration [2.25]. It is known that lower
doping concentrations result in a higher piezo-resistive coefficient [2.25]. Therefore,
the stress sensitivity of n-well resistors is much higher than that of heavily doped dif-
fusion resistors. Poly resistors are also stress-sensitive, but less than n-well or diffusion
resistors [2.26]. Finally, metal resistors have the lowest stress sensitivity. Tempera-
ture also affects the piezo-resistive coefficient. It has been shown that at —75°C, the
piezo-resistive coefficient can be 2x higher than at +175 °C [2.25].

For a single-crystalline p-type resistor, the stress of 150 MPa creates a relative
error AR/R of ~ 7% [2.22]. For this p-type resistor, piezo-resistive coefficients have
opposite signs for different orientations of the resistor. As a result, a series combi-
nation of two resistors that are perpendicular to each other could greatly reduce the
effect of stress [2.23]. For an n-type resistor, however, such cancellation found to be
not perfect [2.24]. Semiconductor resistors are generally more sensitive to stress (~
15 to 40x) than vertical BJTs [2.27]. Even with L-shaped layout, they are at least
2-3x more stress-sensitive. The higher sensitivity of the resistors to mechanical stress
imposes the need for post-packaging multi-point calibration and also introduces long-
term reliability issues. The latter is because packaging stress can change over time

due to variations in the encapsulation material used [2.28]-[2.30].

In [2.12], the accuracy of TDCs based on four different types of resistors (n-well,
unsilicided n+ poly, unsilicided n+ and p+ diffusion resistors) implemented in a 0.18-
pm CMOS technology is compared. The results show that the n+ poly resistor is the
most accurate, resulting in 0.24% relative temperature-sensing inaccuracy (£30) after
a three-point calibration. Similar results are shown in [2.13] using an n+ poly resistor
which achieves 0.2% relative inaccuracy. However, silicided poly resistors achieve
better accuracy than unsilicided ones. In [2.9], use of a silicided p+ poly resistor
in the same 0.18-pm CMOS technology resulted in 0.05% relative inaccuracy after a
two-point trim. In the same work, while using the same readout circuit, an unsilicided
n+ poly resistor achieved 0.48% relative inaccuracy after a two-point trim, which is
about 10x worse. The flicker noise corner of the silicided p+ poly resistor has also
been measured to be about 10x lower than that of the unsilicided n+ poly resistor: 1
Hz versus 10 Hz. The silicided p+ poly resistor also shows less stress sensitivity than
the n+ poly. When the TDCs are packaged in plastic, the silicided p+ poly sensor
shows a shift of about ~ 0.2 °C, while this is about ~ 1.4 °C and ~ 2.5 °C for n+ poly
and highly resistive poly (undoped polysilicon) resistors. TDCs based on silicided p+
poly and n+ poly in a 65-nm technology achieve relative inaccuracies of 0.19% and
0.34% after a two-point trim [2.31]. Using a one-point trim, the inaccuracy achieved
is about 20x worse: 4% and 7.2%.
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Stand-alone TDCs using two types of resistors are expected to have worse accuracy
and stress sensitivity than those that use only one type. This is due to the combined
effect of spread and stress on the two types of resistors, which is unlikely to be
correlated or canceled out. In [2.19], the combination of an n+ poly and a p+ diffusion
is used, resulting in a relative inaccuracy of 1.1% (Max-Min) after a one-point trim.
This then drops to 0.23% after a two-point trim. A better result is obtained by
combining a silicided p+ poly and an n+ poly resistor, as done in [2.10]. Although
the TDC shows a large untrimmed inaccuracy of 8.3%, using a one-point trim can
reduce this to 1.1% (30), and using a two-point trim can reduce it even further to
0.13%. Slightly better accuracy has been demonstrated in [2.20] using a silicided

diffusion resistor combined with an n+ poly resistor.

2.2 Thermal diffusivity (TD) based TDCs

2.2.1 Principle of operation

Another method for realizing a CMOS TDC is to measure the temperature-dependent
rate at which heat diffuses through silicon [2.32],[2.33]. The thermal diffusivity of
silicon Dy;, is a measure of the speed at which heat diffuses through silicon. Dg; =
ksi/(psi - Csi), where kg; is the heat conductivity, ps; is the density of silicon and Cy;

is its thermal capacity.

In standard CMOS, the substrate is made from lightly doped silicon, and so its
thermal characteristics are close to that of pure silicon. As a result, Dy, is similar to
Dy;, and it is reasonably process-independent. Dy; is also a strong function of absolute
temperature [2.32]. Over the industrial temperature range, D;; can be approximated
to within a few percentage points with a power law, i.e., Dg; o T~™, where the n of
pure silicon is ~ 1.8 [2.34]. Measurements show that D, varies from 2 cm?s~! at 200
K to 0.53 em?s™1 at 400 K [2.34].

2.2.2 Readout circuits

In order to measure Dy, thermal-diffusivity (TD) sensors based on electro-thermal
filters (ETFs) are used. An ETF consists of a heater and a relative temperature
sensor placed in close proximity (see Fig. 2.4). An ETF behaves like a low pass filter
in thermal domain, exhibiting a phase shift between the output of the temperature
sensors and the applied heat [2.35]. This phase shift is not only a function of the
frequency of the applied heat but also of the geometry of the ETF and Dy, [2.33].
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Figure 2.4: Electro-thermal filters (ETF) realized in CMOS. (a) A bar-type ETF,
taken from [2.33]. (b) optimized ETF by placing a thermopile in a fixed phase shift
contour around the heater, taken from [2.38].

The geometry is defined by lithography, which can be considered very accurate for
relatively large ETF dimensions. The phase shift of the ETF at a known frequency
will thus be mainly determined by Dgyp.

The objective of the readout circuit of a TD sensor is to digitize the phase shift of
the ETF. This can be done by incorporating it in a Frequency-Locked Loop (FLL),
which generates a temperature-dependent output frequency, as shown in Fig. 2.5
[2.32],[2.33]. The output frequency can be digitized using a higher frequency reference
provided externally [2.33],[2.36]. Alternatively, the phase shift of an ETF driven by a
known frequency, Frpr, can be digitized with a phase-domain XA modulator similar
to that used in the resistor-based TDCs shown in Fig. 2.2 (a), except that the ETF
replaces the WB [2.36],[2.37].

As shown in Fig. 2.4 (a), the heater of the ETF is realized with n+ diffusion,
while the temperature sensor consists of thermocouple junctions of p+ diffusion and
Al that are placed at a distance s from the heater’s centroid. To further maximize the
sensitivity, a number of thermocouples are daisy-chained around the heater to form a
thermopile. The thermopile is a relative temperature sensor which creates an output
voltage proportional to the Seebeck coefficient of the junction and the temperature
difference between the hot and cold junctions at each side of the thermocouple arm.
Taking the temperature gradient of the heat pulses into account, reducing s causes
a larger signal between the hot and cold junctions, but also means that the distance
s will become comparable to the ETF’s geometry, resulting in lower accuracy [2.33].

This results in a trade-off between accuracy and resolution in TD-based sensors.

One main consideration in designing TD-based sensors is the mitigation of additive
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Figure 2.5: Thermal-diffusivity based sensor using a frequency-locked-loop (FLL)
readout circuit. The output frequnecy is proportional to the phase shift of the ETF.

phase shift errors. These, for instance, can originate from the electrical filtering
caused by the resistance of the p+ arms of the thermocouple with the capacitance
formed between them and the n-well. Similarly, an additional phase shift can be
caused by any readout circuitry that is directly connected to the ETF’s output, for
instance, an amplifier. Although increasing the arm length of the ETF increases
the hot-cold difference and results in a higher signal, it also increases the resistance,
electrical phase shift, and thermal noise. When it is not calibrated, the large spread
of thermocouple resistance can contribute substantially to the temperature-sensing
errors [28]. Since these resistances are also temperature-dependent, they can create
a temperature-dependent error that cannot be removed with a one-time calibration.
Therefore phase calibration might be required, as suggested in [2.38]. Another major
drawback of TD-based sensors is their relatively large power consumption (a few
mW) most of which (> 80%) is consumed by the heater to create a sufficiently large
electrical signal at the output of the thermopile (~ 1 — 5 mV). Compared to other

types of TDCs, TD-sensors consume the most power.

2.2.3 Temperature-sensing inaccuracy and calibration

Without trimming, TD-based sensors in 0.7-um CMOS technology achieve relative
temperature-sensing inaccuracies of 0.69% (30) and 1.38% (30), respectively, for ther-
mopiles with s = 20 and 10 pm [2.36]. By optimizing the layout of the ETF in the
same technology, the inaccuracy achieved could be improved by 2x [2.37]. Compared
to the parallel placement of thermocouple arms on each side of the bar-type heater
in [2.36], in the optimized ETF in [2.37], the arms are placed in a fixed phase-shift
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contour around a central heater. Fig. 2.4 (b) shows an example of an optimized
ETF in which the resistance of the thermopile is also reduced [2.38]. The improved
inaccuracy in [2.37] is mainly due to the large choice of s (= 24 pm) compared to the
ETF’s geometry, which reduced the SNR. This, in turn, means that a relatively long
conversion time of ~ 6.25 s is required to obtain a 30 mK,,,s [2.37]. Using the same
ETF dimensions of [2.37], but realized in a 0.18-pm technology, results in an improved
inaccuracy due to the higher accuracy of the lithography, with a 0.22% inaccuracy
[2.39].

TD-based sensors can also be made very small, occupying for instance 0.0017 mm?
in a 40-nm standard CMOS technology [2.38], which is one of the smallest temperature
sensors reported to date. This level of area consumption is mainly achieved due to
better lithographic accuracy allowing both s to be reduced, and the use of mostly-
digital phase-domain readout circuitry [2.38]. The distance s (= 2 pm) chosen in this
TD sensor is ~ 10x lower than the previously mentioned TD sensors. The sensor
is also realized in an octagonal thermopile shape (see Fig. 2.4 (b)), which increases
it’s SNR. After a batch-calibration to extract the average parameters of a fifth-order
master curve, the TD sensor in [2.38] achieves inaccuracies of 1.7% (30) and 2.79%
(30) for ETFs with s = 3.3 um and s = 2 um, respectively. Compared to [2.37] and
[2.39], the TD-based sensor in [2.38] also achieves a substantially larger bandwidth
of 500 Hz, which is an improvement of more than ~ 1000x. Increasing the driving
frequency, however, imposes an additional electrical phase shift on both the ETF
and the readout circuit, resulting in the need for a background phase calibration to
remove them from the phase shift of interest. After a continuous phase calibration, the

inaccuracy of the two TD-based sensors drops to 0.6% (30) and 1% (30), respectively.

Based on the implemented TD-based sensors in standard CMOS technology nodes
from 0.7-pm to 40-nm CMOS, it can be concluded that TD sensors can be very
accurate when the ETF is realized with a relatively large s (~ 10 pm): untrimmed
inaccuracies of ~ £0.2°C (o) from —55°C to +125°C [2.40]. The ability to achieve
such decent accuracy without trimming is the main advantage of TD sensors. In
[2.41], this specific characteristic of TD sensors is exploited to self-calibrate a low-
power and energy-efficient resistor-based sensor. Since both sensor types can be read
out by a phase-domain ADC, the area overhead is minimal. Ultimately, the TD sensor,
achieving a 3o-inaccuracy of ~0.2°C, is employed to self-calibrate the resistive sensor

at two temperatures, significantly reducing its 3o-inaccuracy from ~10°C to ~0.25°C.

In [2.40], however, TD sensors exhibited a batch-to-batch shift of about 2°C.
Although this could be corrected by a single-point trim, this removes most of the

accuracy advantages of TD sensors. One hypothesis is that this shift is caused by the
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spread of the doping in the substrate and the spread of thickness in epi-layer [2.40],
which changes the thermal properties of ETF. In line with this, sensors fabricated in
an SOI process exhibited 10x less batch-to-batch shift [2.40]. The effect of packaging
on TD-based sensors has been reported in [2.38], [2.39] and [2.40], which show an
increase in the sample-to-sample spread with plastic packaging compared to that
with relatively stress-free ceramic packaging. This is due to either the sensitivity of
Dg; to mechanical stress [2.42], or to the extra self-heating in the plastic packaging
[2.40]. However, the shift is only about +0.1°C [2.40], which eliminates the need for

post-package trimming for TD sensors.

2.3 MOSFET-based TDCs

2.3.1 Principle of operation

The temperature-dependent characteristic of MOSFETs can also be used to real-
ize TDCs. The key advantage of MOSFET-based TDCs is their ability to operate
with low supply voltages (e.g., 0.5 V), dissipating very little power (e.g., tens of
nanowatts), or ocuppying a very small area (e.g., 0.001 mm?) [2.43]-[2.45]. However,
they achieve poor accuracies due to the several process dependent parameters that
determine MOSFET behavior, and they are sensitive to packaging stress. As a result,
MOSFET-based TDCs require a multi-point (post-packaging) calibration to obtain
accuracies comparable to those of BJT-based TDCs. When the operating temper-
ature range is limited, for instance in health applications, or when ultra-low power
consumption is required, for instance in IoT sensing nodes, MOSFET-based TDCs
are suitable candidates [2.43],[2.46].

MOSFETSs can be biased in different operating regions. When the Gate-Source
voltage Vs surpasses the threshold voltage Vp, the channel under the gate is inverted,
i.e., the concentration of mobile carriers at the surface (with opposite polarity) exceeds
the dopant density in the bulk. In this inversion region, depending on the Drain-
Source voltage Vpg, the MOSFET operates in either the triode or saturation region.
The drain current then becomes a function of Vizg, Vpg, mobility u, and V.

When Vg is below Vp, the channel under the gate of a MOSFET is not inverted.
Nevertheless, the number of mobile carriers at the surface exhibits an exponential
dependence on Vigg. In this so-called sub-threshold region, applying a Vpg that

is larger than the drain saturation voltage Vpsar results in a current that can be
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approximated as:

W (kT - (Vas — V1
Ip stn = (m—1) uCoxf <q) exp (W)  Vsat (2.2)

where m is the subthreshold factor defined as m = 1+ Cp/C,; that can range from
1.1 to 1.4, Cp and C,, are the depletion and oxide capacitances, and v, is the
saturated velocity. This exponential Ip — Vizg relationship resembles the I — Vg

characteristics of BJT, albeit with additional parameters involved.

A MOSFET can also be used as a dynamic threshold device: DTMOST [2.47]-
[2.49]. In this configuration, the gate and the well of a MOSFET are tied together as
shown in Fig. 2.6. This prevent the formation of a strong channel under the gate, and
thus, the device exhibits behavior similar to a subthreshold MOSFET. A DTMOST
can also be viewed as a lateral PNP device with an extra polysilicon gate placed on
top of the base region resulting in a lower apparent bandgap voltage [2.47]. This is
due to a built-in voltage appearing between the polysilicon gate and the silicon well
that will then be divided between the C,, and Cp of the MOSFET. In a 0.35-um
technology, this is ~ 0.6 V, which is about half of the silicon bandgap voltage.

The temperature dependence of MOSFETS relies on that of the parameters in-
volved in their model. Among the most critical parameters are g and Vp, whose
temperature dependence is often described by simple empirical model. As discussed
in A3, u(T) = (T,)(T/T,)™, where m is a process-dependent constant, and (7))
is the value of p at a reference temperature T,.. Similarly, the threshold voltage is
given by Vp(T) = Vr(T,) — av,. (T — T,), where ay,. is a process-dependent constant
ranging from 1 to 4 mV/°C, and Vr(T;) is the value of Vr at a reference tempera-
ture T;.. To understand the variations of the parameters m and « due to process or
stress, a thorough understanding of the physical dependence of p and Vr is necessary.
For instance, Vr relies on several physical parameters, including intrinsic carrier con-
centration, dopant density, oxide capacitance per unit area, permittivity of silicon,

metal-semiconductor work function difference, and fixed charges in the oxide layer.

2.3.2 Readout circuits

MOSFET-based TDCs have been realized with different readout circuits. These
circuits can best be classified in three main categories, which operate based on
the digitization of the (1) temperature-dependent propagation delay of a delay cell,
(2) temperature-dependent frequency of an oscillator or a ring oscillator, and (3)

temperature-dependent ratios of voltages or currents derived from MOSFET charac-
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Figure 2.6: P-type dynamic threshold MOS transistor (DTMOST) realized in a
CMOS technology.

teristics.

In the first category, the readout circuit is based on digitizing the width of a pulse,
which is determined by the propagation delay (t,q) of some delay cells [2.43],[2.50].
The pulse-width is controlled by controlling its rising edge, falling edge, or both. This
pulse-width is then digitized by using a counter clocked by a higher frequency ref-
erence. In [2.50], the pulse-width is determined by the propagation delay of CMOS
inverters that control only one edge of the pulse. t,4 is thus related to dimensions,
Vr and p of the MOSFETS in the inverter and also the supply voltage. In [2.43],
the pulse-width is defined by the t,4 of two delay cells, which independently deter-
mine the rising and falling edges of a pulse, as shown in Fig. 2.7. Unlike using an
inverter as the delay determining element, the delay of these two cells is controlled
by two temperature-dependent currents derived from MOSFETSs in the subthreshold
region. Vgg and Vpg of the MOSFETSs are converted into current using V-I con-
verters. Several other examples have been shown in the literature for the digitization
of temperature-dependent delays, for instance in [2.51] and [2.52]. One drawback
of these delay-based readout circuits is the dependency of ¢,q to supply variations,
which can be as high as 1 °C/mV [2.53]. The challenge is, then, to provide a regulated

supply voltage for the delay cells which is also temperature-independent.

The second category of readout circuits is based on the digitization of the tempera-
ture dependent frequency of an oscillator (or two oscillators). This process is very simi-
lar to that of delay-based readout circuits, as the frequency of oscillation is also defined
by some propagation delays. Fig. 2.8 illustrates one example, in which I; and I are
derived from the temperature-dependent characteristics of MOSFETSs that determine
the frequencies of two ring oscillators. The ratio of these frequencies is then obtained
by using an asynchronous counter as shown in Fig. 2.8 [2.54],[2.55]. A temperature-
dependent frequency can also be obtained by using temperature-dependent delay cells
inside the ring oscillator as used in [2.56]-[2.58]. This category of MOSFET-based
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Figure 2.8: Readout circuit using temperature-dependent frequencies.

TDCs has also showed a high level of supply dependence. Mitigating this sensitivity
thus remains an ongoing challenge, with efforts focused on employing circuit tech-

niques and implementing effective supply regulation strategies [2.56],[2.57],[2.59].

In the third category of readout circuits, a voltage-domain ADC is used to digitize
the ratio of two temperature-dependent voltages derived from MOSFETSs. Similarly,
this can be done by obtaining temperature-dependent currents or charges and then
digitizing their ratio with the corresponding current or charge domain ADCs. In
[2.48],[2.49], temperature-dependent signals are derived from two DTMOSTs that
are biased at a fixed current ratio as illustrated in Fig. 2.9. The Vs (Vasz2) of a
DTMOST has a CTAT characteristic, while the difference between the two Vgg, i.e.,
AVes(= Vas2 — Vasi), has a PTAT characteristic. The combination of Vs and
AVgg can result in a flat reference voltage Vrgpr (= Vs + a - AVgg), where « is a
gain factor. A voltage-domain ADC can then digitize the ratio «- AVis/VrEr as an
indication of temperature. Combining Vg and AVgg has also been used to realize

low-voltage (~0.6 V) bandgap voltage references [2.47].
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Figure 2.9: Operation principle of DTMOST-based temperature sensors, taken from
[2.48].

2.3.3 Temperature-sensing inaccuracy and calibration

Based on the reported results in the literature [2.60], MOSFETS in the saturation and
triode regions are usually less accurate than MOSFETSs in either the subthreshold
region or configured as a DTMOST. As an example, in [2.61] a current is derived
from a MOSFET in its triode region, which is then used to obtain temperature-
dependent delay. Realized in a 0.18-um CMOS technology, and using a time-domain
readout circuit, the TDC achieves a relative inaccuracy of 2% (Max-Min) after a two-
point calibration. The TDC in [2.53] is another example in which delay cells of a
ring-oscillator are determined by MOSFETSs in their saturation region. Realized in
65-nm CMOS technology, this TDC achieved inaccuracies of 2.73% (Max-Min) using

one-point calibration.

In the subthreshold region, MOSFET-based TDCs seem to be more accurate.
The TDC in [2.54], which is realized in a 0.18-pum CMOS technology, uses two MOS-
FETSs in the subthreshold region to generate two temperature-dependent currents.
These MOSFETSs have the same dimensions and Vgg but different Vpg. The ratio
of the two currents is then digitized to generate a function of temperature, achieving
temperature-sensing inaccuracies of 2% (Max-Min) after a two-point calibration. Sim-
ilar results have been obtained in 65-nm CMOS technology by using two MOSFETSs in
the subthreshold region [2.51],[2.55]. Unlike [2.54] and [2.55], the MOSFETSs in [2.51]
have the same Vpg but different Vg for generating the temperature-dependent cur-
rents. It then achieves an inaccuracy of 3% (Max-Min) after a two-point calibration.
Better results have been reported in [2.56], in which MOSFETS in the subthreshold
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region are used as the delay cell of a ring oscillator obtaining 0.42% relative inaccu-
racy after a two-point calibration. It is worth mentioning that the TDCs in [2.51],
[2.54] and [2.56] all consume less than 1 W, while [2.51] and [2.54] could also operate
below 0.8 V supply voltages.

MOSFETSs configured as DTMOSTSs have shown the best in class temperature-
sensing inaccuracies and supply sensitivity. In a 0.16-pm CMOS technology, DTMOST-
based TDCs achieve inaccuracies of 0.48% (30) after a one-point calibration [2.48],[2.49].
In 28nm CMOS, a sensor achieves inaccuracy of 1.8% (30) after a one-point calibration
[2.62], while obtaining the lowest supply sensitivity among MOSFET-based TDCs.

One drawback of MOSFET-based TDCs is the higher sensitivity of MOSFETS to
mechanical stress compared to BJTs. This not only results in costly post package
calibration but may also cause long-term stability issues. It is known that mobility
increases with the applied stress, e.g., 200 MPa stress causes ~ 10% variation in
mobility [2.63]. The threshold voltage of long channel MOSFETS, on the other hand,
is at least ~ 10x less sensitive to stress than mobility [2.64], and can therefore be
ignored. In short-channel MOSFETS, the drain saturation voltage Vys,: is affected
by the velocity saturation, making Vs, more sensitive to stress than the Vi of long
channel devices. The V4 of an NMOSFET varies by ~ —1.5% and ~ —3.5%, for
~ 140 MPa tensile and compressive stress, respectively [2.64].

2.4 BJT-based TDCs

2.4.1 BJTs in CMOS Technology

The most common method for realizing a TDC is to use Bipolar Junction Transistors
(BJTs). In standard CMOS processes, two types of BJTs can be realized: vertical

and lateral.

In vertical BJTs, the direction of current flow is perpendicular to the silicon sur-
face. In the case of vertical PNPs, a p+ diffusion functions as the emitter, the n-well
is the base and the p-substrate is the collector (see Fig. 2.10 (a)). A vertical PNP
can be realized in any CMOS technology, since realizing an n-well is always possible.
A vertical NPN, on the other hand, can only be realized in twin-well CMOS tech-
nologies, which allow the realization of a deep n-well (see Fig. 2.10 (b)). The key
disadvantage of vertical PNPs is that their collector has a low-resistive path to the
p-substrate and thus inevitably has the same (ground) potential. As a result, the

only accessible terminals are the emitter and the base, which can then be used to
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Figure 2.10: Vertical BJTs in CMOS technologies: (a) Vertical PNP and (b) vertical
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Figure 2.11: Lateral BJTs available in CMOS technologies. (a) Lateral PNP and (b)
lateral NPN. Red shows the parasitic vertical devices.

bias the device. This is not the case for vertical NPNs, as the p-well potential can
be freely chosen. Vertical NPNs, however, come with a parasitic vertical PNP with
a grounded collector, as shown in Fig. 2.10 (b). This causes the Vg of the main
NPN to appear as the Vg of the PNP device, whose emitter current will be added
to the base current of the NPN. One way to avoid this current is to use the vertical
NPN in a diode-connected configuration (i.e., its Vgc = 0), in which the PNP has

zero potential across its Vgg.

Lateral BJTs are made using doped regions near the surface that are usually used
to form the drain and source of MOSFETs. In the case of a lateral PNP, p+ regions
can form the collector and emitter terminals while an n-well forms the base. Unlike the
vertical PNP, a lateral PNP has a free collector that can be set at arbitrary voltages.
Although this is a potential advantage, this device is used less frequently compared
to the vertical PNP. One reason is that there is an extra vertical device (see Fig. 2.11
(a)) that adds to its emitter current. In conventional bipolar technology, a buried
n+ region prevents the formation of this vertical PNP. Similarly, in twin-well CMOS
technologies, the deep n-well can be used to prevent currents from flowing through the
vertical emitter (see Fig. 2.11 (b)). In standard CMOS technology, this layer does not
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exist, and therefore lateral PNPs are inevitably associated with the vertical device.
To reduce the effect of the parasitic device, the ratio I¢y/Icy must be maximized,
where I¢y, is the lateral collector current, and Ioy is the vertical collector current.
This can be achieved by minimizing the emitter area and the lateral base width, and
by having the collector surround the emitter [2.65]. Experimental results show that
the ratio Icr/Icy can be 1.5 to 4, which means that the lateral bipolar contributes
60% to 80% of the total current [2.65],[2.66].

2.4.2 Principle of operation

Ideally, BJTs have an exponential Ic — Vpg characteristic that can be expressed as:

Ve = npk—Tln <Ic + 1> , (2.3)
q Is

where Vpg is the base-emitter voltage, ng ~ 1 is the non-ideality factor of the PNPs,
I is the collector current and Ig is the saturation current of the device. Due to
the temperature dependence of Ig, Vg has a CTAT characteristic which changes
by ~ —2 mV/°C. The temperature dependence of Vg and the underlying physics
behind Ig will be further discussed in Chapter 3. For now, it should be noted that
Ig is proportional to the emitter area Ag of the device. Due to the extremely low
values of Ig, the assumption Io/Is + 1 ~ I /I is usually made in (2.3). Taking this
assumption into account, when two BJTs have a fixed ratio between their collector
current densities p, either due to different I ratios (see Fig. 2.12) or different A ra-
tios, the difference between their Vg becomes a PTAT voltage that can be expressed
as:

AVpg = npk—Tln (p~ IC) — an—Tln <Ic> = an—Tln(p) , (2.4)

q Is q q

where p is the collector current density ratio of the two BJTs. The temperature
dependence of Vgg will then depend on p and some physical constant. A key obser-
vation of AVpg is that it barely depends on absolute parameters such as Io or Ig.
The ratio p, on the other hand, can be made accurate by circuit techniques. As a
result, AVpg becomes robust to process variations and also stress of the packaging.
The two voltages with the opposite temperature dependence, Vpg and AVpg, can be
combined to obtain an almost flat voltage reference Vrgpr (= Vg +«-AVpg), where
a is a fixed gain factor (see Fig. 2.12). To realize a TDC, it is therefore required
to digitize ur as the ratio of a - AVgg and Vrgg, which can then be mapped to

temperature in the digital domain. In the ratio pp, the non-ideality factor of the
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Figure 2.12: Operation principle of BJT-based temperature sensors.

PNPs ng cancels out, since it is a multiplicative term in both 2.3 and 2.4. However,
when the absolute values of Vgg and AVpg are important, for instance in a bandgap
voltage reference, or when performing voltage calibration (see Sec. 4.6.4), the value

and spread of ngp must be taken into account.

The BJT-based sensing principle discussed so far operate under the condition of
biasing a BJT with a fixed current source. These approaches typically require supply
voltages that exceed 1 V' because, at low temperatures, Vg (7T') approaches 0.8 V. In
recent years, due to technology scaling, there has been growing interest in BJT-based
sensors capable of reliable operation with sub-1V supply voltages [2.67]. To overcome
this limitation, new sensor designs have emerged that do not rely on biasing a BJT

with a current source. Instead, they utilize capacitors [2.68]-[2.70].

Figure 2.13 illustrates the operation of such a capacitively-biased sensor. Initially,
a capacitor is charged to the supply voltage in a reset state and then discharged
through either a diode (Fig. 2.13-a) or a BJT (Fig. 2.13-b). As shown in Figure 2.13-
¢, the voltage on the capacitor gradually decays, following a near-ideal logarithmic

function after an initial phase, as described in [2.71].

In this logarithmic region, the capacitor’s voltage V¢ remains almost independent

of the initial phase and can be approximated as:

TLFVT . C

VC(t) = TLFVT . ln( IS 1

), (2.5)

where Vr is the thermal voltage, given by kT/q. When V¢ is sampled at a specific

instant, the resulting voltage demonstrates a CTAT characteristic similar to that of
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Figure 2.13: (a) A sensing frontend for capacitively-biased diodes. Storing a charge
proportional to (b) Vg and (¢) AVpg.

Vpg. This similarity can also be observed by comparing (2.5) to (2.3). When Vi
is sampled at two instances, t; and to = n - t1, the voltage difference between them

demonstrates a PTAT characteristic, similar to AVgg, and can be expressed as:

AVe = Ve(t) — Volts) = nF%T In(n). (2.6)

The ratio between Vpg and AVgg can then be utilized for temperature sensing.
The charge stored on the capacitor C is transferred to a voltage-domain discrete-time
ADC to digitize their ratio [2.69],[2.70]. A sensor based on this approach achieved a
30 accuracy of (£0.15°C) from —55°C to +125°C after a one-point trim [2.70]. This

accuracy level is quite comparable to that achieved by traditional readout circuits.

2.4.3 Readout circuits

BJT-based readout circuits can be categorized in the same way as those used in
MOSFET-based TDCs. As described in section 2.4.1, the ratio between «- AVggr and
Vrer can be digitized in the voltage domain [2.72]-[2.75], or in the current domain
[2.76]. Furthermore, this ratio can also be digitized in the time-domain [2.77]—[2.80],

and in the frequency-domain [2.81].

Switched-capacitor readout circuits in the voltage domain have traditionally been
favored for their robustness, immunity to clock jitter, and ease of integration with
dynamic techniques essential for mitigating the effects of mismatch and 1/f noise
[2.72]-[2.75]. A more comprehensive exploration of these readout circuits will be
presented in Chapters 4 and 6. Nevertheless, it should be noted that these readout
circuits introduce kT /C noise, which limits resolution, and energy efficiency [2.82].

Continuous-time readout circuits can circumvent this limitation, achieving higher
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energy efficiency [2.76],[2.83].

When low area or power consumption is the main focus for a temperature sensor,
SAR ADCs have been used [2.68],[2.84]-[2.87]. However, specific errors such as non-
monotonicity or missing codes limit their application. Time-domain readout circuits
also achieve low area and power consumptions [2.88],[2.89], but these sensors require

external clock frequency, which limits their use.

2.4.4 Temperature-sensing inaccuracy and calibration

In CMOS technology, BJT-based TDCs achieve the highest accuracy. This is mainly
because AV is, to first-order, independent of absolute parameters. Obtaining an
accurate TDC, thus, boils down to correcting the errors associated with the spread of
Veg. As will be discussed in Chapter 3, variations in Vgg can be effectively corrected
by a one-point trim, resulting in a Vg that is accurate to within ~ +200 — 300 pV
over a large temperature range. Another advantage of BJT-based TDCs is their very
low stress sensitivity, which will be further discussed in Sec. 3.7. They have also
shown extremely high long-term stability, for instance, a drift of ~ 6 mK after ~ 1
year [2.78].

Over the temperature range from —55°C to +125°C, TDCs utilizing PNPs and
switched-capacitor readout circuits have exhibited relative inaccuracies (30) ranging
from 0.56% to 0.07% after a one-point trim [2.72]-[2.75]. Expanding the temperature
range up to 180°C has also proven feasible with slightly greater inaccuracy, e.g.,
relative inaccuracies of 0.18% [2.90], and 0.39% [2.91]. Integration of a continuous-
time readout circuit and its combination with dynamic techniques has resulted in
a relative inaccuracy of 0.11%, a performance comparable with TDCs employing

switched-capacitor readout circuits [2.83].

Capacitively-biased sensors, combined with a switched-capacitor readout circuit
result in an inaccuracy of 0.67% after a one-point trim [2.69]. Capacitively-biased
sensors have demonstrated even better accuracy when PNPs were used instead of

diodes, achieving a 3o-inaccuracy of 0.17% [2.70].

In more advanced FinFet technology with feature sizes below 20nm, BJTs exhibit
degraded performance [2.67],[2.92]. The larger base-width resulting from their specific
realization in such technologies leads to very low current gain and non-exponential
I-V characteristics. This has prompted the use of bulk diodes, which spread less than
BJTs in some recent technology nodes [2.68]. The use of BJTs in the most advanced

technology nodes remains a subject that requires further research and development,
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but in 4nm FinFet, a sensor has already demonstrated a relative inaccuracy of 0.33%

after a two-point trim [2.87].

2.5 Conclusion

In CMOS technology, TDCs can be realized based on resistors, MOSFETS, thermal-
diffusivity, and BJTs. Their operating principles and their limitations in terms of
accuracy and required calibration have been discussed in this chapter. The most accu-
rate TDCs are usually based on BJTs, which obtain excellent accuracy (down to 0.2
°C (30)) with only a one-point trim. Low sensitivity to stress, long-term stability, and
a very well-known temperature dependency are other reasons that these TDCs are
very popular. Resistor-based TDCs based on silicided p+ poly resistors have shown
comparable accuracy, but require a two-point trim. However, when they are combined
with a second resistor type to realize stand-alone TDCs, the obtained accuracy is re-
duced. Due to the higher stress-sensitivity of resistors compared to BJTs, it is also
expected that plastic-packaged TDCs will require post-packaging trim. MOSFET-
based TDCs are promising candidates for realizing low-power TDCs, however, they
also require multi-point calibration (> 2-points) to approach the accuracy of BJT-
based TDCs. TD-based sensors have shown promising accuracies (~ +0.2 °C (30))
without calibration. However, they currently exhibit significant batch-to-batch shift
~ 2°C. Since state-of-the-art BJT-based TDCs suffer from the same batch-to-batch
shifts as TD sensors, they can be considered equal in terms of accuracy, and cali-
bration requirement. However, solving their batch-to-batch shift, makes BJT-based

TDCs more favorable, since they consume lower power.
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Chapter 3

Bipolar junction transistors in CMOS

technology

BJTs are the most suitable candidate for realizing accurate and low-cost TDCs. In a
standard CMOS process, BJTs can be realized as parasitic devices, which are mainly
used to implement bandgap references and temperature sensors. This chapter focuses
on the physics of BJT devices, and in particular how this can be exploited to realize

accurate temperature sensors.

3.1 Ideal /o — Vgg characteristic

For a PNP device in the forward active region, the collector current, I-, is mainly
determined by the minority carriers injected into the base from the emitter in the BE
junction, I,g, which diffuses through the base to the collector. When the diffusion
length Lp is larger than the base width Wg, then I will be determined by Vgg. As

derived in the A.1, I can be expressed as:

Io=1Is- (emp(q‘k/;E) - 1) , (3.1)

where k is the Boltzmann constant, T is the absolute temperature in Kelvin and ¢
is the electron charge in Coulomb. Ig is known as the saturation current, which as
derived in A.1, can be expressed as:

DB ’ILZ2

Is = AEQWBNB .

(3.2)
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Dp is the diffusion constant in the base region, Ag is the emitter area, n; is the

intrinsic concentration of the base material (i.e., silicon) and Np is the base doping.

In deriving 3.1 and 3.2 all other current components are neglected, which means
that Ic = Ip is only determined by Vpg. In practice, I¢ # I due to non-zero base
current, and also I depends on Vop (see A2, A.4).

3.2 Saturation current (Ig)

3.2.1 Temperature dependence of Ig

Ig is a strong function of temperature due to the temperature dependence of the
parameters in (3.2): n;, Dp, and Wg. As will be described A.3, nZ(T) is a function
of the energy gap between the valence and conduction bands of silicon, E4(T), which
itself changes linearly with temperature. Furthermore, Dg(T) is a function of mobility
of the minority carriers in the base. pu is also temperature-dependent (see Fig. 2.1),
which is often modelled with a power function: p(T) < T'~™. Taking 4 and Ey into
account and assuming that Wy is fixed, the temperature dependence of Is can be

approximated as:

—qV0
Is(T)~C-T". 3.3
S() eon (42 (33)
where Vo (= E40/q) is the bandgap voltage of silicon at 0 K, 1 is a constant that is

related to the temperature-dependence of mobility, and C' is a fitting parameter.

3.2.2 Spread of Ig

The spread of Is will be determined by the parameters in (3.2). Np varies due to
fabrication tolerances, and may spread from —11% to +13% [3.1]. This is one of
the main sources of spread in Is. n? is not a process-dependent parameter and can
be assumed to be fixed for pure silicon. In a vertical PNP, Ag is determined by
the lithographic accuracy, improving quadratically with process scaling. For vertical
PNPs, Wp is defined by both lithography and by the depth of the n-well and p+
regions. For lateral PNPs, however, it is determined by lithography and thus improves
with process scaling. In lateral BJTs, the parasitic vertical BJT contributes to the

collector current, and therefore, needs to be taken into account.

If we assume that the temperature dependence of p,, and n; does not spread, the
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V(v)
A
Vo

Spread in Vgg: Is (1£€)

PTAT spread
VBE( Tr) ______

Nominal Vg jinear (7)

> 7 (°C)

Figure 3.1: PTAT error of Vpg as a result of Ig spread. The non-linearity of Vg is
not included.

major sources of spread of Ig are the spread of Ng and Wpg. These variations only
change the absolute value of Is and not its temperature dependence. As a result,
their effect on Ig can be expressed as I5 = Ig(1 + €), where € models the combined

effect of both spread sources. This causes an error in Vgg of:

kT I kT 1 kT

which becomes zero at 0 K and increases with temperature. The key observation from
(3.4) is that the resulting error in Vg is PTAT, which can be corrected with a single

point trim.

3.2.3 Is compensation

Methods to correct the spread of Ig without using any external calibration references
have been suggested in previous work. These methods typically use a parameter that
is highly correlated with Is to determine and then eliminate the spread in Ig [3.2]-
[3.5]. A high correlation between n-well resistance and Is has been observed since
both are affected by the variation in Np [3.1]. Using a pinched base resistance to
compensate for the spread of Is has been suggested in [3.2],[3.3]. Using another BJT
in saturation, i.e., both Vg and Ve forward-biased, has also been suggested. In
this method, the recombination current in the base of a BJT that is in saturation is

used to correct the spread of the Ig in the forward-active region [3.4].
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3.3 Current gains ar and 3

Not all carriers injected into the Base from the Emitter can reach the Collector.
Considering other current components results in Ip # Ic (see A.2). To account
for this, ap = I¢/Ig is defined, which can be expressed as the multiplication of
three terms: the emitter injection efficiency -y, the base transport factor ap, and the
recombination factor §. For circuit design analysis, the current gain 8 = I¢/Ip is

often used, which is derived from § = ap/(1 — ap).

When Wpg is smaller than L, ar ~ 1. Assuming § ~ 1, 5 is mainly determined

by the emitter injection efficiency and can be expressed as:

_ DpWgNg

= DpWgNp

(3.5)

The key observation is that 3 is independent of electrical conditions and is determined
by the relative dimension and doping concentration between the base and the emitter.
In high-performance bipolar devices, Wg is made very small, resulting in a high ap
of ~ 0.998. For vertical PNPs in CMOS technology, this is not the case due to the

large Wg, which may result in ar of 0.5 or even lower [3.6].

When Vppg is very small, due to recombination-generation in the BE junction, the
assumption of d ~ 1 is not valid. Due to the lower 8, ar drops, thereby causing 3 to
drop. For very high values of Vgg, 8 drops again, but due to a different mechanism
known as the high-injection effect in the BE junction. In the region between these
extreme Vpp values, 5 remains flat, and has values expressed by 3.5. This is the
region of interest for use in bandgap voltage references and temperature sensors. The
flat region depends on the device geometry and fabrication process. As shown in Fig.
3.2, in 0.16-um technology, the 3 versus I exhibits a fairly large flat region [3.7],

while in 65-nm technology, this region is quite small [3.8].

3.3.1 Temperature dependence of [

The temperature-dependence of 3 is empirically modeleld as 3(T) = 5(T;.)(T/T,)*TB,
where T.. is an arbitrary reference temperature, and X7 B is a process-dependent con-

stant ranging from 1.5 to 2.5.
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(a) 0.16-um CMOS technology (b) 0.055-um CMOS technology
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Figure 3.2: Simulated 8 of vertical PNPs in: (a) 0.16-um CMOS technology taken
from [3.7] and (b) 0.065-um technology taken from [3.8].

3.3.2 Spread of

In the flat region, the variation of 3 is related to the spread of the parameters in

(3.5): Wg, Wg, Np, Ng, as well as p in the base and in the emitter regions. As will

be shown in Chapter 4, the spread of 3 can be +10%. Since vertical PNPs must be

biased via their emitter terminal, their collector current Ix (= Ig-5/(8+1)) and the
resulting Vg will be S-dependent, which can be expressed as:

kT Ig kT B8

Veg = —In(—) + —In(=——). 3.6

be = " ln(E) + in(zE) (36)

The spread of 5 causes Vpg to vary. Assuming XT'B is fixed, and considering the

spread of By, Vgg can be expressed as:

2 —1
Vi (8o + Afo) ~ Vi (Bo) — %T : Aﬁfgo . (1 + % . <£>m> e

The key observation from (3.7), is that when Sy > 1 the resulting error in Vpp is
PTAT and can thus be trimmed with that of Ig. When (3 is small, the resulting error
is not PTAT, and there will be residual error after the trim. Additionally, the spread
of XT B will contribute to the residual error in Vgg. Since vertical BJTs have small

B values (e.g., ~5), the effect of 8 on Vg needs to be compensated for with the help

of circuit techniques.

The spread of 8 may also impact the AVgg that is derived from two vertical
PNPs biased at a fixed emitter current ratio, Ir : pIg. When both of these currents

2
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Figure 3.3: 8 compensation method using the base current of an auxilary PNP [3.9].

are within an entirely flat 8 region, the effect of 5 on AVpg cancels out. However,
differences in 8 at the two currents introduce an error in AVgg that can be expressed

as:

kT KT (A
AVpg = VBE(pI,ﬂ) — VBE(I,,B + A,B) ~ ?hl(p) + ? . (ﬂ26> . (38)
The accuracy of AVgpg is thus a function of 5, which has shown a decreasing trend
as technology feature sizes shrink. At room temperature, the nominal g for vertical

PNPs ranges from 25 in a 0.7-pm [3.1] to 0.9 in a 0.055-pm [3.6] CMOS technology.

3.3.3 [ compensation

In previous work, methods for compensating for the effect of § in Vg have been
suggested. In [3.9], the base current of an identical PNP is injected into the emitter
causing the collector current of the target PNP, @2, to be less dependent on 8. With

reference to Fig. 3.3, this collector current can be written as:

_ ﬁ ) Ibias _ ) 5(5+2)
IC_l_i_ﬁ<Ibzas+1+ﬂ>—Ibzas <6(6+2)+1> . (39)

This S-compensation method essentially increases the effective 8 to 8- (8 + 2) thus
reducing the related error in Vgg. The main limitation of this method is the minimum
supply voltage required, which needs to be well above 2Vpg for proper operation of

current sources and the BJTs. This rules out this method in low-voltage applications.

Another method for compensating for S is to bias the PNP with a -dependent
emitter current Iy = Iyiqs - /(1 + ). This would then cause I, and thus Vg to be
B-independent [3.10]. This method will be further discussed in Section 4.3.
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(a) (b)

VBE

Rs

Figure 3.4: (a) Resistances associated with PNP regions. (b) Equivalent series resis-
tance Rg.

3.4 Series resistances (Ryg)

Each terminal of a BJT is associated with an equivalent resistance that originates
from the resistance of the doped material and the metal interconnects. As shown in
Fig. 3.4 (a), the voltage drop across these resistances cause Vgg; and Vg, to differ
from their externally measured voltages Vpg and Vgeo. Rpg is usually small due to
high doping level of emitter, while Rp is relatively large due to low doping level.
In BiCMOS technologies, R is made low, however, in vertical PNPs in CMOS, the
collector region can be assumed to have the same doping as the base. The presence of
R¢ only causes second-order effects via the Early effect by changing Vpc. Neglecting
Re, the Vg of a diode-connected PNP can be written as:

I
VBEZVBE¢+RE'IE+RB'T_:31ZVBEi+RS'IE7 (3.10)

where Rg = Rp + Rp/(1 + B) is the equivalent series resistance that is modeled in
series with the emitter as illustrated in Fig. 3.4 (b).

Rs also affects AVgg. For two PNPs with emitter current ratio Ig : p- Ig, the

resulting error in AVpg can be expressed as:
kT
AVip = =-In(p) + (= 1) - I - s (3.11)

in which § is assumed to be current-independent. It is worth noting that AVpg only

increases with a logarithmic function when the ratio p increases, while the associated
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Rg-related error increases linearly and thus increase faster. This discourages the

choice of extremely large current ratios (e.g., 20) for realizing a large AVpg.

The effect of Rg can be compensated for by using circuit techniques. Since Vpg
is logarithmically related to Iy while the voltage drop on Rg is linearly related to Ig,
a linear combination of Vpg at different currents can remove the effect of Rg [3.1].
This is further discussed in Sec. 4.2.3.

3.4.1 Base resistance (Rp)

Since the base region is made of low-doped material, the flow of current in the base
causes a voltage drop in the base region, which then affects the path of carriers that
flow across the base. As a result of this effect, known as current crowding, the base
resistance is modelled as a fixed extrinsic resistance, Rpc.¢, in series with a current-

dependent intrinsic resistance, Rpjnt, as [3.11]:

Ipo

Rp(Ig) = RB,est + RB.int(IB) = RB,ext + RB into - ——— ,
Ipo+Ip

(3.12)
where Igg and Rp;n0 are fitting parameters. In a 0.8-um BiCMOS technology Ipg,
Rpinto, and Rpe,: were measured to be 110 pA, 1.1 kQ, and 33 Q, respectively [3.11].
It is worth noting that Rp decreases as Ip increases. In a 0.16-pm CMOS technology,
a 5 x5 um? PNP device exhibited an Rp of 60 Q at an emitter current of 1 mA which
then increased to 600 € at an emitter current of 1 pA [3.12].

The temperature-dependence of Rp is assumed to be similar to that of n-well
resistors. In 0.7- and 0.5-pm technologies, an Rp of ~ 500 Q and ~ 125 Q was
measured at room temperature, which then increased to ~ 1000 Q and ~ 200 Q at
100 °C [3.13].

3.5 Effect of mechanical stress on BJT's

Mechanical stress can affect the performance of semiconductor devices. Stress can
originate from thermo-mechanical effects during silicon wafer processing, or due to
packaging. This occurs because the temperature during the wafer fabrication pro-
cesses (up to ~1200°C) and packaging (up to ~200°C) is higher than the operating
temperature of the circuit. When the fabricated silicon die cools down, the differ-
ences in the thermal expansion coefficient (TEC) of materials give rise to mechanical

stress. Stress resulting from the fabrication process originate from different mecha-
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nisms, which can be further studied in [3.14]. These are often unavoidable and can
only be reduced, for instance, by keeping critical devices away from the edges of the
silicon die, using stress-insensitive layout techniques, or by avoiding the placement of

stress-generating films near critical devices.

3.5.1 Stress due to packaging

Packaging is necessary to provides mechanical support and also resistance to humidity,
ionic contamination, and radiation for electronic devices. After fabrication, the wafer
is diced, and the silicon die will attach to a die-paddle. It is then wire bonded to
lead frame pads, passivated, and finally either encapsulated in plastic packaging or
hermetically sealed in ceramic packaging. The use of plastic packaging accounts for
more than 99% of device packagings. The use of ceramic packaging, due to their
higher costs (~ 10x), is limited to low-stress applications and MEMS components
[3.15].

In ceramic packaging, silicon die is attached to a die-paddle using an adhesive, and
then a metal lid is placed on top and sealed by welding or using adhesives (see Fig.
3.5 (a)). The resulting stress is due to the difference between the TEC of the silicon
die (~ 2.5 —4.5 x 107K 1), the die attachment material that is either an epoxy
adhesive or polyamide (TEC ~ 4060 x 107K ') and the lead frame that is made of
copper, or an alloy of Ni-Fe (TEC ~ 4—17x 107K ~1). This creates tensile in-plane
stress of about 35-55 MPa [3.1] on the surface of the die. In plastic encapsulation, the
die and the die paddle is placed in a cavity, which is then filled with a thermosetting
polymer. The polymer become solid at its curing temperature and remains solid.
This causes an additional compressive stress in the order of 200 MPa [3.1],[3.16] due
to the TEC difference of the die and the encapsulant material that is usually an epoxy
resin (TEC ~ 1320 x 107K ~1). In recent packaging technologies, solder bumps are
added on top of the die surface during the last step of the fabrication. Die is then
flipped and bumps are used to make connection to lead-frame pads. These solder
bumps can add additional local stress. Further reading about the materials used in

various packaging methods and their TEC can be found in [3.15].

One major concern about plastic packaging is their specific features of the encap-
sulant materials, which subject them to hysteresis, relaxation, or creep [3.16]. While
silicon crystal does not show any of these characteristics, the epoxy material might
undergo a time-dependent variation, which then results in different stress applied to
the silicon die. Such variation can also be due to swelling of the epoxy material as a

result of moisture absorption [3.17].
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Figure 3.5: Simplified illustration of microelectronic packaging. (a) Ceramic packag-
ing, (b) plastic encapsulation and (c) plastic encapsulation with a flip-chip bonding.

The effect of mechanical stress on temperature sensor can be studied based on its
effect on resistors and BJTs. The former is due to the piezo-resistive effect and the

latter is due to the piezo-junction effect.

3.5.2 Piezo-junction effect

The variation of the saturation current of a BJT due to applied stress is known as
piezo-junction effect. Similar to piezo-resistive effect, the relationship between Ig
variation §1g/Iso and applied stress o is found by determining a set of piezo-junction
coefficients. These coefficients are also empirically found since they are dependent on
several parameters such as the doping concentration, doping type, and the direction

of current flow in the device [3.16].

As a result of stress, value of Vg changes, which can be expressed as:

VBE(U)%VBE(G:O)*E%, (3.13)
q Iso

where §Ig is the amount of Is change due to stress, and Igg is the saturation current
under a stress-free condition. Unlike the spread-related errors in Vg, the stress-
related errors caused by packaging are not PTAT. This is because the amount of
stress o, and thus 0Is/Igo changes over temperature. Since the curing temperature
of die attachment and the encapsulant material are high, stress increases at lower
temperatures and causes more error on Vgg. Therefore, the effect stress cannot be
corrected with a PTAT trim.

Fig. 3.6 (a) shows the variation in Vg for both compressive and tensile stress
from —180 MPa to 4180 MPa in both vertical NPN and PNP devices [3.16]. In a PNP

device, 200 MPa of compressive stress can cause an error of 1.8 mV on Vgg at —10
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Figure 3.6: Stress-induced variation in (a) Vg and (b) j for vertical BJTs, taken from
[3.16]. The PNP had an Ag = 40 x 40 um? and the NPN had an Ap = 16 x 2 um?,
and both were realized in a 0.8 um BiCMOS technology.
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Figure 3.7: (a) Stress-induced effect on Vpg at different current levels. (b) Stress-
induced effect on AVpg for both vertical PNPs and NPNs, taken from [3.16].

°C, while 45 MPa of tensile stress only results in an error of 0.1 mV. A key observation
from these measured results is that both types of devices are (~ 3x) more sensitive
to compressive stress than tensile stress. Another important observation is that NPN
devices are more stress-sensitive than PNP devices. Besides these observations, it has
also been shown in [3.16],[3.18] that vertical BJTs are less stress sensitive than lateral
BJTs. Due to the combined effect of the lower amount of stress and the lower stress
sensitivity, the effect of stress in ceramic packaging can be assumed to be ~ 15x

lower than that of plastic encapsulation.

In addition to the Ig variation, stress can also change the 8 of BJTs [3.1],[3.16].
However, since the effect of 5 in Vgg can be compensated for by circuit techniques,
its stress-related errors will also be canceled. Fig. 3.6 (b) shows the effect of stress on
B for both vertical NPN and PNP devices. It is interesting to note that the sensitivity
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of B to compressive and tensile stress has opposite signs for NPN and PNP devices.

AVpgE is less stress sensitive than Vgg because the effect of stress on two BJTs
at different current densities is nearly equal. As illustrated in Fig. 3.7 (a), the piezo-
junction coefficients are independent of current level [3.16]. Applied stress can also
be assumed identical for two devices that are on the same die placed close together.
The effect of stress on AVpp will thus cancel out. Fig. 3.7 (b) shows this for both
vertical NPN and PNP devices [3.16].

3.6 Conclusion

This chapter elaborated on the basic physics and operation of BJTs. Since the accu-
racy and calibration requirements of BJT-based temperature sensors ultimately rely
on the characteristics of BJTs, understanding their basic operation is necessary. The
main current components that are involved in the forward-active region of a BJT were
discussed. The temperature-dependence, and spread, of Vg were derived based on
physical parameters. The effect of current-gain and series resistance on the accuracy
of Vg were also discussed. Finally, the effect of mechanical stress is discussed, as
this is the ultimate limit on the accuracy of a packaged temperature sensor. Stress-
generating mechanisms caused by both the IC fabrication process and packaging were
discussed, and the effect of the resulting stress on the characteristics of Vg and

AVpEg are shown based on the available literature.
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Chapter 4

An accurate and process-insensitive
BJT-based TDC!

In Chapter 1, the need for a low-cost precision TDC in CMOS technologies was
explained. Chapter 2 then compared different methods for realizing TDCs and the
differences in terms of their calibration and trimming. Although BJT-based TDCs
are low-cost and relatively accurate, they are increasingly difficult to realize in the
latest CMOS technology nodes, mainly due to the degradation of BJT performance.
These difficulties were briefly discussed in Sec. 3.3.

BJT-based TDCs have achieved 3o-inaccuracies ranging from 40.1°C to +0.25°C
over the military temperature range (—55°C to +125°C), when implemented in CMOS
technology nodes ranging from 0.7-um to 0.16-um [4.1]—[4.5]. This level of accuracy
is achieved by combining a set of average calibration parameters, obtained by a batch
calibration, with individual calibration parameters, obtained by a room temperature
(RT) calibration.

In a 0.7-um technology, these average parameters have been shown to remain
constant over two production batches [4.5]. In a 0.16-pm technology, however, this
is not the case [4.2]. Using the average parameters from one batch to trim another
batch led to extra errors of about 1°C (see [4.2], Table I). So, for maximum accuracy,
these parameters must be determined for every new batch of TDCs. This significantly
complicates their production, because determining these parameters requires a multi-
temperature batch calibration, which is a time-consuming, and thus expensive process.

In addition, the resulting parameters must then be associated with the samples of the

1B. Yousefzadeh, S. Heidary Shalmany and K. A. A. Makinwa, “A BJT-based temperature-to-
digital converter with £60 mK (3 o) inaccuracy from —55 °C to +125 °C in 0.16-pm CMOS,” IEEE
Journal of Solid-State Circuits, vol. 52, no. 4, pp. 1044-1052, Apr. 2017.
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correct batch, which is a logistical challenge in itself.

This chapter describes the realization of a TDC that achieves an inaccuracy of
+0.1 °C (30) over the military range in a 0.16-pm technology, and over three batches,
while using the same average parameters. This robustness to process spread is mainly
due to the use of a precision bias circuit, which ensures that the collector current of
the sensing PNPs is reproducible. The major remaining sources of error are then
due to the effect of process spread on the PNP’s saturation current Ig and on the
bias resistor Rp, which can both be corrected by a RT trim. Since substrate PNPs
must be biased via their emitter, their collector current is also a function of their
current gain (3, which also suffers from process spread. To investigate this effect,
the TDC was also designed to measure 5. One hundred TDC samples from three
different batches were then measured to validate the effect of batch-to-batch spread.
Furthermore, to circumvent the need for a time-consuming RT calibration and trim,
alternative techniques such as voltage calibration [4.6],[4.7], and batch trimming were

also investigated.

4.1 Operating principle

The heart of the TDC is a bipolar core consisting of two PNPs that are biased at
a fixed current density ratio. It produces two temperature-dependent signals, Vpg
and AVgg. Vpg has a CTAT characteristic, while AVgg (= Vegpas — Vegr1) has
a PTAT characteristic. These voltages are applied to an ADC, which digitizes the
ratio X1 (= Vpg/AVgg). While Xr is a non-linear function of temperature [4.2],
it can be converted to a linear function pur = o/(a + Xr), where (o ~ 16) is an
average calibration parameter. The temperature in degrees Celsius, D,,:, can then
be expressed as Dy, = A - ur — B, where A (~ 615) and B (~ 283) are also average

calibration parameters.

4.2 Accuracy limits of the bipolar core

The voltages Vg and AVpg deviate from the ideal equations in (2.3) and (2.4) due
to the finite 8, and non-zero series resistance Rg of the substrate BJTs. [-related
errors are shown in the the second term in (3.6) and (3.8), while Rg-related errors

are shown in the second term in (3.10) and (3.11).

Errors in Vgg and AVig caused by Rg and 8 can be compensated for by imple-
menting a more complex bipolar core [4.8],[4.9]. To investigate if this is necessary,

the accuracy of the bipolar core in a 0.16-um technology was evaluated by simula-
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Figure 4.1: (a) Bipolar core without 5 and Rg compensation. (b) Untrimmed tem-
perature error.
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Figure 4.2: Trimmed temperature error for the bipolar core of Fig. 4.1.

tion. The results are discussed in the following section for the following three cases:

uncompensated S and Rg, compensated S but uncompensated Rg, and compensated
[ and Rg.

4.2.1 Uncompensated § and Rg

Fig. 4.1 (a) illustrates a simple bipolar core in which two PNPs (Qr, Q1) are biased at
a 1 :5 emitter current ratio, where the unit emitter current is set to Ip;qs. To exclude
bias circuit non-idealities, I;qs is an ideal PTAT source: Iyiqs = (KT/q) - In(5)/(500
kQ2), which is ~ 80 nA at 25 °C. The PNPs (5x5 um?) have a nominal 8 = 4.5, and
Is = 9.2 x 10712 at 25 °C. Vg (= Vera) and AVpg (= Vagz — VpEr1) were then
simulated from —55 °C to 125 °C at different process corners, and then post-processed
to obtain D,,; and the temperature error D,,; —7T. The calibration parameters were
obtained at the nominal process corner and then kept constant for the other process

corners—a criterion that is also required for low-cost calibration.

As illustrated in Fig. 4.1 (b), the untrimmed temperature error of such a bipolar



62 Chapter 4. An accurate and process-insensitive BJT-based TDC

core is quite large: about 8 °C. This is mainly due to the large spread of Ig. When
only its absolute value is assumed to vary, and not its temperature dependence, this
causes a PTAT error in Vg (see (3.30)), or an offset error in X7 as shown in the
following:

kT

\% + — €
VBE‘ BE ,nom P

Xr = ~ ~ X — 4.1
T AVBE AVBE T,nom + ZTL(5) ) ( )

in which € is a constant representing error of Ig. The large spread in Ig, can thus be
corrected by using a PTAT trim in Vgg, or simply by making an offset trim in Xrp.
Fig. 4.2 shows that the temperature error then drops to +0.6 °C.

4.2.2 Compensated  and uncompensated Rg

The accuracy of the bipolar core can be enhanced by compensating for the effect of g
on Vpg. As shown in Fig. 4.3 (a), this can be realized by using ideal circuit elements
to copy the base current of Qg and then add it to the emitter currents of Qr and
Q1. This is equivalent to the S-compensation methods used in [4.1],[4.2],[4.10],[4.11].
The trimmed spread then improves by 10x to +0.06 °C, as shown in Fig. 4.4.

This B-compensation method would be even more accurate if the § of the two
PNPs were exactly the same. In practice, however, 8 is also a function of the bias
current. In order to obtain the minimum error, the chosen bias current should be in
the flat region of the 8 curve [4.10], such that S(I) ~ B(pI). Due to process spread,
however, this flat region may shift, and in advanced technology nodes such a region
may not even exist [4.9]. In such cases, this -compensation method would not be
very effective, as it only compensates for the effect of 8 on Vg (second term in 3.6),
but not for the effect of 8 on AVpg (second term in 3.8).

Fig. 4.5 (a) shows an ideal scenario, where § is compensated in both Vg and
AVpg. This involves copying the base current of @y, and Qg and then adding them
to their own emitter currents. This, in turn, forces the collector currents of Qr and
Q1 to be purely defined by Ip;as and 5 - Iy;4s, which is required for an ideal bipolar
core. As illustrated in Fig. 4.6 (b), the trimmed temperature spread of Fig. 4.4 (b)
is then reduced by a further 2x to +0.03 °C.

The trimmed results in Fig. 4.4 (a), and also in Fig. 4.6 (a), exhibit a systematic
non-linearity, which originates from the inherent non-linearity of Vpg. Optimizing
the value of a could significantly reduce this. It has been shown that choosing «a
that makes Vrpr (= Vg + « - AVgg) slightly PTAT helps to reduce this non-

linearity [4.1]. When it is necessary to further suppress this non-linearity, a higher-
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Figure 4.3: (a) Bipolar core with 8 compensation in Vgg and without Rg compensa-
tion. (b) Untrimmed temperature error.
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Figure 4.4: Trimmed temperature error for the bipolar core of Fig. 4.3 (a) with a
1st-order polynomial fit and (b) with a 3rd-order polynomial fit.

order polynomial can be used to map pr to D,,:. In case of a third-order polynomial,
Doyt = ap+aq - pr + as -,u% +as - u%, where ag : ag are constants. In Fig. 4.4 the use
of a third-order polynomial fit does not improve accuracy much, due to the relatively
large errors caused by [ spread. The advantage of using the third-order polynomial
become more obvious in Fig. 4.6 (and also in Fig. 4.8), in which S-related errors are
sufficiently suppressed. The remaining residual error in this figure is then mainly due

to the uncompensated effect of Rg.

4.2.3 Compensated § and Rg

Rgs-related errors in Vpg (the second term in (3.10)) are proportional to the value of
bias current as well as to the value of Rg. One way to suppress them is by simply
choosing a sufficiently small bias current. However, the level of bias current cannot
always be freely chosen, since it must also satisfy the requirement that 5(I) ~ S(pI),

or it must be enough to obtain a desired g,, in the PNPs for settling purposes. Rg-
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Figure 4.5: (a) Bipolar core with 8 compensation in both Vg and AVgg and without
Rgs compensation. (b) Untrimmed temperature error.
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Figure 4.6: Trimmed temperature error for the bipolar core of Fig. 4.5 (a) with a
1st-order polynomial fit and (b) with a 3rd-order polynomial fit.

related errors can also be removed by noting that it is a linear function of Ip;,s, while
VpE is a logarithmic function of Iy;.s [4.12]. With reference to (3.10), and assuming

ideal S-compensation, the effect of Rg can be removed by using the following function:

VBEIbias) =2 VBE(2 - Ivias) — VBE(4 - Ibias)

kT Ibias
q Is

)+2-Rs (2 Ipias) — Rs - (4 Ipias) - (4.2)

Fig. 4.7 (a) illustrates a bipolar core in which this Rg-compensation scheme is used
for both Vgg1, and Vggs. Together with -compensation, this results in a trimmed
inaccuracy of £0.003 °C, as illustrated in Fig. 4.8 (b). This negligible error originates
from the slight dependency of Rg on [, which makes it slightly current-dependent.

As a result, the Rg compensation described in (4.2) is not perfect.
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Figure 4.7: Bipolar core with 8 and Rg compensation for both Vgg; and Vggs.
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Figure 4.8: Trimmed temperature error for the bipolar core of Fig. 4.7 (a) with a
1st-order polynomial fit and (b) with a 3rd-order polynomial fit.

4.3 Inaccuracy sources in the bias circuit

As illustrated in Fig. 4.9, the bias circuit generates a PTAT current. Compared to
a constant current, a PTAT bias current reduces the nonlinearity in Vgg [4.13]. The
bias circuit uses two PNPs at a current density ratio of 1 : pgp. An opamp then forces
the resulting AVsg, (= Vere2 — VeEp1) across an n+ poly bias resistor, Ry,. The bias
current Ip;qs = AVpgp/ Ry can then be copied to the bipolar core with a current ratio
of 1:m. Setting m = 1, and pgp = pg = 5 simplifies the dynamic techniques used for
the matching of current mirrors (see Sec. 4.4.1). R, = 500 k€ sets the value of Ip;qs
such that 8(I) ~ B(pgp - I). Adding a second n+ poly resistor R, = Ry/pg, makes
the bias current become slightly S-dependent [4.1],[4.11], i.e., I}, .. = Ipias - (B+1)/5,
where 3 is the current gain of Qgs. The S-dependent I}, ., can then cancel the effect
of 8 on the bipolar core’s Vg (= Vgg2), assuming that 5 in Qr and Qg are equal.
This is equivalent to the scenario described in Fig. 4.3. As a result, Vgg can be
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Figure 4.9: Bias circuit that generates a PTAT current. Sources of error are shown
in red.

expressed as:

kT 1. B
Vam = Cp(Zbias 2
e =~ 5)
kT Ibias ﬁ +1 6 kT Ibias
q (Is B ,8+1) q (Is) (43)

Different sources of error in the bias circuit can cause Ip;,s to deviate from its
nominal value, which then causes errors in Vg and in D,,;. If these errors only
change the absolute value of Iy;qs (i.e., Alpias/Ipias = €), they create an error similar
to that of Ig in (4.1). As a result, this error will be corrected for by the same PTAT
trim that corrects for the spread of Is. However, if such errors change the temperature

dependence of I, they will cause residual temperature errors after the trim.

The main source of error in ;. is the spread of the bias resistor R;,. The absolute
value of R}, substantially spreads, but this will be completely removed by the PTAT
trim since it only changes the absolute value of Ij;.s. Spread in the temperature
dependence of Ry, however, results in residual error after the trim. To obtain high
accuracy, it is therefore essential that the temperature dependence of Ry, is minimal. In
the 0.16-pm technology, a non-silicided n+ poly resistor is the most suitable candidate
for this reason. As shown in Fig. 4.10, over the process corners, the absolute value
of R, varies by +18%, while its temperature coefficient varies by a maximum of
+0.01%/°C. The former creates a large untrimmed error of 2.18 °C but no trimmed

error, while the latter causes £0.11 °C error after the trim.
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Figure 4.10: (a) Variation in n+ poly resistance in the 0.16-pum technology. (b)
Variation in temperature dependence of the resistance.

Limited gain and non-zero offset of the opamp can also cause I;,5 to change. With
reference to Fig. 4.9, when the opamp has a limited gain of A,, I can be written as

follows: T
— - In(pe) 1
Ibias ~ qi : (1 - '~ A
Rb Gm : Av . Rb

where G, is the transconductance of the current mirrors. Assuming G,, =1 pA/V

), (4.4)

and Ry = 500 k2, a 60-dB gain causes a 0.6 nA variation in Ip;,s compared to
an infinite gain. In practice, however, only the spread in A, appears as tempera-
ture sensing error. The opamp’s non-zero offset Vg can also cause Ip;,s to vary by
Alpias = Vos/Rp. Assuming a 2 mV temperature-independent offset for the opamp,
Ipias changes by 9 nA, which then creates a maximum of 0.4 °C untrimmed error.
After the trim, this error reduces to 0.14 °C.

Similar to the PNPs in the bipolar core, Qrp and @Qrp in the bias circuit have
limited S and non-zero Rg, which can cause error in ;.. Variation in 8 and Rg only
affect AVpgy, which has a much lower influence on the temperature sensor accuracy
than AVpg. Furthermore, some of these errors will be suppressed or completely
removed by the PTAT trim. The temperature sensing error caused by variation of 3,
either from its absolute value 3y or its temperature dependence XT B, is shown in
Table 4.1. For these calculations, variations of 5y and XT B are obtained from the
modeled parameters of the PNPs, and also A = 0.1 is assumed as the difference
between the 8 of Qgrp and Q1. Rs can also cause error in Ip;,s in the same way as
Ry. As a result, variations in the absolute value of Rg will be completely removed
after the trim but variations of its temperature dependence will not. Compared to
Ry, the relatively small value of Rg ~ 200 €) creates much lower temperature-sensing

error.
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The last source of error in Ip;.s, but certainly not the least, is the variation of
the current ratios 1 : pgp and 1 : m. In practice, these ratios rely on the matching
of the PMOS transistors used to realize the current mirrors. When biased in strong
inversion, the error in the current I of two identical current mirrors can be expressed

as:

AT 2 AVp
T 5% T e c
T_ p oxr

T

Ay ACo, AW, AL
|+ 1+ 15+

(4.5)
where i, is the mobility of holes, C,; is the gate-oxide capacitance per unit area,
W and L are the transistor dimensions, V7 is the threshold voltage, and Vg, is the
gate-source voltage of the current mirrors. As described in [4.14], the parameters of
(4.5) have a statistical nature, and thus the variation of I follows:

a?(I) 4 a?(Vr) o%(up)  0%(Coz)  *(W) o2(L)

BN W Ve g e, wE T

(4.6)

where o represents the standard deviation of each parameter. The variation of each
parameter of (4.5) should be modeled with the corresponding mismatch-generating
processes. For Vr, and similarly for u, and C,,, the mismatch between two devices
at a distance D on a same wafer follows a general rule [4.14]: o*(Vy) = A}, /(WL)+
S‘Q/T - D%, where Ay, is the area proportionality constant, and Sy, is the constant
that describes the variation with distance. For W, and equally for L, the mismatch
generating process is slightly different than for V7, since it originates from the edge
roughness of the gate which then causes o?(W) oc 1/L. As a result, its contribution
to (4.6) can be expressed as: A%, /L?*W + S3,D?. It is worth mentioning that the D

for the two current mirrors can be assumed to be zero.

The main observation from (4.5) and (4.6) is that 1 : pgy, is not necessarily temper-
ature independent, since it is a function of many temperature dependent parameters
including Vr and V. In the target 0.16-pum technology, Monte-Carlo simulations
on identical current mirrors showed that its absolute value changes by £15%, while
its temperature dependence also varies by +0.055%/°C. The 15% variation in the
absolute value of pgy causes a 1.17 °C untrimmed error, which will be removed by
the PTAT trim. The +0.055%/°C variation in the temperature dependence of pgp,

and similarly for m, results in a +0.36 °C error after the trim.

Table 4.1 summarizes the various temperature-sensing errors that originate from
the bias circuit. These results are based on the available modeled parameters for
Ry, B, pgp which are themselves only approximations of reality. For the spread of

A,,Vos, and temperature dependence of Rg, reasonable assumptions were made.
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Item Nominal | Variation | Untrimmed (°C) | Trimmed (°C)
Ry value 500 k2 +18% +2.18 0
TC 0 +0.01%/°C 0.11 0.11
Py value 5 +15% 1.17 0
TC 0 +0.05%/°C 0.36 0.36
Vos | value 0 +2 mV 0.4 0.14
A, | value 60 dB +20 dB 0.002 0
Bo 4.5 +20% 0.009 0.006
B XTB 2 +0.5 0.003 0.003
Rs value 200 © +30% 0.007 0
TC 0 +1%/°C 0.02 0.02
Table 4.1: Worst-case temperature-sensing error originating from the bias circuit

from —55 °C to 125 °C . Variations are based on MonteCarlo simulations of model
parameters in the 0.16-um (for Ry, B, pgp and the value of Rg) or a reasonable
assumption (for Ay, Vogs, and TC of Rg).

Based on the simulated accuracy of the bipolar core in Sec. 4.2, and the error
sources in the bias circuit shown in Table 4.1, some important conclusions can be
drawn about the accuracy of BJT-based TDCs.

Fixed calibration parameters are necessary for low-cost calibration.

(1)
(2)

The untrimmed accuracy of BJT-based TDCs is very poor due to the large
spread of Is and Ry.

BJT-based TDCs can be very accurate after a PTAT trim.

(3)
(4)

Obtaining high accuracy after trimming requires a bias current I;,s, with a
well-defined temperature dependence.

4.4 Sensing front-end

Fig. 4.11 shows the sensing front-end of the TDC. It is essentially similar to Fig. 4.9
with two extra features: (1) dynamic element matching is used to correct errors in
Ipias, and (2) the PNP’s current gain can be detected. Similar to [4.1],[4.2], the PNPs
in the bias circuit and the bipolar core are biased at 1 : 5 current ratios. The unit
bias current is 80 nA, a choice that ensures that the PNPs’ are biased in their flat-4
region. The resulting Vgg; is forced across an n+ poly resistor, Ry, to generate Ip;qs.
A second n+ poly resistor, Rgy(= Rp/5), is then used to cancel 8 in the Vzg of the
bipolar core. This S-compensation relies on the matching of Qr and Qg and also on
the 1: 5 ratios of 1: pgp, and Rgy : Rp.
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Figure 4.11: Sensing front-end with dynamic techniques to suppress the sources of
error. (Red) SB-detection circuitry. (Gray) careful layout for matching purposes.

4.4.1 Bias circuit

To ensure high accuracy, the sources of error that affect the temperature dependence
of Iy;qs must be canceled out. These errors mainly originate from the temperature
dependence of Ry, the opamp’s offset, and the ppp and m ratios. A single-point trim
would then correct for variations in the absolute value of I;,s. To reduce the opamp’s
related error, a folded-cascode structure is adapted with a minimum gain of 80 dB,
with less than 10 dB variation over process and temperature. The opamp’s offset is
also chopped using the chopper switches at its input and output. Similar to [4.5] and
[4.15], to mitigate the errors caused by current ratios, the current mirrors that realize
the bias circuit 1 : ppp ratio are dynamically matched with the help of the control
signal denoted by DEM1 in Fig. 4.11. In the same fashion, the current mirrors that
realizes 1 : pg in the bipolar core are matched using DEM2. Furthermore, to ensure
that the current is accurately copied from the bias circuit into the bipolar core (i.e.,
m = 1), the two banks of current mirrors are dynamically swapped (Bank-swap).
Since the two banks are designed to have the same current levels, this is accomplished
by adding extra switches in series with each current bank. The accuracy of the ratio

Rgyp : Ry and the matching of Qg and Qg rely on careful layout.
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4.4.2 [ detection

The sensing front-end is capable of determining 3 directly, which then allows its effect
on the accuracy of the TDC to be observed experimentally. As in [4.1], [4.11], the
effect of B in Vpg is compensated by using Rg,. This, however, does not correct
the effect of 8 on AVpg. This increases the TDC’s error slightly and influences
the accuracy of voltage calibration. Detecting 8 can then be used as a means of

determining the origin of the measured spread of AVpg.

The [-detection circuit in the sensing front-end measures the 5 of Qrp. Via
switch Sg the Rg, can be turned off or on, which in turn changes the bias current
from I, (= Vers/Rs) to I (= Vers/Rs - (8 +1)/5). The ratio of these two currents
X3 = Iyias/I},;,, is then used to extract the value of 5. To obtain Xz, the TDC uses
a sense resistor Rg (= 350 k) whose voltage drop Vj is digitized by the ADC.

B-detection involves two steps. First, switch Sg is off and the ADC digitizes X
as the ratio between Vig (= Rg-n-Ipiqs) and AVggy. Second, switch Ss is on, and the
ADC digitizes X4 as the ratio between Vog (= Rg-n-1I},,,) and AVggs. In the digital
backend, 8 is computed using f = Xog/(X13 — Xo3). Since [-detection is a ratio-
metric measurement, it is not affected by the gain errors of the current copying ratio n,
or the variation in Rg, due to process or temperature variations. The two conversions
required in S-detection occur in quick succession (<200 ms), and so (Vig, AVpg1)
and (Vag, AVpga) are assumed to be at the same die temperature Tg;e. AVpg1 and
AVpEe can be assumed to be identical as well, since at the two states of Sg, the
change in the absolute value of Iy;,s barely changes AVpp. Simulations showed that
Iias changes by 12% at 25 °C and 25% at 125 °C, which correspond to a 0.002% and
0.04% change in AVpg.

4.5 Readout circuit

An overview of the TDC is shown in Fig. 4.12. It consists of an analog core and a
digital backend. The analog core is composed of the sensing front-end which produces
VBE, AVpEg, and Vg, and the zoom-ADC, which digitizes the ratio of voltages. In
normal operation mode, the decimated output of the zoom-ADC provides Xp =
Vee/AVpr. The TDC can also be configured to digitize Xg = V3/AVpg in -
detection mode, or Xy = V.t /AVpE in the voltage calibration mode, in which V.,

is an external voltage.
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Figure 4.12: Overview of the TDC. The analog core is realized on-chip, while the
digital backend is realized off-chip.

4.5.1 Zoom-ADC

A zoom-ADC obtains high energy efficiency by combining the benefits of two ADC
architectures [4.2],[4.16]-[4.18]. It is based on a XA modulator whose references are
zoomed in around the input signal, instead of at the full-scale levels in conventional
modulators. This, in turn, reduces the amount of error signal that is fed into the
3 A’s loop-filter and thus relaxes the requirement for its first active integrator. When
the input signal changes, the levels of reference signals also need to change to bound
the input signal with enough margin and ensure a stable modulator. In the zoom-
ADC, this is obtained with an energy-efficient 6-bit SAR, conversion, which coarsely
digitizes the input signal. The YA modulator then selects the right level for the

reference signals based on this coarse conversion.

Given the quasi-static nature of temperature, a static zoom-ADC similar to [4.2]
has been adapted, where an initial SAR conversion is followed by a 2nd-order ¥ A
conversion. To save area, the SAR and XA conversions share the same circuitry,
as shown in Fig. 4.13. In the first step, the SAR algorithm is realized by using
the first stage of the modulator (as a charge-amplifier), the comparator, and the 31-
element capacitive DAC (C-DAC). The 6-bit SAR determines the integer part of X
(i.e. Kgagr) by successively comparing Vg with K - AVgg, where K (=1 : 31), is
realized with the C-DAC. In the second step, the circuit is configured as a 2nd-order
modulator, which balances Vg against the reference voltages (Ksar—1)-AVpg and
(Ksar + 1) - AVpg. This results in a bitstream bs with an average that is equal to
usa = [Verg — (Ksar — 1) - AVpg]/(2AVEE). The two outputs of SAR and XA are
then combined in the digital domain to obtain Xt by using X7 = (Ksagp—1)+2-usa.

Dynamic techniques ensure that the zoom-ADC’s gain and offset errors are ade-
quately suppressed. As in [4.19], Correlated Double Sampling (CDS) is used in the
first stage of the XA to suppress the effect of the offset and 1/ f noise of the first am-
plifier. Any residual offset is then further suppressed by using system-level chopping

that occurs once per conversion. A data-weighted averaging DEM [4.20] is employed
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Figure 4.13: Zoom-ADC. It is composed of a SAR and a 2nd-order AY ADC using a
shared circuitry.

to remove the mismatch in the C-DAC elements to reduce the ADC’s gain errors.
This involves shuffling the position of the capacitor that samples Vpg, together with
the K capacitors that sample AVpg at the rate of the sampling rate f.

In parallel to C-DAC DEM, and in the same fashion, the unit currents in the bipo-
lar core (Bank2) and in the bias circuit (Bank1) are dynamically matched. Therefore,
a unit current biasing @y, (or Qrp) and 5X unit currents biasing Qg (or Qgp) shuffle
around a 6-element current DAC at the rate of f;. Bank Swapping, on the other
hand, occurs at the rate of f;/5, and so after a complete DEM cycle for Bankl and
Bank2. Chopping Qg and @, occurs at the rate of 2f,, and thus, between ¢; and ¢o

their positions swap.

Each of the two integrators is built around an energy-efficient current-reuse am-
plifier as shown in Fig. 4.14. This amplifier uses both PMOSFET and NMOSFET
input devices to obtain a higher equivalent g,, (= gmn + gmp) than the telescopic
amplifier used in [4.2]. Inverter-based amplifiers [4.21] can also obtain a higher equiv-
alent g, (= gmn+9mp), but they require dynamic biasing to set the inverter’s output
common-mode level. In addition, they need to operate in a pseudo-differential fashion
with two single-ended branches that are fed with differential signals. Compared to
an inverter-based amplifier, a current-reuse amplifier is less complex and avoids the
additional sampled noise associated with dynamic biasing. Furthermore, it is a fully

differential circuit, which results in higher supply and common-mode rejection.

The first amplifier consumes 480 nA at RT, while the second amplifier is scaled
down by 4x, drawing 120 nA. In the current-reuse structure, the DC voltage level of

the two inputs are inevitably equal, and it is best to set their common-mode voltage at
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Figure 4.14: Current-reuse amplifier used in the first and the second stage of the
zoom-ADC.

Vaa/2. In this structure, however, the swing of the amplifier is limited to Vry + Vrp,
where Vrp is the threshold voltage. To obtain a higher swing, the input devices have
been realized with available high threshold voltage (HVy) devices.

4.5.2 Switch leakage

A simplified diagram of the zoom-ADC’s sampling network is shown in Fig. 4.15. As
shown, the leakage currents (Ir; and Iy2) of the sampling switches alter the PNP’s
bias current and thus cause errors in Vpg. Furthermore, they flow through the ON-
resistance, Ron, of the switches and cause errors in the sampled voltage Vg. There
are two components of the leakage current: I;; and Ips. The former is associated
with the reversed-biased junction between the substrate and the source and drain of
the sampling switches, while the latter is the current that flows through the OFF-
resistance, Ropp, of any other switches connected to Cg. The sampling error due to
11 is directly proportional to the total number of switches connected to the PNPs,
while the sampling errors due to Irs are a function of Ron/(N - Rorr), where N is

the number of OFF switches involved.

In the zoom-ADC, the sampling network consists of a capacitor array with 64-
unit elements (in differential branches), each of which can connect to Vggi, Vege
and V;; via one of three sampling switches. These switches enable the application
of DEM to the capacitor array, which is necessary to mitigate the effect of capacitor

mismatch but results in a total of 192 sampling switches. This, in turn, can cause
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Figure 4.15: Switch leakage in the sampling network of the zoom-ADC.

sampling errors, particularly at higher temperatures, where the leakage currents are
largest. Different TDC versions, using different switches, were developed to explore

the impact of leakage currents.

4.6 Experimental results

The TDC is realized in 0.16-um CMOS technology. The analog core occupies a silicon
area of 0.16 mm?, as shown in Fig. 4.16, and draws 4.6 uA of current from a nominal
1.8 V supply. A sinc?-decimation filter, mapping and trimming functions, the SAR
and DEM logic are realized off-chip for flexibility. Table 4.2 summarizes the TDC’s
current and area consumption. In this table, the numbers related to the off-chip

digital circuitry are based on post-synthesis realizations.

A key performance metric of a TDC is its output noise, which is usually designed
to be an order of magnitude lower than the target accuracy. Fig 4.17 (a) illustrates
the output rms-noise versus the conversion time. Given the quasi-static nature of
temperature and the use of the ¥ A-based readout, the noise and conversion time can
be exchanged arbitrarily. In the normal operation mode, with a 35-kHz sampling
clock frequency, the TDC obtains a resolution of 15 mK with a conversion time of
5 ms. During calibration and trimming, when a higher resolution is required, the
conversion time is increased to 100 ms, in which case the TDC obtains a resolution
of 4 mK.

The TDC’s power supply sensitivity is another important metric. At RT, its
output changes by 10 mK when the supply voltage varies from 1.5 to 2 V (Fig.



76 Chapter 4. An accurate and process-insensitive BJT-based TDC

Figure 4.16: Die micrograph.

Current (pA) | Area (mm?)
Sensing front-end 3.4 0.063
Zoom-ADC 1.2 0.093
Digital controller (SAR, DEM) 1.12 0.046
Decimation and calibration 0.19 0.163

Table 4.2: Breakdown of current and area consumptions. The current consumptions
are for 25°C.
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Figure 4.17: (a) Measured output noise versus conversion time. (b) Measured supply
sensitivity in different modes of the bias circuit.

4.17 (b)), which corresponds to a 0.01°C/V supply sensitivity. This illustrates the
effectiveness of the dynamic techniques used in the front-end, showing how the supply

sensitivity improves as the various dynamic techniques are activated.
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4.6.1 Batch-calibrated accuracy

Within one production batch, variations in device parameters are quite limited. The
effect of mismatch and the effectiveness of dynamic techniques to suppress them can be
investigated by observing sample-to-sample variations. Twenty samples of the TDC
taken from one wafer were characterized in a climate chamber from —55 °C to 125 °C.
The TDCs were packaged in ceramic to minimize the stress-related errors on the TDC
dies. The packaged samples were then mounted on a metal block, whose temperature
Trpr was accurately measured, with less than +1 mK error, by a calibrated PT-100
thermistor. Outputs of this thermistor and the TDCs were then captured at multiple

temperature points to obtain the temperature error of the TDCs.

The average characteristic of these 20 samples was used to extract the average
parameters, A, B, and a—a procedure known as batch calibration. The average of the
ADC’s output X7 led to a master curve Xr qy4. @ was then found by minimizing the
non-linearity in pir qug = o /(a+ XT,avg)- This involved minimizing the Least-Square
error between fi7 qvg and a straight line. In a similar fashion, values of A, and B were
found by minimizing the Least-Square error between Doyt qvg = A - fi7,qvg — B and
Trer. These batch-calibrated parameters were then applied to all 20 TDC samples
of the batch. Fig. 4.18 (a) illustrates the inaccuracy of the TDC without trimming,
which is 0.4 °C (£30).

The main source of this error is the spread of Is as well as the spread of R;,. These
variations can be corrected for by calibrating the sample’s Vpg and then trimming it
in a PTAT manner. Alternatively, the ADC’s output X7 can be calibrated at 25°C
and then digitally trimmed by adding a fixed offset Xpg as:

XT,trim,(T) = XT,untrim(T) + XOS ) (47)
XOS = XT,avg(25OC) - XT,untrim(25OC) P (48)
where X7 trim and Xrp yntrim are the ADC’s trimmed and untrimmed outputs. The

TDC’s trimmed output is then calculated as:

(e%
Dou rimT =A ——— —B. 4.9
b ( ) a+ XT,trim(T) ( )

Fig. 4.18 (b) shows the temperature error after trimming, which is £0.1 °C (£30).
The residual nonlinearity of the TDC is about 40 mK, which is considerable compared

to the total temperature error. The residual non-linearity can be further reduced to
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Figure 4.18: Batch-calibrated inaccuracy using three fitting parameters A, B, and
a: (a) untrimmed and (b) trimmed. Dashed lines represent the average and +3o0
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Figure 4.19: Batch-calibrated inaccuracy using a 3rd-order polynomial fit: (a)
untrimmed and (b) trimmed. Dashed lines represent the average and +30 boundaries.

less than 10 mK by using a 3rd-order polynomial fit. To illustrate this, results shown
in Fig. 4.18 have been replicated in Fig. 4.19 with a 3rd-order polynomial fit. The
coefficients for the polynomial have been found to provide the Least-Square error

between Doyt avg and Trep. Using this polynomial, the TDC obtains an untrimmed



4.6 Experimental results

79

Opamp-chop DEM-1 Bank-swap

Untrimmed error

Trimmed error

off off off +700 mK +300 mK
on off off +400 mK +100 mK
on on off +380 mK +70 mK
on on on +380 mK +60 mK

Table 4.3: Accuracy improvement by applying dynamic techniques in the bias circuit.
The reported result uses the 3rd-order polynomial fit.

This work, [4.1] [4.2] [4.22] | [4.23]
CMOS technology (um) 0.16 0.7 0.16 0.065 | 0.022
Area (mm?) 0.16 4.5 0.08 0.2 | 0.004
Supply voltage (V) 1.5-2 2.5-5.5 | 1.5-2 1.5 1-1.3
Current consumption (pA) 4.6 75 34 0.5 50
Temperature range (°C) —55-125 |—55-125|—55-125|—40-130|—30-120
3o-inaccuracy (mK) +60° £100 | £150 | £1070 | £150
Power supply sensitivity (°C/V)| 0.01 0.03 0.5 N/A | N/A
Resolution (mK) 15 10 20 125 580
Conversion time (ms) 5 100 5.3 2 0.032
Resolution FOM®(pJ K?) 7.8 1875 11 23 540
Relative inaccuracy®(%) 0.07 0.11 0.17 0.47 1.4

“Batch-calibrated result with a 3rd-order fit
*Resolution FOM = Powerx Conversion timex Resolution?
“Relative inaccuracy = 2xInaccuracy x 100/ Temperature range

Table 4.4: Performance summary and comparison with other accurate CMOS tem-
perature sensors.

inaccuracy of £380 mK (£30), and a trimmed inaccuracy of £60 mK (£30).

The remaining error of the TDC after removing the TDC’s systematic non-linearity
and Ig-related error partly stems from non-PTAT error sources in the bias circuit.
To observe this, the trimmed inaccuracy of the TDC was obtained using different sets
of dynamic techniques in the bias circuit. Table 4.3 summarizes these results, and

shows that the inaccuracy improved by gradually applying these techniques.

Table 4.4 summarizes the TDC’s performance within a batch and compares it
with other related work. The designed TDC achieves superior performance in terms
of inaccuracy, and supply sensitivity, while it obtains a comparable energy efficiency
FOM.
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UHVT HVT VT
Batch-1 | 20 samples | 20 samples -
Batch-2 - 20 samples | 20 samples
Batch-3 | 20 samples - -

Table 4.5: Summary of the implemented batches and technology options of the TDC.

4.6.2 Batch-to-batch variation

The spread of device parameters is wider over multiple batches than within one batch,
which might result in a larger temperature error. To evaluate the TDC’s inaccuracy
over a larger spread, three different batches were fabricated and then characterized.
Each batch was taken from a different fabrication run with a time difference of a few
months, thus they were expected to be somewhat different from each other. These

batches, however, do not represent the corners of the technology.

The TDC of each batch also used the available technology flavors to observe the
effect of switch leakage on the ADC’s sampling circuit. The ADC’s sampling switches
were implemented with different threshold voltages, and so with different switch OFF-
resistance. Table 4.5 summarizes the implemented batches and flavors of the TDC.
UHVyr (Ultra High Threshold Voltage) devices were used in the TDCs of Batch-1,
and Batch-3. These devices have the largest Vp compared to normal Vi devices
and thus have the lowest leakage. However, they require extra fabrication masks
for realization, making them more expensive. To avoid the higher costs, HVy (High
Threshold Voltage) devices were also used in Batch-1 and Batch-2. These devices

have a larger Vp than normal devices, but lower than UHV devices.

The measured results of Batch-1 and Batch-2 are shown in Fig. 4.20. Average
parameters were extracted from Batch-1 and then used for both batches. This way,
the extra batch calibration that was required in [4.2] was avoided, which significantly
saved cost and simplified the calibration process. Without trimming, the TDCs’
output spread by 2 °C. A single-point trim, however, reduced this error to less than
+0.1 °C (30) and maintained the batch-calibrated accuracy.

Using the -detection circuit, the § for each sample of the two batches was mea-
sured and compared. Fig. 4.20 (c) illustrates these results, showing that 8 spread by
~10% but without any noticeable batch-to-batch variation. Having the same charac-
teristics over the two batches assured a negligible AV g variation, which then allowed

the use of a low-cost voltage calibration (see Sec. 4.6.4).

The batch-to-batch variation was also evaluated for two batches using UHV de-



4.6 Experimental results 81

(c) —Batch-1
o 11F — Batch-2

Temp. error (°C)

x 7

e I
5 5|
=}
) .
g 4l
g
© -
= 3t

02 L | | | | | | | | | 5 L : : :

-60 -40 -20 0 20 40 60 80 100 120 -50 0 50 100
Temperature (°C) Temperature (°C)

Figure 4.20: Variation in the TDC from batch-to-batch. Batch-1 and Batch-2 use
the same calibration parameters extracted from Batch-1: a = 15.3408, A = 615.2447,
B = —283.0050, with (a) untrimmed, (b) trimmed and (c) current-gain.

vices (Batch-1 and Batch-3). Similarly, the average parameters were extracted based
on Batch-1 and then applied for the two batches. Fig. 4.21 illustrates these measured
results and shows that the variation between Batch-1 and Batch-3 was ~1 °C. A
single-point RT trim corrected the batch-to-batch variation and preserved the batch-
calibrated inaccuracy: 0.1 °C (30) after the trim. The measured § also shows a

negligible batch-to-batch variation, as illustrated in Fig. 4.21 (c).

4.6.3 Switch leakage

Both types of UHVy and HVp switches provide sufficiently low leakage for accurate
operation up to +125 °C, while normal Vp switches show substantially higher leakage
and thus temperature error. To evaluate the effect of switch leakage, the inaccuracy of
the three flavors is shown in Fig. 4.22. The UHV} samples were taken from Batch-1,
while HVy and Vi were taken from Batch-2. All the TDCs used the same average
parameters obtained from Batch-1. As shown in Fig. 4.22 (a), at —55 °C the effect
of switch leakage is negligible, therefore a 0.5 °C error between the TDCs could be
trimmed to less than £0.1 °C (30). Above RT, the effect of switch leakage becomes

dominant and causes a 1.4 °C error for the TDCs using normal Vi devices.
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Figure 4.21: Variation in the TDC from batch-to-batch. Batch-1, and Batch-3 use
the same calibration parameters extracted from Batch-1: a = 15.3354, A = 618.4909,
B = —283.6977, with (a) untrimmed, (b) trimmed and (c) current-gain.
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Figure 4.22: Effect of switch leakage on the TDC’s accuracy: (a) untrimmed and (b)
trimmed.

4.6.4 Voltage calibration (VCAL)

So far, temperature calibration (TCAL) was used to determine Xpg for each TDC
sample. Temperature calibration is a slow process since TDC samples need to reach
thermal equilibrium with the external temperature reference Trgr. In practice, this

means that the metal block must remain in a thermally isolated chamber for tens
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Figure 4.23: Voltage calibration. (a) Die temperature estimation based on the
AVpEg measurements, using the same calibration parameters from Batch-1: C =
140.27 pV/°C, D = —273.73 pV. (b) Voltage calibrated inaccuracy.

of minutes until the variations in its temperature drop below the desired accuracy.
Obtaining £10 mK error in TCAL requires that both the inaccuracy of Trpr and its
variation be less than £10 mK.

Since voltage calibration (VCAL) does not require an accurate Trgr, it is a faster
alternative to TCAL [4.2],[4.6],[4.7]. In VCAL, the die temperature of each sample
Tyie is determined by comparing its own AVgg to an external voltage reference V...
VCAL relies on the fact that AVgg, unlike Vg g, is less dependent on process variation,

making it an accurate reference.

VCAL involves two steps. In the first step, the TDC digitizes the ratio Xy =
Vewt/AVp g, from which Ty;e can be estimated. This, however, requires the absolute
value of V,,; and the temperature-dependence of AVgg to be known. While V., is
externally determined, the temperature-depence of AVpg can be obtained from batch
calibration. This involves extracting the parameters C' (~ 140V /°C) and D (~ —247
V), which in a Least-Square fashion, C'-T'+ D fit to the master curve AVgg quvq(T).
The estimated die temperature Ty is then found from Ty = (1/C) - (Veyt/ Xy — D).
In the second step of VCAL, the TDC digitizes the ratio X7 untrim. Since both steps
are completed in quick succession (less than 200 ms), Ty can be assumed constant.
X7 trim in then found in the same fashion as in (4.7) and (4.8), except that 25 °C is
replaced by Ty .

The accuracy of VCAL relies on the accuracy of the voltages V., and AVpg.

Errors in V., directly impact Xy and Ty, thus causing calibration inaccuracy. To
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use VCAL to obtain better than +10 mK accuracy, Vet (~ 0.65 V) must be accurate
to within 0.03%. The accuracy of AVpg, can also be enhanced by some circuit
techniques. Biasing PNPs at low current levels to suppress Rg-related errors, using
DEM to ensure an accurate 1 : 5 emitter current ratio, and chopping @ and Qg
to mitigate their mismatch have resulted in Ty inaccuracies better than +0.15 °C
[4.2],[4.24]. The use of VCAL as a low-cost calibration method also requires AVgg to
be reproducible from one batch to another. Otherwise, C' and D need to be obtained

as new for each production batch, which then eliminates its advantages.

Fig. 4.23 (a) shows the extracted Ty for the TDCs in Batch-1 and Batch-2 based
on the batch-calibrated C' and D obtained from Batch-1. To cover a reasonable margin
around calibration temperature, Ty is shown in the temperature range from 15 °C to
35 °C. Ty is accurate to less than +0.15 °C for the samples in Batch-1 and Batch-2.
Using the same techniques, an error of less than +0.1 °C was obtained for the Ty
obtained from Batch-1 and Batch-3.

The results of VCAL for the TDCs of Batch-1, and Batch-2 are illustrated in Fig.
4.23 (b), showing a trimmed inaccuracy of +0.3 °C (30). The same inaccuracy was
obtained for TDCs of Batch-1 and Batch-3. Although not as accurate as TCAL,

VCAL can be implemented at a much lower cost.

4.6.5 Batch trimming

To obtain high accuracy, all samples must first be calibrated (temperature or voltage)
and then trimmed. This adds to the testing costs since a wafer might include tens of
thousands of TDCs. Alternatively, a batch trim can be done at the expense of extra
inaccuracy. In other words, all samples within a batch are trimmed with a single
parameter, found by individually trimming a few samples of the batch. The resulting
accuracy is then comparable to batch-calibrated accuracy (Fig. 4.18 (a)) but less
than that of individual calibration (Fig. 4.18 (b)).

Fig. 4.24 demonstrates the batch trimming that was applied to Batch-1 and Batch-
2. The trimming parameter for Batch-2 was a fixed number Xog g2 (= 0.0954) that
was found using Xos 2 = X1,4vg,81(25°C) — X1 unirim,52(25°C), where X 409,81
is the master curve of X¢ from Batch-1, and X7 yntrim,p2 is the average of the
untrimmed output of several TDCs from Batch-2. This trimming parameter was
then added to the ADC outputs in the samples of Batch-2. After the batch-trim, the
TDCs in Batch-2 were aligned with those in Batch-1, resulting in an inaccuracy of
+0.4 °C (30).
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Figure 4.24: Inaccuracy of the TDC using batch trimming: (a) untrimmed and (b)
batch-trimmed.

4.7 Conclusion

This chapter described the realization of a TDC in 0.16-pum technology. It obtains a
batch-calibrated inaccuracy of 60 mK (30) from —55 °C to 125 °C after a single-
point temperature calibration at room temperature. Unlike previous designs [4.2],
the TDC only requires a one-time batch calibration to achieve an inaccuracy of £0.1
°C (30) from —55 °C to 125 °C, which greatly reduces its calibration costs. To fur-
ther reduce the costs associated with temperature calibration, alternative approaches
such as voltage calibration and batch trimming can be used. These methods reduce
calibration costs at the expense of extra inaccuracy. Over multiple batches, voltage-
calibration obtained a +0.3 °C (30) while batch trimming obtained a +0.4 °C (30)

inaccuracy.
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Chapter 5

Heater-assisted calibration and trimming
of BJT-based TDCs!

In this chapter, the effect of packaging stress on BJT-based TDCs will be discussed
and experimentally investigated. To do this, the inaccuracy of the high-accuracy
TDC described in Chapter 4 was carefully evaluated in both ceramic (low stress)
and plastic (high stress) packages. It was observed that the latter causes significant
packaging shift, resulting in errors of up to 0.6 °C over the military range. However, by
combining batch calibration with an individual room temperature calibration, similar

inaccuracy (< 0.25 °C) was obtained with both types of packages.

Compared to calibration at wafer level, however, the need to (batch) calibrate
packaged parts significantly increases calibration cost. Since the TDC’s character-
istics remain quite linear, another alternative is to perform a two-point calibration.
To do this, a heater-assisted voltage calibration scheme can be used. This enables
low-cost calibration at two temperatures: room temperature and the elevated tem-
perature established by an on-chip heater. This can correct the shifts in the sensor’s
output caused by the mechanical stress of plastic packaging or to maintain the sen-
sor’s accuracy over a wide temperature range. Apart from an accurate off-chip voltage
reference, this scheme requires no extra infrastructure, and so significantly reduces

calibration cost.

To relax the requirements on the reference, a heater-assisted bandgap trimming
scheme was also proposed. This exploits the fact that a flat bandgap voltage Vpg
can be created by adding a fixed PTAT voltage (« - AVpg) to a properly trimmed

IB. Yousefzadeh, and K. A. A. Makinwa, “A BJT-based temperature-to-digital converter with
+25 °C 3o-inaccuracy from —40 °C to +180 °C using heater-assisted calibration voltage calibration,”
IEEE Journal of Solid-State Circuits, vol. 55, no. 2, pp. 369-377, Feb. 2020.

89



90 Chapter 5. Heater-assisted calibration of BJT-based TDCs

Veg. An on-chip heater then allows the flatness of Vg to be rapidly verified at two

temperatures.

5.1 Heater-assisted voltage calibration (HA-VCAL)

5.1.1 Operating principle

Since AVpg can be used to accurately estimate Ty;., voltage calibration (VCAL)
can be carried out at any temperature (see Sec. 4.6.4). HA-VCAL exploits this
capability by using an on-chip heater (see Fig. 5.1) to rapidly heat the die to an
elevated, but not very well-defined, temperature. VCAL can then be carried out at
room temperature (77) and at the elevated temperature (75), resulting in a low-cost

two-point calibration.

At the start of HA-VCAL, the heater is off, and Ty;. = T7. The TDC then sequen-
tially outputs T1y and Tir, where Ty is the estimated die temperature obtained from
Xv = Vet /AVpE, and T is the untrimmed output derived from Xo = Vpgp/AVpE.
The heater is then turned on, thus elevating Ty;. to Ts, after which the TDC outputs
Toy and Tor. The two sets of values (T1y, Tir) and (Tay, Tor) can then be used to
trim the TDC.

To avoid significant errors, Ty should be stable during VCAL. Due to the thermal
time constants of the package, however, the heater-induced step in Ty, takes several
minutes to fully settle, as shown in Fig. 5.2 (a). Rather than waiting for Ty;. to settle,
a lst-order interpolation scheme can be used to mitigate settling-related calibration
errors. This involves averaging the value of Ty before (T p) and after (Ty4) a Tr
conversion. For consistency, this is done during both phases of HA-VCAL: i.e., during
the determination of T} and T5. To evaluate the residual calibration error, the TDC
is configured to output 7y continuously during a thermal transient. Interpolated
values of Ty [= 0.5 (Tya + Ty p)] are then compared with their actual values, as
shown in Fig. 5.2 (b). Although the interpolation error is initially large, it reaches
the noise-level in less than 0.5 s, even for a large change in die temperature (from ~
25 °C to ~ 90 °C).

5.1.2 On-chip heater

In order to perform HA-VCAL, it is sufficient to heat only the temperature-sensitive
elements of the TDC: the four PNPs (Qgr, Qr, Qrys and Qrp) and the two poly-
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resistors (R and Rpp) in Fig. 5.1. As a result, the required heater can be quite small,
saving both power and area. To facilitate close proximity to the PNPs and the poly
resistors, the heater is realized in Metal-2 (Fig. 5.3 (a)), with Metal-1 being reserved

for local routing.

On-chip heaters for calibration purposes have been employed in previous work. In
[5.1], four on-chip heaters were used to calibrate a frequency reference. To heat the
die uniformly, the heaters were placed far away from the circuits being calibrated,
and a heat-spreading metal layer was applied to the bottom of the die during a post-
fabrication step. In this work, instead of attempting to heat the die uniformly, a single
heater is used to create a hot spot directly above the temperature-sensitive circuit
elements. As a result, only a small volume of silicon needs to be heated, resulting in

faster calibration and obviating the need for an additional heat-spreading layer.

5.1.3 Sources of error

One source of error that is common to both 2-point VCAL and HA-VCAL is the spread
of AV, which results in lower accuracy compared to a conventional 2-point TCAL.
In addition, HA-VCAL is less accurate than 2-point VCAL, since there are extra
sources of error due to local heating. These errors can originate from temperature-

gradients, unheated circuit elements, and leakage currents of sampling switches.

m Spread of AVpg: In 2-point VCAL, the trimmed output of the TDC, Doyt trim.,
is calculated from:
Dout,tm’m(T) == A, : ,UT(T) - B/a (51)

where ur(T) = a/(a+ Xr(T)). Assuming that pr(T) is linear, A’ and B’ are
new calibrated parameters that are calculated for each sample based on the two

sets of values at T} and 715 as:

A — Toy —Tiy (5.2)
Hor — ,ulT7
Tivs - — Torr -

B — 1V - Har 2V - 1T (5'3)

MoT — paT

where p17 and por are the values of ur at Ty and Ts.

. . . } . / /
The spread of AVpg causes errors in 11y and sy, which cause errors in A’, B’,
and thus in Doyt trim. Assuming an error of ATy and ATy, respectively, for

Ty and Thy, and taking (5.2), and (5.3) into account, the error in Doy trim,
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AD,,; can be expressed as:
_ T T —
ADgy (1) = 22 =) ngp M Zpir a5y
Mo — H1T Ko — KT

The key observation from this equation is that the error after trimming will be
equal to ATy at T1, and to ATsy at Ts.

Taking into account the spread of 11y, o1, , and the spread of Ty, o, , and
assuming that these two are uncorrelated sources of error, the spread of D,

0D,..:, can be obtained from:

0%,..(T) = (‘“T_—’“‘T(T))z-o%w + (’”(T)—_‘“T)Zv%w. (5.5)

Hor — HiT Hor — paT

Fig. 5.4 shows the measured result of Ty,. Assuming 77 = 25°C, and Ty =
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Figure 5.4: Inaccuracy of Ty obtained from the AVpp measurment.

110°C, £30 error of ~ £0.1°C can be expected for Ty at each of these tem-
peratures. In addition, using nominal values for pr; (= 0.50), pure (= 0.64),

and using op,,, and o, from Fig. 5.4, op,_,, can be obtained at other temper-

t
atures, which gets larger at the extreme ends of the temperature range. This

results in +30 errors of £0.21°C at —40°C, and +£0.17°C at +180°C.

Temperature gradients: Using a small on-chip heater causes large temperature
gradients in the die. These could cause significant temperature differences be-
tween @1, and Q g, causing errors in AVpg, and thus errors in both Tsy and Ty .
Similarly, temperature differences between the poly resistors and the PNPs, or
between Qr, and @ gy, could cause errors in the bias current, and thus errors
in Vpg, and ultimately errors in Top. Temperature differences between the
PNPs of the bias circuit, and the bipolar core could also cause errors in the

[-compensation, again causing errors in Vpg, and hence in Top.

Fig. 5.3 (a, b) shows the results of a COMSOL simulation of the serpentine-
shaped Metal-2 heater while it dissipates 0.5 W. As expected, large temperature
gradients can be seen in the heater, as well as in the silicon substrate under the
heater. There is also a significant vertical gradient between the heater and the
silicon substrate. To mitigate the effect of such gradients, the temperature-
sensitive elements of the TDC are placed in a small area (0.002 mm?) under the
much larger heater (0.017 mm?). In addition, a gradient-insensitive layout is
used, as shown in Fig. 5.3 (c). Each PNP is divided into two halves and placed
in a common-centroid manner around the heater’s symmetry axes. Similarly,
all top-level metal routing above the heater is symmetrical with respect to the

heater’s axes of symmetry.

To avoid bias current errors, R, and Ry should be at the same temperature as
the PNPs. These resistors are therefore placed in a ring around the PNPs, which
means that they are somewhat further away from the heater. Being implemented

in poly, however, they are actually closer to the Metal-2 heater than the PNPs.
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These two effects partially cancel each other and help to reduce the temperature
difference between the PNPs and the resistors. Simulations indicate that the
average temperature difference is about 7 °C. Since the temperature coefficient
of poly resistors is quite low (~ 65 ppm/°C), this results in a 0.045% error in
the value of resistance, which corresponds to a negligible error of ~ 4.5 m°C in
Tor.

m Unheated circuit elements: In normal operation, the die is at a uniform temper-
ature. During HA-VCAL, however, the die is locally heated, which means that
the circuitry directly under the heater is significantly hotter than the rest of the
TDC’s circuitry, i.e. its front-end and ADC. To prevent calibration errors, the

performance of this circuitry must be the same during both modes of operation.

Temperature-dependent errors in the front-end, such as opamp offset and cur-
rent ratio mismatch are mitigated by the use of chopping and DEM (Chapter 4).
Similarly, ADC errors, such as offset and gain error are mitigated through the
use of CDS, system-level chopping, and DEM (Chapter 4). These techniques
make both the front-end and the ADC insensitive to temperature gradients. As
a result, their performance remains the same during both local and uniform

heating.

B Switch leakage: The leakage current of the ADC’s sampling switches is not
mitigated by circuit techniques and increases exponentially with temperature.
Compared to normal operation, the temperature gradients created by local heat-
ing will result in different leakage current levels, which, as described in Sec.
4.5.2, will change the bias currents of the critical PNPs and cause additional

calibration error.

One way to prevent such errors is to also place the sampling switches under the
heater. However, this would increase the required area of the uniformly-heated
zone under the heater, and thus require a significantly larger heater. A better

solution is to use an ADC architecture that minimizes switch leakage.

5.2 Heater-assisted bandgap trimming (HA-BT)

As discussed in Sec. 4.6.4, achieving +10 mK inaccuracy with VCAL requires a
+0.03%-accurate 0.65 V reference voltage. However, such a reference is not readily

available in typical test environments.
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Ve + apeAVie (V)
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Figure 5.5: Basic principle of bandgap trimming. Nominally Ve (Th) = Vea(T2)
(shown in black). When Ig spreads, this criterion is no longer valid (shown in green
and red).

Heater-assisted bandgap trimming (HA-BT) is a method that trims Ig-related
errors without the need to explicitly calibrate Vpg, and thus does not require an
accurate external reference. In HA-BT, Vg and AVpg are combined to create a
bandgap voltage, Vpg, which is then made flat, i.e., the same at two different die
temperatures, by trimming Vpg. To minimize the trimming time, RT is chosen as
the first temperature, and an on-chip heater is used to rapidly (in less than 0.5 s)

generate the second elevated temperature.

In previous work [5.2], [5.3], different ways of using an on-chip heater to perform
two-temperature trimming on a bandgap voltage reference have been suggested. They
both involve the repeated heating and cooling of the bandgap circuitry and then
trimming a number of resistors until a flat bandgap voltage is obtained. In contrast,
HA-BT is much faster, because it only involves one heating step, and furthermore,

the actual trimming is done in the digital domain.

5.2.1 Operating principle

Bandgap trimming (BT) exploits the fact that if Vgg is properly trimmed, a temper-
ature flat bandgap voltage Vg (= Vg + apg - AVgg) can be realized, where apg
is a constant. Taking the curvature of Vg into account, this means that Vpg(T1)
(= Vipg) will be equal to Vg (Ts) (= Vapa), where Ty and T are properly chosen
around the peak value of Vpg as shown in the black curve in Fig. 5.5. As shown in
this figure, Vg spread causes Vpg to spread, such that Vipg # Vaopg. This can be

corrected by trimming Vg, resulting in the temperature-flat situation Vipg = Vapg-.

To implement HA-BT, Viga and Vaopg are digitized by the ADC with respect to
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Figure 5.6: Correcting Is spread using heater-assisted bandgap trimming: (a)
VBa.trim/Vx as a result of sweeping Xopg and (b) corresponding temperature error
after trimming.

an external reference voltage Vx. The trimming criterion then becomes Vipg/Vx =
Vapa/Vx, which holds for any arbitrary but stable V.

As in HA-VCAL, HA-BT uses two pairs of data: (X1v, Xi7) at 71, and (Xay,
Xor) at Ty. The corresponding bandgap voltages can then be expressed as:

Vise _ Vee(Th) + ac - AVpr(Ty) _ Xir +asc

, 5.6
VX VX XlV ( )

Vapa _ VBe(T2) + ape - AVee(Tz) _ Xor + anc
Vx Vx Xov '

(5.7)

Ig-related errors in Vg can be trimmed by adding a digital offset Xpg to Xp. The
correct value of Xpg can thus be found by replacing (5.6) and (5.7) in the trimming

criterion as in:
Xir +ape + Xos ~ Xor + ape + Xos

= 5.8
Xiv Xov (5:8)
Solving 5.3 for Xpg result in the following expression:
Xor - Xiv — X1 - X
Xpg = 22T 21V 1T 2V e (5.9)

Xoy — Xqv

The Xpg found from (5.9) can then be used to trim the TDC in the same way as
shown in (4.7) and (4.9).

Fig. 5.6 illustrates the process of BT using the measured output of a TDC. After
choosing 77 = 25°C, and T, = 110°C, a one-off batch calibration is conducted to

determine apg (~ 14.41) such that the trimming criterion is satisfied for the nominal
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value of Vgg. It is important to note that apg # «, because while apg establishes a
flat bandgap voltage, o makes it slightly PTAT to reduce the non-linearity of ur. Fig.
5.6 (a) shows how the digitized bandgap voltage Ve /Vx = (X1 + Xos + apa)/Xv
varies over temperature (—55 °C to 125 °C) as it is trimmed with different values of
Xos. The corresponding error in Dy trim is shown in Fig. 5.6 (b). It can be seen
that the error is minimized, apart from some residual nonlinearity, when the trimming
criterion is met. Although Fig. 5.6 uses X7 and Xy over the full temperature range

for illustration purposes, only their values at 77, and Ty are required to perform
HA-BT.

5.2.2 Sources of error

BT is less accurate than TCAL and VCAL since it amplifies the spread of AVzg,
which causes an additional error. In addition, HA-BT, like HA-VCAL, has to deal
with errors associated with local heating. Furthermore, with HA-BT, spread in T3,

e.g. due to the spread of heater resistance will cause additional errors.

m Spread of AVgg: The spread of AVgg causes errors in X1y = Vx /AVpgr(Th)
and Xoy = Vx /AVpg(T3), which then causes Xpg to deviate from the ideal
value found from (5.9). Assuming a spread of AX;y and AXay, respectively
for X7y and Xy, the resulting Xpg can be expressed as:

0Xos 0Xos
-AX
0X1v ot 0Xov

AXog =

-AXoy

_ Xov - (Xor — Xu7)
(Xov — Xqv)?

Xiv - (Xar — Xor)
(Xov — Xqv)?

-AXqy + -AXoy . (510)
Taking into account the spread of X;v, ox,,, and the spread of Xov, ox,,,
and assuming that they are uncorrelated errors, the spread of Xops, 0x,5, can

be obtained from:

o2 Xov - (Xor — Xa7) 2.02 n Xav - (Xar — Xor) 2.02
Xos (Xov — Xiv)? K (Xov — Xqv)? Xov

(5.11)

The spread of Doyt trim, 0D can then be obtained from:

out?

C’%om (T) = <(OZ+I§TOET))2> ~0§(OS. (5.12)
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Figure 5.8: Measured resistance of the heater for 24 samples from one batch.

Fig. 5.7 shows the measured results of Xy, which can be used to obtain ox,,,
and ox,,. Assuming the same 77 and 75 used in Sec. 5.1.3, and using the
nominal values of X7 (= 15.23), Xor (= 8.75), and assuming Vy = 0.3 V to
calculate Xoyp (= 5.65) and Xy (= 7.22), result in worst case £30 errors of
+0.81°C at +180°C. It is worth noting that according to (5.12), the error is

higher at higher temperatures because X1 decreases with temperature [5.4].

m Spread of heater resistance: Apart from the spread of AVppg, the spread of
the heater resistance also causes error in HA-BT. Due to the curvature of Vg,
VB¢ is not perfectly flat over temperature. As a result, variations in the nominal
values of T and T, will cause trimming errors. In particular, 75 is a function of

the power dissipated by the on-chip heater, Ppeq:, and the thermal resistance of
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the package, both of which will spread. The heater’s resistance spreads by 10%
within a batch (see Fig. 5.8), causing errors of a few degrees in Tp. At 77, and
T5, however, the slope of Vp¢ is only 38.6 ¢V /°C, which means that errors of

a few degrees in Ty, and Ty will only cause small (< 1°C) trimming errors.

5.3 Low-leakage readout circuit

Leakage currents in the ADC’s sampling network cause errors during heater-assisted
calibrations (see Sec. 5.1.3). Reducing these currents should increase both the sensor’s
accuracy and operating range. A low-leakage TDC was specifically developed to

investigate heater-assisted techniques.

5.3.1 Switch leakage

The leakage in the ADC’s sampling network (see Fig. 4.15), I11 and Is, is mainly
caused by the leakage currents flowing through the reverse-biased junctions at the
source and drain of the switches, and through the off-resistance R,s; of the other
switches connected to Cs. While the former is directly proportional to the total
number of switches connected to the PNPs, the latter is a function of Ry, /(N -Royy),

where N is the number of “off” switches involved.

The zoom ADC used in the TDC described in Chapter 4, has a sampling network
consisting of a 64-element capacitor array, and a total of 192 sampling switches. These
switches all leak at high temperatures, resulting in a systematic error after HA-VCAL.
In other words, the TDC gives slightly different outputs depending on whether the die
is heated uniformly to a certain temperature, or whether only the BJTs are heated

locally to the same temperature.

In normal operation, leakage currents will also cause errors at high temperatures.
To mitigate such errors, BJT-based sensors have either used relatively large bias
currents [5.5], or have been realized in low-leakage SOI processes [5.6], [5.7], or have

employed leakage compensation schemes [5.8], [5.9].

To suppress the effect of leakage current, a second TDC was designed. It requires
only two sampling capacitors and thus much fewer sampling switches. As shown
in Fig. 5.9, only 10 switches are required to sample Vppi, Vpgs and gnd, as well
as to differentially sample Vez+ via Vegen and Vege,. Compared to the 192 switches
used in the zoom-ADC, this is a substantial reduction. To further reduce the effect

of Iys, switch off-resistance is enhanced by using a T-shaped switch configuration
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Figure 5.9: Low-leakage readout circuit based on a 2nd-order ¥A modulator.

adapted from [5.10]. This consists of two NMOSFETSs in series with a PMOSFET
that biases the central node to Vy4/2, when the switch is off (see Fig. 5.9). As a
result, one of the two NMOSFETsSs is always in the deep cut-off region. Compared
to TDCy, the low-leakage ADC used in TDC;y enables more accurate HA-VCAL at

higher temperatures.

5.3.2 Charge-balancing scheme in the low-leakage ADC

Using two sampling capacitors in the low-leakage ADC requires a different charge-
balancing scheme than in the zoom-ADC. Similar to [5.11], the ADC digitizes the
ratio Yr = 3 - AVpg/VpEg2, which varies from ~ 0.15 to ~ 0.72 as Ty;. varies from
—40 °C to +180 °C. A factor of 3 was chosen to maximize the ADC’s dynamic range

in this temperature range.

In each cycle of the modulator, the 1st-stage integrates a charge proportional to
3 - AVgg, when bs = 0, or a charge proportional to 3 - AVgg — Vgge, when bs = 1.
This results in the desired decimated value: Y7 = 3 - AVpg/Vpgs. As shown in Fig.
5.10, this charge-balancing scheme is equivalent to setting the ADC’s input to 3-Vppgo
and then balancing it with respect to two temperature-dependent references 3 - Vg1
and 3-Vgg1 + VBEa.

During VCAL, Vggs is replaced by Viz. The ADC then outputs Yy = 3 -
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Figure 5.10: Charge-balancing scheme in the low-leakage XA modulator. The mod-
ulator outputs: (a) Y7 in normal mode and (b) Yy in voltage calibration mode.

AVpEg/Vest, which varies from ~ 0.15 to ~ 0.33 (for Vi, ~ 0.65 V) over the op-
erating temperature range. The factor of 3 is maintained for simplicity in the control

logic, even though it does not optimize the ADC’s dynamic range in this mode.

Compared to the zoom-ADC, the low-leakage ADC requires much simpler control
logic, as the YA conversion is not preceded by a SAR conversion. Also, since the
same capacitors Cs; sample Vgg and AVpg, there is no need for DEM, and its
corresponding logic. However, the maximum loop-filter input is now 3-AVpg — Vepga,
which is much larger than the input of 2- AVgg in the zoom-ADC. In order to handle
this extra swing with the same current-reuse OTA structure, the first integrator’s

capacitor was simply increased to 710 fF, i.e. by about 4Xx.

5.3.3 Sampling scheme in the low-leakage ADC

In order to implement the gain factor (3) required for the charge-balancing scheme,
the low-leakage ADC samples either Vpg, AVgg, or Ve, multiple times. As shown
in Fig. 5.11, the first integrator uses four non-overlapping clock phases ®;, and ¥,
to sample and transfer the required charge to the integration capacitor C'r;. During
the fourth phase, the output voltage of the first stage is sampled by the second

stage integrator during ®,”, and then accumulated during ®,” to realize a one-cycle
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Figure 5.11: Timing diagram of the XA modulator.

integration delay. The output voltages of the two stages are then summed up by an
SC-adder and evaluated by the comparator triggered by ®.,,; to generate the output
bitstream bs. The sampling capacitor C's; is 125 fF, and each sampling phase takes

1.25 ps, resulting in a 5 pus modulator cycle.

The differential input voltage Vs of the modulator is shown in Fig. 5.11, for the
case when bs = 1. The input switches then realize the charge-balancing scheme by
applying the following sequence of voltages to Vsa: +AVeg, —AVpg, +AVpg, and
+VpE2. This sequence, however, has a CM component equal to (Vpgs — AVpg)/2,
which will also be integrated. Although this component will initially be suppressed
by the integrator’s CMFB circuit, it is cumulative and may eventually cause the first
OTA to clip.

To prevent this, as in [5.12], the CM component is inverted each time the bs = 1
state occurs. This involves toggling between the Vs A sequence described above and
the following sequence: +AVpg, —AVpg, —Vpgo, and +AVgg. This results in the
same differential voltage, but an inverted CM component, thus driving the integrated
CM shift back to zero. Similarly, when bs = 0, the Vza sequence is toggled between:
+AVpg, —AVgg, +AVpg, 0; and +AVg, —AVgg, 0, —AVpg, respectively.

To suppress the residual offset of the first integrator, as well as the mismatch
of the two sampling capacitors, the ADC employs system-level chopping. This is
implemented by chopping Vsa and digitally inverting the bs polarity. The ADC’s
final output is then the average of two sub-conversions, each made with different

polarity of the system-level chopping signal.

In the low-leakage ADC, the time allocated for Vpp sampling is the same as that
allocated to AVpg sampling. Since AVpg is significantly smaller than Vg (about



104 Chapter 5. Heater-assisted calibration of BJT-based TDCs

Batch Packaging Samples , Temp. range | Calibration/Trimming
Batch-1 |-Coramic (DIL20) | 20 | 5506 4 1950 HA-VCAL
Plastic (SO-20) 20
TDC: Ceramic (DIL-20) | 20
Batch-2 Plastic (S0-20) 20 —55°C 4+125°C HA-VCAL
TDC; | Batch-3 | Ceramic (DIL-28) 20 —55°C +180°C | HA-VCAL, HA-BT

Table 5.1: Overview of the fabricated TDCs.

16x smaller at 25 °C), this is much longer than is strictly necessary. This, in turn,
results in a loss of energy efficiency. As suggested in [5.13], a better approach would
be to use different settling times for Vgg and AVpg, at the expense of a more complex

clock generator.

5.4 Experimental results

Two TDCs with on-chip heaters are realized in the 0.16-ym standard CMOS tech-
nology. These TDCs use the same frontend and on-chip heater, but different readout
circuits. TDC; uses the zoom-ADC described in Chapter 4, while TDCy uses the
low-leakage ADC described in 5.3. The accuracy of these TDCs are then evaluated

using heater-assisted calibration and trimming.

To evaluate the effect of packaging, TDC; is packaged in both ceramic and plas-
tic. It is also fabricated in two different production batches to observe the effect of
packaging variations. HA-VCAL is then used to correct for the shifts observed in
the plastic packaging. TDCs is realized in one production batch and only packaged
in ceramic. Compared to TDCy, it achieves a more robust heater-assisted calibra-
tion and also operates over a wider temperature range, i.e., up to +180 °C, both of
which are mainly due to the reduced leakage currents of its readout circuit. TDCy is
then used to evaluate HA-BT. Table 5.1 shows an overview of the realized TDCs and
the corresponding batches, package types, and the calibration and trimming methods

used.

TDC; uses the same zoom-ADC readout circuit described in Chapter 4, however,
its layout is altered to accommodate the on-chip heater. Fig. 5.12 (a) shows the
chip-micrograph of TDC;, which occupies a total area of 0.17 mm?, with the on-chip
heater taking 0.017 mm? of this (i.e., 10%). The low-leakage ADC in TDCj is smaller
than the zoom-ADC and occupies 0.05 mm?2. Fig. 5.12 (b) shows the micrograph of

TDCs, which occupies 0.15 mm?, while accommodating the same on-chip heater.
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When supplied from a nominal 1.8 V, TDCy draws 5.41 ;1 A; the bias currents make

up 38%, the bias opamp consumes 19%, and the 1st-stage, the 2nd-stage integrators,
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Ttem TDC, [5.14]TDC, [5.15]] [5.5] [5.16] [5.6] [5.17]
Sensor type BJT BJT BJT BJT TD ¢ Resistor
Technology CMOS CMOS CMOS |CMOS SOIBIiCMOS SOI] CMOS

(um) (0.16) (0.16) (0.16) (1) (0.5) (0.18)

T. range (°C) |—40 to 180|—55 to 125|—55 to 200| 25 to 225 | —70 to 200 |—40 to 180

Inaccuracy (°C)| +£0.2 (30) | £0.1 (30) | £0.4 (30)| +1.6° | 0.4 (30) |[£0.11 (30)

Relative TA (%) 0.18 0.11 0.31 1.6 0.30 0.10
Calib. (points) | Temp (1) | Temp (1) | Temp (1) | Temp (1) | Temp (1) | Temp (2)
Power (uW) 9.75 6.9 35 90 2600 52
Area (mm?) 0.15 0.17 0.1 0.41 1 0.12
Res. (mK) 23 75 20 200 © 75 0.46
Conv. time (ms) 20 20 4.2 100 1430 10
FoM (pJK?) ¢ 103 7.8 59 40x103 21x10° 0.11
Samples 24 20 16 7 12 20
“Thermal diffusivity. *Worst case. “Based on the reported 10-bit counter.

¢(Energy per conversion) x (resolution?).

Table 5.2: Performance summary of the two TDCs and comparison with other high-
temperature CMOS TDCs.

and the comparator consume 21%, 14%, and 8%, respectively. For flexibility, the
calibration logic, and decimation filter are realized off-chip. TDCjy achieves an rms
resolution of 23 mK, in a 20 ms conversion time. This corresponds to a resolution
FoM of 103 pJK?2.

To evaluate the accuracy of TDCs, 24 samples from one batch are packaged in
ceramic (DIL-28) and then characterized from —40 °C to +180 °C in a climate cham-
ber. As shown in Fig. 5.13 (a), after the batch calibration and without trimming,
the TDC obtains +0.6 °C (30) inaccuracy. Fig. 5.13 (b) shows the error after TCAL
and a RT trim, obtaining +0.2 °C (30).

Table 5.2 summarizes the main characteristics of TDC; and TDC,, and com-
pares them with those of a previous zoom-ADC based TDC [5.5], and other high-
temperature CMOS TDCs. Although TDC; is not as energy-efficient as [5.5], its
relative inaccuracy is about 2x better. With the exception of TDC;, it also con-

sumes significantly less power than other designs.

5.4.1 Errors due to plastic packaging stress

Besides the spread of device parameters, stress-induced errors caused by packaging
sets a lower bound on the accuracy of a TDC [5.18]. In Chapter 4, single-point cali-
bration and trimming is used to suppress the process-related errors in V. However,

the TDC samples used ceramic packaging, which adds a minimum amount of stress to
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the TDC dies. Compared to ceramic packaging, plastic packaging cause significantly
more die stress which, in turn, causes shifts in Vg after packaging [5.19], [5.20]. To
show this, samples of TDC; are packaged in both ceramic (DIL-20) and plastic (SO-
20) and are then evaluated. 20 samples of the TDC; in each package used the same
“ceramic” average calibration parameters (i.e., A, B, and «). The individual samples
are then calibrated at RT and trimmed. Fig. 5.14 (a) illustrates these results and
shows that shifts caused by the plastic packaging led to an error of ~ 0.6 °C after

trimming.

As shown in Fig. 5.14 (b), this shift can be reduced to £0.25 °C (30) using
new “plastic” average parameters, obtained through a new batch calibration. This
involves a multi-temperature calibration of multiple packaged devices. Although a
decent accuracy can be obtained, the need to obtain package-specific average pa-
rameters followed by a TCAL of the packaged devices is logistically complex and
time-consuming, and so significantly increases manufacturing costs. Alternatively, a

stress-relieving die coating can be used [5.21], but this would also increase costs.

When the type of plastic packaging and the location of the TDC die in the package
are known, the effect of its stress is expected to be reproducible. In this case, the
package-specific average parameters can be kept constant and so a one-time batch-
calibration is enough to correct for the packaging shift. This is illustrated in Fig.
5.15, which shows the results of TDC; in plastic packaging over two different batches
(i.e., Batch-1, and Batch-2). Both batches use the same plastic average parameters
obtained from Batch-1. Fig. 5.15 (a) shows the untrimmed results, where the TDCs
in Batch-2 spreads by ~ 2 °C compared to the ones from Batch-1. This process-
related spread can be corrected after post-package individual TCAL and subsequent
trimming as illustrated in Fig. 5.15 (b). As a result, the TDCs obtain an inaccuracy
of £0.25 °C (30), which is the same as was obtained for Batch-1.

5.4.2 Wafer-level trimming and package-specific calibration

The need to calibrate packaged devices, even at a single point, still adds significantly
to the production cost of a TDC, since the time required for packaged devices to
reach thermal equilibrium is longer than that of a wafer. In addition, to perform
package-level calibration at the same rate as wafer-level calibration, more facilities

and infrastructure are required.

When the stress-induced shift of packaging is reproducible, as for the two batches
in Fig. 5.15, it is possible to carry out the single-point calibration at wafer level

and then apply the package-specific average parameters of the specific package type.
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Demonstrating this requires the availability of some TDC samples for measurement
at the wafer level, and then again, the same samples after packaging. This was not an
available option. Instead, this is indirectly verified with the help of batch-trimming
(Sec. 4.6.5).

Fig. 5.16, illustrates the batch-trimmed results of ceramic packaged devices over
the two batches for TDC;. The parameter that corrects the batch-to-batch spread,
Xog, are extracted from these devices. Fig. 5.17 then shows the results of the plastic
packaged devices that use the same Xpg, but with plastic average parameters. After
this, the TDCs obtain £0.5 °C (30), which are corrected for both spread and stress
related errors. In practice, wafer-level trimming can be carried out for individual sam-
ples, which then suppresses the spread-related errors more than the batch trimming
used in Fig. 5.17.

5.4.3 On-chip temperature gradients

The on-chip heater creates an elevated local temperature, which is then used to cal-
ibrate or trim the TDC. To evaluate the actual temperature, the resistance of the
heater can be measured as a thermistor. The metal resistance used in the heater had
a significant temperature coeflicient (0.3%/°C), which makes it a decent temperature
sensor. As a result, its average temperature can be accurately determined by measur-
ing its resistance. On-chip Kelvin contacts are used to exclude the series resistances
introduced by the bonding wires, PCB traces, and the external switches that drive
the heater. As shown in Fig. 5.8, the heater’s resistance varies from about ~ 18 Q at
25 °C to about ~ 23 Q at 125 °C, with a +10% sample-to-sample spread. Calibrating
the heater’s resistance of a sample leads to its average temperature while calibrating
AVpEg leads to the temperature of the PNPs and then allowed them to be compared

during transient heating.

Fig. 5.18 shows the measured results for the temperature of the PNPs and the
heater during transient heating when a 5.3 V pulse is applied to the heater. Both
the heater and the TDC are clocked by an FPGA, allowing their operation to be
accurately synchronized. Initially, the temperature of the heater rapidly rises from 25
°C to 170 °C. The temperature of the PNPs also changes rapidly, but only reaches
a maximum of 90 °C, since they are separated from the heater by insulating layers
of oxide. The initial rapid rise in temperature is followed by a slow settling phase,

which is mainly due to the large thermal time constant of the package.

The temperature difference between the poly resistors and the PNPs is estimated

by assuming that the temperature difference (~ 80 °C) between them is uniformly
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Figure 5.18: Measured temperature of the on-chip heater and the PNPs in transient
heating.

distributed over the oxide layers. Based on the layer thicknesses given in the tech-
nology datasheet, the estimated temperature difference between the poly resistor and
PNPs is 9.3 °C, which correlates reasonably well with the COMSOL simulations (Sec.
5.1.2).

5.4.4 Local heating versus uniform heating

In order to calibrate TDCs with the local heating caused by on-chip heater, the TDC
outputs with local heating must be correlated with its output during uniform heating.
To evaluate this, first, both temperature calibration and voltage calibration are per-
formed on a TDC while it was uniformly heated in a climate chamber. The resulting
outputs, T and Ty, respectively, are then used to obtain master curves. These curves
are then used to determine the temperature of the TDCs during HA-VCAL. Fig. 5.19
(b) shows that there is an excellent agreement between these two curves (mainly lim-
ited by noise of the TDC ) in TDC,. In contrast, in TDCy, a systematic error of
about 1.4 °C was observed as shown in Fig. 5.19 (a). This originates from the large
leakage currents in the zoom-ADC. These experiments demonstrate the effectiveness

of the low-leakage ADC architecture in mitigating front-end leakage currents.

5.4.5 Conventional VCAL versus HA-VCAL

VCAL, and HA-VCAL are evaluated using 24 samples of TDCs. While the accuracy
of Ty at Ty ~ 25 °C was crucial for VCAL, its accuracy at both T3 ~ 25 °C and T3
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during transient heating in: (a) TDC;y and (b) TDCs.

~ 110 °C are important for HA-VCAL. Fig. 5.20 (a) shows the measured Ty from
10 °C to 130 °C. After VCAL at 25 °C, TDC; achieved a £0.3 °C (30) inaccuracy
from —40 °C to +180 °C as shown in Fig. 5.20 (b). This improved to £0.25 °C using
HA-VCAL at T} ~ 25 °C and T, ~ 110 °C, as shown in Fig. 5.21 (a). A further
increase in T, which would be expected to result in higher accuracy, was limited by

the heater’s maximum current-handling capability.

To further verify the robustness of HA-VCAL, two-point VCAL was performed
by uniformly heating the same TDC samples in a climate chamber. Fig. 5.21 (b)
shows these results, where the T} and 75 chosen are the same as in Fig. 5.21 (a).
The two-point VCAL obtains an inaccuracy of £0.2 °C (30), which is slightly better
than the inaccuracy obtained by HA-VCAL. However, this requires significantly more

calibration time: tens of minutes versus 0.5 s for HA-VACL.
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5.4.6 Post-packaging HA-VCAL

HA-VCAL can also be used to correct for the stress-induced shifts due to packaging.
This was evaluated using TDC; samples that are packaged in both ceramic and plastic.
The packaging shifts depended on the location of the sensing PNPs on the die, as well
as on the packaging type and size. For a given package, this could be mitigated with
the help of package-specific calibration parameters obtained through batch calibration
(Sec. 5.5.3). HA-VCAL, however, provide a low-cost alternative, since it can be

applied to any packaging and does not require a temperature-controlled environment.

Measurements on TDCy in both ceramic and plastic show that AVzg and therefore
Ty are reproducible in spite of packaging stress. Fig. 5.22 (a) shows these results,
where TDCs in both packages use the same set of average parameters (C, and D)

extracted from the ceramic packaged devices to map Xy to Ty.

The TDCs in plastic packaging show a shift of ~ 0.6 °C when they are calibrated
at RT and then trimmed (Fig. 5.14 (a)). With the same samples, the results of
two-point HA-VCAL at ~ 25 °C and ~ 85 °C are shown in Fig. 5.23 (a). After the
calibration and then trimming, the TDC obtains a +0.3 °C (30) inaccuracy. This
is comparable to the results of two-point voltage calibration at 25 °C and 85 °C
in a temperature-stabilized climate chamber as shown in Fig. 5.23 (b). It is also
comparable to the results of package-specific calibration followed by a RT voltage
calibration of the individual samples, as shown in Fig. 5.22 (b). Compared to VCAL
alone, HA-VCAL eliminates the need for batch calibration of packaged TDCs.

5.4.7 Heater-assisted bandgap trimming (HA-BT)

The bandgap trimming method was evaluated using 24 samples of TDCy. After
determining A, B, and « through batch calibration, the TDC achieve a £0.6 °C (30)
inaccuracy without trimming, as shown in Fig. 5.24 (a), in blue. This relatively small
error is because within the same batch, the spread of Ig is quite limited. Simulations

indicate that the worst-case variation may be as large as +8 °C (Fig. 4.5).

However, TDC, was only available in one production batch. To emulate a large
change in Ig, the bias current used to generate Vppo was deliberately changed. With
reference to Fig. 5.1, this involves using Vg1 (biased at Ip,), instead of Vggs (biased
at 5 Ip) to compute X7, which is equivalent to a 5x increase in Ig. This drastic
change causes a significant error in the TDC’s output as shown in Fig. 5.24 (a), in
red. As shown in Fig. 5.24 (b), however, this can be reduced to £0.2 °C (30) after
TCAL and then RT trimming. These results show good agreement with the results
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Figure 5.22: VCAL of TDC; in ceramic and plastic packaging. (a) The Ty error is
based on the AVpp measurements using ceramic fitting parameters. (b) The temper-
ature error after VCAL at RT using packaging-specific fitting parameters.
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Figure 5.24: Inaccuracy of TDCs with a deliberate shift in Is to emulate batch-to-
batch variation: (a) untrimmed, (b) temperature calibrated at room temperature and
(c) voltage calibrated at room temeprature.

of the different batches shown in Fig. 4.20 and Fig. 4.21.

VCAL (at ~ 25 °C) was also carried out in the two cases (Vgr = Vpgs and

Ver = Vgg1). As shown in Fig. 5.24 (c), the TDC’s inaccuracy is restored to 0.3
°C (30) after trimming. A small error in Vx results in a large error in the sensor’s

trimmed output. This is shown in Fig. 5.26 (a), where the measured temperature

error of one sample after VCAL at (~ 25 °C) is shown for different values of Vx. A

+1% error in Vx causes a £7 °C temperature error. This corresponds to £7 °C/%
to Vx, which is measured to be at a similar level for HA-VCAL.

HA-BT was carried out for the same two cases, the results of which are shown in

Fig. 5.25 (a). T} is at ~ 25 °C and Ty ~ 110 °C, which is accomplished by driving the
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Figure 5.25: Heater-assisted bandgap trimming of TDCsy using: (a) the on-chip heater
and (b) a climate chamber.

on-chip heater with a 6.5 V external voltage. In both cases, the sensor’s inaccuracy
is restored to less than £1.3 °C (30) after HA-BT. To investigate the effect of heater
spread, BT is also done in a climate chamber, which ensures that T5 is well-defined.
As shown in Fig. 5.25 (b), the resulting inaccuracy is £0.8 °C (3¢), which is better
than that obtained with HA-BT. However, this is obtained at the expense of more
trimming time than the 0.5 s required for HA-BT. Since the same Vx is used for both
BT and HA-BT, the extra £0.5 °C (30) error is associated with the spread of the
heater’s resistance and T5.

The main advantage of HA-BT is its lower sensitivity to external values (Vx and
Pheat) compared to other calibration and trimming methods, which greatly relaxes its
requirements. Fig. 5.26 (b) shows the measured sensitivity of HA-BT to Vx. A £5%
error is added to the value of Vx, which then results in a temperature error of less
than £0.5 °C. This corresponds to a sensitivity of 0.1 °C/%, which is 70x lower than
that of VCAL. Fig. 5.26 (c) illustrates the measured sensitivity of HA-BT to Pheat.
In this figure, Ppeq is varied by 5% by changing the driving voltage of the heater.
This, in turn, causes temperature errors of less than 0.75 °C, corresponding to a
sensitivity of 0.075 °C/%. The sensitivity to Pheq: is, thus, lower than the sensitivity
to Vx.
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5.5 Conclusion

The effect of mechanical stress caused by plastic packaging on BJT-based TDCs has
been studied in this chapter. Compared to ceramic packaging, plastic packaging
causes temperature errors of ~ +0.6 °C over the military range. These errors can
be reduced to ~ +0.25 °C by using package-specific average parameters obtained
by batch calibration of the packaged devices, when the package size, and type, and
the location of the TDC in the package remain the same. Heater-assisted voltage
calibration (HA-VCAL) has been introduced as a low-cost alternative, which can be

applied to any package. It provides a low-cost two-point calibration by using an on-
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chip heater that elevates die temperature from ~ 25 °C to ~ 110 °C within 0.5 s with
the help of a £0.03%-accurate external voltage reference. This method can reduce

the stress-induced errors of plastic packaging to ~ £0.3 °C.

To carry out a robust HA-VCAL, the TDC’s circuitry should be insensitive to
the local-heating created by the heater. This means that the temperature-dependent
errors associated with the TDC’s readout circuitry must be suppressed. While many
circuit-related errors can be reduced by dynamic techniques, this is not the case for
leakage-induced errors. To address this, a TDC with a low-leakage ADC has been
introduced, which reduces the number of critical sampling switches from 192 in a TDC
based on the zoom-ADC to 10. This low-leakage TDC resulted in a robust operation
of the HA-VCAL and operates up to +180 °C with nearly 2x better inaccuracy.

Finally, a new bandgap trimming method is introduced, which unlike the previ-
ous calibration method does not require accurate external references for correcting
the process-induced spread of Vpg. It trims Vpp until a flat bandgap voltage is
achieved, i.e., one that is the same at room temperature and at an elevated temper-
ature. An on-chip heater is then used to realize a heater-assisted bandgap trimming
scheme. Although the resulting inaccuracy (£1.3 °C) is greater than that obtained
with conventional temperature calibration (£0.2 °C) or voltage calibration (+0.3 °C),
its relaxed requirement on the external reference makes it suitable for noisy test en-
vironments. Compared to voltage calibration, it is 70x less sensitive to the absolute

value of the external reference.
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Chapter 6

A Multi-function sensor with temperature,

voltage, and capacitance sensing modes !

Calibration and trimming costs make up a significant part of the total production
cost of a temperature-to-digital converter (TDC). While chapters 4 and 5 focused on
ways of reducing these costs, the focus of this chapter is on adding more functionality

to a TDC, thus making more cost-effective use of its area.

The area of BJT-based TDCs varies widely, ranging from 0.2 mm? for high ac-
curacy sensors, such as the one described in chapter 4, to less than 0.005 mm? for
low accuracy sensors intended for thermal management [6.1]-[6.3]. In this chapter,
rather than compromising accuracy by reducing area, voltage, and capacitive sensing
functionality are added to an existing TDC. This is an effective approach for reducing
area-related costs, for instance, in IoT sensor nodes [6.4], which are often required to

sense multiple parameters sequentially.

6.1 Overview of the multi-function sensor

Fig. 6.1 shows a simplified block diagram of the proposed multi-function sensor. Its
main building blocks are (1) a zoom-ADC that is reused for all three sensing modes,
(2) a sensing front-end that generates Vg and AVgg for the voltage and temperature
sensing modes and (3) some multiplexers (S7:54) that are configured according to the

mode of operation.

1B. Yousefzadeh, W. Wu, B. Butter, K. A. A. Makinwa, and M. Pertijs “A compact sensor
readout circuit with combined temperature, capacitance and voltage sensing functionality,” in 2017
Symposium on VLSI Circuits, pp. C78-C79, June 2016.
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Figure 6.1: Simplified block diagram of the multi-function sensor. It uses a zoom-ADC
to convert X7 in temperature sensing, Xy in voltage sensing and X in capacitance
sensing modes.

In temperature sensing mode, the zoom-ADC digitizes X7 = Vpgr/AVpg using
voltages derived from a BJT-based front-end. As discussed in Chapter 4, X1 can
then be mapped to absolute temperature. In voltage sensing mode, the readout
circuit digitizes Xy = V;,/AVpg, in which Vj, is an input voltage and AVgg is
a reference voltage. Since AVgp is a linear function of temperature and is also
quite stable over different batches and packaging, its absolute value can be estimated
when the temperature is known. Using the estimated AVgg, V;, can then be found.
Voltage sensing mode thus relies on the fact that the temperature variation between
the digitization of X1 and Xy is negligible. When temperature varies at high rates,
it is possible to adapt the interpolation scheme described in Section 5.1, to digitize a
sequence of Xrp, Xy, X714, and then use the average of Xy p and X1 4 as a measure

of temperature.

In capacitance sensing mode, the readout circuit digitizes X¢ = Cj,,/Crey, in
which Cj, is an input capacitance and C,. is an internal reference capacitance. The
latter is the sampling capacitor, Cg, of the zoom-ADC. Realized as a Metal-Insulator-
Metal (MIM) fringe capacitor, Cg is quite stable (~ 15 ppm/°C). Its absolute value
can thus be found with a single point calibration at room temperature. C;,, can then

be found using X and the calibrated value of Clg.

6.2 Temperature-to-digital conversion

For temperature sensing, the readout circuit operates in the same way as the TDC
described in Chapter 4. The sensing front-end generates temperature-dependent volt-
ages Vg and AVgg, while the zoom-ADC digitizes the ratio Xt (= Vpg/AVpEg).
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Figure 6.2: Two-step conversion in temperature sensing mode: (a) SAR finds Kgar
as the closest integer to X1 and (b) the ¥A modulator finds pusa.

As shown in Fig. 6.2, this is accomplished in a two-step SAR-XA conversion. In
the first step, the SAR finds the closest possible integer to X7 (Ksar). In the sec-
ond step, a XA modulator uses Kgar and balances Vpp against reference signals
(Ksar —1)-AVpg and (Kgag + 1) - AVggr. Xr can then be obtained using Ksagr
and the decimated output of the XA (usa), using Xo = Kgar +2 - pina.

The SAR conversion takes six clock cycles with non-overlapping phases ®; and
®;y to find Kgar. In the first five cycles, during ®;, Cj; is reset and a charge
equal to Cg - K; - (—AVpg) and Cs - 1 - Vg is sampled on the CDAC capacitors at
differential branches, where K; (= 1 : 31) is the number of capacitors that sample
AVgg (see Fig. 6.5). During ®4, the input voltages are inversed and charges equal
to Cs - K; - (AVpg) and Cg - 1+ (=Vpg) are sampled. The resulting voltage at the
amplifier’s output 2Cs/Cr1 - (Veg — K, - Vpg) is then evaluated by the comparator,
which indicates whether Vg is larger or smaller than K; - AVgg. This sampling and
evaluation continues for five consecutive cycles and K; of each cycles is updated with
a binary-search logic. Eventually the range [K;(5th), K;(5th)+1] will be found, which
bounds Xr. In the sixth cycle, the SAR decides whether K;(5th) or K;(5th) 4+ 1 is
closer to X7 by comparing Vg with [K;(5th)+0.5]-AVgg. To make this comparison,
a charge equal to Cg - [1- Vg — K;(5th) - AVpg] is sampled in ®1, and a charge equal
to Cs - [—=1-Vpg + (K;(5th) + 1) - AVpg] is sampled in @9, resulting in a voltage at
the integrator’s output equal to 2Cs/Cr - [Ver — (K;(5th) + 0.5) - AVgEg].

During the second step of the conversion, a XA modulator is realized around a
2nd-order loop filter. The first integrator samples and integrates a voltage equal to
2Cs/Cy - [Vpr — (Ksar + 1) - AVpg] when bs = 1 and a voltage equal to 2Cs/Cf -
[Ver — (Ksar — 1) - AVgg] when bs = 0. This is equivalent to having Vpp as the
input signal, and (Kgap — 1) - AVgg and (Ksar + 1) - AVpg as the references for
the XA modulator.
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Figure 6.3: Three-step conversion in voltage sensing mode: (a) SARI finds Mgar1,
(b) SAR2 finds Ngagr2 and (¢) the XA modulator finds psa.

6.3 Voltage-to-digital conversion

6.3.1 Principle of operation

One way to implement the voltage sensing mode is by reusing the zoom-ADC, replac-
ing Vpg with V;,,, and then digitizing Xy = V;,,/AVpgr. However, considering that
the existing CDAC has 31 elements, and AVgg is only ~ 30 mV at —55°C, there
would be an upper limit for the V;, to be digitized: 31 -30 mV ~ 0.93 V. To handle
a full-scale V;, of 1.8 V, the number of CDAC elements needs to increase to ~ 60,
and the first integrator would then require a different OTA to charge a larger load
capacitance. This means additional silicon area, more complexity in the OTA design,
and larger leakage currents in the sampling switches. To avoid these drawbacks, and
implement the voltage sensing mode with the same OTA and CDAC, a three-step
conversion scheme is used as illustrated in Fig. 6.3. It consists of two SAR steps
followed by a ¥ A conversion. The first step, SAR1, digitizes Msar1 = Vin/Ver and
then a residual voltage V;,, — Mgag1 - Vg is passed on to a second step, SAR2, to
be digitized by AVpg. In the third step, a XA modulator is used, and as in the
temperature sensing mode, reference signals are selected around the input voltage
with a 2- AVpg range. This zooming principle helps to minimize the residual charge
fed into the XA loop-filter and relaxes the OTA’s settling requirements. A simplified

operation of this three-step conversion is illustrated in Fig. 6.3 and Fig. 6.4.

During SAR1, V;, is digitized by Vgg. Since Vg is larger than AVgpg, with a
minimum of ~ 0.4 V at 125 °C, V;,,/Vpg can reach a maximum of 4.5. Therefore,
SARI can find the range [Msar1, Msar1 + 1] which bounds V;,,/Vsg in three cycles
using a binary search (see Fig. 6.3 (a), and Fig. 6.4 (a)). During these three cycles,
in @1, a charge equal to C's - V;,, is sampled on a Cg that is separate from the CDAC
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Figure 6.4: Simplified operation of the three-step conversion in voltage sensing mode:
(a) SARI1, (b) SAR2 and (c) the ¥A modulator.

elements (see Fig. 6.5), and a charge equal to m; - Cs - (—Vpg) is sampled on a set
of m; capacitors in the CDAC in differential branches, where m; = 1 : 5. During
®,, charges equal to Cs - (=V;,) and m; - Cs - Vg are sampled, which then cause
a voltage equal to 2Cs/Cry - (Vi — my; - V) at the first OTA output. Similar to
the SAR conversion in the temperature sensing mode, the comparator and a binary

search logic find Mgag;.

In the second step of the conversion, SAR2, Mgag1 - Vg is subtracted from V;,,
and the residual voltage V;,, — Msag1 - Vpg is digitized by AVpg (see Fig. 6.3 (b), and
Fig. 6.4 (b)). This is done by sampling a charge equal to Cg - (Viy,— Msar1-Ver —n;-
AVpg) in @1, and a charge equal to Cs-(—=Vi+Msar1-Ver+n;-AVpg) in @, which
then generates a voltage equal to 2Cs/Cr1 - (Vi, — Msar1 - Veg — ni - AVgg) at the
output of the first OTA, where n; = 1 : 31 is the set of capacitors of the CDACs that
sample AVpg. Given that the residual voltage after SAR1 is lower than Vg, the 31
elements of the CDAC are enough to digitize this voltage with AVgpg steps. SAR2 thus
works exactly the same as the SAR conversion in the temperature sensing mode, and

in six consecutive cycles finds the closest integer Ngara to (Vin—Msar1-Vee)/AVsE.

In the third step of the conversion, a 2nd-order XA modulator balances V;,, against
Msar1 - VBe + (Nsar2 — 1) - AVpg and Msar1 - Ve + (Nsar2 + 1) - AVgg. This
is done by sampling and integrating a voltage equal to 2Cs/Cry - Vi, and a voltage
equal to 2Cs/Cr1 - [Msar1 - VBe + (Nsar2 — 1) - AVgg| if bs = 0, or a voltage equal
to 2Cs/Cr1-[Msar1 - Vee + (Nsar2+1)- AVgg| if bs = 1. This results in a bs whose

average, [ixA, satisfies the following:

(esa) - [Vin — (Msar1 - Ve) — (Nsar2 + 1) - AVpg]
+(1 —psa) - [Vin — (Msar1 - Veg) — (Nsar2 — 1) - AVpg] =0, (6.1)
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Figure 6.5: Schematic of the readout circuit in voltage sensing mode. (Black) reused
from the zoom-ADC and (blue) additional circuitry.

which leads to:

v, 1%
= Msari - X1+ (Nsarz — 1) +2 - pxa, (6.2)

where X is the untrimmed output of the temperature-to-digitial conversion.

To find the absolute value of V;,, AVgg can be replaced by its absolute value.
This can be done using the trimmed output of the temperature-to-digital converter

and a linear mapping function as:
‘/;n - XV . [C . (DT,out - 2500) + D] 3 (63)

where Dy oy is the trimmed output of the temperature sensing mode, C' (~ 140
1V /C) is a calibration parameter representing the temperature dependence of AVgg,
and D (~ 42 mV) is its absolute value at 25 °C. As shown in Chapter 4, since AVpg
is quite stable, C and D can be found with a one-time calibration. It is also worth
noting that the curvature of Vzg is mitigated in the temperature sensing mode, and
so only appears as a residual non-linearity in the AVpg estimation. Therefore, no

extra Vpg curvature correction is required.

6.3.2 Accuracy of the voltage sensing mode

The accuracy of the voltage sensing mode is limited by the spread of AVpg, as
described in (6.2). The temperature sensing accuracy Dy o, also sets another limit on

the voltage-sensing accuracy, since it is used to estimate AVpg in (6.3). Furthermore,
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readout errors in Xy add up to the voltage sensing error. V;, is sampled on a separate
capacitor Cg, rather than the dynamically matched capacitors of the CDAC array.
This causes a gain-error on the voltage sensing. However, due to their low temperature
coefficients (~ 15 ppm/°C), the mismatch between capacitors is a weak function
of temperature, and so this error is fixed and can be corrected by a single point

calibration at room temperature.

In addition to these error sources, the sampling switches that connect V;, to Cg,
in this design, are driven by normal logic gates supplied by the power supply rails,
which in turn causes the sampled voltage to become a function of the on-resistance
R,,, of the switches. This creates gain errors in the voltage sensing modes since R,

depends on V;,, and so creates input-dependent sampling errors.

The accuracy of the voltage sensing mode could be improved by using one of the
elements in the dynamically matched capacitor arrays to sample V;,,. This, however,
would cause more leakage as there would be 64 more switches connected to the CDAC.
Gain errors caused by the input-dependent R, of the sampling switches could also
be suppressed by using a bootstrapped driving circuit as suggested by [6.5]. Using
these methods would result in a voltage sensing accuracy that is only limited by the

DC accuracy of AVpg, and the temperature-sensing accuracy Dr oyt

6.4 Capacitance-to-digital conversion

As shown in Fig. 6.6, in the capacitance sensing mode, the zoom-ADC is again
reused and a similar two-step conversion approach adopted. The difference is that
the sampled charge is now proportional to C;, and Cg instead of two temperature-
dependent voltages Vgr and AVgg. An external capacitance Cj, is first digitized
using a SAR with respect to C, to find the closest integer possible Lgar to X¢ =
Cin/Cs, where Cg is the unit capacitance of the CDAC array. A modulator then
balances Cj;, against (Lgar — 1) - Cs and (Lgag +1) - Cs.

In the first step, SAR, the first integrator is configured as a charge amplifier (see
Fig. 6.7) and together with the comparator and a SAR logic finds Lgag. In a 6-cycle
SAR, during ®;, a charge equal to C;, - Vyq is sampled on Cj, in the differential
branches, and a charge equal to I; - Cs - (—Vy4) is sampled on sets of I; capacitors
of the CDAC, where I; = 1 : 31. During ®5, the sampling voltage is inversed, and
so charges equal to Ciy, - (—Vgq) and I; - Cg - (Vyq) are sampled. At the end of @,
the difference between the sampled charges in ®; and ®, creates an output voltage

equal to 2(Cy, — l; - Cs)/Cr1 - Vaa, whose polarity is evaluated by the comparator.
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(a) (b)
Ci; 2nd-order bs
+ N7 |Loop filter
I ?_ (Lsar—1)Cs
(Lsart1)-Cs

Figure 6.6: Two-step conversion in capacitance sensing mode: (a) SAR finds Lgar
as the closest integer to X¢ and (b) XA finds psa.

This procedure of sampling and comparison continues for six cycles. Lgagr is found

in exactly same fashion as in the temperature sensing mode.

In the second step, a 2nd-order A modulator is implemented using the 1st and
the 2nd stage integrators and a passive adder that together form the loop-filter (see
Fig. 6.7). A voltage equal to 2[Cy;, — (Lsar — 1) - Cs]/Cr1 - Vaq is integrated when
bs = 0, or a voltage equal to 2[C;,, — (Lsar + 1) - Cs]/Cr1 - Vaq when bs = 1. This

scheme then creates a bs whose average usa can be found using:

(usa) - [Cin — (Lsar + 1) - Cg]
+(1 = psa)  [Cin — (Lsar —1) - Cs] =0, (6.4)

This equation can then be further simplified to find the value of Cj,, as:

Cin
Cs

=Xc=(Lsar —1)+2-usa . (6.5)

In the capacitance sensing mode, the sampled and integrated charges during the
>A modulation are larger than those in the temperature and voltage sensing modes.
This is because capacitors sample V4 for better noise performance (see Sec. 6.5.3)
compared to Vgg and AVgg in the other two sensing modes. This creates a larger
voltage at the output of the first integrator: 2Vyy-(Cs/Cr1) versus 2AVpg-(Cs/Cr1),
which is about 40x higher at room temperature. In order to bring this output swing
down to an acceptable range for the OTA, as shown in Fig. 6.7, an extra capacitance
Cextra (= 2 pF) is added to Cr; (= 240 {F) in the capacitance sensing mode. In
addition, to be able to test the performance of the capacitance sensing mode without
an available external capacitor, an internal test capacitance Ciegs is realized which

can be activated by enciest-
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Figure 6.7: Schematic of the readout circuit in capacitance sensing mode. (Black)
reused from the zoom-ADC, (green) additional circuitry and (blue) input capacitance.

6.5 Noise analysis

6.5.1 Noise in the temperature sensing mode

Noise in the temperature sensing mode originates from the noise in the front-end
signals Vg and AVpg and from the readout circuitry. In [6.6], a detailed analysis
of noise has been provided for TDCs with switched-capacitor readout circuitry. It
has been shown that the contribution of noise from the switched-capacitor readout
with C's = 120 f F is substantially higher than the noise of the rest of the readout cir-
cuitry. This is mainly due to the noise-aliasing in switched-capacitor circuits. Using
a continuous-time readout circuit can help reduce the TDC noise and obtain sub-
stantially higher resolution and also energy-efficiency FoM [6.7]. In this section, the
noise in the temperature sensing is evaluated by taking into account only the major

contributing sources, i.e., the switched-capacitor readout circuit.

As described in Section 6.2, errors in the SAR conversion will be absorbed into the
value of pusa found in the XA conversion. The noise of the TDC is thus due to the
noise of the YA conversion. In the first stage of the XA loop-filter, two capacitors in
differential branches sample Vg, and 2(Kgar+1) capacitors sample AVpg based on
the bs. This is done in two sampling phases: ®; and ®5. Using the method described
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in [6.8], during ®;, the noise of the sampling switches with a spectral density of
4kTR,, and the equivalent input-referred noise of the OTA with a spectral density of
(16/3)kT /gy, are sampled on Cg. The total sampled noise charge on each sampling

capacitor can be found using:

1/3
1+

@ grca = kTCs - (1+ ), (6.6)

where k is the Boltzmann constant, T is the absolute temperature in Kelvin and Cg is
the value of the sampling capacitor. x = 2-g,, - Ron, where g, is the transconductance
of the OTA and R,, is the on-resistance of the sampling switch. This equation

assumes that the OTA has an infinite output resistance Ry,.

During @5, the same noise charge as in ®; will be sampled on each Cg, therefore,
for each Cg the same total noise charge as (6.6) is obtained. It is worth noting that
the first integrator in Fig. 6.5 uses correlated double sampling, and unlike the stray-
insensitive integrator described in [6.8], it samples the same noise charge in both
phases. The total noise charge on C's will then be the sum of noise charges in each
phase. In most cases, and in particular this design, for the lowest power consumption,
the OTA is the main element which limits the settling time of the charge sampling.
This means that g,, > 1/R,, or x < 1 can be assumed. By noting this and using

(6.6), the total sampled noise charge on C's during one XA cycle can be expressed as:

1/3 . . A
s R 2 (3) KTCs. (6.7)

qfl’cs =2. q72z¢1,Cs =2-kTCs-(1+

Since this sampled noise charges are uncorrelated for each sampling capacitor, the

total noise charge that is sampled in one cycle of ©A can be found using ¢2(n) =

G v () + @5 Ay, () where:

- 8
q’rQL,Vbe =2 qﬁ,cs ~2- (g) kTCs, (6.8)

S S— 8
4 avee = 2(Ksar £1) g2 o, ® 2(Ksar £ 1) - (g) “kTCs, (6.9)

and the additional factor 2 account for the differential branches.

In each cycle of XA a signal charge equal to Vgg-2Cs and AVpg-2(Ksar+1)-Cg
is also sampled. Using a mathematical model of the XA loop-filter as shown in Fig.

6.8, the noise charges in (6.8) and (6.9) can thus be modelled as equivalent voltage
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Figure 6.8: Model of the ¥A modualtor with equivalent noise sources of different
stages. This model is used to evaluate the output noise in temperature sensing mode.

noise sources added to Vgg and AVpg with rms values as:

2
\/ qn,Vbe 4.-kT
Un,Vbe = ~A\ 30 Ca’ (6.10)

2C's

\/ anVbe 4. kT
" = 6.11
Un,AVbe = KSAR:EICS \/ KSAR:IZI -Cyg ( )

The rest of the CDAC capacitors are not considered to be noise contributors. This
is valid since the unused capacitors can be shorted to exclude their noise contribution;
an assumption that is made for the noise analysis in this work. The input-referred
noise of the other stages of the loop-filter such as the 2nd-stage integrator and the
passive adder can also be found in the same way as (6.10) and (6.11). They can then
be added to their inputs in Fig. 6.8.

The next step in the noise evaluation process is to account for the noise transfer
function of each noise source, first to the output of the ADC, denoted as X, and
then to the temperature output, Dy oy¢. This can be done analytically, as described
in [6.8], or by using a numerical simulator such as MATLAB. In either case, it can be
shown that the input noise contribution at the 2nd-stage integrator (V,,2) and the
passive adder (V}, q4aq4) to the output would be significantly lower than at the 1st-stage
integrator. This reduction is due to the shaping and subsequent suppression of these

noise components by the loop filter.

For the 2nd-order modulator shown in Fig. 6.8 and operating at an oversampling
ratio of OSR, V,, ;2 is 1st-order shaped (suppressed by ~ W), while V}, qdq is
2nd-order shaped (suppressed by ~ W) The OSR is equivalent to the ratio
of the sampling frequency fs to twice the bandwidth of the desired signal fpyw in
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Figure 6.9: Simulated output noise in temperature sensing mode using the model in
Fig. 6.8.

a YA modulator. In an incremental modulator, the signal is DC, allowing for an
arbitrary signal bandwidth. Consequently, the OSR equates to the number of A
cycles required for one conversion, which can be calculated as conversion time x fg.
With fg = 35 kHz and a conversion time of 100 ms, V,, ;2 is suppressed by a factor
of ~ 10° and V}, 444 by a factor of ~ 10%, resulting in negligible contributions to the

overall noise.

In the MATLAB model shown in Fig. 6.8, the noise corresponding to the 1st-
stage integrator is modeled by a random number generator, with a Gaussian spectral
distribution and standard deviation equal to (6.10) and (6.11). Fig. 6.9 illustrates the
simulated output noise in temperature sensing mode at room temperature, resulting in
an rms-noise of 3.5 mK in a conversion time of 100 ms. This output noise is calculated
as the standard deviation of Dy o, resulting from the modulator after repeating it
100 times. Dy oy in each repetition is found from Dy o = A-a/(a+X71) — B, where
Xr = Kgar +2- uxa is obtained from the SAR output and the sinc?>-decimated bs
of the modulator. To show the noise performance for different conversion times, the
same procedure is repeated but with different conversion time values, showing a good
correlation with the measured result of the TDC in Fig. 4.17 (a).

6.5.2 Noise in the voltage sensing mode

Noise in the voltage sensing mode consists of three noise components: the noise of
the Dy oy in the 2nd term of (6.4), X in the 1st term of (6.4), as well as puxa in the
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Figure 6.10: Model of the ¥A modualtor with the equivalent noise sources. This
model is used to evaluate the output noise in voltage sensing mode.

first term of (6.4). To find the noise in pya, in a similar way to temperature sensing
mode, the sampled noise charge is found and then an equivalent rms voltage noise is
added to the mathematical model of the XA modulator as illustrated in Fig. 6.10.
Similar to (6.10) and (6.11), the equivalent rms noise voltages that adds to Vj;,, and

AVpgE can be expressed as:

4-kT
n.in ~ s 6.12
vin ™ 5 (612)
4-kT
n e R . 6.13
b avs ¢ T (613)

Fig. 6.11 illustrates the output noise of the voltage sensing mode, achieving an
rms value of 11 puV in a conversion time of 100 ms. In this figure, the noise in
D7 oyt and X7 is taken into account from the temperature sensing mode. This result

correlates well with the measured results that will be provided in Section 6.6.

6.5.3 Noise in the capacitance sensing mode

In the capacitance sensing mode, the noise originates from the sampled noise on the
input capacitance Cj, and the capacitances of the CDAC. The first stage of the mod-

ulator samples a charge equivalent to Cy, - (2Vy4) in each 3 A cycle. Simultaneously, a

total sampled noise charge on Cj, equals to g o (n) =2-(8/3)-kT - Ci. As shown

in the model of the modulator in Fig. 6.12, this noise is modelled with an equivalent
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Figure 6.11: Simulated output noise in voltage sensing mode using the model in Fig.
6.10.
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Figure 6.12: Model of the YA modualtor with the equivalent noise sources. This
model is used to evaluate the output noise in capacitance sensing mode.

input noise capacitance with an rms value as:

2
= Voo ¢ (6.14)

Cn.in = ~ .
e 2Vaa 3- Vd2d

Similar to the input capacitance, for the capacitances of the CDAC array, a charge
equivalent to Cs - (2Vy4) - (Lsar £ 1) is sampled in each cycles, while a total noise
charge of 2 ., (n) =2 (8/3)- kT -Cs - (Lsagr + 1) is also sampled. This is then
added as an equivalent input noise capacitance to the modulator with an rms value

as:

Cn,Cref = ~ .
! 2Vaa(Lsar+1) 3-V2 - (Lsar*1)

V.0 N\/ 4-kT - Cs (615)
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Figure 6.13: Simulated output noise in capacitance sensing mode using the model in
Fig. 6.12.

Fig. 6.13 shows the simulated noise of the capacitance sensing mode, which obtains

an rms noise of 2 aF in a conversion time of 100 ms.

6.6 Experimental results

The readout circuit was realized in 0.16-um CMOS technology (see Fig. 6.14), oc-
cupying a total die area of 0.33 mm?, and drawing 4.6 pA from a 1.8 V supply.
The front-end and the ADC were the same as those used in the TDC described in
Chapter 4. However, extra integration capacitors (C1 ezirq) Were added to obtain an
acceptable output swing in the capacitance sensing mode. Furthermore, on-chip test

capacitors (Ciest) were added to enable testing of the capacitance sensing mode.

The readout circuit was initially characterized in the TDC mode. Like the TDC
in Chapter 4, it obtained a thermal noise limited resolution of 4 mK in a 100 ms
conversion time. 24 samples of the chip were packaged in ceramic and then charac-
terized from —55 °C to +125 °C. After a batch calibration to extract the parameters
A, B, and « and without trimming, the TDC obtained £0.6 °C (30) error as shown
in Fig. 6.16 (a). After temperature calibration and trimming at 30 °C, the errors
reduced to £0.2 °C (30) as shown in Fig. 6.16 (b). This is about 2x worse than the
accuracy of TDC in Chapter 4, which is possibly due to the higher leakage caused
by the extra switches that were added to handle the voltage and capacitance sensing
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Figure 6.15: Connecting a dual-capacitance pressure sensor to the readout circuit.

modes. During the batch calibration, the parameters C' and D were also found, which

were then used to estimate AVpg from Dr oy

In the voltage sensing mode, the readout circuit obtained 12 ©V,,,s output noise
in a conversion time of 100 ms, as illustrated in Fig. 6.17. The accuracy of the voltage
sensing mode was limited by the accuracy of the temperature sensing mode (£0.2 °C)
used to estimate AVpg, and the spread of AVgg itself. The estimation accuracy of
AVpg is shown in Fig. 6.18 (a), which is about +0.1%. To obtain this estimation
error, the measured AVpg of each sample was compared to its estimation found by
C - (Drout —25 °C)+D. Fig. 6.18 (b) shows that the readout circuit achieves £0.5%
relative accuracy up to 1.8 V. The output results show a temperature-independent
spread from sample-to-sample, which mainly originated from the spread in AVpg,
and also from the mismatches between Cg, which samples V;,,, and the average unit
capacitor of the CDAC. For the low input voltages (0.3 V), the results show a shift
which was due to the signal-dependent errors caused by the sampling switches which

were driven at the supply rails.

In the capacitance sensing mode, as shown in Fig. 6.19, the readout circuit ob-
tained a thermal-noise limited resolution of 2 aF in a 100 ms conversion time corre-

sponding to a resolution FoM of 0.76 pJ/step. To show the results of the readout cir-



6.6 Experimental results 139

S5
A S B )
T

Temp. error (°C)

ISIE=
o o
T
I

-55 -35 -15 5 25 45 65 85 105 125

03

~ 02F

°C

~ 0.1F

0.1F

Temp. error

021 b

_0 '3 1 1 1 1 1 1 1 1 1 1
-55 -35 -15 5 25 45 65 85 105 125

Temperature (°C)

Figure 6.16: Inaccuracy of temperature sensing. Dashed lines represent the average
and +3¢ boundaries: (a) untrimmed and (b) after temperature calibration at 30°C.

-3

10 F T T T T ]

E —Va=04V | |

r N\ —VWw=09V | ]

[ Vo=18V | |

10t .

z F W ]

2 [ Vit ]

g r ‘ ‘Clu'ﬁufn ™ ]

L Mty |
S 1

1071 L, i, E

r Atk ]

r " 'JWI 1

10 103 102 107! 10°

Conversion time (s)

Figure 6.17: Measured output noise in voltage sensing mode.

cuit with a variable external capacitance, a few samples of the circuit were connected
to a capacitive MEMS pressure sensor, as shown in Fig. 6.15, and then character-
ized under varying levels of ambient pressure. The output capacitance of the MEMS
sensor changed in response to a change in ambient pressure essentially by changing

the distance between a silicon diaphragm as one plate of the capacitor and a fixed
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Figure 6.18: Measured inaccuracy of voltage sensing mode: (a) estimation error of
AVpg using temperature sensing output and (b) absolute inaccuracy in voltage sens-
ing mode.

substrate as its second plate. The MEMS sensor used for the measurement contained
two identical capacitive sensors whose output capacitance changed from ~ 500 fF at
0 bar to ~ 1.5 pF at 1.4 bar [6.9]. These two capacitors were then connected to the

readout circuit in the differential branches.

The output of the sensor was observed in the presence of a slow but uncontrolled
drift of pressure obtained by allowing the pressure of a vacuum environment to reach
the room pressure using a relief valve. The output of the capacitance sensing is
shown in Fig. 6.20 (a). To cover a different range of capacitance variation, the
test capacitance (= 2 pF) was added to that of the MEMS sensor, while the same
measurement was performed. The result is reported in Fig. 6.20 (b), showing that

readout was capable of capturing continuous capacitance variation up to 3.1 pF.

Table 6.1 summarizes the performance characteristics of the readout circuit in the
three different modes and then compares them to other state-of-the-art sensors with
the combined temperature and voltage sensing functionalities, as well as the state-of-
the-art stand-alone capacitance-to-digital converters. The readout circuit in this work
[6.10] shows an enhanced performance in terms of energy efficiency compared to multi-
functional readout circuits [6.11]-[6.13], while favourably compares with state-of-the-

art stand-alone temperature sensors (Chapter 4) and capacitance sensors [6.14]-[6.16].
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Figure 6.20: Measured capacitance of the MEMS pressure sensor. The pressure slowly
drifts from vacuum to the room-pressure while the readout continuously captures its
capacitance. (a) Cip, = Cyepms and (b) Ci = Crypms + (~ 2pF).

6.7 Conclusion

This chapter demonstrated the realization of a compact multi-function sensor, which

can sense temperature, voltage and capacitance.

This is obtained by reusing the

front-end and the zoom-ADC of a high accuracy TDC. Such a compact realization of

multiple functionalities can help reduce area-related costs in IoT sensing applications.
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Ttem [6.10] | [6.11] | [6.12] [6.13] | [6.14] ([6.15], [6.16]
Conversion method | SAR-XA | XA SA SA SAR-XA| XA | 1. D.®
Technology (um) 0.16 0.18 0.7 N/A 0.18 [0.16| 0.04

Area (mm?) 0.33 0.18 18 N/A 0.46 |0.28| 0.002
Supply voltage (V) 1.5-2 1 2.5-5.5 2.7-5.2 1.4 1.2 1
Supply current (uA) 4.6 0.72 85 500 24 8.6 | 1.84

Conversion time (ms) 100 40 100 200 0.23 0.8 | 0.019
Range (°C) |-55 to 1250 to 100|—40 to 105(—40 to 125 - - -
Temp. | Res. (mK) 4 40 9 N/A - - -
sensing| FoM?(pJK?) 11 46 1875 N/A - - -
£30-IA (°C) | 0.2 | £0.18 | N/A 105 - N -
Voltage| Range (Vyp) 1.8 - 5 5 - - -
sensing| Rel. TA%(%) +0.5 - +0.0127 |  £0.1 - - -
Range (pF) 0-3.8 0-10.8 - 0-8 0-24 - ]0-1x10?
Cap. | Res. (aF) 2.5 170 - 20 156 70 [12x10°
sensing ENOB® 18.7 14.1 - 19.1 15.4 12,5 8
FoM/(p.J/step)|  0.76 13 - 6700 018 | 1.4 | 0.14

¢ Tterative discharge
¢ 100x Inaccuracy /Range
¢ (1/6.02) - (20 - logio(range/2 - v/2) — 1.76)

f (Powerx Conversion time)

/QENOB

b (Power x Conversion time)x Res.?
4 Temperature drift of one sample

Table 6.1: Performance summary of the readout circuit in this work [6.10] and com-
parison with other related work.

In temperature sensing mode, it approaches the performance of the original TDC, with

only slight degradation of its accuracy. In voltage sensing mode, the sensor is able

to directly digitize full-scale (1.8 V) external voltages over the military temperature

range. Instead of requiring external reference voltages for this operation, it uses its

own Vg and AVgg, and obtains a voltage sensing accuracy of ~ 0.5%. The readout

circuit can also digitize external capacitances of up to 3.8 pF with 2 aF resolution

(ie., 18.7 ENOB).



Bibliography 143

Bibliography

[6.1]

6.2]

[6.3]

[6.11]

C. Lu, S. Ravikumar, A. D. Sali, M. Eberlein, and H. Lee, “An 8b subthreshold
hybrid thermal sensor with £1.07°C inaccuracy and single-element remote-
sensing technique in 22nm FinFET,” in 2018 IEEFE International Solid - State
Circuits Conference - (ISSCC), Feb. 2018, pp. 318-320.

O. Bass and J. Shor, “Ultra-miniature 0.003 mm? PNP-based thermal sensor
for CPU thermal monitoring,” in ESSCIRC 2018 - IEEE 44th European Solid
State Circuits Conference (ESSCIRC), Sep. 2018, pp. 334-337.

M. Eberlein and H. Pretl, “A no-trim, scaling-friendly thermal sensor in 16nm
FinFET using bulk diodes as sensing elements,” IEEE Solid-State Clircuits
Letters, vol. 2, no. 9, pp. 63-66, Sep. 2019.

H. Reinisch, M. Wiessflecker, S. Gruber, H. Unterassinger, G. Hofer, M. Klam-
minger, W. Pribyl, and G. Holweg, “A multifrequency passive sensing tag with
on-chip temperature sensor and off-chip sensor interface using EPC HF and
UHF RFID technology,” IEEE Journal of Solid-State Clircuits, vol. 46, no. 12,
pp. 3075-3088, Dec. 2011.

A. M. Abo and P. R. Gray, “A 1.5-V, 10-bit, 14.3-MS/s CMOS pipeline analog-
to-digital converter,” IEEE Journal of Solid-State Circuits, vol. 34, no. 5, pp.
599-606, May 1999.

K. Souri and K. A. A. Makinwa, Energy-Efficient Smart Tempearture Sen-
sors in CMOS Technology, 1st ed., ser. Analog Circuits and Signal Processing.
Springer International Publishing AG, Jan. 2018.

S. H. Shalmany, K. Souri, U. S6nmez, K. Souri, M. D’Urbino, S. Hussaini,
D. Tauro, and S. Tabatabaei, “A 620 pW BJT-based temperature-to-digital
converter with 0.65 mK resolution and FoM of 190 f.J - K2,” in 2020 IEEE
International Solid- State Circuits Conference - (ISSCC), 2020, pp. 70-72.

R. Schreier, J. Silva, J. Steensgaard, and G. C. Temes, “Design-oriented esti-
mation of thermal noise in switched-capacitor circuits,” IEEE Transactions on
Clircuits and Systems I: Regular Papers, vol. 52, no. 11, pp. 2358-2368, Nov.
2005.

L. Rajendran, Design of an energy-efficient interface circuit for MEMS-based
pressure sensor, ser. M.Sc. dissertation. Delft, the Netherlands: Delft Univer-
sity of Technology, 2013.

B. Yousefzadeh, W. Wu, B. Buter, K. Makinwa, and M. Pertijs, “A compact
sensor readout circuit with combined temperature, capacitance and voltage

sensing functionality,” in 2017 Symposium on VLSI Circuits, June 2017, pp.
C78-CT79.

T. Zhang, M. Law, P. Mak, M. Vai, and R. P. Martins, “Nano-watt class
energy-efficient capacitive sensor interface with on-chip temperature drift com-
pensation,” IEEE Sensors Journal, vol. 18, no. 7, pp. 2870-2882, April 2018.



144

Bibliography

[6.12]

[6.13]
[6.14]

[6.15]

[6.16]

[6.17]

[6.18]

N. Saputra, M. A. P. Pertijs, K. A. A. Makinwa, and J. H. Huijsing, “12-bit
accurate voltage-sensing ADC with curvature-corrected dynamic reference,”
FElectronics Letters, vol. 46, no. 6, pp. 397-398, March 2010.

AD7745 datasheet, Analog Devices Inc., April 2005, rev. 0.

Sechang Oh, Wanyeong Jung, Kaiyuan Yang, D. Blaauw, and D. Sylvester,
“15.4b incremental sigma-delta capacitance-to-digital converter with zoom-in
9b asynchronous SAR,” in 2014 Symposium on VLSI Circuits Digest of Tech-
nical Papers, June 2014, pp. 1-2.

Z. Tan, R. Daamen, A. Humbert, Y. V. Ponomarev, Y. Chae, and M. A. P.
Pertijs, “A 1.2-V 8.3-nJ CMOS humidity sensor for RFID applications,” IEEE
Journal of Solid-State Circuits, vol. 48, no. 10, pp. 2469-2477, Oct. 2013.

W. Jung, S. Jeong, S. Oh, D. Sylvester, and D. Blaauw, “A 0.7pF-to-10nF fully
digital capacitance-to-digital converter using iterative delay-chain discharge,”
in 2015 IEEFE International Solid-State Circuits Conference - (ISSCC) Digest
of Technical Papers, Feb. 2015, pp. 1-3.

J. Angevare, L. Pedala, U. Sénmez, F. Sebastiano, and K. A. A. Makinwa,
“A 2800-um? thermal-diffusivity temperature sensor with VCO-based readout
in 160-nm CMOS,” in 2015 IEEE Asian Solid-State Circuits Conference (A-
SSCC), Nov. 2015, pp. 1-4.

U. Sénmez, F. Sebastiano, and K. A. A. Makinwa, “1650 um? thermal-
diffusivity sensors with inaccuracies down to +0.75°C in 40nm CMOS,” in
2016 IEEE International Solid-State Circuits Conference (ISSCC), Jan. 2016,
pp. 206-207.



Chapter 7

Conclusions

This thesis explored methods for improving the accuracy and reducing the produc-
tion costs of BJT-based temperature-to-digital converters (TDCs) in standard CMOS
technology. This concluding chapter consists of two sections. Section 7.1 lists the main

findings of this thesis, while Section 7.2 provides few suggestions for future work.

7.1 Main findings

m Within a batch, BJT-based TDCs in 0.16-um CMOS technology can achieve
an inaccuracy of £60mK (30) from —55°C to +125°C by designing sufficiently

accurate readout electronics (Chapter 4).

m With sufficiently accurate readout electronics, the batch-to-batch spread of
BJT-based TDCs in 0.16-um CMOS technology can be reliably trimmed to
within £0.1°C (30) in the range from —55°C to +125°C on the basis of a
one-point calibration (Chapter 4).

m Voltage calibration continues to be a reliable and low-cost alternative to tem-
perature calibration in 0.16-um CMOS technology, achieving an inaccuracy of
+0.3°C (30). This is due to the reproducibility of AVpg across multiple batches
and also in different packages (Chapters 4 and 5).

B When the mechanical stress of packaging is reproducible, its effect on a TDC
can be separated from that of processing spread. As a result, a single-point
calibration at wafer-level can correct the spread-related errors, while package-

specific calibration can correct the stress-related errors (Chapter 5).
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m If leakage-related errors are sufficiently suppressed, BJT-based sensors realized
in a 0.16-pum technology can operate up to +180 °C with a 3o error of +0.2 °C
(Chapter 5).

m Small on-chip heaters can locally elevate die temperature from ~25°C to ~100
°C in a fraction of a second. This elevated temperature, although not well-

controlled, can be useful for calibration and trimming purposes (Chapter 5).

m Heater-assisted voltage calibration enables a low-cost and fast (< 0.5 s) two-
point calibration without requiring any infrastructure except for an accurate

voltage reference (Chapter 5).

m Heater-assisted bandgap trimming can correct BJT spread without the need for
accurate external references. Although it is less accurate (30 of £1.4°C) than
voltage (30 of +0.3°C) or temperature (30 of +0.1°C) calibration, it may be
valuable for use in test environments where absolutely-accurate references are
not available (Chapter 5).

m With a small overhead, the circuitry of a BJT-based TDC can be reused to

sense external voltages or capacitances (Chapter 6).

7.2 Future work

Throughout this work, some ideas have been developed which can be useful in de-
veloping low-cost precision temperature sensors. Unfortunately, due to limited time,

they only remained ideas and could not be realized or verified on silicon.

7.2.1 [-compensation for BJT-based TDCs

Voltage calibration [7.1] and the two heater-assisted calibration methods introduced
in Chapter 5 rely on the intrinsic accuracy of AVgg. While this accuracy has been
validated in 0.16-pym CMOS technology, it may degrade in more advanced nodes due
to the limited B values of available BJTs. The S-compensation method discussed
in Chapter 4 [7.2] only corrects the impact of S on Vg without affecting AVpg (as
explained in 4.4.2). The influence of S-related errors on AVpg, as shown in the second
term of equation (4.4), depends on both the absolute value of 8 and the flatness of
the [ curve with respect to current density. In cases where the 8 curve is not flat or
B is low (e.g., < 1) [7.3],[7.4], an alternative S-compensation method can be used to

mitigates the impact of 5 on AVpg.
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Figure 7.1: S-compensation. (a) operating principle, and (b) additional circuitry to
remove non-idealities.

Figure 7.1(a) illustrates the operation of the proposed S-compensation scheme. It
senses the base current (Ig) of the BJT (Q) and adds the same current to its emitter.
Consequently, the collector current (I¢) is solely determined by the bias currents
Tpias or m - Ipiqs. To achieve this, a feedback loop comprising sense resistors Rpg, an
opamp Ay, and identical current mirrors is utilized. Depending on the state of S,
either Vpg1 or Vggs is generated, allowing for subsequent sampling to obtain AVgg
(= VBE2 — VBE1)-

The accuracy of this S-compensation scheme is limited by the non-zero voltage
across the collector-base junction (Vo) of @, which, due to the Early effect, results
in non-PTAT errors in the saturation current (Ig). To reduce its effect on AVpg, it
is essential to keep Vg the same at the two current densities. This is achieved by
changing the value of the sense resistor from Rp to n - Rp, when Ic changes from
1« Iniqs and Ipqs, respectively . The residual error in AVgg can then be derived as

follows:

kT kT Aﬁ nIbiasRB
AVgg = — -1 —_—— 7.1
BE = n(n) + pRaE Vi (7.1)
where V4 is the Early voltage, and AfS is the difference in 8 at the two current
densities. Assuming n = 5, Ipjas = 100nA, R = 50kS2, and V4 = 50V, the residual
error in AVpg is reduced by approximately three orders of magnitude compared to

the B-compensation method used in chapter 4.

Furthermore, the accuracy of the proposed [-compensation may be influenced

by additional sources of error. Opamp offset, mismatches between sense resistors,
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mismatches between the components of the current mirrors for Ig, and inaccuracies
in the ratio n between Ip;,s and n - Iy, can all contribute to overall errors. As
illustrated in Fig. 7(b), these sources of error can be effectively mitigated through
the application of techniques such as chopping (Ch;) and dynamic element matching
(DEM;, DEM,, and DEM3).

7.2.2 Efficient on-chip heaters

The on-chip heater discussed in Chapter 5 can be optimized for increased efficiency in
terms of power consumption. Utilizing polysilicon for the heater element allows it to
be positioned much closer to the BJTs (see Figure 7.2), reducing its power requirement
for achieving the same temperature rise. Lowering heater power consumption can also
reduce the temperature rise in the surrounding sensor circuitry, thereby preventing

calibration errors during local heating.
To implement this, the layout of the BJTs and the bias resistors must be adjusted

to ensure uniform temperature elevation during local heating. While COMSOL simu-
lations will provide a definitive solution, one preliminary idea involves relocating the
polysilicon bias resistor further away from the BJTs compared to the layout shown in
Chapter 5. Making connections to the BJTs, previously accomplished with Metal-1,
presents another challenge. Depending on the heater’s geometry and shape, using

Metal-1 may still be a viable option.

Another issue that may be considered a challenge is the significantly higher sheet
resistance of polysilicon, for example, being 1000x greater than that of metal. This
may lead to a larger heater if both shape and resistance value must be maintained. .
However, this challenge can be mitigated through several strategies: (a) using larger
polysilicon strips, (b) implementing a parallel connection instead of series connection
in a serpentine shape, and (c) driving the heater with a much lower current. It’s im-
portant to note that the absolute value of the heater’s resistance does not exclusively
determine its power consumption, so maintaining the same resistance value may not

be necessary.



Bibliography 149

Bibliography

[7.1] M. A. P. Pertijs, A. L. Aita, K. A. A. Makinwa, and J. H. Huijsing, “Low-cost
calibration techniques for smart temperature sensors,” IEEE Sensors Journal,
vol. 10, no. 6, pp. 1098-1105, June 2010.

[7.2] M. Pertijs and J. Huijsing, “Bias circuits,” Patent, Nov. 4, 2008, uS Patent
7,446,598 B2.

[7.3] M. Eberlein and H. Pretl, “Recent developments in bandgap references for
nanometer CMOS technologies,” in 2020 Austrochip Workshop on Microelec-
tronics (Austrochip), 2020, pp. 42—46.

[7.4] Z. Tang, Y. Fang, Z. Huang, X. Yu, Z. Shi, and N. N. Tan, “An untrimmed
BJT-based temperature sensor with dynamic current-gain compensation in 55-
nm CMOS process,” IFEE Transactions on Circuits and Systems II: Ezxpress
Briefs, vol. 66, no. 10, pp. 1613-1617, Oct 2019.






Appendix A

BJT theory

A.1 1Ideal I — Vgg characteristic

The collector current, Ic, of a PNP device is mainly determined by the minority
carriers injected into the base from the emitter in the EB junction (I,g), which
diffuse across the base and are swept away by the collector in the CB junction (see
Fig. A.1). To find I, requires finding the concentration of injected holes in the base
p’. Since I¢ is made from the diffusion of the holes, p’ satisfies the diffusion equation
as [A.1]:

2/$ /(1

where x is the distance across the base width, and Lpg is the diffusion length. = = 0
corresponds to the edge of the base in the EB junction, x = Wpg corresponds to the
edge of the base in the CB junction, and Wg is the base width. Lp can be obtained
from the recombination lifetime 75 and diffusion constant Dp of the holes in the
base as L = (t5Dp)%%. The differential equation in (A.1) can be solved using the
Shockley boundary conditions, which essentially define p’ at the two edges of the base.
These boundary conditions for p’ at the left and the right edges of the base depend
on Vg and Ve as [A1]:

) = pro- (eon(T2E) 1) (A2)
P s) = o (ean( 20 ~1) 0, (A3
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Figure A.1: Main current components in a PNP in the forward-active region.

where ppg is the concentration of holes in the base at thermal equilibrium that follows
ppo = n?/Np, n; is the intrinsic concentration of the base material (i.e., silicon), Np
is the base doping, k is the Boltzmann constant, g is the electron charge and T is the
absolute temperature in Kelvin. A p/(Wpg) of zero can be assumed since all injected
holes that reach their way to the edge of CB junction are immediately swept away
by the collector. The solution of (A.1) can then be obtained by applying (A.2) and
(A.3) as [A.1]:

. WB—,’E
n? Wik smh(iLB )
/ _ _ .
i) = o (@28 1) | ———| . (A4)
sinh(—)
Lgp

Lp is typically a few tens of micro meters and is much larger than the usual Wp
of actual devices, e.g., a maximum of a few hundreds of nanometers. Taking the
assumption Lp > Wp into account, and using the approximation sinh(xz) ~ x for
x < 1, (A.4) can be expressed as [A.1]:

)~ g (enTE) < 1) (- ). (4.5)

Along the z axis in the base, the current density of the injected holes, Jg, can then

b2

be obtained using Jp = —¢Dpdp’/dz, where the “—” sign denotes the holes being
the current component. The collector current is thus found using Ic = AgJp, where

the emitter area Ag is identical to the base area Ap. Taking these into account, I¢
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can be expressed as [A.1]:

d /
Ic =Irp = —AEqDBde;
Dp n? qVBE
= Apqg—— - —-1]. A6
s s (can L8 (A6)

Equation (A.6) expresses the ideal I — Vg characteristics in a PNP, which is

usually expressed more compactly as:

Io =1Is- (exp(q‘k/;E) - 1) , (A7)

where I is known as the saturation current, which is expressed as:

Dp n?

A.2 Non-ideal current components

ap = Ic/Ig in a PNP is equal to 1 when there is no base current involved. The
Base current, however, is not zero and consists of three main components which are
originating from different mechanisms. With reference to Fig. A.1, these current

components can be described as the following:

(1) Minority carriers injected from the base to the emitter. In the
forward-biased EB junction, minority carriers in the base can also be injected into
the emitter (see Fig. A.1) in exactly the same manner as I,g. This current can thus

be expressed as [A.1]:

Dg n? V
Iip = AEquN; : (eﬂ?p(qk;E) - 1) : (A.9)

where Dg, Ng, and Wg are, respectively, the diffusion constant of the electrons in the
emitter, emitter doping and emitter width. This injected current does not contribute
to the collector current but will equally add to the emitter current noted as I,g
(= I,p) in Fig. A.1. As a result of this current, transistor behavior deviates from
the ideal scenario causing Ig # Ic. To maximize ap, and approach ideal transistor
behavior, injection from the emitter to base I, needs to be substantially higher than

injection from the base to emitter I,g. In other words, v, defined as the emitter
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injection efficiency, needs to be maximized, which is expressed as:

Ik (A.10)

T Dot hn

Replacing I,z and I,,p in (A.10) by their values from (A.6) and (A.9), results in:

1
1ENs W Dp (4.11)
Ng Wg Dpg

To maximize v, the emitter doping Ng needs to be substantially higher than Np.
Furthermore, W needs to be minimized compared to Wg. The former is almost
always the case for a PNP device, while the latter depends on the geometry and type
of the device. In vertical PNPs, Wz and Wg might not be very different since both
are defined by the depth of a well or implanted impurity, which are not very well
controlled, or at least not the to the same level as the accuracy of lithography. In
these devices +y is then controlled by the ratio of the doping levels in the base and

emitter regions.

(2) Recombination of injected minority carriers. Not all the injected holes
into the base can make their way to the collector. This is due to the recombination of
holes with the majority carriers that exist in the base. The amount of recombination
depends on both the diffusion length L, and the base width Wg. As a result of
this recombination effect, the collector current I, (see Fig. A.1l) is lower than the
injected emitter current I,g. The ratio of I,c to I,g is defined as the base transport

factor, ap, which can be expressed as [A.2]:

~

-(Wg/Lp)*. (A.12)

DN | =

= =1-
aT Ip

pC
E
ar essentially determines the number of injected holes that could be transported
through the base and reach the collector, hence the term transport factor. Reducing
Wpg can help to increase the ap and approach ideal transistor behavior. The same
recombination effect also happens in the emitter. In fact, it is fair to assume that
nearly all the injected current in the emitter (I,g = I,p) is recombined. This is
due to two reasons: firstly, the amount of injected minority carrier from the base is
low due to its low doping, and secondly, due to the relatively higher doping of the
emitter, the chance of being recombined with the majority carriers is high. Whether
the carriers recombine in the emitter region or later on at the metal contacts of the

emitter, this does not affect the collector current.
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(3) Recombination-generation in the BE junction. Apart from the injection
of minority carriers and recombination in the base, there is a current component
for the base and equally for the emitter current that originates from the constant
recombination-generation mechanism in the depletion region of the EB junction. This
current, sometimes called the Space-Charge-Region (SCR) current, which depends on
the width of the depletion region Wy, and the recombination-generation lifetime 7gcy,.
For the EB junction, a net generated current I (see Fig. A.1) can be expressed as
[A.2]:

Ir = AEquepni -exp( qVBE) . (A.13)

This current only affect the emitter current and does not affect the collector current,
which in turn causes ap to decrease. This effect is taken into account by defining the

recombination factor, § , as [A.2]:

IpE +InE ~ IpE

5: ~ .
ILyg+Iyg+1Ir Ip+1Ir

(A.14)

0 is essentially the ratio of the emitter current resulting from the injected minority
carriers (i.e., Ipg + I,g) to the total emitter current including Ir. Since the injected
holes from emitter I, are usually much higher than I,,r in an efficient emitter, I,
can be neglected in (A.14). I, and Ir are both functions of Vg but with different
exponential factors. By replacing (A.9) and (A.13) in (A.14), § can be expressed

approximately as:

1
d =~ (A.15)
WeWiaepN —qV] ’
1_"_ B dp B'ex( CIBE)

2kT

TdepDBni

which remains a function of Vpg. When Vpg is adequately high, i.e., Vpp > 2kT,
0 can be approximated as 1, which then does not affect ap. However, when Vg
reduces and approaches 2kT or even lower, the effect of § becomes more apparent
and starts to affect ap and eventually affects the ideal transistor behavior. This, as

discussed in Sec. 3.3, is also the reason for the reduced 8 at low Vgg values.

Apart from the three components of the base current discussed above, there are
two negligible current components originating from the CB junction. These currents
are caused, respectively, by the holes injected into the base from the reverse biased CB
junction and by the recombination-generation current in the CB junction. However,

since the CB junction is reverse biased and has a large barrier potential, both of these
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currents are negligible compared to the other three base current components.

A.3 Temperature dependence of Ig

Ig is a strong function of temperature due to the temperature dependence of param-
eters involved in (A.8): n?, Dp, and Wp.

The dependence of n; to temperature is illustrated in Fig. A.2 (a) for silicon,
which can theoretically be expressed as:

E
2 _ . g
n;(T) = N.N, - exp( . ), (A.16)

where E¢(T) is the energy gap between the conduction and valence band of silicon,
and N, and N, are the effective density of states in the conduction and valence bands.
Taking into account that N, = 2-(2mskT/h?)'® and N, = 2- (2m}kT/h?)'®, n? can
be expressed as [A.1]:

), (A.17)

3
n2(T) =92. (m*m*)1'5 . <2ﬂ'kT> . (_EQ(T)

B2 P\

where m;, and m,, are, respectively, the equivalent masses of the electrons and holes,
and h is the Plank constant. The energy gap of silicon E4(T) = E.(T) — E,(T') also
varies with temperature as illustrated in Fig. A.2 (b). It is usually modelled as a

non-linear function of temperature as [A.3]:

a1T2

T+a2’

Ey(T) = Eyo (A.18)
where Egy is the bandgap energy of silicon at 0 K, which is 1.15 eV; a; and ag are
constants [A.3]. In the temperature range between —55 °C and 150 °C, however,
E,(T) and, similarly, the bandgap voltage V,(T') = ¢- E4(T) can be approximated as

a linear function of temperature as:
Eg(T) = q-Vy(T) = q- (Vgo — o T) , (A.19)
where Vo is the extrapolated bandgap voltage of silicon at 0 K and ay is its temper-

ature dependence.

Dp in the base region is a function of hole’s mobility pu,. Since at equilibrium,
diffusion and drift currents need to be equal according to the FEinstein equation, Dpg

is then equal to u,(T') - kT/q. Apart from the presence of T' in this equation, pu,(T) is



A.3 Temperature dependence of Is 157

o8 @] ‘ ‘ ‘ ‘ Cm
N Room
16 r
10 E 1.2 Ten(lf)elr;l)lure
101 " s
Room g LIy
102} Temperature -é”
(10%) 5 4l
1010} gb
108h 5 09¢
10(6)5 I 15 2 25 3 35 4 45 038 : ‘ : : :
- : -~ ; : 0 200 400 600 800 1000
1000/T (K1) Temperature (K)

Figure A.2: Temperature dependece of: (a) intrinsic carrier concentration of silicon,
n; and (b) energy gap of silicon, E,.

also heavily temperature-dependent. The temperature dependence of p,(T) is caused
by two main mechanisms both of which relate to the scattering of carriers. The
first mechanism, denoted as p;(T), is phonon-scattering, which dominates the overall
scattering for T >~ —150 °C and it is theoretically proportional to T~'-5. Practical
measurements, however, show the dependence of T=22 to T-24 [A.4]. For lower
temperatures T' <~ —150 °C, the second scattering mechanism dominates, which is
related to the coulomb-scattering of ionized dopant. This is denoted as p;(T"), which
is theoretically proportional to T7!-5. The overall u,(T) is then has the combined
effect of the two mechanisms with counter-dependence to temperature that can be

expressed as [A.4]:

1 1\ !
”<T)—(mm+m>> ' (4.20)

pp(T) might have a peak at a certain temperature depending on the doping level
and the counteraction of the two mechanisms in (A.20). A graphical view of u(T')
variations is shown in Fig. A.3 (a) for different doping concentrations and for both w,
and p,,. For low levels of doping concentration, the peak never happens, and the first
scattering mechanism dominates in a wider temperature range. For vertical PNPs,

since the base has low doping, u(T) ~ u;(T) can be expected for temeprtaures above
—55 °C.

Besides the two scattering mechanisms, there are other second-order mechanisms
that slightly affect the temperature-dependence of p(T'). As a result of this, in prac-
tice, the empirical model for mobility is found to be more useful, which can be ex-
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Figure A.3: Temperature dependence of mobility for different doping concentrations.

pressed as:
umy =) (1) (A21)

where (7)) is the value of 4 at an arbitrary temperature 7, and «, is a fitting
parameter. Some works suggest more complicated models for «, to obtain a better
fit with the empirical model to the measured p, in which «,, is also temperature-
dependent [A.5].

Wp can also change with temeprature. Although the physical width of base is
fixed, it changes as a result of change in the depletion region width in the two junc-

tions. This effect is known as early effect, and will be further discussed in Sec. A.4.2.

Considering all the temperature dependences that are discussed in this section, and
assuming a linear temperature dependence for E,(T'), and a temperature-independent

Wpg, Is can be approximated as:

Is(T) = CT" - exp (#) , (A.22)

where (n) is a constant that is related to the temerpature-dependence of mobility, and

C is a fitting parameter.
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A.4 Non-idealities of the I — Vg characteristic

A.4.1 High-level injection

The basic operation of a PNP explained in Sec. A.1 was based on the condition that
the injected minority carriers from the emitter to the base p’ are lower than the ma-
jority carrier in the base Ng. When p’ > Np, high injection occurs. The consequence
of high injection is that hole and electron have a similar level of concentration in the

base, i.e., n ~ p, allowing their values to be obtained from:

\%
P RN N exp (2;;?) . (A.23)

The collector current of the PNP in high-injection can be expressed as:

Ic < n;exp <q2‘25;3> , (A.24)

which indicates that the I — Vg curve in high injection has a lower exponent factor
than the low injection condition. The current level at which the slope of In(I¢)
versus Vg reduces to half is called the high injection knee current Iy . This slope
reduction in I — Vg also causes 8 to drop in this region since I is not affected by
this effect. Since (A.24) occurs at relatively high levels of current (e.g., Ic > 100 pA),
for the scope of this work, in which PNPs maximum bias current is ~ 1 pA, it can
be neglected. One way to shift Ixr to higher I levels is to increase Np or decrease
Npg. However, both options negatively affect the ideal operation of the transistor by

reducing its emitter injection efficiency.

The high injection of minority carriers from the base into the emitter is almost
impossible to occur since the doping level in the emitter Ng is high and making it

difficult for the minority carriers from the base to reach the level of Ng.

A.4.2 Base-width modulation

The physical width of the base is defined by the fabrication process. The effective
Wg, however, is affected by the voltage across the EB and CB junctions, which causes

the width of their depletion regions to change.

As illustrated in Fig. A.4, Wp is affected by the change in the Vg¢. This is known



160 Appendix A . BJT theory

as the forward early effect, which can be expressed as [A.6]:
_ _ Viee
WB(VBC) = WB(VBC =0)-(1-=—=]), (A.25)

in which V4 is the early voltage measured from the Vog — Io curve, having values
of greater than 50 V in high performance BJTs. The change in Wp results in three

main parameters of the BJT as described in the following:

(1) The saturation current Ig is inversely proportional to Wp as can be ob-
served from (A.8). The change in Ig as a result of Vg change can be expressed

as:

Is(Vec) = Is(Vec = 0) - (1 + VBC) . (A.26)

(2) The current gain S is also dependent on Wx and thus on Vpe. Due to
fewer recombination chances for injected carriers in a shorter base, § increases with
a decrease in Vgeo. The dependence of S on the variation in W can be expressed as:

Vee
B(Vee) =B(Vec =0)- |1+ —— ). (A.27)
Va
(3) Base transit time 75 can change when Wp changes. 7p is proportional to

W2. This is a dynamic parameter of the device that defines the maximum operating

frequency of the BJT, and is of less concern in the context of its DC characteristic.

The amount of depletion region width that falls on the base or collector depends on
their relative doping concentrations. In some BiCMOS technologies, it is important to
keep B independent from the electrical condition. In these cases, to keep the Wy less
dependent on Vg, a small region of the collector near the base-collector junction is
made with a lower doping concentration compared to that of the base. This can absorb
the depletion region width into the collector, thus reducing the variation in Wg. In
order to avoid a high R, the rest of the collector is then made with substantially
higher doping. In vertical PNPs, however, the collector is made from the p-substrate,
and so there is little to no control over the collector doping. It can be assumed that
the base and collector doping are at similar levels, since they are both made with
a low-doped well. As a result, the depletion region will be divided nearly equally
between the collector and the base, thus a high W modulation, or equivalently low

V4 is expected.

Similar to the forward early effect, Wy is also modulated as a result of change in
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Figure A.4: Tllustration of the forward early effect. The effective W changes due to
variation in the CB depletion region width.

the EB depletion region when Vpg varies. This effect is known as the reverse early
effect. The depletion region in the forward biased EB junction is substantially smaller
compared to the reverse biased CB junction. On the other hand, since injection
efficiency in the emitter requires Ng to be lower than Ng, the EB depletion region
width predominantly falls in the base and thus change Wg. The change in Ig variation

as a result of this Wy variation can be written as:

v
Is(Vpg) =Is(Veg =0) - (1 + VME> , (A.28)

AR
where Var(# Va) is the reverse early voltage. By applying (A.28) to the ideal I —

Ve Equation of (A.7) and rearranging it, Vg can then be expressed as:

1 kT Ic
VeE o T . n <Is>
qVar
kT IC)
~np—Iin|—], A.29
g (Is ( )

where n is the non-ideality factor of the BJT. Although np in (A.29) is a temperature-
dependent parameter, many circuit simulator define np as a fixed value that is slightly
larger than 1 (e.g., 1.005) [A.7].
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A.5 Non-linearity of the Vpp(T) curve

The non-linearity of the Vpp causes curvature in bandgap voltage references and also
non-linearity in temperature sensors. The non-linearity of Vg can be observed by

replacing the temperature dependence of Ig from (A.22) in (A.7) resulting in:

T —
Io(T) = CT" - exp (q(VBE( ) Vg")) . (A.30)
kT
Equivalently, Vg can be expressed as:
kT kT
Vee(T) = Vyo + 7ln(IC(T)) —~ n?ln(C’T) . (A.31)

This equation was derived from the physical properties of BJT devices and so, in
principle, it should fit into the measured results when the constants are calculated
properly. Vi can be replaced with its value from the bandgap of silicon, 1 can be
replaced with its value based on the temperature dependence of n; and u,, and C
can be replaced with its value based on Ap, Wg, the temperature dependence of
Vg4, and the proportionality factor of Np. It has been shown that by using such
physics-driven parameters, Equation (A.31) does not perfectly fit into the measured
results of Vpp [A.8],[A.9]. According to [A.10], this discrepancy originates from the
inaccurate model of the temperature charactersitic of V,(T'), which was assumed to
linearly change with 7. To solve this, V4 (T') can be replaced with a function that

models its behavior more accurately as [A.3]:

: (A.32)

where a1 and as are constants. A second-order polynomial for V(T') has also been

suggested, in which V(T is expressed as [A.10]:
Vy(T) = a; — aoT — a3T?, (A.33)

where a; : az are constants, and a; is not necessarily equal to Vyo. Applying these
models has resulted in a reduction in the discrepancy between the physics-driven
model in (A.31) and the measured results of Vpr with one order of magnitude, re-

sulting in Vg errors of less than 200 V.

With a different approach, despite the discrepancy in the measured results, it
has been shown that (A.31) can still be used to accurately model Vgg under the

assumption that V,(T') is a linear function of temperature. This, however, required
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Figure A.5: Simplified illustration of Vg non-linearity.

C, and Vq to be replaced with their measured values from the I — Vg curve [A.11].
Using this method together with the empirically fitting parameters (A.33) obtained
errors within 100 x4V from the Vg measurement. To obtain these fitting parameters,
(A.33) needs to first be rearranged in a way so that the fitting parameters are found
from voltage and current values as:

T KT T kT Ie(T)

Vo) = Vaoll = 7)o inlg )= e

)

N

T kT kT, T

where T;. is an arbitrary temperature at which the I(T;.) and Vpg(T,.) are found. The
last three terms are all functions of T', which can then be lumped into (T/T,)Vpr(T),),
further simplifying (A.34) to:

T kKT, T. KT,  Io(T)

VBE(T) = Vgo(l — 7) — nTln(—) + —ln(

T T, q IC(TT‘)) + EVBE(TT) ’ (A35)

T,

Obtaining the exact behavior of Vg requires knowing the bias current. The bias
current can be replaced with Io(T) = Io(T,.)(T/T,)™, in which m determines its
temperature dependence and I (T;.) is its absolute value at T,.. For instance, m = 0

represents a constant current, whereas m = 1 represents a PTAT current. Replacing
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Io(T) in (A.35) results in:

Iyt n>%TZn<5> w Lyaemy. (A36)

Ve (T) = Vool = 72 Tt

As illustrated in Fig. A.5, Vgg is usually considered as the sum of two functions: a
linear function Vpg jinear(T'), which primarily determines Vpg, and as a non-linear
function Ve g noniinear(I'). The linear function is a line that has a value of Vpg(T})
at T,., and Vggo at 0 K, and can be expressed as:

T T
VBE tinear(T) = VBEo (1 - T> + ?VBE(TT) . (A.37)
T T

To find Vppo, the tangent of (A.36) at T, needs to be found by taking its derivative
at T, and then finding the point where it crosses T = 0, which is:

kT,
Vero = Vyo + (7 —m) . (A.38)

The non-linear part of Vg is then obtained by subtracting (A.37) from (A.36) re-

sulting in:

VBE non—tinear(T') = g(n —m) <T - T, — Tln(TT)> . (A.39)

r

One important observation from (A.39) is that Vg non-linearity depends on m.
Using m, which is larger than 1, can help to reduce the non-linearity [A.7]. Generating
currents with m > 1, however, has its own limitations in terms of circuit design.
Instead, combining two Vpp that have bias currents with m = 0 and m = 1 has been

used to reduce the curvature of bandgap voltage references [A.12].

Another important observation from (A.39) is that Vg non-linearity can be as-
sumed to be a constant. When m is fixed, the non-linearity of Vg is also fixed and
does not spread with process. The assumption that n does not spread has also been
made for the spread of Ig, in which the temperature dependence of Ig is considered

to be process-independent.

A process-independent Vg g non-linearity has a great impact on designing bandgap
voltage references and also temperature sensors. A process-independent Vg non-
linearity has been practically affirmed in many other works [A.13],[A.14] and is also
used in Chapter 4 to obtain process-insensitive temperature sensor using the same
average calibration parameters. In Chapter 5, the process-independent curvature of

the bandgap voltage reference is used in heater-assisted bandgap trimming. When
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Vpg non-linearity varies with process, neither of the low-cost calibration methods

described in Chapter 4 and 5 are valid or they obtain lower accuracy.

A.6 Noise in the BJTs

A simple model for noise in a BJT is composed of three main sources: the shot noise
of the collector, base currents, and the thermal noise of the base resistance. Other
resistances, which are explained in the Sec. 3.4, also generate noise, but since they
have lower values compared to the base resistance, they are negligible. The shot
noise contribution from the base current has a power density of I2, = 2¢lp, and
it is modelled as a current noise between the emitter and base terminals. Similarly,
the shot noise of the collector current has a power density of I2, = 2¢lc, which is
modelled as a current noise between the collector and the emitter terminals. When
B is large (e.g., 8 > 10), I?; can be neglected compared to I2,. Assuming that
the PNP is diode-connected, this current will then flow through the equivalent small

signal output impedance ~ 1/g,, and create voltage noise with a power density of:

2
1) _ AT (A.40)

”Z,VBE =2qlc - <
m 9m
where g,, is the small signal transconductance of the PNP obtained from g,, =
qIc/ET. In this derivation, the noise of the current source that provides the bias
current is neglected. When this bias current is also associated with the same level
of noise to Iflc, the total output noise density in Vgpg is simply doubled to 4kT'/g,,.
The actual level of noise from the current source, however, depends on the bias circuit

and the noise of the current mirrors.

Noise from the base resistance can be expressed as V2, = 4kTRp. This noise
is modelled as a voltage noise in series with Vpg and thus will be directly added
to (A.40). When the bias current of the PNP is in the order of 1 pA or lower, the
contribution of the base resistance is negligible compared to that of I2.. Comparing
these two requires 4kT Rp to be compared with 2kT/g,,, or simply Rp to be compared
with 1/2gy,. Assuming Ic = 1uA, 1/(2g,,) = 12.5 kQ while Rp is usually in the order
of few hundred ohms. When the bias current is lower than 1 pA, 1/(2g,,) increases

even further making I, even more dominant.

The noise in AVgg can simply be obtained using (A.40) for two BJTs with col-
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Figure A.6: Simple noise model for a BJT.

lector currents I and pIc. As a result, this noise can be expressed as:

2 _ .2 2
Un,AVep = Yn,Ver(Io) + Un,Ves(p-Ic)

_ T (1 + 1) . (A.41)
9m p

The low frequency noise behavior in a BJT deviates from the frequency-independent
noise model provided in (A.40) and (A.41). To obtain a precise model for the low
frequency noise, the mechanism of each current component in I'g, I and Ig needs to
be considered. In most cases, however, a simple model has been found to be sufficient,
in which only the low frequency noise associated with the base current is taken into
account. Although the physical origin of low frequency noise in BJTs has not been
conclusively determined, many studies relate it to surface states [A.15], while mobility
fluctuations in the base is also suggested [A.16]. The low frequency noise of the base
current can be modelled as [A.17]:

I 5(f) = M, (A.42)

f

where KF is a constant which is ~ 2.15 x 10'°, and AF is a constant between 0.9
to 1.75 [A.17]. The corner frequency can be found, at which point the frequency-
independent noise intersects with the frequency-dependent noise in (A.40). Assuming
that I2 is the dominant noise source for the frequency-independent noise, the corner
frequency can be expressed as f. = KF/ 2qu(BAF_1). For typical values of KF and
AF, and assuming I = 1pA, an f, of less than 10 Hz will be obtained.
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Summary

This thesis explores the realization of a precision temperature sensor in CMOS tech-
nology that can be produced at low costs. At the start of this work, A BJT-based
sensor in the target 0.16-um technology could obtain inaccuracy of £0.15°C (30) in
the range from —55°C to 125°C. This, however, shifted between two batches without
its root cause being determined. Due to different mechanical stress, the result of this
sensor also shifted from ceramic to plastic packages. Both of these shifts could only be
corrected at the expense of more calibration, i.e., separate calibration for each batch,
and for each package type. The need to re-calibrate separate batches and differently
packaged samples made it impractical to use such a sensor as a low-cost product.

In this thesis, a sensor with higher accuracy is realized that achieves 30 error of
+0.06°C in the same range, while it does not require extra calibrations, and so can be
produced with lower costs. In addition, two calibration methods are proposed based
on using an on-chip heater that can help reduce the production costs of the sensor.
Finally, the circuitry of the sensor is reused to accommodate extra functionality, and

by doing so making more cost-effective use of its area.

Chapter 1 gives an introduction. It starts with a short history behind the use
of BJTs for temperature sensing, and the fact that they are still popular in CMOS
technology. It also gives a brief cost breakdown for the production of these sensors.
It then discusses, in detail, why the state-of-the-art sensor in the target CMOS tech-
nology could not be produced at low costs. Methods used in this thesis to overcome

these shortcomings are then explained.

Chapter 2 takes a step back and gives an overview of different methods for realizing
temperature sensors in CMOS technology. It discusses four different types of sensor
based on using resistors, MOSFETSs, thermal-diffusivity, and BJTs. For each type of
sensor, the operating principle, examples of readout circuits, reported accuracy based

on the available literature, and calibration requirements are discussed.

Chapter 3 then focuses on BJT-based sensors, as this is the chosen method in
this thesis. It starts with simple equations that govern an ideal BJT operation. The

underlying physics behind the saturation current of BJTs, as the main determining

169
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factor of their temperature dependence and source of spread, is discussed further.
Non-ideal parameters of a BJT, such as limited 8 and series resistance are also dis-
cussed since they can cause additional errors to the sensor. Finally, the effects of

mechanical stress caused by different packaging on the BJTs are discussed.

Chapter 4 discusses the first implementation in this thesis, which is about an ac-
curate and process-insensitive sensor. It starts with an analysis of the error sources
of the sensor’s front-end. A proposed front-end that can deal with these errors and
the sensor’s ADC is then discussed. Measurements of this sensor over three different
batches show that it obtains state-of-the-art accuracy, while eliminates the need for
extra batch-calibration. It has been shown that the sensor’s accuracy can be repro-
duced by a one-time calibration to extract a set of global parameters together with a

single-point room temperature trim.

Chapter 5 discusses the second implementation in this thesis, which involves the
development of calibration and trimming methods based on using an on-chip heater.
These methods can help reduce the costs of producing the sensor. The first method,
heater-assisted voltage-calibration, provides a fast two-point calibration without the
need for external infrastructures except for an accurate external voltage reference. It
has been shown that this calibration method can enhance the sensor’s accuracy and
also correct shifts of plastic packaging. The second method, heater-assisted bandgap
trimming, provides an extremely low-cost trimming method that can correct BJT’s
spread without the need for accurate external references. Although the accuracy after
this trimming is not as accurate as the first calibration method, it is still beneficial for
noisy test environments, where accurate references are not available. The effectiveness
of these two methods on the sensor are verified over a wide temperature range, and
also with different packages.

Chapter 6 discusses the third implementation in this thesis, which aimed at making
cost-effective use of the sensor’s area. With a small overhead, the circuitry of the
temperature sensor is re-used to also sense external voltages and capacitances. The
result is a multi-function sensor that can sense temperature, while it can also digitize

external voltage and capacitance.

Chapter 7 concludes this thesis by listing the main findings and suggesting three
ideas for future work. Appendix A provides further reading about BJT devices.



Samenvatting

Dit proefschrift onderzoekt de realisatie van een nauwkeurige temperatuursensor in
CMOS-technologie die tegen lage kosten kan worden geproduceerd. Bij aanvang van
deze studie kon een temperatuursensor die BJT gebruikt in de 0.16-um technologie
een nauwkeurigheid behalen aan +0.15°C (30) in het bereik van —55°C tot 125°C.
Dit verschoof echter tussen twee batches zonder dat de oorzaak bekend was. Het
resultaat van de sensor verschoof ook van keramische naar plastic verpakkingen van-
wege verschillende mechanische stress. Beide verschuivingen konden enkel worden
gecorrigeerd ten koste van meer kalibratie, d.w.z. afzonderlijke kalibratie voor elke
batch en voor elk pakkettype. De noodzaak om sensoren van afzonderlijke batches
en verschillende verpakkingen opnieuw te kalibreren, maakte het onpraktisch om die
sensor te gebruiken als lage kosten product.

In dit proefschrift wordt een sensor met een hogere nauwkeurigheid gerealiseerd
die in hetzelfde bereik een nauwkeurigheid van £0.06°C (30) behaalt, en tegelijkertijd
geen extra kalibraties vereist, en daarom met lagere kosten kan geproduceerd worden.
Daarnaast worden twee kalibratiemethoden voorgesteld, gebaseerd op het gebruik van
een warmtebron op een chip die meedraagt in de reductie van de productiekosten. Tot
slot wordt het circuit van de sensor hergebruikt om extra functionaliteit te bieden.
Hierdoor wordt op dit gebied ook kosten bespaard.

Hoofdstuk 1 bevat een inleiding. De inleiding geeft een kort overzicht van de
geschiedenis achter het gebruik van BJT voor temperatuurdetectie en het feit dat
deze nog steeds populair zijn in CMOS-technologie. Tevens geeft de inleiding een
korte opsomming van de productiekosten van deze sensoren. Ook wordt besproken
waarom de state-of-the-art sensor in de 0.16-pm CMOS-technologie in het verleden
niet tegen lage kosten kon worden geproduceerd. Tot slot worden de methoden die in
dit proefschrift worden gebruikt om deze tekortkomingen te verhelpen uitgelegd.

Hoofdstuk 2 geeft een overzicht van verschillende methoden die worden gebruikt
bij het realiseren van temperatuursensoren in CMOS-technologie. Het gaat in op
vier verschillende soorten sensoren op basis van het gebruik van weerstand, MOS-
FET, warmtediffusie en BJT. Voor elk type sensor wordt het volgende besproken:
werkingsprincipe, voorbeelden van readout circuits, gerapporteerde nauwkeurigheid
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op basis van de beschikbare literatuur en kalibratie eisen.

Hoofdstuk 3 richt zich op BJT-gebaseerde sensoren, aangezien dit de gekozen
methode is in dit proefschrift. Het begint met eenvoudige vergelijkingen die een ideale
BJT-bewerking bepalen. Tevens wordt de onderliggende fysica achter de saturation-
current van BJT besproken, omdat het de belangrijkste bepalende factor van hun
verspreiding is. Ook worden niet-ideale parameters van een BJT besproken, zoals de
serie weerstand en (3, aangezien deze extra fouten aan de sensor kunnen veroorzaken.
Ten slotte worden de effecten van mechanische stress die veroorzaakt worden door
verschillende verpakkingen op de BJT besproken.

Hoofdstuk 4 bespreekt de eerste implementatie, die gaat over een nauwkeurige en
procesongevoelige sensor. Het begint met een analyse over de error-sources van de
front-end van de sensor. Daarna wordt een voorgesteld front-end die met deze fouten
kan omgaan besproken en de ADC van de sensor. Metingen over drie verschillende
batches van deze sensor laten zien dat deze het meest nauwkeurige is, terwijl er geen
extra batch-kalibratie nodig is. Het is aangetoond dat de nauwkeurigheid van de
sensor kan worden gereproduceerd door een eenmalige kalibratie, samen met een één-
punt kamertemperatuur trim.

Hoofdstuk 5 bespreekt de tweede implementatie, die de ontwikkeling van kali-
bratie en trimmethodes omvat op basis van het gebruik van een warmtebron op een
chip. Deze methoden kunnen de productiekosten van de sensor reduceren. De eerste
methode, heater-assisted voltage calibration, zorgt voor een snelle twee-punt kalibratie
zonder dat externe infrastructuren nodig zijn, behalve een nauwkeurige externe volt-
age referentie. Het is aangetoond dat deze kalibratiemethode de nauwkeurigheid van
de sensor kan verbeteren en daarnaast verschuivingen van plastic verpakkingen kan
corrigeren. De tweede methode, heater-assisted bandgap trim, biedt een extreem goed-
kope trimmethode die de spreiding van BJT kan corrigeren zonder dat nauwkeurige ex-
terne referenties nodig zijn. Hoewel de nauwkeurigheid na dit trim niet zo nauwkeurig
is als bij de eerste methode, is het toch gunstig voor testomgevingen met veel ruis,
waar nauwkeurige referenties niet beschikbaar zijn. De effectiviteit van deze twee
methoden op de sensor wordt geverifieerd over een breed temperatuurbereik, en ook
met verschillende pakketten.

Hoofdstuk 6 bespreekt de derde implementatie in dit proefschrift, die gericht was
op het kosteneffectief gebruiken van het sensorgebied. Het circuit van de temper-
atuursensor hergebruikt om ook externe voltages en capaciteiten te detecteren. Het
resultaat is een multifunctionele sensor die de temperatuur kan meten, terwijl hij ook
externe voltage en capaciteit kan digitaliseren.

Hoofdstuk 7 besluit dit proefschrift met een opsomming van de belangrijkste bevin-
dingen en drie suggesties voor toekomstig werk. Bijlage A biedt meer informatie over
BJT-apparaten.
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