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INTRODUCTION

Chapter 1

INTRODUCTION

This thesis discusses the advantages and limitations of the carbon dioxide (CO,)
sensors based on thermal conductivity (TC) measurement, and describes how they
can be implemented and subsequently read out using standard integrated circuit (IC)
technology.

This chapter is organized into three sections. The first describes the
background of the problem that motivated the work done in this thesis—the lack of
cost effective and energy efficient CO, sensors for air-quality monitoring in home
and building automation. The second is a literature review of various existing
methods of sensing CO,, which reveals that the transducers needed for thermal-
conductivity-based CO; sensors can be realized in standard IC technology, thus
enabling a significant reduction in their cost and size. The limitations of prior
thermal-conductivity-based sensors are then discussed, and three readout
approaches are proposed to address them. Finally, the organization of the thesis is
presented.

1.1 Background to the Problem

The expansion of the Internet of Things (IoT) is generating new applications and
increasing the level of automation and intelligence of existing environmental
control systems. For example, [oT technologies have enabled the next-generation
of home and building automation (HABA) systems which are incorporated in
Smart Building designs [1]. The HABA systems rely on the integration of all kinds
of environmental sensors (e.g., temperature, humidity, light, gas) to accurately
monitor and automatically adjust real-time ambient conditions, targeting optimal
occupant satisfaction and productivity with the best energy efficiency.

Indoor air quality (IAQ) is closely related to the health and productivity of a
building's occupants, and thus is an essential metric of Smart Buildings. As the
occupancy of a building increases, human-related pollutants, such as bacteria,

1
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molds, and volatile organic compounds increase, posing an increased risk for the
health of the occupants. As a by-product of human respiration, CO> concentration
also increases with occupancy. Recent research indicates that elevated CO, levels
impair human productivity [2]. Therefore, CO, concentration is an important
parameter for assessing indoor air quality. Integrating accurate CO, sensors into the
ventilation systems of smart buildings will enable Demand-Controlled Ventilation
(DCV), which will be more effective than ventilation systems that operate
constantly or are based on prediction. DCV systems work harder when occupancy
increases, and less when it decreases, resulting in significant energy savings.
Analysis shows that the application of CO,-based DCV systems results in
substantial decreases in energy consumption, and in most cases, leads to significant
reductions in the corresponding annual energy load, which ranges from 10% to 80%
depending on the space type, climate, occupancy schedule, and ventilation strategy

[3].

The existing CO, sensors using non-dispersive infrared absorption (NDIR) [4]
or solid-state electrolytes [5] approaches are however, bulky and expensive.
Furthermore, their power consumption typically exceeds what is needed in battery-
powered wireless sensor nodes for HABA systems. Sensors based on solid-state
electrolytes also rely on electrochemical reactions, which limits the long-term
stability of the sensors and requires frequent recalibrations. Given such limitations,
this project aims to propose an alternative sensing solution that not only meets the
resolution requirement, but is also cost-effective and energy efficient; suitable for
HABA application.

In the following section, the three main CO; sensing methods will be
reviewed— (1) NDIR, (2) Electrochemical, and (3) Thermal-conductivity-based.
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1.2 Literature Review

airin air out

I I I I I I
IR CI: ® o . ® o o © optical IR
emiter~~ o “_ o _ o ° filter | detector

® 0O, and N, molecules (air)
CO, molecules

Figure 1.1. CO; sensing based on non-dispersive infrared absorption (NDIR)

Since the 1980s, the development and application of CO, sensors has been the
subject of much industrial research and development [6]. Initially, CO, sensors
were mainly based on non-dispersive infrared absorption (NDIR). The simplified
operation of an NDIR sensor is shown in Figure 1.1. It is based on the fact that gas
molecules absorb infrared (IR) light at certain wavelengths (e.g., 4.26 um for CO,),
and that the amount of absorption is proportional to the concentration of the gas
[4][7]. Thus, by measuring the difference between the amount of IR radiation
generated by the emitter and that received by the detector, CO, level can be
calculated. NDIR-based CO, sensing has several advantages. Firstly, it is an
intrinsically selective method, as the absorption wavelength is unique for CO,.
Secondly, the amount of absorbed IR light is proportional to the amount of CO; in
the sensing path. Thus, the sensitivity can be adjusted by changing the effective
length of the IR light tube [8]. Thirdly, NDIR-based CO, sensors have good long-
term stability. This is an important advantage as it reduces the cost of maintenance
or replacement, especially when a large number of sensors are needed as in a
HABA system. However, such sensors are expensive and difficult to miniaturize
because of the long optical path required (i.e., typically > 100 mm). In addition,
their power consumption is rather high (typically >100 mW) [4][7]. Recently,
efforts have been made to realize IR emitters in semiconductor technology [9].
Micro-hotplate IR emitters realized with MEMS technology have been reported
[10]. These show improvements in reliability, response time, and physical size
compared with traditional micro-bulb-based IR emitters. However, there is still
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significant room for improvement; low-cost, low-power, miniaturized optical CO,
sensors are yet developed.

Electrochemical CO; sensors using solid-state electrolyte technology emerged
later than NDIR CO; sensors [6]. Sensors based on solid-state electrolytes exploit
the electrochemical reaction between CO, and specific compounds, generating an
electromotive force (emf) that is a function of CO, concentration [11][12][13], as
shown in Figure 1.2. These sensors commonly use the compound NasZr,Si,PO1»
(NASICON) as the solid electrolyte and use two electrodes, of which the CO»-
sensing electrode is pasted with lithium carbonate. CO, reacts with the carbonate at
the sensing electrode, and the (lithium) cations are replaced by sodium ions (in
NASICON) which drift to the reference electrode, resulting in a CO»-sensitive emf
between the electrodes [11]. Sensors based on solid-state electrolytes are generally
less expensive than optical sensors. However, their accuracy and long-term
stability are usually inferior to that of their NDIR counterparts, and they usually
need to operate at an elevated temperature.

Reference electrode

Solid electrolyte ~_ emf

@

Figure 1.2. Electrochemical CO; sensing using solid electrolyte
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"'_>

heat flux -
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¢

©

Figure 1.3. Thermal-conductivity-based CO; sensing

Another way of measuring CO; concentration is by measuring the thermal
conductivity of air [14]. This exploits the fact that the thermal conductivity of
different gases varies significantly. Since this is a fundamental property of each
type of gas, changes in the composition of a gas mixture will manifest themselves
in changes in its thermal conductivity, and thus in the temperature of a hot-wire
transducer, as shown in Figure 1.3.

Table 1.1 shows the thermal conductivities (k) of some common gases. As
shown in Table 1.1, compared to other gases such as hydrogen and helium, the
thermal conductivity of CO; is much closer to that of air. This poses a challenge in
realizing high-resolution CO» sensors, as the resulting changes in k can be very
small (e.g., a 100-ppm change in CO, concentration will only result in a 37-ppm
change in the TC of air). In addition, the thermal conductivity of air is also a
parameter sensitive to environmental factors, such as ambient temperature,
humidity and pressure, the impact of which also poses a challenge to the accurate
measurement of the CO, concentration (as will be detailed in Chapter 2). Thus,
thermal conductivity sensors have traditionally been restricted to measuring the
concentration of hydrogen or helium in the air [15]. It is only in recent years that

5
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thermal-conductivity-based sensors with CO, resolution below the percentage
range have appeared in literature and in industry [16][17][18]. The performance of
these sensors is summarized in Table 1.2.

Table 1.1. Thermal conductivities (k) of some gases at 0 °C and 25 °C (pressure =
1013 mbar)

k (0°C) k (25°C)
Gas type
[mW/K-m] [mW/K-m]
Air (typical) 24.0 26.0
Carbon dioxide 14.0 16.4
Water vapor 16 19.9
Nitrogen 24.0 25.7
Oxygen 25.0 26.2
Helium 144.0 151.0
Hydrogen 174.0 180.0

Table 1.2. Performance of the prior TC-based CO; sensors

Parameter [16] [17] [18]
Method TC TC TC
Technology MEMS MEMS MEMS
On-chip readout No No No
Supply voltage - - 5V
Power 3mW 7 mW 100 mW
Measurement time 60 s - Is
Energy per measurement 180 mJ - 100 mJ
CO; resolution (1o) 456 ppm <1% 1000 ppm
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For use in air quality monitoring, the performances of these sensors falls short
in three respects. Firstly, their CO, resolution is insufficient. According to
ASHRAE (the American Society of Heating, Refrigerating and Air-conditioning
Engineers), the suggested indoor CO, concentration should be below 5000 ppm
[19]. However, adverse effects on productivity have been reported for average CO»
concentrations as low as 1000 ppm. As such, to effectively monitor indoor CO;
concentrations, much lower CO, sensing resolution is required, for example, 100
ppm. Secondly, the energy consumption of these sensors is too high for HABA
application. Lastly, these sensors do not have co-integrated readout electronics.
This means that they are not only bulky, they are also expensive solutions.

Given the existing shortcomings, TC-based CO, sensors have the potential to
address the issues of NDIR or electrochemical CO; sensors. To measure the
thermal conductivity of air, a resistive heater with defined thermal properties is
needed, and this can be realized in Complementary Metal Oxide Semiconductor
(CMOS) technology, in which standard methods of realizing metal or polysilicon
resistors already exist [20]. For higher thermal resistance (thus higher sensitivity),
the resistive transducer can be released by an additional etching step, as shown in
Figure 1.4.

Etched Ambient air
windows

Metal—
VIA
Metal—
VIA

Sio,

Figure 1.4. The freestanding resistive transducer in CMOS technology by an
etching step

The compatibility of TC-based sensors with standard CMOS processes should
result in low-cost and miniaturized systems [21]. Their power consumption will be

7
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dominated by the power needed to heat the transducer, but this is relatively low
compared to the power consumed by an IR source. However, because of the very
small signals involved, measuring indoor CO, levels with a 100-ppm level
resolution represents a significant challenge for TC-based sensors [16]. In addition,
TC sensing inherently means sensing power and temperature, and on-chip
references for power and temperature are not sufficiently stable for CO:
measurement at this level. Temperature compensation and trimming are thus
required.

To address these challenges, three different solutions are proposed in this
thesis:

e Solution I: use a TC reference in the form of a “capped” transducer
(i.e., its TC is independent of the changes of CO, in ambient air) and
measure TC ratiometrically;

e Solution II: use an algorithmic architecture to enable accurate
temperature compensation and trimming;

e Solution III: measure the thermal time constant (instead of the TC)
relative to a time reference (clock), which essentially means that the
combination of the thermal capacitance of the sensor and the time
reference is now used as an indirect TC reference.

Three different readout architectures based on these solutions have been
designed and realized. Their effectiveness has been confirmed by the realization of
prototype sensors in a standard 0.16 pm CMOS technology, in which the tungsten
VIA layer is used to realize a CMOS-compatible hotwire transducer. Note that the
presented readout architectures are not limited to this specific technology. Since
Tungsten is a standard material in most of the CMOS processes, the designs can be
migrated to other standard processes [22].

The first approach is based on a ratiometric TC measurement, which obviates
the need for an accurate power reference by using a second transducer (isolated
from the air) as a thermal-conductivity reference. The readout -circuit
ratiometrically digitizes the sensor’s thermal conductivity relative to that of the
reference, without relying on accurate voltage, power, or temperature references.
To prove the concept with simplified post processing, the sensor and reference
transducers are kept on separate dice and the sealing of the reference transducer is
done at package-level (Chapter 3).

In contrast with the ratiometric approach, the second approach does not
employ a capped reference transducer, but instead, explores the use of accurate

8
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temperature compensation and correction. The idea is to successively measure the
voltage, current and ambient temperature of a resistive transducer, and then to
process them algorithmically in a digital backend to obtain ‘“‘temperature-
compensated” readings of resistance and power dissipation, from which the
thermal conductivity for CO; sensing can be calculated (Chapter 4).

The third approach moves the measurement from the amplitude domain to the
time domain. The required reference is also in the time domain, which typically
incurs no additional cost since a stable clock is available in most electronic systems.
The design uses a high-resolution phase-domain delta-sigma (AX) modulator to
sense the thermal time constant of a hot-wire transducer and applies differential
sensing and baseline compensation to reduce the required dynamic range (Chapter
5).

To obtain an accurate CO, measurement, the impact of humidity and
temperature also needs to be quantified and removed. For the CO, measurements
described in this thesis, we monitored the temperature (T) and relative humidity
(RH) using a separate humidity sensor and used this information to obtain the final
results. Although we conceptually demonstrate the calibration and correction
process for cross-sensitivities to humidity, temperature, and pressure, it should be
noted that the implementation of a complete cross-sensitivity compensation scheme
is quite complex and requires much more thought and design work. It is beyond the
scope of this thesis, but would be a necessary step in the development of a
commercial product.
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1.3 Organization of the Thesis

Chapter 1. Introduction

<~

Chapter 2. System-Level Analysis

-

Implementation

Chapter 3. Chapter 4. Chapter 5.
Ratiometric Algorithmic | |Time-Domain
Approach Approach Approach

<5

Chapter 6. Conclusion

Figure 1.5. Organization of the thesis

The organization of the thesis is shown in Figure 1.5. Chapter 2 provides a system-
level analysis of thermal-conductivity-based sensing, including the operating
principle of thermal-conductivity-based sensors, an electro-thermal model for
system-level analysis, and qualitative and quantitative explanations of the
challenges in designing a thermal-conductivity-based CO, sensor. Chapter 3
introduces the first approach to solve the reference problem, which is a prototype
sensor based on ratiometric thermal-conductivity measurement. Chapter 4 presents
a different approach to solve the problem by using an algorithmic readout to
accurately measure the absolute values of the resistance, temperature, and power
dissipation of a resistive transducer. Chapter 5 presents the third approach, which
involves measuring the transient thermal delay of a hot-wire using a phase-domain
AY modulator, instead of by measuring thermal conductivity in the amplitude
domain. The thesis ends with conclusions and a summary in Chapter 6.
Suggestions for future work are also provided.
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SYSTEM-LEVEL ANALYSIS OF THERMAL-CONDUCTIVITY-BASED SENSING

Chapter 2

SYSTEM-LEVEL ANALYSIS OF THERMAL-
CONDUCTIVITY-BASED SENSING

In this chapter, a system-level analysis of the operation of thermal-conductivity
(TC)-based CO; sensors will be presented. This serves as the basis for the design
and implementation of the readout circuits that will be detailed in the following
chapters. To provide a system-level overview, the operating principle of TC-based
sensors will be explained first, followed by the introduction of a simplified circuit
model of their electrical and thermal behavior. System-level nonidealities and their
impact can then be evaluated using this model. Finally, key challenges in the
design of the readout circuit will be reviewed and a number of solutions will be
proposed and discussed.

2.1 Operating Principle

Thermal conductivity (TC) quantifies the ability of a material to conduct heat [1].
Changes in the concentration of a gas in a mixture of gases with different TCs will
result in changes in the overall TC. As a result, changes in TC can be used to
quantify changes in gas concentration, provided that it is the sole varying
parameter in the gas mixture [2]. This is applicable to the measurement of CO;
concentration in ambient air at indoor conditions, where CO, concentration rises as
a by-product of human respiration. Thus, CO, concentration can be used as an
indicator of indoor air quality.

When a resistive heater is placed in ambient air, as shown in Figure 2.1, its
temperature depends on the thermal resistance between it and ambient, indicated by
the following expression:

T,

heater

—PR,+T

ambient

2.1

where Theaer 18 the temperature of the heater, P is the power dissipated in the heater,
Ry is the thermal resistance, and Tampiens is the ambient temperature. It should be
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noted that the thermal resistance R, here refers to the net thermal resistance
between the heater and its surroundings (i.e., ambient air, mechanical support, etc.),
and it is only partially due to the conductive loss to the ambient air. This part is
inversely proportional to the thermal conductivity of the air. Clearly, in order to
determine changes in gas concentration through the thermal resistance Ry, the
temperature rise of the heater relative to ambient and the power dissipation of the
heater must be known. The accuracy with which these two parameters can be
measured is directly related to the accuracy of the resulting gas concentration
measurement. As will be discussed later in this chapter, this becomes the main
challenge in making a CO; sensor in standard CMOS.

Iy P=FR
Ry
eater TlooiTT Tambient
ambient air

Figure 2.1. Thermal conduction of a resistive heater placed in ambient air.

One limitation of a TC-based gas sensor is that it cannot distinguish between
different gases, as it only measures the overall TC of the gas mixture [1][2]. If
another gas component, apart from the targeted gas in the gas mixture changes, a
TC-based sensor will not be able to accurately determine the changes in the
concentration of the targeted gas. This lack of selectivity must be taken into
account when using TC-based sensors in specific applications. For determining the
CO; concentration in indoor air, however, this lack of selectivity is not an issue
since the composition of indoor air is relatively well-defined and the main source
of dynamic variations are changes in CO; concentration due to exhalation [3].
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TC-based gas sensors are also sensitive to environmental changes, such as
ambient temperature, humidity, pressure, and flow [4][5][6]. This can be expressed
as follows:

AR, =S¢, -ACO, +S; -AT + Sy, -ARH + S, -Ap+ S, - AF (2.2)

th

where ARy is the change in thermal resistance, Scoz, Sr, Sku, S and Sr are the
sensitivities to CO,, temperature, relative humidity (RH), pressure and flow,
respectively. To determine the changes in thermal resistance due to CO,, changes
due to temperature, humidity, pressure, and flow must be compensated for. The
influence of such ambient variations on the thermal conductivity of air was
quantified by characterizing a prototype transducer (a tungsten wire, realized in the
VIA layer of a standard CMOS technology [7]). The experimental results have
been expressed in terms of equivalent changes in CO» concentration, as illustrated
in Figure 2.2. This can be used as a reference for the specifications of the auxiliary
ambient sensors for cross-sensitivity compensation. The cross-sensitivities to
ambient variations and the requirements for the ambient sensors are listed in Table
2.1 (the cross-sensitivity to flow is not included here, as this can be made
negligible by using the appropriate packaging).

The errors due to cross-sensitivity can be compensated by integrating
environmental sensors with the CO; sensor. The stability requirements shown in
Table 2.1 are relatively high, but these are requirements for a limited range of
variations under the indoor conditions. For instance, the range of indoor relative
humidity in air-conditioned buildings is generally about 30-60%, and the indoor
temperature range is generally about 10-40°C. A state-of-the-art CMOS
temperature sensor achieves an inaccuracy of £60 mK over a temperature range
from -55°C to +125°C [8]. Over the narrower indoor range, its inaccuracy can be
reduced to about 10 mK, which is equivalent to 67 ppm CO,. Similarly, a state-of-
the-art CMOS humidity sensor [9] can achieve an inaccuracy of less than 0.3%
over the indoor range, which is equivalent to 120 ppm CO,. Therefore, the total
impact on the CO, measurement accuracy due to the cross-sensitivity from
temperature and humidity can be reduced to <200 ppm when compensated by
CMOS-compatible sensors.
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Figure 2.2. Influences of environmental variations on the TC of air (data from
transducer characterization).

Table 2.1. Cross-sensitivities to ambient variables and the requirements for the
ambient sensors

(Cross-) Sensitivity Value Stability requirement”
CO; concentration Scoz 0.4 ppm / ppm
Temperature St 2.7 ppm / mK <30 mK
Relative Humidity Sru 160 ppm/ % RH <0.5%
Pressure S, 800 ppm / mbar < 0.1 mbar

“for reduction of errors due to cross-sensitivity to < 200 ppm CO»
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2.2 System-Level Modeling

Consider the case in which a resistor is used as the heater. If the resistor is biased
by a constant current source, then due to Joule heating, its temperature increases.
Assuming the resistance depends on temperature, this will lead to a change in its
electrical resistance. This can be expressed as:

R=R,-(1+a(T-T)))=R,+R,-a-P-R, (2.3)

where R is the electrical resistance at temperature 7, Ry is the nominal resistance at
temperature 7o, o is the temperature coefficient of the resistance, P is the power
dissipation in the resistor, and Ry is the thermal resistance between the resistor and
its surroundings. This means that a resistive heater with a defined temperature
dependency can also be used as a temperature sensor in order to measure changes
in thermal resistance [4]. The electrical and thermal behavior of such a resistive
transducer is shown in Figure 2.3. A thermal capacitor Cy is also included in order
to model its transient behavior. The thermal time constant 7, determines the rate of
heating (i.e. the rate of change of temperature).

Electrical domain Thermal domain

I
| T
SO *
/f@ [IrR Pf@ [/]’ AT(t)
\\ | ’/' Cth-|- R,
| 7
P=IFR | AT =P R, (steady-state)
R= Ro(1 +aAT) ! Tin = Rth Cth

Figure 2.3. Electrical and thermal behavior of the TC-based transducer.

To capture the interaction between the electrical and the thermal domains, an
equivalent circuit model for a TC-based CO; sensor has been implemented, as
shown in Figure 2.4. It is an exact implementation of the behavioral model shown
in Figure 2.3., with the following input parameters:
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e Bias current / [mA]

e FElectrical baseline resistance Ry [C2]

e Temperature coefficient of the resistor o [K]

e Ambient temperature 7y [K]

e CO; concentration CO; [ppm]

e Thermal capacitance Cy [J/K]

e Thermal baseline resistance Ryo [K/W]

e Sensitivity to CO, concentration Sco: [K/W/ppm]

In this circuit model, the variables of Eq. 2.3 are represented either by voltage
sources or current sources. The outputs of the model are the power dissipation P
and temperature 7 of the transducer. In the electrical domain, the sensor is just a
temperature-dependent resistor. This is modeled by a sensing resistor R} = 1 Q
(negligible compared to that of the transducer), which senses the bias current /, in
series with a voltage-controlled resistor R.. The voltage-controlled resistor R»
models the resistance of the sensor, which is equal to Ry (1+ o(7 — To)). This
equation is implemented by a multiplier Multl driven by the voltage sources V3,
V4, V5 and V6, which model 1, Ro, a, and T, respectively. The voltages across R;
and R, are applied to unity-gain voltage-controlled voltage sources VI and V2,
whose outputs model the current and voltage of the sensor resistor, respectively.
These are then multiplied by Mult2 (port C), to model the power dissipation (P) in
the sensor.

As in Figure 2.3, power is modeled in the thermal domain as a voltage-
controlled current source // (with a gain of minus one for correct polarity) whose
control voltage is equal to the value of the power dissipation. The transducer’s
thermal capacitance is modeled by a capacitor C, and its thermal resistance is
modelled by another voltage-controlled resistor R3;, whose value is a combination
of a baseline (Rmo) and a CO,-dependent part (Sco, * CO, [ppm]), realized by
voltage sources V7 and V8, respectively. The temperature T is obtained from the
thermal-domain part of the circuit model (reference to ambient temperature 7o),
representing the temperature of the TC sensor. With a first-order approximation of
the electrical and thermal behavior, this circuit model can then be used for system-
level analysis and to derive the specifications of the readout circuit. The output of
the model for step-wise CO; inputs is shown in Figure 2.5.
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poo-----m--- : Ryo * Su2"CO2 [ppm]
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Figure 2.4. Equivalent circuit model for the TC-based CO; sensor.

2600 - /
§ 1900 =
k= -
o 1500 =
o -

1100 = }

Z /

700 =
< 733.386 =
= =
9] =
S 733378 =
ke =
(2] -
2 =
© =
£ 73337 = i
g = /
o =
£ 733362 =
o
< 64260 -
& 64256 =
= z
g 64.252 =
£ 64.248 =
< -
g 64.244 E e
S 6424 =
§ 0.0 100 200 300 400

time [us]

Figure 2.5. Typical outputs of the model with step-wise changes in CO;
concentrations.
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2.3 Design Challenges and Solutions

In this project, the resistive heater was realized in the (tungsten) VIA layer of a
standard 0.16 um CMOS technology C14 at NXP Semiconductors, as shown in
Figure 2.6 [7]. The nominal resistance R, is about 110 €, and the temperature
coefficient a is 0.0017/K. By characterizing the transducer chips, the thermal
resistance Ry of the tungsten transducer is found to be about 53500 K/W, and its
sensitivity to CO, is about 0.013 K/W per ppm CO: (i.e., about 50 ppm per 200
ppm change in CO, concentration). When biased with a DC current of 2.5 mA, this
translates into a change of merely 1.5 pQ per ppm change in CO, concentration
[10]. For indoor air-quality sensing, CO, concentration needs to be measured with
a resolution of 100 to 200 ppm in a full scale of up to 2500 ppm [11][12]. This
translates into a resistance change of about 150 p€ in a total resistance of 110 Q.
This directly requires a resolution of >19.5 bits for the analog-to-digital converter
(ADC) in the readout circuit, which, in turn, leads to challenging requirements in
terms of noise and circuit performance.

CO,-dependent heat loss

S

Tungsten CMOS-compatible
via layer hot-wire transducer
interconnect Sio, interconnect

Si

Figure 2.6. Cross-sectional view of the CO; transducer.

The low sensitivity of thermal resistance to CO; (i.e., about 50 ppm per 200
ppm change in CO, concentration) also poses a challenge in terms of the stability
of the transducer’s power dissipation. Equation (2.1) implies that the power
dissipation should be known accurately, since any error in the power dissipation
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leads to an equivalent error in the measured thermal resistance, and hence to an
error in the detected CO, concentration. In order to measure a 200-ppm change in
CO,, errors in power dissipation should be less than 50 ppm, leading to a
significant challenge in the design of the readout circuit.

In addition, since the TC-based sensor is also sensitive to ambient variations,
auxiliary environmental sensors for cross-sensitivity compensation must also be
included [4][5][7][10]. This will inevitably complicate the design of the entire
sensor system and the implementation of the measurement setup.

T, ~ o
» sensor b > V_E< ADC | [ T/,
bi s analog V ~ P, h > P /P,
ias
f T front-end V~T
» reference P > V~P

Temperature-to-Digital Converter
& Power-to-Digital Converter

Figure 2.7. System-level architecture of the ratiometric approach.

These challenges have been taken into account in the design of the readout
circuits that will be presented in this thesis. For use in the readout circuit, an
incremental delta-sigma (AX) ADC is a good candidate as it can trade resolution
with conversion time [13]. This is particularly suitable for CO, sensing, as changes
in the CO, concentration of indoor air are relatively slow [14]. To reduce the
required dynamic range for the readout circuit, the constant baseline value of the
resistor can be removed by circuit techniques.

To circumvent the stringent requirement on the stability of the transducer’s
power dissipation, as shown in Figure 2.7, the first prototype uses a ratiometric
approach in which a reference transducer is biased by the same bias circuit as the
sensor. The ratios of the temperature and power of the CO,-sensing transducer (7,
Py) and those of the reference transducer (7, P,) are measured by a reconfigurable
physical-to-digital converter which can perform temperature-to-digital and power-
to-digital conversions. As a result, the stability requirement in power dissipation is
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translated into a matching requirement between the CO;-sensing transducer and the
reference transducer [4].

V g IJ1 = V/Vref
sensor > - - DSP .—p
1 gl = * *
U ADC ua = Vbe1 / Vref ng -@ Vb91 b VbeZ
> V. =c*V,
Vbe1; X Hy= Vi / Vi “ *bg —T
BJT V o = = > ucorr scH
e2

b T
ref

Figure 2.8. System-level architecture of the algorithmic approach.

The second prototype, as shown in Figure 2.8, enables accurate measurements
of voltage and resistance (thus power) of the sensor and temperature by using a
single shared high-resolution ADC. This is achieved by measuring a number of
signals separately, including the voltage and current of the sensor (V" and V;), as
well as the base-emitter voltages (Vie; and Vi) of a substrate parasitic PNP
transistor. The signal processing, including the construction of an accurate bandgap
reference voltage V5, and the correction of ADC errors, can then be done entirely
in the digital domain. This “algorithmic” architecture enables flexible temperature
compensation and trimming, resulting in the accurate power (P) and temperature (7)
measurements required for high-precision TC sensing.

The third prototype moves the measurement of thermal conductivity from the
amplitude domain to the time domain [10], as shown in Figure 2.9. This replaces
the power reference in the amplitude domain by a reference clock in the time
domain, which may be more favorable in many ICs, thus simplifying the
integration of the sensor to an existing system. The heating and sensing functions
are both realized by the same transducer, which further simplifies the sensor
system. This approach will be described in more detail in Chapter 5.
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CO,-dependent
phase shift ¢

JuL / - in [M~9
bias |+ heater > sensor =\PhaAsze :I:c))galn —
Transducer A
JUL

Figure 2.9. System-level architecture of the time-domain approach.

For cross-sensitivity compensation, additional temperature, humidity, pressure

sensors

have been included in the experiment to prove the concept [15][16]. The

environmental sensors for cross-sensitivity compensation can eventually be
integrated on-chip together with the CO; sensor in the next generation. The detailed
design and measurement results of these prototype sensors will be covered in the
following chapters.
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Chapter 3

RATIOMETRIC AMPLITUDE-DOMAIN
READOUT

This chapter is based on the publication “A Ratiometric Readout Circuit for
Thermal-Conductivity-Based Resistive CO, Sensors,” in IEEE Journal of Solid
State Circuits, vol. 51, no. 10, pp. 2463-2474, Oct. 2016.

3.1 Introduction

As discussed in Chapter 1, gas sensors based on thermal-conductivity (TC)
measurement rely on the fact that the heat loss of a suspended hot-wire depends on
the composition of the surrounding gas. Changes in gas composition can therefore
be detected via changes in the wire’s temperature. This principle forms the basis of
low-cost sensors for the detection of gases such as Hydrogen and Helium, as the
required heaters and sensors can be realized in IC technology [1][2] . However,
realizing TC-based CO, sensors for monitoring indoor CO, levels is very
challenging, as extremely small changes in thermal conductivity need to be
measured. Based on the thermal conductivities of air and CO, at 25°C (26
mW/K'm and 164 mW/K-m, respectively), a 200 ppm change in CO;
concentration causes sub-80 ppm changes in thermal conductivity, thus requiring a
high-resolution temperature measurement, and, more critically, an extremely stable
power reference (because any changes in heater power will lead to errors in the
measured temperature and thus to errors in the measured thermal conductivity). As
will be explained in Section 3.2, for our CO; sensor, a 50 ppm change of power
corresponds to a 200 ppm error in CO; concentration. Unfortunately, the stability
of on-chip power references is typically not better than 4000 ppm [4][5][6], which
would be equivalent to a 1.6% error in CO; concentration. Prior TC-based CO,
sensors employ expensive off-chip circuits to control the heating power [2][3]. In
addition, such sensors typically employ micro-machined structures with separate
transducers for heating and temperature sensing [7][8], requiring relatively
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complex and costly processing steps. Using a suspended resistor as both a heating
and sensing element significantly simplifies the fabrication process [9], but
requires a readout circuit that is capable of accurately measuring both power
dissipation and temperature.

This chapter presents an integrated readout circuit capable of measuring the
power dissipated in a resistive transducer, as well as its temperature. It is designed
for use with the CMOS-compatible tungsten-wire transducer reported in [9], but it
has also been characterized in combination with a more robust commercial
resistive micro-heater (Figaro TGS-8100 [10]) to evaluate the performance at
power levels higher than those CMOS-compatible transducers can handle. To
obviate the need to stabilize or accurately measure the transducer’s power
dissipation, we adopt an alternative approach in which a second transducer acts as a
thermal-conductivity reference. Its thermal properties are similar to those of the
sensor, but it is shielded from the ambient air by the appropriate packaging. Our
readout circuit ratiometrically digitizes the sensor’s thermal conductivity relative to
that of the reference, without relying on accurate voltage, power or temperature
references [11].

Measuring CO, variation through the change of the transducer’s resistance is
very challenging. Measurements of our tungsten-wire transducers show that a 200
ppm CO; variation causes a mere 0.3 mQ variation in a baseline resistance of 110
Q. The measurement can be relaxed by canceling the baseline resistance, as only
the change in resistance is of interest. Many approaches have been reported to
cancel baseline resistance [12][13][14][15]. They either rely on a ‘dummy’ passive
element but assume negligible mismatch errors introduced by manufacturing
tolerances [12][13], or require a dedicated calibration phase involving extra analog-
to-digital conversion steps before measurements commence [14][15].

To cancel the baseline resistance, this work adopts a two-state measurement.
The transducers in our self-referenced system are operated alternately in ‘hot’ and
‘cold’ states by switching their bias-current levels, allowing the change in
resistance between the two states to be measured directly. To avoid imposing a
challenging requirement on the dynamic range (DR) of the readout circuit due to
the switching between ‘hot’ and ‘cold’ states, this chapter presents a novel
structure employing pairs of dynamically-swapped transducers to cancel baseline
resistance, thus enabling the accurate measurement of their resistance changes
without increasing the DR requirement for the readout. In addition, dynamically-
matched current sources are used to generate accurate current ratios for the ‘hot’
and ‘cold’ states, and the paired transducers are themselves periodically swapped to
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cancel errors due to transducer mismatch. Lastly, current-trimming DACs are used
to further suppress mismatch errors.

Experimental results from a prototype implemented in a standard 0.16 pm
CMOS process demonstrate the effectiveness of these techniques. In combination
with the tungsten-wire transducers, the readout circuit achieves 14-bit resolution in
the measured thermal resistance ratio, which corresponds to 228 ppm in CO;
resolution (1o) in a 70 s measurement time, while consuming 11.2 mW from a
1.8 V supply. An improved version of the design, in combination with the
commercial micro-heaters, achieves 202 ppm CO; resolution in a measurement
time of 30 s for the same power consumption.

The chapter is organized as follows. In Section 3.2, the operating principle of
TC-based gas sensors and the proposed ratiometric readout circuit is presented.
Section 3.3 is devoted to the circuit implementation of the readout circuit,
including a switched-capacitor delta-sigma ADC, dynamically-matched current
sources, and current-trimming DACs. Experimental results and discussions are
presented in Section 3.4, and the chapter concludes in Section 3.5.

3.2 Operating Principle
3.2.1 Thermal Resistance Measurement using a Resistive Transducer

A hot-wire transducer loses heat via two main paths, both of which can be
modelled as thermal resistances. As shown in Figure 3.1: one resistance is to the
surrounding air (Ru «ir), While the other is to the substrate via the anchor points
(R _sup). The transducer’s temperature rise relative to its ambient (A7) caused by
the power dissipated in the transducer (P) is directly proportional to the parallel
combination Ry of Ry air and Ru_sup:

AT = P X Rth = P X (Rthiair ” Rtlksub) (31)

Since the different components of air have different thermal conductivities,
R air 1s a function of gas composition, and hence AT can be used to determine the
CO; concentration in air. Since CO; is a better thermal insulator than air, higher
CO, concentrations will lead to (slightly) higher values of AT. To maximize
sensitivity, the heat loss to the substrate must be minimized. This is typically done
by using suspended transducers [1][8].
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Figure 3.1. Steady-state thermal resistance measurement principle; (a) cross-
sectional view of a suspended hot-wire resistive transducer and its heat-loss paths
and (b) the equivalent model in both electrical and thermal domains.

While AT in (3.1) can be measured using a dedicated temperature sensor (e.g.,
thermopiles [2]), the use of the electrical resistance of the heater to measure its
temperature greatly simplifies the fabrication process, allowing the tungsten via
material of a CMOS metal stack to be used as a heater, as shown in Figure 3.1a [9].
Tungsten is preferred over aluminium as a heater for the following reasons. First,
aluminium is more difficult to process due to stiction in the wet release etch step
[16]. Second, the strength of an aluminium wire is lower due to its grainy structure.
Lastly, aluminium is more susceptible to electromigration [17].
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The resistance of a tungsten transducers can be approximated by a linear
function of temperature:

R=R,-(1+a-(T-T;)) (32)

where Ry is the nominal electrical resistance of the transducer at room temperature
T, and a its temperature coefficient. For our tungsten transducers, Ry is 110 Q and
a is 0.0017/K. The nominal resistance Rois set by the aspect ratio of the resistor,
and was designed to allow sufficient power to be dissipated in the resistor with the
available supply voltages.

ui

(@) (b)

Figure 3.2. (a) COs-sensitive and (b) reference transducer alternately biased at
two different current levels.

To measure AT, the transducer is alternately biased at a low current /. and a
high current /;, (Figure 3.2a), corresponding to a ‘cold’ and a ‘hot’ state. The power
dissipation in (3.1) then becomes the difference in power dissipation between these
two states (AP), and Ry becomes:

_E_Y;_Tc_ Rh_Rc
" AP PB-P Ra(L;R,-IR)

(3.3)

In order to accurately measure R;, both AT and AP need to be accurately
measured. The nominal Ry of our tungsten transducer (at 400 ppm CO; and 25°C)
is about 53,500 K/W. A change of 200 ppm CO; results in about 80 ppm change in
the thermal resistance of air. For our transducers, the thermal resistance to the
substrate (Ru su»), Which does not depend on the CO, concentration, is about two
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times larger than the thermal resistance to the surrounding air (Rs «ir). Since the
measured thermal resistance R, is the parallel combination of Ry s and Ry air, the
relative sensitivity of Ry to CO;is reduced by a factor 2/3 compared to that of Ry qir
Therefore, a CO, change of 200 ppm corresponds to a relative change of Ry of
about 50 ppm. This implies that the power levels and temperature measurement
should be stable to within £25 ppm, making the measurement very challenging.

3.2.2 Ratiometric Thermal Resistance Measurement

Instead of measuring the absolute thermal resistance of one transducer, measuring
the thermal resistance of a CO»-sensitive transducer relative to that of a (CO»-
insensitive) reference transducer greatly relaxes the power stability and
temperature measurement requirements, as the absolute accuracy requirement is
replaced by a matching requirement on the CO»-sensitive and reference transducers.
The reference transducer is biased in the same way as the sensitive transducer
(Figure 3.2b). Their thermal-resistance ratio can be derived from (3.3) and
expressed as a multiplication of two ratios: the ratio of the temperature-difference
of the sensitive transducer (A7) and the temperature-difference of the reference
transducer (AT,), and the ratio of their power differences (AP, / AP;):

Ry, (AT (AR (Ry—R,\(WER,—IR,\_(Vi=nV. )2V =V, (3.4)
R,, \ AT, N\ AP )"\ R, —R, \w’I’R,, —I’R )~ \V,, =0V, )\ nV, =V,

th,r hs

where n =1,/ I, Vas =n - Ic* R, Ves = I " Res, Vie =0 - Io* Ry, Ver = I+ Rer, and the
transducers are assumed to have identical Ry and o, which therefore cancel out.
The last term in (3.4) shows that the thermal-resistance ratio can be written as a
product of two voltage-difference ratios, which in this work are digitized
sequentially by a dual-mode switched-capacitor incremental AX ADC and
multiplied in the digital backend.

Note that, while the ratiometric measurement relaxes the power and
temperature measurement requirements, calibration and correction will still be
needed due to device-to-device variation of the thermal resistance of the
transducers and of their sensitivity. This calibration will involve exposing the
sensor to one or more well-defined CO, levels and measuring the ratiometric
output. Also note that compensation for cross-sensitivity will be needed, since the
transducers are also sensitive to e.g. temperature, humidity and pressure. This will
involve co-integration of sensors for these parameters and correcting the output
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based on their readings. The implementation of this cross-sensitivity compensation
is beyond the scope of this thesis.

3.2.3 Ratiometric Readout with Transducer Pairs

(m— - "7 X, ' Dynamically-matched
: Ic g £¢Ih IC ¢£ Ih :4_

current sources

I Y —_

| chop, | chop,
Vhr

VCI’ i
apc [, 4T/ 4T,

Vhs
v - AP_/ AP.

CO-sensitive  (Sealed) reference
transducer pair transducer pair

Figure 3.3. Block diagram of the ratiometric thermal-conductivity sensor readout
with transducer pairs for baseline-resistance cancellation.

A challenge associated with the sequential readout of hot and cold states is that the
voltage drop across the transducers varies significantly between the two states,
which means that the following ADC must have a large dynamic range to avoid
clipping. To relax the dynamic range, a pair of CO»-sensitive transducers (Rs;, Rs2)
and a pair of reference transducers (R, R,>) are used (Figure 3.3). Both reference
transducers are isolated from the ambient air by package-level sealing. In each pair,
the transducers are alternately biased at /. and I, = n - 1., generating simultaneously
‘hot” and ‘cold’ voltages for both sensitive (Vs, Ves) and reference transducers (Vi
Ver). The current ratio n is chosen so as to optimize the signal-to-noise ratio (SNR).
For a given power consumed in biasing the transducers, a smaller # gives a smaller
signal amplitude, while a larger n reduces the current in the ‘cold’ state, and, as a
result, increases the noise level associated with that state. Therefore, SNR degrades
for small and large values of 7, and an optimum can be found for which the SNR is
maximized. A parametric simulation of our design shows that this optimum is
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reached at a ratio of n = 5. The transducers in each pair are periodically swapped
by the chopper switches around them, causing mismatches to be averaged out. To
prevent the switching transients from affecting the measurement accuracy, a
settling time is included after swapping during which the ADC does not sample the
voltages across the transducers. Since the thermal time constant of the transducers
is relatively long (measured to be about 40 us for our tungsten-wire transducers),
the swapping is done at a relatively low rate (approximately once every 24 ms) to
prevent the accumulated thermal settling time from significantly adding to the total
measurement time. The ‘hot’ and ‘cold’ voltages are simultaneously sampled by
scaled switched-capacitor circuits and merged together, as will be detailed in
Section 3.3. Note that, while package-level sealing of the reference transducers has
been used for flexibility, a similar approach can be applied if the transducers are
integrated on the same chip using wafer-level or chip-scale capping (see also
Section 3.4.2).

3.3 Circuit Implementation

3.3.1 Charge-Balancing Incremental Delta-Sigma Modulator

To obtain a CO,-sensing resolution on the order of 200 ppm (corresponding to 50
ppm or 14.3 bits resolution in the Ry ratio), we digitize each of the voltage ratios in
(3.4) with a resolution better than 15.3 bits (equivalent to 100 ppm CO;). Since
CO; concentration tends to change relatively slowly, an incremental delta-sigma
ADC is a suitable choice. A charge-balancing delta-sigma modulator is used that
operates in two modes: temperature mode and power mode. First, in temperature
mode, it produces a bitstream bs proportional to the first voltage ratio in (3.4),
which equals the temperature-difference ratio. Then, in power mode, it produces a
bitstream proportional to the second voltage ratio in (3.4), which equals the power-
difference ratio. These bitstreams are decimated by an (off-chip) decimation filter,
and the results are multiplied in the digital domain to obtain the thermal-resistance
ratio.

Figure 3.4 shows the switched-capacitor implementation of the modulator. It
consists of a switched-capacitor integrator, with four parallel input branches
connecting to the four transducers, and a clocked comparator. To ensure accurate
settling and to prevent integrator leakage from limiting the resolution, the
integrator employs a gain-boosted folded-cascode OTA with a unity-gain
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bandwidth of about 2.5 MHz and a nominal DC gain of 140 dB [18]. The
comparator is a latched comparator using a pre-amplifier to reduce kick-back effect
of the positive-feedback latch [19]. Minimum-size switches (W/L = 0.8 um/0.16
um) are used to minimize charge injection.

rst

———
temp. mode/power mode . C
1 ®bs C, ®,bs 1 f,
+ — 1 *
] - o
\ |—~92 bs /l(D1 bs | += temp. mode
Vi \\/ ®,bs Vo > J T S~—bs
e = — -1 L{ 0
) ,"\‘ ®bs | G T®7 S @,'bs | power mode
HE — — it
+ )‘, /)( ®,"bs 5,(.35 ¢2'bs Cn
T — L1} — e —
‘)(’ |_92 bs /l<D1'bs rst
VC, I’ ‘\\ ¢2 -bs ch
/ \ (D;Es 5C, T(D’-b_s ®,"bs V_. - common-mode voltage
__ orbs  C, ®,bs
+ it
\\ // I_fz'bs /1<D1'bs
Vhs \‘\ ll d)Q "bs ch
A [[ebs | € 40bs obs
+ 1t
Ll s sC, ¢, bs
+ - it —— temperature mode
‘)(I I_?z bs /ld)/bs d
VCs Il \‘ ¢2'bS Jivm =-===_power moae
)\
Iy |—g1'bs 5C, T¢’1'b3 ®,"bs
T

temp. mode/power mode

Figure 3.4. Simplified circuit diagram of the switched-capacitor delta-sigma
modulator in both temperature and power modes.

To quantify the impact of various error sources from the circuit (e.g., the error
in current ratio and the mismatch in capacitors) on the ADC’s output, we designed
a behavioral model for the transducer and the ADC based on a Verilog-A script and
analyzed the sensitivities of the measured Ry ratio to all the error sources. This
analysis shows that accurate matching is required for the capacitors, and especially
for the current sources in order to obtain accurate CO, measurements.
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3.3.2 Switched-Capacitor Circuit in Temperature Mode

In temperature mode, the first voltage ratio in (3.4), which equals the temperature-
difference ratio, is digitized. As shown in Figure 3.4, the ‘hot’ voltages (Vis, Vir)
are sampled by unit capacitors Cs while the ‘cold’ voltages (Vs, Ver) are sampled by
scaled capacitors 5C;, to generate the ‘n’ factor in (3.4). The inaccuracy of this
capacitor ratio gives an error in the measurement of the thermal-resistance ratio.
Simulations show that 0.1% mismatch leads to a measurement error equivalent to
200 ppm CO». An accurate common-centroid layout is used to achieve this level of
matching. Each transducer uses Kelvin connections to eliminate errors due to
contact resistance. During phase ¢, the ‘hot’ and ‘cold’ voltages are connected to
one plate of the sampling capacitors, while their other plate is connected to the
common-mode voltage V.. During the subsequent phase ¢, the connections to the
transducers are reversed, while the capacitors are connected to the virtual ground of
the integrator. This double-sampling scheme causes a charge proportional to two
times the voltage drop across the transducer to be transferred to the integrator. The
switches associated with the pair of sensitive transducers are gated by the bitstream,
causing a charge proportional to (Vs — nVy) to be integrated when bs = 1. Similarly,
the switches associated with the reference transducers are gated by the inverse of
the bitstream, causing a charge proportional to — (V-— nV,,) to be integrated when
bs = 0. Since the negative feedback in the modulator ensures that the average
integrated charge tends to zero, the following charge-balancing equation applies:

1 V,—nV, R,-R, AT
V. —nV_)—(>1- V. —nV =0 => ——1=-Is LR s _ s (35)
w0 =V )= U=V =) g V,-nV, R, -R, AT

cr hr cr r

where p is the fraction of ones in the bitstream, as determined by the decimation
filter, which is a simple counter in this first-order modulator. This shows that the
temperature-difference ratio can be readily derived from the decimated value.

The signal corresponding to CO, variations is extremely small. When the
heating currents are 2.5 mA and 0.5 mA for the hot and cold states, respectively,
the resulting resistance difference between the hot and cold states is about 5.8 Q,
while a 100 ppm increase in CO; concentration will only add 0.15 m€Q. This
corresponds to the resistance resolution mentioned earlier of about 15.3 bits
relative to the resistance difference (equivalent to about 19.5 bits relative to the
total nominal resistance of 110 Q).
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To achieve this resolution, the noise in the system needs to be sufficiently
small, including the quantization noise of the AX ADC and the thermal noise
contributed by the transducers, the bias currents, and the switched-capacitor circuit.
These thermal noise sources manifest themselves as £7/C noise in the charge-
balancing process, and can be reduced by increasing the unit-capacitor size Cs or
by increasing the over-sampling ratio (OSR) of the modulator [20]. At C; = 1 pF,
chosen to limit the total die area, an over-sampling ratio (OSR) of at least 2'8 is
required. At this OSR, the modulator is limited by k7/C noise, since the
quantization noise is well below the required level. Note that this implies that at the
chosen capacitor sizing, there is no benefit in going for a higher-order modulator.
The capacitors are implemented using stacked metal fringe capacitors (finger
capacitors). The total capacitance, including all the sampling capacitors and the
integration capacitors, is about 50 pF, which accounts for about 1/3 of the area of
the readout electronics. The modulator is operated at a clock frequency of 83.3 kHz
(one delta-sigma clock period is 12 ps), leading to a modulator-operating time of
about 3.2 s. Including additional time for thermal settling of about 1.3 s, a total
time of 4.5 s is needed to determine the temperature-difference ratio. This time can
be reduced by increasing the capacitor sizes, or by increasing the clock frequency,
both of which will translate into an increase in the power consumption of the
modulator, but will help to reduce the energy consumed per measurement, because
the overall power consumption is dominated by the transducers.

3.3.3 Switched-Capacitor Circuit in Power Mode

In power mode, the voltage ratio proportional to the power-difference ratio in (3.4)
is digitized. This is implemented by reconfiguring the switched-capacitor circuit
with a reversed bs polarity (which is implemented, as shown in Figure 3.4, by
inverting bs after the quantizer). Moreover, the input voltages are connected
through the cross-connections, so that the ‘hot” voltages (Vs, Vi) are now sampled
by the scaled capacitors 5C, while the ‘cold’ voltages (Ves, V) are sampled by the
unit capacitors Cs, thus realizing the ‘n’ factor in the second voltage ratio of (3.4).
Thus, a charge proportional to (nVis — Vi) from the sensitive transducers is
continuously balanced by a charge proportional to —(nV-— V) from the reference
transducers, leading to a decimated output p that is a function of the second voltage
ratio in (3.4), similar to the relation given in (3.5) for temperature mode. An
important difference with temperature mode is that the signal charge that is
processed is substantially larger, as is evident from (3.4). As a result, the OSR

35



RATIOMETRIC AMPLITUDE-DOMAIN READOUT

needed to reduce the thermal noise to the desired 15.3-bit level is much lower than
the OSR needed in temperature mode. At this lower OSR, the first-order AX ADC
becomes quantization-noise limited. Since the conversion during power mode takes
only a fraction of the overall conversion time, a slightly higher OSR of 2!¢is used
than what is strictly required, to obtain a quantization-noise that meets the target
with margin [21]. At a clock frequency of 83.3 kHz, this leads to a modulator-
operating time of 0.8 s. Including additional time for thermal settling of about 0.7 s,
a total time of 1.5 s is needed to determine the power-difference ratio. For a
complete ratiometric thermal-resistance measurement, the modulator first spends
4.5 s in temperature mode and then 1.5 s in power mode, giving a total
measurement time of 6 s.

3.3.4 Dynamically-Matched Current Sources

CS1 CS2 CS3 CS4 CS5 CS1 CS2 (CS3 CS4 CS5

r{t——=-|—-—-— - hl r{t——=-=|——-= - - A
DEM 1—: E DEM 2—: i
5 T A DSl O e A O
/s1¢ Is?*
: RS1 CO,-sensitive transducers ng i

I:l thermal settling I:l modulator operating

DEM 1 CS1-5 | CS1-5 CS1 |CSZ|CS3|CS4|CSS|CS1| ---| CS1-5 | CS1-5 - |

DEM 2 Ccst |CSZ|CS3|CS4|CSS|CS1I - | CS1-5 | Cs1-5 CS2 |CS3|CS4ICSS|CS1|CSZ| ooo |
1., (solid) 2.5mA
I, (dashed)---------sr===r=""te-mr=== e e e S Lommr o 0.5mA

time

Figure 3.5. Dynamically-matched current sources and associated timing diagram
(same algorithm applies to the current sources for the reference transducers).

Errors in the 1 : n bias current ratio lead to errors in the measured ératio. System-
level simulations have shown that to reduce the resulting error in the measured CO,
concentration to less than 200 ppm after a one-point offset trim, the current ratio
should be accurate to 0.06%. To achieve this, dynamic element matching (DEM) is
used (Figure 3.5). Each transducer is associated with a set of 5 unit-current sources,
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each of which can be connected to the transducer via a switch. These switches are
digitally controlled according to the DEM timing diagram shown in Figure 3.5.
When one sensitive transducer is biased by all five unit current sources (in the hot
state), the other sensitive transducer is sequentially biased by one unit current
source (in the cold state), generating an accurate average current ratio of five. The
same biasing approach is applied to the reference transducers. It should be noted
that the current-domain chopping (indicated in Figure 3.3) is also implemented by
this switching scheme (switching between /. and 5/.). The reason for not physically
swapping the two current outputs is that we include a current-trimming function to
compensate for the mismatch of the transducers, as described in the next section.

3.3.5 Current-Trimming DACs

T CS1 CS2 CS3 CS4 CS5 CS1 C82 CS3 CS4 CS5

11 e

= 10"l || \EAEAEAEA EII \EHEAEA d
J ||_‘ Ll DI_IEM 1I_| | J Ll I_l EIJT:'M 2I_I
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___________________________________ |
I R, CO,-sensitive|transducers Ryl |

e T __

6 b Current Trimming DAC (LSB = 0.5%"1, )

I_ | |
|1 101 ”1 |l,| ll,l | |
[20] [200] [32] [16] 1] | [20]

——

Figure 3.6. Circuit diagram of the current sources with a 6-bit current trimming
DAC (LSB current = 0.5% X I.; the current sources as well as the current
trimming DAC for the reference transducers are identical, not shown here;
cascode transistors omitted for simplicity).

In principle, the errors due to transducer mismatch are modulated to an AC signal
by the periodic chopping of the transducers. However, it may still be necessary to
trim the initial mismatch so that the ripple caused by the mismatch at the output of
the first integrator will not overload the AX modulator. As shown in Figure 3.6, the
two currents /our; and lour, biasing the sensitive transducers R,; and Ry, are
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generated using PMOS current mirrors (an identical circuit, not shown, is used for
the reference transducers). A 6-bit binary-weighted current DAC (LSB current =
0.5% x I.), embedded in the current source circuit, is used to trim the input current
of these current mirrors, thus effectively compensating for the resistance mismatch
between R,; and R,>. Note that the current ratio between lour; and lour: does not
need to be accurate, as long as both /oy and lour provide an accurate 1 : n current
ratio sequentially to the individual transducers, which is ensured by the current-
source DEM (Figure 3.5). In this way, the measured thermal-resistance ratio is a
ratio between the averaged thermal resistances of the two sensitive transducers and
that of the two reference transducers.

3.4 Experimental Results and Discussion

The readout circuit as well as the tungsten-wire transducers have been designed
and fabricated in a 0.16 pum CMOS technology. Figure 3.7 shows the layout plot
and micrographs of the integrated readout circuit and one of the transducers. The
active die area of the circuit amounts to 0.7 mm?, of which 0.37 mm? is occupied
by the current sources and 0.33 mm? by the switched-capacitor AX modulator. The
transducers are on another chip, fabricated using the same CMOS process followed
by an etch step to release the wires, so as to be able to test different
implementations of the transducers. To investigate the behavior at higher heating
power levels, a commercial micro-heater was also used (Figaro TGS-8100, a
metal-oxide-semiconductor gas sensor of which we use the integrated micro-heater)
[10], which can withstand higher power and has similar electrical and thermal
characteristics as the CMOS tungsten transducers. Four micro-heaters from four
Figaro devices were connected to our readout circuits, two of which were sealed at
the package to act as reference devices. For electrical measurements, the readout IC
has been characterized in combination with this commercial micro-heater. Both the
commercial heaters and the CMOS tungsten transducers have been used for CO»
measurements.
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Figure 3.7. (a) Layout plot, (b) micrograph of the integrated readout circuit and (c)
micrograph of a CMOS-compatible tungsten-wire transducer (using Kelvin
connections, two wide tracks for current driving and two narrow tracks for voltage
sensing).

3.4.1 Electrical measurements

Figure 3.8 shows the measured current ratios of the dynamically-matched current
sources for 4 samples of the readout IC. The initial mismatch of about +0.2% is
improved by an order of magnitude with DEM (better than the required 0.06%
error budget). This proves that DEM effectively averages out the variations due to
mismatch and thus improves the accuracy of thermal-resistance measurement.
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Figure 3.8. Measured current ratios of the dynamically-matched current sources
on 4 samples of the chip (initial mismatch is about 0.2%,; after DEM the
inaccuracies are -0.01%, 0.02%, -0.02% and -0.03% respectively).

Figure 3.9 shows how the resolution of the thermal-resistance measurement
(and hence the equivalent CO; resolution) varies as a function of the measurement
time. Results of two versions of the circuit are shown. The first version employs a
switched-capacitor circuit that samples the transducer voltage on only one of the
two clock phases [9]. The second version corresponds to the implementation
discussed in Section 3.3, employing the double-sampling scheme shown in Figure
3.4. This scheme doubles the signal amplitude compared to the single-sampling
scheme, while the noise level remains the same. Therefore, for the same
measurement time, the SNR increases by 6 dB. The 2x improvement in CO;
resolution observed in the experiment matches well with this expectation. At the
targeted measurement time of 6 s, the second version of the readout circuit
achieves an equivalent CO; resolution of 250 ppm (1c) at ambient conditions in the
lab. This is in reasonable agreement with the expectation based on a calculation of
the input-referred signal-to-noise ratio as a function of OSR (dashed curve in
Figure 3.9). To achieve the targeted resolution of 200 ppm, a measurement time of
9 s is needed. For comparison, Figure 3.9 also shows the measured CO, resolution
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at different controlled CO; levels (at 500 ppm, 2500 ppm, 4500 ppm, 9000 ppm),
obtained from measurements performed in a climate chamber. These results will be
discussed further in Section 3.4.2.
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Figure 3.9. Equivalent CO; resolution (10) derived from the standard deviation of
the measured thermal-resistance ratio at ambient conditions (solid curves) and at
different controlled CO: levels, using the first version (single-sampling) and the
second version (double-sampling) of the readout circuit in combination with
Figaro micro-heaters, along with the calculated resolution of the double-sampling
scheme.

To demonstrate the insensitivity of the ratiometric measurement to the
absolute current and power levels, Figure 3.10 shows the measured temperature,
power and thermal-resistance ratios as a function of /. (the bias current at the ‘cold’
state). For a £10% change in /., the power ratio only changes by about +10 ppm.
For our CO; sensor, 200 ppm change in CO; will result in about 50 ppm change in
thermal-resistance ratio, which requires the errors of power ratio to be within
25 ppm. Thus, the measured results indicate that the ratiometric measurement
effectively alleviates the dependence on the stability of the power dissipation. The
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measured thermal-resistance ratio also varies by about £10 ppm, which could be
due to the secondary temperature dependence of the thermal conductivity of air.

30 ‘ . ; ;

—@— Temperature ratio
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_30 1 1 I 1 1 i 1 i 1
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Figure 3.10. Variations in temperature, power and thermal-resistance ratios
between the sensitive and reference transducers as a function of the bias current at
‘cold’ state (I.).

To demonstrate the effectiveness of the trimming scheme, Figure 3.11 shows
the measured temperature, power and thermal-resistance ratios, as well as the peak-
to-peak voltage at the output of the integrator, for different current-trimming levels
of the current sources that bias the sensitive transducers. The current trimming
levels are indicated in LSB steps of the current DAC, where a negative number
indicates the trimming current is added to one of the sensitive transducers (R;;) and
a positive number indicates the trimming current is added to the other sensitive
transducer (R;2). When the trimming level is less than 4 LSBs, the integrator’s
output swing is limited. For trimming levels above 8 LSBs, the integrator starts to
clip, leading to large errors in the measured ratios. Note that in this particular case,
the transducers are quite well matched, leading to an optimum for trimming level 0.
In the case where transducers have larger mismatch, this current trimming function
will suppress the initial mismatch between the transducers and thus prevent the
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modulator from clipping. Note that there is still some variation in the measured
ratios when the trimming level is less than 4 LSBs. This is to be expected, since the
trimming scheme always adds current to either of the two transducers and hence
increases the power dissipation of the sensitive transducers. This will lead to a gain
error in (3.4). In practice, such a gain error will be compensated for by the overall
calibration of the sensor, along with the gain errors due to the tolerances on the
nominal thermal resistances of the transducers.

3 T T T T T
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2.8F —— Power ratio

—&— Thermal-resistance ratio
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Figure 3.11. Temperature, power, thermal-resistance ratios and the (peak-peak)
voltage at the output of the integrator as a function of the current trimming level
(in LSB steps of the trimming DAC).

To quantify the chip-to-chip variation introduced by the readout circuit, 18
samples of the chip have been measured in combination with the same set of off-
chip fixed resistors. To exclude the effect of ambient variations, non-suspended
resistors with a low temperature coefficient were used. To allow the circuit to
operate with these resistors, the dynamic switching of the current level was
disabled, i.e. two resistors emulated a ‘hot’ resistance of about 120 Q and two a
‘cold’ resistance of about 100 Q. Since this mode of operation precludes the use of
dynamic element matching, the measured spread includes the effect of current-
source mismatch. In spite of this, the measured standard deviation of the decimated
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output is less than 0.6%. This is much less than the expected processing spread of
the tungsten transducers, indicating that the spread due to the readout circuit is non-
dominant and can be corrected for in the calibration procedure that will be needed
for the transducers.

3.4.2 CO; measurements

The first version of the readout circuit has been measured in combination with
tungsten-wire transducers implemented in the back-end of a standard 0.16 pm
CMOS process [9]. The sensitive and reference wires have a length of 250 pm. The
cavity opening of the sensitive transducer is 200 um, while that of the reference
transducers is 50 pm. Both the approach of using a narrower etch window and the
approach of package-level sealing to achieve a lower sensitivity of the thermal
resistance to CO; in the reference device have been explored. Two transducer chips,
each with a pair of transducers, were used. One chip, with the sensitive transducers,
was packaged in a ceramic dual-in-line (DIL) package of which the cavity is
exposed to the ambient air, and the other, with the reference transducers, was
packaged in a DIL package of which the cavity is sealed. Note that there are
potential solutions for sealing the reference transducers at the wafer-level, such as
wafer-to-wafer capping, die-to-wafer bonding and wafer-level thin-film capping
[22]. In this way, both types of transducers can in the future be integrated in the
same package.

Figure 3.12 shows the thermal-resistance ratio measured using the first version
of the readout circuit while the CO; concentration was changed step-wise from
500 ppm to 9000 ppm. To reduce the noise level, which, as mentioned, is relatively
high for the first version of the circuit, the measurement time was increased to 70 s
for this experiment, at which the measured resolution is equivalent to 228 ppm CO,
(16). The thermal-resistance ratio measured using the readout circuit has a
sensitivity of 0.29 ppm/ppm CO,, and shows good correlation with the CO, level
measured using an NDIR-based reference sensor (Figure 3.12a). Note that at the
highest CO, level, this reference sensor was operated just beyond its full scale,
causing its output to clip, but the parameters of the mass flow controllers that set
the CO, concentration were correct.
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Figure 3.12. Thermal-resistance ratio measured using the first version of the
readout circuit with a 70 s measurement time, in combination with tungsten-wire
transducers, for step-wise changing CO; concentration, without (a) and with (b)
compensation for temperature and pressure cross-sensitivity, along with CO;
concentration measured using an accurate reference NDIR sensor.
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As thermal-conductivity is not only sensitive to the change of CO,, but is also
highly influenced by environmental variations, we use reference temperature,
humidity and pressure sensors to accurately measure the changes in ambient
conditions, and determine the cross-sensitivities and then de-correlate the
influences of these ambient variations by least-square curve fitting on the
measurement results. The results after de-correlation are shown in Figure 3.12b.
These measurements were performed using a 2.5 mA bias current (hot state), at
which the temperature rise of the tungsten transducer (A7) is about 35°C above
ambient temperature. When the bias current was increased to 5 mA (A7 >100°C), a
drifting behavior was observed.

The readout circuit has also been tested with discrete heaters: the micro-
heaters in Figaro TGS-8100. The results are shown in Figure 3.13, for both
versions of the readout circuit. Four different CO, levels (500 ppm, 2500 ppm,
4500 ppm, 9000 ppm) and a baseline (pure air) were used in this experiment. The
thermal-resistance ratio measured has a sensitivity of 0.27 ppm/ppm CO,, and
shows good correlation with the reference CO, measurements.

In these experiments, a measurement time of 30 s was used, at which the
second version of the readout circuit meets the targeted resolution of 200 ppm
(Figure 3.13b). As shown in Figure 3.9, the CO; resolution measured at controlled
CO; levels is about 370 ppm in a measurement time of 6 s, which is worse than the
previous measurement at (uncontrolled) ambient conditions (250 ppm). This
difference could be due to noise associated with airflow in the setup. As a result, a
measurement time of 30 s is needed to meet the targeted resolution of 200 ppm. As
expected, the resolution obtained with the first version of the circuit is
approximately two times worse.
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Figure 3.13. Thermal-resistance ratio measured using the first (a) and second (b)
version of the readout circuit, both with a 30 s measurement time, in combination
with Figaro TGS 8100 transducers, with compensation for temperature and
pressure cross-sensitivity, for step-wise changing CO, concentration, along with
CO:; concentration measured using an accurate reference NDIR sensor.
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Figure 3.14. Feedback loop in the heating of the TC-based transducer.

While the micro-heaters used can support higher power levels (the temperature
rise at 2.5 mA bias current is about 20°C), only a very modest improvement in
resolution was found when the bias current was further increased from 2.5 mA to
3 mA. This is probably due to the fact that, while a higher power level gives a
higher signal amplitude, it also reduces the sensitivity of the thermal conductivity
of air to CO, concentration, due to the temperature dependency of this sensitivity.
In addition, a positive feedback loop may exist in the structure of a TC-based
resistive transducer biased by a constant current source, which also limits the
maximum current levels. If the transducer has a positive temperature coefficient,
then its self-heating will increase its electrical resistance due to its temperature
dependency. As illustrated in Figure 3.14, an increase in bias current leads to an
increase in power dissipation (AP), which then leads to an increase in transducer
temperature (A7). Due to its positive temperature coefficient, the transducer’s
resistance increases (AR), and this again increases its power dissipation (AP), thus
resulting in a positive feedback loop. The loop gain is equal to Ry - o - I, where Ry,
is the thermal resistance, o the temperature dependence of the resistance, / the level

48



RATIOMETRIC AMPLITUDE-DOMAIN READOUT

of the bias current. Thus, to mitigate the influence of this feedback loop, the bias
current should be chosen such that the loop gain is far from unity.

Table 3.1. Performance of the proposed sensor compared to the prior art

Parameter This work [3] [2] IR11BD [23]
Method TC TC TC NDIR
Technology CMOS SOI MEMS | SOI MEMS -
Readout IC Yes No No No
Die size 3 mm? 16 mm? 9 mm? -
Supply voltage 1.8V - - 3-15V
Power (sensor) 10.8 mW 3mW 7 mW 180 mW
Power (readout) 0.4 mW - - -
Version of readout | 1¢ version | 1% version | 2™ version - - -
Meas. time 70s 30s 30s 60 s - 20s
CO, resolution (16) [ 228 ppm” | 400 ppm’ | 202 ppm? 456 ppm <1% <100 ppm

* In combination with CMOS-compatible tungsten-wire transducers
 In combination with discrete micro-heaters (Figaro TGS 8100) [10]

A performance summary and comparison with other CO, sensors reported in
literature as well as with a commercial product is shown in Table 3.1. Compared
with other TC-based CO, sensors, the CO, transducer (tungsten wire) and readout
circuit in this work are both implemented in standard CMOS technology with
minimum post-processing steps, unlike the special MEMS processes required to
fabricate the other transducers. The active die area of the sensor including readout
circuit is about 3 mm? which is much smaller than that of the sensor in [2] or [3].
The first version of the chip in combination with the CMOS tungsten-wire
transducers achieves 228 ppm CO; resolution in 70 s in the indoor CO, range (at
500 ppm level), which is 2x better than the resolution reported in [3]. In
combination with the commercial heaters (Figaro TGS-8100), the same readout
achieves 400 ppm resolution in 30 s. The second version of the chip (with double
sampling) in combination with commercial heaters (Figaro TGS-8100) achieves
202 ppm resolution in 30 s. As most of the power is used for heating the transducer,
reducing the power consumption of readout circuit would only lead to a minor
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improvement. To optimize the design for energy efficiency, further improvement
can be made in decreasing the measurement time, which can be done by increasing
the size of the switches and operating the modulator at a higher clock frequency.
Alternatively, the capacitor size can be further increased to reduce the circuit noise,
at the cost of increased die size. Note that in the latter case, the size of switches
should also be increased in order to meet the settling requirement of the switched-
capacitor circuit.

3.5 Conclusions

In this chapter, a novel readout circuit for ratiometric thermal-conductivity
measurement has been reported. The circuit digitizes both the temperature rise and
the power dissipation of CO,-sensitive transducers relative to that of reference
transducers, from which their thermal-resistance ratio can be calculated, thus
circumventing an accurate power reference. Experimental results have shown that
for a £10% change in bias current, the measured power ratio between sensitive and
reference transducers only changes by about £10 ppm. A pair of gas-sensitive
transducers is combined with a pair of reference transducers to cancel baseline
resistance, thus greatly relaxing the dynamic range requirement of the ADC. The
transducers are dynamically swapped during a conversion to dynamically cancel
out the errors due to transducer mismatch. An accurate current ratio between ‘hot’
and ‘cold’ states is generated by dynamically-matched current sources, and
furthermore, a 6-bit current DAC is used to trim the transducers to ensure that the
residual mismatch will not overload the AX modulator. Experimental results show
that the applied techniques are effective, and using this ratiometric readout circuit,
a CMOS-compatible thermal-conductivity-based CO; sensor achieves 228 ppm (1c)
CO; resolution. To further evaluate the capability of the readout circuit, we use
micro-heaters in Figaro TGS 8100 as a substitute for tungsten-wire transducers.
The second version of the design achieves 200 ppm resolution over a CO, range of
500 to 9000 ppm, which indicates that high-resolution TC-based CO. sensing is
attainable even with on-chip electronics, thus facilitating the realization of fully-
integrated CO; sensors for air-quality monitoring, which are much smaller and less
expensive than current CO; sensors.
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ALGORITHMIC AMPLITUDE-DOMAIN READOUT

Chapter 4

ALGORITHMIC AMPLITUDE-DOMAIN
READOUT

This chapter is based on the publication “A CMOS Readout Circuit for Resistive
Transducers Based on Algorithmic Resistance and Power Measurement,” in IEEE
Sensors Journal, vol. 17, no. 23, pp. 7917-7927, Dec.1, 2017.

4.1 Introduction

Thermal-conductivity (TC)-based CO- sensors rely on accurate measurements of
the temperature and power dissipation of the resistive transducer. When
implementing a high-resolution sensor this can become quite challenging because
an accurate power reference is difficult to realize.

The main problem with previous constant (reference) power circuits
implemented in CMOS technology is their lack of accuracy (especially over
temperature). Their reported inaccuracy typically exceeds 1% over load (resistance)
variations, while their temperature dependency is often not specified [1][2][3].
Furthermore, most of them rely on external voltages and current (or resistance)
references. In TC-based CO; sensors, however, variations in heater power will be
caused not only by resistance changes but also by ambient temperature variations,
due to the temperature dependence of the heater’s resistance. Instead of stabilizing
the dissipated power, one alternative is to directly measure both the heater’s
resistance and power dissipation, allowing their impact to be factored into the final
measurement results. However, accurately measuring power dissipation requires an
accurate power reference, which, in turn, requires accurate voltage and resistance
references.

In CMOS processes, bandgap voltage references are best-in-class. They
combine a voltage that is proportional to absolute temperature (PTAT) with a
voltage that is complementary to absolute temperature (CTAT), both generated
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using the parasitic BJTs available in any CMOS process, to obtain a temperature-
independent reference voltage [4]. Using precision circuit design techniques as
well as appropriate calibration and correction schemes, bandgap references can
achieve high accuracy over a wide temperature range with low chip-to-chip
variations [5][6][7][8]. For instance, in [7] a temperature dependency of 5-12
ppm/°C over the temperature range of -40°C to 125°C has been achieved after a
single room-temperature trim. A key limiting factor are the offset and gain errors
added by the analog circuitry that combines the PTAT and CTAT voltages, since
both errors cannot be removed by a single trim [8]. Alternatively, the PTAT and
CTAT voltages can also be combined in the charge domain by using a switched-
capacitor integrator, resulting in very accurate voltage references [9]. In addition,
accurate voltage measurements with algorithmic curvature correction have also
been proposed, resulting in 12-bit accuracy from -40°C to 125°C [10].

Compared to voltage references, on-chip reference resistors are even more
difficult to realize, since on-chip resistors typically suffer from significant process
variation and temperature drift. Especially the latter results in errors which cannot
be easily removed by calibration and trimming. Polysilicon resistors are relatively
stable over temperature, but still exhibit temperature coefficients ranging from
+0.1%/°C to £1%/°C [8][11][12][13]. By combining resistors and/or linear
MOSFETs with positive and negative temperature coefficients, a near-zero
temperature coefficient of resistance (TCR) can be achieved [11][12][13]. However,
the exact composition of such combinations will be process-dependent, typically
resulting in residual TCRs of at least 100 ppm/°C. In consequence, the accuracy of
reported on-chip power references [1][2][3] is usually much lower than that of
voltage references [5][6][7][8]. In systems that require a stable resistance reference,
such as current references [14] or resistor-based temperature sensors [15], the use
of switched-capacitor resistors has been investigated. However, this requires stable
capacitors and a stable clock. The latter is typically an off-chip quartz crystal, since
on-chip oscillators typically exhibit temperature coefficients of about 30 ppm/°C
[16][17], i.e., several times higher than that of voltage references. This makes this
approach less attractive from a cost point of view.

This chapter presents a circuit capable of accurately measuring resistance and
power dissipation without relying on off-chip references. It operates
algorithmically, by successively digitizing the voltage drop across a resistive
transducer (Vaq), the voltage drop across an on-chip reference resistor carrying the
same current (V,), and the base-emitter voltages of a single BIT (V}.) biased at
different current levels, and then processing the results in the digital domain. The
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ratio of Views and Vs provides information about the transducer resistance Rious
relative to the reference resistance R, Rather than using an analog bandgap
reference circuit, the reference voltage needed to calculate the power dissipation is
obtained by combining the digitized base-emitter voltages to construct an
equivalent reference voltage in the digital domain. To obtain the temperature
information needed to compensate for the temperature dependence of R,.s, the same
digitized base-emitter voltages are used to construct a digital PTAT voltage, which,
combined with the reference voltage, provides accurate information about die
temperature. The precision of the circuit is determined by the BJT and its bias
circuit, and by the linearity and resolution of the ADC. It is independent of the
analog reference voltage of the ADC, which, as will be shown, cancels out. The
result is a measurement system that processes the signals as much as possible in the
digital domain, and thus circumvents the errors associated with analog signal
processing.

Experimental results obtained from a CMOS prototype combined with an
external ADC show that the proposed architecture works as expected. After a 1-
point trim, the resulting algorithmic temperature sensor achieves an inaccuracy of
+0.25°C (min-max) over a temperature range of —40°C to 125°C, while the
algorithmic bandgap reference achieves a temperature coefficient of 18 ppm/°C,
results which both approach the state-of-the-art. The inaccuracy of the power
measurements (including load variations and the same temperature range) is better
than +0.8% after trimming each sample at a single temperature. Compared to prior
work [1][2][3], it achieves similar accuracy, but across a wide temperature range
and without using external voltage and/or current references. When used in a TC-
based CO, sensor, the proposed system would result in an estimated inaccuracy of
7500 ppm.

The chapter is organized as follows. In Section 4.2, details of the measurement
principle are presented. Section 4.3 is devoted to the circuit implementation of the
readout circuit. Experimental results and discussions are presented in Section 4.4,
and the chapter ends with conclusions.
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4.2 Operating Principle

4.2.1 Algorithmic Resistance and Power Measurement

Via
+
Viload Rref
v Vias | U,
bias [: V.., | MUx ADC
M,
+ ref
Vload _ Rload
V.

SS

Figure 4.1. Transducer front-end for resistance and power measurement.

Measuring resistance and/or power involves both voltage and current
measurements. As shown in Figure 4.1, a transducer Ry is biased at a desired
voltage Viias by an opamp, while a reference resistor R, is used to sense the
resulting current. The voltages across the transducer and the reference resistor can
be measured sequentially by a multiplexed precision ADC, giving two digital

outputs:
Voa
th = I}W: (4.1)
I/iload
=— 4.2
H, Vref (4.2)

where V. is the reference voltage of the ADC. This needs to be stable during the
measurement, but does not have to be accurate, as it will later be replaced by an
accurate reference voltage constructed in the digital domain. These consecutive

voltage and current measurements should be taken fast enough to obtain an
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accurate power measurement. This is not very difficult to meet in practice, since
the variables to be measured (temperature or gas composition) change slowly.

From these results, the transducer’s resistance and power dissipation can be

calculated:
4 v
Rload — load — load Rmf — ﬂ . Rref ( 43)
Liws Vioas Hy
P :V '] :V 'I/iload:ﬂﬂ I/’if
load load load load R 152 R (44)

These results depend on the ADC’s reference voltage V,.r and on accurate
knowledge of the value of R.... As detailed below, to eliminate the dependence on
Vi, we algorithmically construct an accurate bandgap voltage reference, by
digitizing several base-emitter voltages. The temperature information contained in
these voltages can then be used to compensate for the temperature dependency of
Rer

With the capability to measure resistance and power, the thermal resistance of
a TC transducer can also be measured, since thermal resistance can be expressed in
terms of electrical resistance and power. As explained in Chapter 2, thermal
resistance can be expressed as:

_ AT _ T_T;me
th P P

load load

R (4.5)

where AT is the temperature rise of the TC transducer relative to ambient
temperature. If the resistance of the transducer is a linear function of temperature,
then:

Rpui = Rigaao {1 + Xrioaa (T — T )} (4.6)

where R is the value of Ri.e at ambient temperature Tum, and Olrieas 1S the
resistor’s TCR. Combining these two equations results in the following expression
for thermal resistance:
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Rload — R

— load 0
Rth -
R

5 (4.7)

load0 CZRload ’

The sensitivity of the measured thermal resistance to various sources of error
can also be derived from the expressions above:

aRth ~ a(AT ) + a])Ioad — L( 8leload + aTa mb\] + al)load
Rth A T ])l()ad A T Rl()ad 0 aRl()ad load

4.8
— aRl()ad + aYTamb + a})h)ad ( )

Rload - RloadO AT P

load

For the case of a TC-based CO; sensor, the equivalent error in thermal
resistance (and thus in CO; concentration) can then be estimated.

4.2.2 An Algorithmic Bandgap Voltage Reference

Vid Via
Ly V.
V. )
v, b2V, | MUX ADC )
"4
Vref

SS

Figure 4.2. BJT front-end for algorithmic voltage measurement.

To obtain an accurate bandgap voltage reference, we use the same ADC to digitize
the base-emitter voltage V. of a single BJT that is successively biased at two
different collector currents /; and /5, as shown in Figure 4.2:
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nkT ]12j
Viera =——In| — 49
bel,2 4 [15 4.9)

in which n is the BJT’s non-ideality factor, £ is Boltzmann’s constant, g is the
electron charge, T is absolute temperature, and /s is the BJT’s saturation current (/s
<< T12) [18]. Note that this is a simplified expression; the impact of the non-
idealities of the BJT will be discussed in Section 4.2.4. These base-emitter voltages
are approximately linear functions of temperature, with an extrapolated value at 0
K that is equal to the bandgap voltage of Silicon (about 1.2 V), and a negative
temperature coefficient of about 2 mV/K, as illustrated in Figure 4.3 [18]. The
difference of the two base-emitter voltages is a PTAT voltage that depends, to first
order, only on the current ratio p = [, / I»:

kT
AV, =V, =Vier =7-1n(p) (4.10)

ng = Vbe + a-AVbe

—
'i
|
|
|
|
|
|
|
|
|
|
|
N

V (V)

273 55 125 330
Temperature (°C)

Figure 4.3. Temperature dependency of the key voltages for constructing a
bandgap reference.

In a conventional bandgap reference, a temperature-independent reference
voltage is obtained by adding a scaled AV to Vie:

I/bg = I/bel +a'AI/be :all/bel +a2Vb€2 s (411)
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where a1 =1 + o, a; = — a, and the optimal coefficient o is subject to tolerances on
the BJT’s saturation current and collector current, and can be determined after a
single-temperature calibration [8].

Rather than generating a bandgap reference voltage in the analog domain, we
successively digitize Vs 2in two additional conversions, giving:

V, Vv,

My =,y = (4.12)

]7}’6] : I/ref i

These results are then combined digitally to obtain the equivalent of (4.11):
Vie =V, (a1t +ay1,) (4.13)

which allows us to express the (inaccurate) analog reference of the ADC V. in
terms of the (accurate) bandgap reference V. Note that the coefficients a; and a»
in (4.13) can in principle be defined with arbitrary precision, which is not possible
in a conventional analog implementation.

The voltage drop across the transducer can now be found independently of Vs
by combining (4.1) and (4.13):

U
Vid =—————V,, (4.14)
apy a1y

Similarly, the power dissipated in the transducer can be found by combining (4.4)
and (4.13):

2

P = H g
load — 2 R (415)

(al H+a iy, ) ref

4.2.3 Algorithmic Temperature Measurement

Expressions (4.3) and (4.15) still depend on R.;, which will generally be subject to
process tolerances and temperature drift:

R =R {1+ ey, (T-T,)} (4.16)

where R, is the value of R,.r at temperature 7o and otz is the resistor’s TCR. The
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tolerances of R.n can be compensated for by a single-temperature calibration,
which is done by replacing the transducer by an off-chip precision resistor in the
calibration setup.

To compensate for the resistor’s temperature drift, information about the die
temperature 7 is needed. Fortunately, this can readily be obtained from the PTAT
voltage given by (4.10):

— be qV’Ef
k-ln(p) k-ln(p)
__HTH C]V;,g

a, i, +a, 1, k-ln(p)

qAv,

T :(/U3_:u4)

(4.17)

where the relation (4.13) between V,.r and Vj, is again used to obtain an expression
independent of V.. The result only depends on the current ratio p, the bandgap
scale factors ai», the bandgap voltage V3, and physical constants £ and g. The
temperature reading thus obtained is substituted into (4.16) to calculate the value of
R.or 80 as to obtain a temperature-compensated resistance and power measurement.

4.2.4 Compensation of BJT Non-Idealities

As mentioned, equation (4.9) for the base-emitter voltage ignores the various non-
idealities of the BJT [8]. First, the non-linear temperature dependence of Is will
lead to a (slightly) non-linear temperature dependence of V., which leads to a
small non-linear temperature dependence of the bandgap reference voltage, also
referred to as curvature [18]. Since it is quite deterministic, it can be corrected in
the digital domain by using the temperature information obtained from (4.17).

Second, the BJT’s finite current gain causes its collector current to deviate
from the bias current applied to its emitter. We will assume that the BJT is operated
at current levels at which its current gain is only a weak function of current level,
and so this effect only causes a small gain error in the bias current that can be
compensated for by using an appropriate bias circuit [19], as will be shown in
Section 4.3.2.

Further non-idealities associated with the BJT can be captured by replacing
(4.9) by
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-1
V;,e:nI;ThlLP leak]_'_pIRS (418)
N

where the BJT is assumed to be biased at a multiple p of the bias current /, and in
which I..« accounts for leakage currents (including the transistor’s own saturation
current), and R, accounts for the voltage drop across the BJT’s emitter (series)
resistance, as illustrated in Figure 4.4. Leakage current and series resistance lead to
errors in the bandgap reference and the temperature measurement that cannot be
corrected by a single-temperature calibration [7]. However, they can be made
negligible by appropriately choosing the bias current level.

12
10} =e=T=125°C ;
=T = 27°C
O 8t T=-40°C 5
/1=/¢ ¢12=p-l 56l \
w oyl
2t
"7 04
0 0.01 0.02 0.03 0.04 0.05
€=1_/1
R 3 .
25
V — 2
o
=15
Ileak g 1
w
0.5
0

0 002 004 006 008 0.1
V. =Rl [mV]

Figure 4.4. (a) BJT front-end with series resistance Ry and leakage current Licar, (b)
temperature errors due to liea, (c) temperature errors due to R.

Our algorithmic approach offers the unique possibility to correct for leakage
and series resistance by combining more than two base-emitter voltages digitally.
Equation (4.18) can be rewritten as:
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Inp Ly 1)

IR
n(p) PIR, (4.19)

Vbe = Vbe,ideal + be,ideal

where Vieidgear and AVieidear are the ideal voltages given by (4.9) and (4.10). From
the base-emitter voltages measured at a minimum of four different values of p,
Vie,idear and AVpe idear can be found by curve fitting to (4.19). These values can then
be used, as before, to construct the voltage reference and measure temperature,
without errors due to series resistance or leakage current.

4.3 Circuit Implementation

Shift register
Ctrl
Transducer Vload U
front-end iload v N1
MUX out x 1 ADC H2
3
BJT Vet — U,
front-end
Vref
On-chip Off-chip

Figure 4.5. Block diagram of the entire readout circuit (on-chip and off-chip).

The block diagram of the readout circuit is shown in Figure 4.5. The on-chip
circuits, including the transducer front-end for resistance and power measurement,
the BJT front-end for the construction of the algorithmic voltage reference and
temperature sensor, and the multiplexer to select the desired voltage for
measurement, have been designed and fabricated in a 0.16 um CMOS technology.

Since the algorithmic readout relies on the accuracy and resolution of the
ADC, its non-idealities must be taken into account when selecting or designing the
ADC. First, the ADC’s quantization noise and thermal noise should be non-
dominant compared with the noise from the front-end circuits. Second, the non-
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linearity of the ADC (INL) will introduce signal-dependent errors, which cannot be
readily removed by digital post-processing. Similarly, CMRR also plays an
important role due to the different common-mode voltage levels to be measured. In
this work, an off-chip ADC with a maximum ENOB of 23.5 bit [20] is used. For
future on-chip integration, the ADC presented in [21] can be adopted for its low
INL (6 ppm), low input-referred noise (0.65 puV, rms), as well as fast conversion
rate (25 S/s). Lastly, the input impedance of the ADC must also be considered. To
avoid loading the front-end, the output of the multiplexer is buffered by an off-chip
precision operational amplifier [22].

4.3.1 Circuit Implementation of the Transducer Front-End

ref
clkch
Vbias
+
C
A"
Transducer

V,

SS

Figure 4.6. Circuit diagram of the transducer front-end.

The transducer front-end for resistance and power measurements is shown in
Figure 4.6. The voltage-to-current converter employs a chopped operational
transconductance amplifier (OTA) in a feedback loop. The voltage across the
transducer is thus stabilized to V. Since the actual voltage will be measured by
the precision ADC, the requirements on the OTA’s precision can be relaxed.
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Chopping is mainly applied to reduce the impact of the amplifier’s 1/f noise on the
measurement.

Compared with Figure 4.1, an additional cascode transistor My, is added.
Simulation shows that leakage current due to Hot Carrier Injection to the bulk of
the transistor My, becomes non-negligible when the supply voltage increases 10%
above its nominal value (1.8 V). This is because some of the carriers (electrons and
holes) in the channel are excited by the high drain-source electric field and escape
into the substrate. The added cascode transistor My, decreases the drain-source
voltage of the main transistor My,, effectively reducing this leakage current. The
capacitor C; helps to stabilize the feedback loop and also reduces the output
integrated noise contributed by the OTA.

Vdd
M, |—o v,, M)j M,
60 UA ¢ v,
m,, | * ] [,
ck, ~F -
°ih>: i oVout
,,,po—lEM1 MZ:H_‘ -V__
Vinn o "
M7:| Q [1M8
Vbn
60 ,uAl ’V’g’] ) M1ol60 LA

-V,

Figure 4.7. Schematic of the operational transconductance amplifier (OTA) used in
both bandgap core and transducer front-end.

Figure 4.7 shows the schematic of the OTA, which is a PMOS-input, folded-
cascode amplifier. PMOS transistors are chosen for the input pair as the voltage
across the transducer is relatively low (about 0.3 V). The output chopper switch is
integrated in the output current mirror.
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4.3.2 Circuit Implementation of the BJT Front-End
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Figure 4.8. Circuit diagram of the proposed bandgap core including bias
generation.

The BJT front-end circuit shown in Figure 4.8 generates the base-emitter voltages
needed for the construction of the voltage reference and temperature sensor. A
PTAT bias generation circuit is used to provide a well-defined bias current that is
an integer multiple p of a unit bias current of nominally 6 pA [18]. Resistor Ry is
used to remove the current-gain dependence of the base-emitter voltage by making
the generated bias current dependent on the base current in such a way that the
collector current of Q; is PTAT and independent of the current gain, provided the
current gains of Q;, Or and Qg are matched [19].

The OTA used in the BJT front-end is the same as the one used in the
transducer front-end (as shown in Figure 4.7). It needs to have low offset and high
open-loop gain to minimize errors in the bias current [19]. As before, this is
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achieved by chopping and the use of a folded-cascode topology that achieves more
than 60 dB open-loop gain over all corners.

M<o- I |
M<r> NI | NN |
v,<2>| I BN

v<s> | N | R

M, <4> I |

Time ——

Figure 4.9. DEM algorithm (p = 3 current sources are selected in this example).

As indicated in (4.10), an accurate PTAT voltage AV requires a well-defined
current ratio p that is stable over time and temperature. This is achieved by
applying dynamic element matching (DEM) to the current mirror shown in Figure
4.8. The DEM algorithm is illustrated in Figure 4.9. To generate a current of p
times the unit bias current /, p unit current sources are selected in every DEM step
and then shifted in a cyclic manner during successive DEM steps. Thus, the
mismatch of the current sources is modulated by the DEM clock, and the resulting
average current is close to p times the average unit current. Since the following
signal processing is done by an oversampled ADC, the voltage ripple associated
with the modulated current mismatches is averaged out by the digital filtering of
the ADC.

4.4 Experimental Results and Discussion

The layout (highlighting the main circuit blocks) and micrograph of the chip are
shown in Figure 4.10. A block diagram of the experimental setup is shown in
Figure 4.11. The chip (DUT), mounted on a PCB (PCB)), is placed inside a climate
chamber (Vétch VIM 7004) and characterized over a -40°C to 125°C temperature

range. A Pt100 resistive temperature detector with a nominal resistance of 100 €2 at
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0 °C and a temperature coefficient of 0.39%/K, is used as the transducer (Ripad),
whose resistance and power dissipation are to be measured. For calibration
purposes, a switch allows Ri. to be replaced by a precision resistor Ripadrer.
Another Pt100 resistor is used as a reference temperature sensor (7zzr). A second
PCB (PCB;) with the ADC [20] is placed outside the oven. Control signals for
the on-chip MUX and DEM switches and the ADC are generated by an FPGA, and
the ADC’s output data is transferred to a PC via an RS-232 connection and
processed in MATLAB. A precision multimeter (Keithley 2002) is used to measure
the resistance of the transducer and the voltage drop across the transducer when it
is biased by the chip, so that power dissipation of the transducer can be
independently determined for comparison.

Figure 4.10. Chip layout and micrograph.
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Figure 4.11. Experimental setup.

4.4.1 Voltage Reference

To evaluate the accuracy of the algorithmic voltage reference, the digitized base-
emitter voltages as well as the voltage drop across the transducer Vie.s were
measured sequentially by the ADC, and the value of V..« was calculated relative to
the algorithmic voltage reference using (4.14), including compensation for series
resistance, leakage and curvature using the techniques described in Section 4.2.4.
Figure 4.12 compares the result, for 5 samples of the chip, with a direct
measurement of Vi, using the precision multimeter. The results show good
agreement, with errors below £1.1 mV.
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Figure 4.12. Measured voltage error of the transducer by the algorithmic reference
voltage (compared with the measurements by the multimeter).

To obtain the result shown in Figure 4.12, the value of Vi in (4.13) was
determined iteratively so as to obtain the smallest temperature dependence. This is
a batch calibration [8], leading to an optimum value of V, that is the same for all
samples. To correct for the sample-to-sample spread of the base-emitter voltages,
the optimum values of the coefficients a; and a, in (4.13) were determined by
calibrating each sample at room temperature (27°C). This is done by adjusting the
coefficients a; and a>such that the calculated Viaq is equal to the value measured
by the precision multimeter at room temperature.

From the same data set, the value of the algorithmic reference voltage is
calculated using (4.13), where the value of the ADC’s reference voltage V. is
obtained from (4.1), by dividing the value of V.. as measured using the precision
multimeter by p;. The result is shown in Figure 4.13. To illustrate the impact of the
series resistance, leakage current and curvature, results are shown with and without
compensation for these non-idealities. The temperature coefficient without
compensation for any of these non-idealities is about 220 ppm/°C, mainly due to
the impact of leakage current, which is rather large in our design due to the sizing
of the MOS transistors in the on-chip multiplexer. This improves to about 24
ppm/°C after compensation for series resistance and leakage using the method
described in Section 4.2.4. After compensation for the systematic quadratic
curvature, a further improvement to 18 ppm/°C is achieved (Figure 4.13b).
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Figure 4.13. Algorithmic reference voltage (a) without and with compensation and
correction for series resistance and leakage,; (b) with compensation and correction
for series resistance and leakage as well as curvature.
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4.4.2 Temperature Measurement
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Figure 4.14. Measured temperature error of the algorithmic temperature sensor (a)
without and (b) with correction for leakage and series resistance.

Figure 4.14 shows the error in the temperature measured using the method
described in Section 4.2.3, relative to the reference temperature sensor, for 5
samples of the chip. When AV, is directly measured without any compensation,
significant errors occur at high temperatures due to leakage currents of the
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multiplexer switches (up to 180 nA in this design). By applying the algorithmic
approach described by (4.17) and (4.18), a leakage-free PTAT voltage AV ideas Can
be obtained, which can then be converted to temperature by linear scaling. Thus,
the residual errors are reduced to £0.25°C (min-max) after a 1-point trim at 100°C
(Figure 4.14b). The trimming, to cancel the PTAT error due to V3. spread, was
done in the digital domain [8]. These errors are relatively large compared to the
state of the art [19], which can be attributed to the large initial errors caused by the
leakage currents of the large multiplexer switches (i.e. 50 um in width), which can
be reduced in a re-design by reducing the transistor sizes.

4.4.3 Resistance Measurement

As described in II-A, the resistance of the transducer is measured relative to an on-
chip reference resistor R, in series with the transducer (Figure 4.6). Since Ry is
subject to process tolerances, it is first calibrated by connecting a precision resistor
(Rioaarer in Figure 4.11) instead of the transducer. Figure 4.15a shows the error in
the measured resistance of this precision resistor as a function of temperature
relative to the resistance measured using the precision multi-meter.

First, a one-point correction is performed by using the error at 27°C to
determine the nominal resistance of R, i.e. R.p in eq. (4.16), while assuming its
temperature coefficient dgr.r is zero. The error in the measurement of the precision
resistor then reduces significantly, as shown in Figure 4.15b. The resistance of the
Pt100 is then measured using this same correction. The error in this measurement
relative to the multimeter is less than +£1.6 Q, as shown in Figure 4.16a. A
substantial temperature drift is observed due to the fact that the temperature
dependence of R,.ris not compensated for.

Second, the temperature coefficient o.r is determined by a two-point batch
correction (at 27°C and 100°C) in the calibration result of Figure 4.15a. When
measuring the Pt100, these coefficients and the temperature information obtained
from the algorithmic temperature measurement are used to compensate for the
temperature dependence of R.; as discussed in Section 4.2.3. This reduces the
error to less than £0.55 €, as shown in Figure 4.16b. A further reduction could be
achieved by also compensating for the higher-order temperature dependence of R..
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Figure 4.15. Measured resistance error of a precision resistor as a function of
temperature, (a) without calibration; (b) with calibration and correction at one-
temperature point (27°C).
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Figure 4.16. Measured resistance error of the Pt100 sensor resistor as a function
of temperature; (a) with calibration and correction at one-temperature point
(27°C), (b) with calibration and correction at two-temperature points (27°C and
100°C).
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4.4.4 Power Measurement

The power consumption of the transducer was measured using the method
described in Section 4.2, eq. (4.15). Figure 4.17a shows the results of the power
dissipation in the transducer without compensating for the tolerance and
temperature drift of the on-chip reference resistor R, and Figure 4.17b shows the
results when a one-point calibration at 27°C is performed to compensate for spread
in the nominal resistance of R, i.e. R in eq. (4.16), in a similar way as described
above. With this calibration, the errors are less than +1.5%. As described above,
the accuracy of the on-chip reference resistance can be further improved by a
room-temperature individual trim and a two-point batch calibration (27°C and
100°C) to find R,.0 and dres. This reduces the errors in the power dissipation
measurement to +0.8% as shown in Figure 4.17c.
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Figure 4.17. Measured power error as a function of temperature; (a) without
calibration; (b) with 1-point calibration and correction of the resistance
measurement, (c) with 2-point calibration and correction of the resistance
measurement.
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4.4.5 Equivalent Error in Thermal Resistance

As this readout has not been used for TC sensors, data for CO, measurements are
not available. However, the equivalent measurement error of thermal resistance
(and thus CO; concentration), can be estimated by substituting the measurement
errors of temperature, resistance and power into (4.8). The equivalent error of
thermal resistance over the military temperature range is about 1.8%, which could
be reduced to about 3000 ppm within the indoor temperature range (10°C — 40°C)
[23]. This translates to a CO; accuracy of about 7500 ppm (assuming a 200-ppm
change in CO; leads to an 80-ppm change in TC). The error was mainly
contributed by the temperature measurement. Further improvement in temperature
accuracy can also reduce errors in resistance and power measurements.

4.5 Conclusions

Table 4.1. Performance Summary

Temperature range -40°C — 125°C
Temperature inaccuracy +0.25°C (min-max)
Temperature dependence of voltage | 18 ppm/°C
reference

Resistance inaccuracy +0.55 QF

Power inaccuracy +0.8%"

Tafter a single temperature calibration for the on-chip reference resistor, 5 samples.

In this chapter, we have reported a readout architecture for resistive transducers,
which is capable of accurately measuring their resistance and power dissipation. Its
performance is summarized in Table 4.1. The key idea is to avoid analog signal
processing as much as possible, by first digitizing the analog signals and then
combining the results in the digital domain. This algorithmic approach greatly
improves the flexibility of the signal processing and facilitates the removal of
errors such as leakage current, series resistance, and systematic nonlinearity in the
digital domain. In addition, the accuracy of the analog reference voltage of the
ADC does not impact the measurement accuracy, as it is replaced by an
algorithmically constructed bandgap reference voltage in further data processing.
Experimental results have shown that the resistance and power dissipation of a
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Pt100 resistor can be measured with inaccuracies of +0.55 Q and =+0.8%,
respectively, from -40°C to 125°C, showing the effectiveness of the applied
techniques. The algorithmic bandgap reference and temperature sensor achieve
performance that approaches the state-of-the-art. Although our proof-of-concept
prototype uses an off-chip ADC, making it more costly and power hungry than
previous solutions, suitable ADCs implemented in standard CMOS technology
have been reported [21], which can readily be co-integrated to realize a fully-
integrated low-cost solution. The ability to accurately measure the resistance and
power dissipation of a resistive transducer as well as ambient temperature makes
this readout architecture well-suited, for instance, to the interfacing of TC-based
gas sensors.
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Chapter 5

TIME-DOMAIN READOUT

This chapter is based on the publication “A Phase-Domain Readout Circuit for a
CMOS-Compatible Hot-Wire CO; Sensor,” in IEEE Journal of Solid State Circuits,
vol. 53, no. 11, pp. 3303-3313, Nov. 2018.

5.1 Introduction

Sensing thermal conductivity (TC) conventionally requires a steady-state
measurement of a transducer’s TC-dependent thermal resistance to ambient (Ry).
Alternatively, TC can also be derived from a transient measurement of the
transducer’s thermal time constant 7z, i.e. the product of its Ry and its thermal
capacitance (Cy), since these both depend on the TC of the surrounding air
[1][2][3]. Compared to measuring R, measuring z; has the important advantage
that it only requires a time reference, and hence absolute temperature and power
levels do not need to be accurately stabilized or measured. In prior work, 7 was
determined by periodically generating heat pulses in a resistive transducer, and
then measuring the phase shift of the temperature transients with a separate
temperature sensor: either a similar transducer [2] or a thermopile [4][5]. In these
designs, the heating and sensing elements are separate devices, and hence the
thermal signal to be sensed is naturally separated from the electrical driving signal,
which simplifies the process of signal conditioning. However, this inevitably
results in a more complex fabrication process, in contrast with the use of simple
CMOS-compatible single-wire transducers [6].

In this chapter, we present a readout circuit that allows the functions of heating
and temperature-sensing to be combined in a single resistive transducer [7][8]. This
greatly simplifies fabrication, since only a single extra etch step is required to
realize a tungsten hot-wire transducer in the via layer of a standard CMOS process
[6]. The readout circuit is based on a continuous-time phase-domain AX modulator
(PDAXM), thus circumventing the £7/C noise limitations associated with switched-
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capacitor readout circuits. To reduce the required dynamic range of the modulator,
the large transients associated with the periodic heating pulses, and the offset
associated with the baseline resistance of the resistive transducer are canceled by
employing two transducers in a novel bridge-type architecture. Experimental
results show that the proposed CO, sensor achieves a resolution of 94 ppm in a
conversion time of 1.8 s while dissipating only 12 mJ per measurement, or 2X more
resolution than the state-of-the-art [6], at an energy consumption that is >10x
lower.

The chapter is organized as follows. In Section 5.2, the operation of transient
thermal-conductivity sensing is presented, followed by a review of the principles of
phase-domain AYX modulation. Section 5.3 is devoted to the circuit implementation
of the readout circuit, including the design of the PDAXM and the techniques used
to reduce its dynamic range requirements. Experimental results and discussions are
presented in Section 5.4, and the chapter concludes in Section 5.5.

5.2 Operating Principle

5.2.1 Time-Domain Thermal-Conductivity Sensing

The measurement principle of transient TC measurement is shown in Figure 5.1. A
hot-wire transducer is driven by a current pulse /; at a frequency furve, and is thus
periodically heated, however, the resulting temperature transients are delayed
relative to the driving pulses. The delay is determined by the thermal time constant
7in, which in turn depends on the TC of the surrounding air (Figure 5.1).

Such a TC sensor can be modeled as a first-order low-pass filter. Using a fixed
driving frequency will then result in phase-delayed temperature transients relative
to the driving pulses, from which 7, can be derived. The optimal driving frequency
equals the filter’s pole frequency, i.e. 1/2wzy, at which the sensitivity of the filter’s
phase shift to the changes of 7, is maximal. For our devices, 7 ~ 17 us, leading to
an optimal f;. around 9-10 kHz.
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Figure 5.1. Transient thermal-resistance (thermal delay) measurement principle.

Both sine waves [2] and square waves [4] can be used to drive the heater. In
terms of circuit implementation, a square wave is much easier to generate than a
sine wave. The advantage of a sine wave is that it has no harmonics, and thus the
phase shift of the temperature signal can be determined by filtering and zero-
crossing detection [2]. In contrast, a square-wave consists of a series of harmonics.
In this case, the phase shift of the fundamental can best be detected by synchronous
detection [4]. By employing a synchronous detector as the summing node of a
delta-sigma modulator, a phase-domain delta-sigma modulator (PDAXM) can be
realized with which this phase shift can be digitized with high resolution [9][10].

Since resistive transducers can be used both as a heater and a temperature
sensor, the heating and sensing functions can, in principle, be combined in a single

resistor, provided an appropriate readout scheme is devised. This will be discussed
in Section 5.3.1.
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5.2.2 Phase-Domain Delta-Sigma Modulator

V, =Asin(2nf,, t+ @) —» V,,=0.5Acos(®, - P,)
Vref = Sin(znfdrivet + (Dref)
(a)
samp.
fdrive( d)sig) /x\ .I- J bs
-
fdrive( ¢O) ’
fdrive((D1 )
(b)

Figure 5.2. (a) Phase detection by means of synchronous detection. (b) Phase
detection using a delta-sigma feedback loop.

When driven at fav, the phase shift ¢, of the transducer’s temperature transients
can be found by synchronous detection, i.e. by multiplying the transients by a
reference signal at the same frequency and with a phase ¢, as illustrated in Figure
5.2a. Assuming sine waves for simplicity, the result is a DC component
proportional to the cosine of the phase difference (@5 — ¢rer), and a component at 2
farive that can be removed by a low-pass filter:

A-sin(2x f,, t+ ¢Sig )-sin(2x £, t + ¢ref )=
0'5 : A : I:COS(¢sig - ¢rqf ) - COS(47[.](drivet + ¢Sig + ¢ref )]
As shown in Figure 5.2b, a phase domain delta-sigma modulator (PDAZM)

can be realized by embedding the synchronous detector in a delta-sigma (AX) loop
[9][10]. The loop’s integrator serves as a low-pass filter and feedback is applied in

(5.1)
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the phase domain, by toggling ¢,..; between two phase references ¢o and ¢;
depending on the bit-stream output bs. The feedback loop, on average, nulls the
input of the integrator and thus ensures that the average phase reference tracks the
phase of the input signal, which can therefore be derived from the average value of
the bit-stream.

From (5.1) it can be seen that in order to allow the AX modulator to track ¢sig,
the reference phase ¢,., should toggle between two values such that the term
cos(dsig — ¢rer) changes polarity. This implies that the two reference phases (¢o and
#1) should be located on both sides of the 90° phase-shift of the input signal. The
resolution with which the phase shift can be determined depends on the OSR, i.e.
the number of clock cycles N that the AX modulator is operated per measurement,
and equals (¢1 — ¢o) / N for a first-order AX modulator (given that the cosine
nonlinearity can be neglected over the relatively small range ¢ — ¢o) [10].

Simulation shows that the phase shift induced by a 1 ppm change in CO»
concentration is roughly 7 p°. The required OSR to arrive at a desired CO»
resolution can thus be estimated from this. For example, for a full scale ¢o—¢; =4°,
the required OSR for a quantization step equivalent to 100 ppm CO; is about 6000.
Although this number could be reduced by using a second-order modulator, this
would have little benefit, because an even higher OSR is needed to reduce the
effects of the sensor’s thermal noise to the 100-ppm level, as will be shown in
Section 5.3.4.

5.3 Circuit Implementation

5.3.1 Front-End Dynamic Range Reduction Technique

While the voltage across the transducer contains temperature information, its
sensitivity to temperature will change with the current level. To mitigate this, an
additional sense current [, switched at a much faster rate fsens, produces a
modulated voltage proportional to R(f) with a fixed sensitivity to temperature,
independent of the drive current (Figure 5.3a).
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Figure 5.3. Sensing the temperature-induced resistance changes using (a) current
modulation, (b) differential sensing, and (c) baseline cancellation.

To ease the detection of this voltage in the presence of the large voltage
transients (about 300 mV peak-to-peak) caused by the pulsed current /,, a pair of
transducers are both driven by /; (=2 mA), and read out differentially via an extra
sense current I; (=0.5 mA), switched at fiense = 15 X farive (Figure 5.3b). Thus, the
signal at fu.i. 1s converted into a common-mode signal and can be rejected, while
the differential signal is demodulated using a chopper switch, resulting in an output
voltage Vs that contains the temperature transients at fz«.. Each transducer is also
biased by an additional constant sense current /; (=0.5 mA) to provide a voltage
signal to be sensed when /; is switched off.

An odd ratio of 15 between the fiense and fue is chosen here to prevent errors
due to the down-conversion of harmonics of the drive signal. This is because any
mismatch between the drive signals will cause a fraction of the common-mode
drive signal to be converted into a differential-mode signal. If ficuse is an even
multiple of five, the odd harmonics of this differential-mode signal will be down-
converted to fuie by the chopper demodulation at fiense, and then detected by the
PDAXM, affecting the decimated results. If fense is chosen to be an odd multiple of
farive, any down-converted harmonics will end up at DC, and will be rejected by the
PDAXM.

Even with this arrangement, a large dynamic range is still required, since the
temperature-induced resistance increase (AR =~ 3Q) is small compared to the
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baseline resistance (Ry) = 110 Q), while the changes in AR due to changes in CO;
concentration are even smaller (about 1.5 p€Q per ppm CO,). To cancel the voltage
steps associated with Ry, two poly resistors R,; 2 (= Ry) are connected in series with
the transducers, and the sense currents are routed such that the additional voltage
drop I R, cancels out Iy Ry (Figure 5.3c). The remaining differential signal V; is
ideally equal to /; AR, and reflects the transient temperature change, which is about
1.5 mV, 200% smaller than the initial 300 mV transients.

5.3.2 Current Trimming DACs

In practice, however, mismatch between the transducers and the poly resistors
leads to AC ripple, which reduces the modulator’s effective resolution and
increases the requirements on its dynamic range. To minimize the ripple, three
current DACs are used to trim the drive and sense currents. As shown in Figure
5.4, one 6-bit drive-current DAC (Ipaca, LSB = 0.1% Izer = 0.025% 1) is used to
trim the two drive current sources and thus compensate for the mismatch between
the two transducers R;; and R;. Two 6-bit sense-current DACs (Ipacs; and Ipacs2,
LSB = 0.4% I;) can be connected to two of the three sense current sources through a
2-to-3 multiplexer, to compensate for the mismatch between the two poly resistors,
and between the poly resistors and the nominal resistance of the transducers.

If there would be no mismatch, the following would hold:

IR, =1,R, (5.2)
(Isl + Isz)Rn =13 (th +Rp2) (5.3)
Isl(Rtl + Rpl) = (Isz + Is3)R12 (5.4

Hence the target of the current trimming is to configure the trimming DACs
such that these conditions are reached.

The procedure used to find the proper trimming settings is shown in Figure
5.5. First, only the two drive current sources are used to bias the transducers R;; and
Ry Due to mismatch, V5 can be non-zero. The drive-current DAC is then used to
compensate for this mismatch such that V; = 0 and hence (5.2) holds. Second, only
the sense current sources are switched on. When the switches are configured as
shown, Vs is the voltage difference between the left and right branches, which
ideally should be zero as demonstrated by (5.3). Due to the variation of poly
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resistor Rz, this voltage can be above or below zero. Here it is assumed that V; > 0
as an example to demonstrate the trimming procedure. To reduce V; to zero, Ipacs:
is connected as shown to add current to /;3 and thus null Vs, so that (5.3) holds.
Thirdly, the switches for the sense current sources are changed to the other state.
Again, due to mismatch, V; # 0. Here it is again assumed that Vs > 0. To reduce V;
to zero, Ip4cs2 is connected as shown to add current into /s> and thus V, so that (5.4)
holds.

IDACs7 % IDACSZ

sense

<+

[ooo] (321 [16] [8] [4] [ [1] (1000}
6-b current trimming DAC (LSB=0.1% /...)

Figure 5.4. Current trimming DACs to compensate for the mismatch between the
resistive transducers as well as the poly resistors (one of the total three DACs is
shown as example).

In summary, current trimming is used to modify the sense currents /,;, />, and
Is3 so as to compensate for the mismatch of the resistors and drive the steady-state
voltage difference between the left and right branches to zero. The example shown
here is for Vs > 0 in both steps 2 and 3. For other cases, the proper settings of the
DACs can be found in a similar way. By analyzing all possible cases, it is found
that two multiplexed DACs for the three sense currents are sufficient, though three
DACs may simplify the trimming procedure. To save die area, this design uses one
trimming DAC for drive current and two trimming DACs for sense current.
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Figure 5.5. Procedure to find the proper settings for the current trimming DACs.
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5.3.3 Phase-Domain Delta-Sigma Modulator

The phase shift of the temperature-related differential signal Vs (= I AR) is
digitized by a low-noise phase-domain AY modulator similar to that described in
[5]. As shown in Figure 5.6, before demodulation by fene, a low-noise
transconductor g, converts the differential voltage V; into a current. This current
passes through a chopper switch, which serves to dual purpose of demodulation by
Jsense (like the chopper switch in Figure 5.3), and multiplication with the phase-
shifted versions of fy. as a function of the bit-stream (as in Figure 5.2b). This
combination is realized by multiplying the phase-shifted versions of faie With fiense
by means of XOR gates. The resulting demodulated current is proportional to the
phase difference between V(¢) and the selected phase reference. This difference is
integrated on capacitors Cj, of an active integrator and quantized using a clocked
comparator, to form a AX loop which nulls the input of the integrator and thus
ensures that the average phase reference tracks the phase of Vi(f), which can
therefore be derived from the average value of the bit-stream.

foive(®;)
VDD sense
A O 1 wéw? d®d
drive o_ D R R
e e A N
bs

R, Rpg[l]

Rt1 Rt2
y Phase-domain A ADC

S —————————— o m m m m mm mmm mmmmmmmm e
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Figure 5.6. Circuit diagram of the proposed readout circuit.
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To ensure that the noise from the transconductor is lower than that from the
transducer and its bias circuit, the gn of the transconductor should be at least 400
uS. The transconductance of the g, stage is about 560 uS. The sampling frequency
is chosen the same as fi v.. Both faive and fiense, including the feedback signals at
farive With reference phases ¢p and ¢;, are derived from a single off-chip master
clock. The capacitor Cj, in the integrator is 50 pF.

5.3.4 Noise Analysis

The noise of the phase-domain AX ADC can be analyzed using a charge-balancing
analysis similar to that described in [11]. During a complete AX conversion, the
total charge accumulated in the integrator is approximately zero. This includes all
signal charge accumulated in the AX cycles when bs = 0 and when bs = 1, as well
as the noise charge:

Qacc = Q:ig + qn,acc = NI:(I - ,U)Q() + IUQI :' + qn,acc = 0 (55)

in which Qs is the total signal charge and g, . is the total noise charge, N is the
total number of AX cycles during one conversion, i is the average value of the
bitstream, Oy is the accumulated signal charge in one AX cycle when bs =0, and O;
is the accumulated signal charge in one AX cycle when bs = 1.

Rearranging (5.5) results in the expression for p:

Q. D
Qo _Q1 N(Qo _Ql)

p= (5.6)

in which the first part is the average value of the bitstream in the noise-free case,
and the second part represents the noise contribution. The total accumulated noise
charge is related to the noise charge ¢, accumulated in one cycle as guuc’ = N ¢’
By substituting this in (5.6), the standard deviation of u can be expressed as:

S A (5.7)
! QO_QI N ‘
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Referring to Figure 5.2, the signal charge difference Oy — Q; can be
approximated as:

0y =0, = Ly -t c08(, — ) —cos (4, — )]

(5.8)

R Lty (¢0 _¢1)
in which Z;, is the output current of the transconductor g, ¢ is the inverse of the
sampling frequency, and the approximation is justified as both (@siz— @o) and (Psig—
¢1) are close to 7/2.

Noise charge accumulated in every cycle includes noise from the current
source, the transducers, the transconductor g,, and the chopper switches:

qi = qz,cs + qrzl,Rt + qrzl,ch + qs,gm = 4kTRn ’ gri ) tczlk ‘B (59)

in which ¢, is the noise charge due to the current source, g, & is the noise charge
due to the transducers (including the poly resistors), g is the noise charge
generated by the chopper switches, ¢, ¢ is the noise from the transconductor g, k
is Boltzmann’s constant, 7 is absolute temperature, B is the equivalent noise
bandwidth (= 1/2¢.), and R, is the equivalent noise resistance. The latter is given
by:

R, =78 R+ R +R,, , +1> (5.10)

on,ch
m

in which y; and gu.s are the excess noise factor and the transconductance of the
current source, respectively, R, is the resistance of the transducers, Ronci is the on-
resistance of the chopper switches, 7. is the excess noise factor of the
transconductor g,,. Substituting (5.8) and (5.9) into (5.7) results in an expression
for the standard deviation of the output-referred noise:

o o [2kTR, 16 [2kTR, 51
! Iint(¢0_¢l) N'tdk I.Y'AR'(¢0_¢]) N'tclk '
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in which Z;; = (1/16) I-AR-g,. Note that this derivation approximates the drive and
sense currents, as well as the feedback signals as sinusoidal signals.

This expression shows that the standard deviation of pu and hence the
resolution can be improved by decreasing the equivalent noise resistance, by
increasing the total conversion time, or by increasing the signal amplitude (,AR).
Note that the latter also requires an increase in the size of the integration capacitors,
as the sampling frequency of the PDAXM should not be higher than the drive
frequency (faive). System-level simulations show that a 50-pF integration capacitor
can handle a signal amplitude of about 1.5 mV. The resistance of the transducer is
110 Q in this work. We have chosen the drive current (2.5 mA) such that the
temperature-induced resistance AR is limited to 3 Q, and the sensing current /; is
0.5 mA. The resulting calculated resolution, expressed in terms of an equivalent
CO; concentration, is shown in Figure 5.9 as a function of the number of AX cycles
N (i.e., the OSR).

5.4 Experimental Results and Discussion

Drivie and
senée!cu r!ent

1|
sources

Figure 5.7. Micrograph of the readout circuit and the transducer.
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Both the transducers and the readout circuit have been implemented in the same
0.16 um CMOS technology (Figure 5.7), with an active area of 0.3 mm? and 3.14
mm?, respectively. For flexibility, they have been realized on separate chips and
connected on the PCB, and hence they can readily be co-integrated. Control signals
for the AX modulator and the current DACs are generated using an FPGA. The
readout circuit consumes 6.8 mW from a 1.8 V supply, 6.3 mW of which is
dissipated in the transducers.

Amplitude [dB]
o)
o

-100 : : ' :
10" 10° 10’ 10° 10° 10*
Frequency [Hz]

Figure 5.8. Measured spectrum of the bitstream (FFT of 2'* points).

Figure 5.8 shows the measured bitstream spectrum of the PDAXIM,
demonstrating a first-order noise shaping similar to that of a conventional
amplitude-domain 1*-order AX modulator.
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Figure 5.9. Measured vresolution (standard deviation of 20 consecutive
measurements) and energy per measurement as a function of OSR.

Figure 5.9 shows the measured resolution (standard deviation of 20
consecutive measurements) as well as corresponding energy per measurement at
different oversampling ratios. The calculated CO; resolution (dashed curve) is
derived from (5.11) and the measured sensitivity of decimated results to CO>
concentration (1.6 ppm in u per ppm CO;). The measured resolution is in good
agreement with the calculation in the thermal-noise-limited region where OSR >
1000. At lower OSR, the performance is dominated by quantization errors. A
resolution equivalent to 94 ppm CO, is reached at an OSR of 16384, which
corresponds to a measurement time of 1.8 s (fsamp = farive = 9.26 kHz), and an energy
consumption of 12 mJ per measurement.

The thermal delay, or equivalently the measured phase shift, caused by the
thermal resistance and thermal capacitance, should present a first-order behavior as
a function of the driving frequency, like a first-order electrical low-pass filter. This
is confirmed by measurements, as shown in Figure 5.10. The measured phase shift
as a function of the drive frequency shows a good agreement with the ideal first-
order behavior associated with the hot-wire’s thermal time constant (measured
using a larger full scale ¢y — ¢; = 12° for clarity).
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Figure 5.10. Measured phase shift as a function of the drive frequency.
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To demonstrate the sensitivity of the sensor’s output to variations in power
consumption, Figure 5.11 shows the decimated results and the power consumption
as a function of the drive current /;. With £10% change in current, the power
consumption changes by +£20%, while the decimated results change by 2.5%,
equivalent to a variation of about 1.5% in CO; concentration (given the sensitivity
of 1.6 ppm per ppm COy). For 200-ppm accuracy in CO, measurement, this implies
that variations in the power dissipation should be less than £2600 ppm. Compared
to steady-state TC sensing, for which the required stability of the power dissipation
would be <80 ppm when measuring in amplitude domain, the time-domain readout
reduces the sensitivity to power level by 30-50x. The residual dependency could
come from two possible sources. One is the temperature-dependent sensitivity [6].
Due to the change in power dissipation, the temperature of the hot-wire changes. It
has been found in the previous work that the sensitivity of the thermal conductivity
of air to CO; concentration is not constant but temperature-dependent. This could
lead to power (temperature)-dependent measurement results. A second possible
source of the residual current dependence is residual mismatch after trimming. This
mismatch will appear as a DC input to the PDAXM, which causes ripple at the
output of the integrator. Since the PDAXM has a finite ability to reject this ripple,
and the amplitude of the ripple is proportional to the current level, the output of the
PDAXM will depend on the current level.

To measure the CO, response, the sensor was placed in a sealed box along
with an NDIR reference CO, sensor [12]. Like other TC-based sensors [2], the
sensor is cross-sensitive to ambient variations, such as temperature, humidity, and
pressure, which therefore need to be compensated for in a final product. In our
experiment, ambient temperature, humidity and pressure sensors were placed in the
sealed box to facilitate cross-sensitivity compensation. The results after
compensation are shown in Figure 5.12, demonstrating a good agreement between
the readings of our sensor and the CO, concentration measured by the reference
CO; sensor K30.
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Table 5.1 summarizes the performance of the chip and compares it with the
prior art. The proposed TC-based CO; sensor achieves a resolution of 94 ppm
while dissipating only 12 mJ per measurement, which represents a significant
improvement in energy efficiency compared to the state-of-the-art for TC-based
CO; sensors. Compared with the NDIR-based counterpart, the proposed sensor has
advantages in cost (>10%) and volume (>100x) due to its CMOS-compatibility, and
also consumes less energy.

Table 5.1. Performance summary and benchmarking

Parameter This work [6] [2] [12] [13]
Method TC TC TC NDIR NDIR
Technology CMOS (0.16 pm) | CMOS (0.16 pm) SOI MEMS Module SOI MEMS
On-chip readout Y Y N N N
Area (sensor) 0.3 mm? 0.6 mm* 16 mm? - 0.3 mm?
Area (readout) 3 mm? 3 mm? - - -
Supply voltage 1.8V 18V - 5-14V -
Power consumption 6.8 mW 11.2 mW 3 mW 200 mW 200 mW
Meas. time 1.8s 30s 60 s 2s 24s
CO; resolution 94 ppm 202 ppm 456 ppm 20 ppm 250 ppm
Energy / meas. 12 mJ 336 mJ 180 mJ 400 mJ 480 mJ

fArea of the IR emitter only, excluding 80-mm light tube and an infrared detector
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5.5 Conclusions

In this chapter, we have presented a CMOS-compatible CO- sensor that senses the
CO,-dependent variations in the thermal conductivity (TC) of ambient air. Rather
than measuring the steady-state temperature rise of a hot-wire transducer, we detect
its thermal time constant T, thus obviating the need for heating-power stabilization
and accurate temperature sensing. The thermal time constant is the product of the
wire’s thermal capacitance and its thermal resistance to ambient, which in turn
depends on the TC of the surrounding air. It is sensed by periodically heating up
the wire and digitizing the phase shift in the resulting temperature transients by
means of a low-noise phase-domain AX modulator. The temperature transients are
sensed through the resistance changes of the heater resistor, greatly simplifying the
fabrication process compared to prior designs that employ separate resistive or
thermopile-based temperature sensors closely integrated with the heater. In order to
reduce energy consumption, the required dynamic range of the readout circuit is
substantially reduced by cancelling the baseline resistance and by removing the
impact of the large electrical driving signals. The sensor achieves a CO; resolution
of 94 ppm at only 12 mJ energy consumption per measurement, the best reported
resolution in TC-based CO, sensors and the lowest energy consumption compared
to the prior art. This makes this design a promising candidate for CO, sensing in
cost- and energy-constrained applications.
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Chapter 6

CONCLUSIONS

This last chapter summarizes the original contributions and main findings in this
thesis. It also provides recommendations for the future research on smart carbon
dioxide sensors in CMOS technology.

6.1

Main Contributions

First fully-integrated CO; sensor in standard CMOS technology for
indoor air-quality (IAQ) sensing (Chapter 3)

This design demonstrated that hot-wire transducers realized in the
Tungsten VIA layer of a standard CMOS process can be used as the basis
of a fully-integrated CO; sensor. The proposed sensor employs two such
transducers: a sensing transducer and a reference (non-sensing) transducer.
By making ratiometric measurements of the temperature and power
dissipation of both transducers, the readout electronics obviates the need
for an accurate power reference. The proposed sensor achieved a resolution
of about 200 ppm, and compared with conventional optical-based solutions,
offers significant advantages in terms of cost and volume.

Algorithmic bandgap voltage reference and temperature sensor
constructed in digital domain (Chapter 4)

This design demonstrated that an algorithmic BJT-based voltage reference
and temperature sensor can be realized with a minimum of analog signal
processing. It consists of a single BJT that can be biased at a number of
well-defined current levels, and a high-resolution ADC that digitizes the
resulting base-emitter voltages. The results are then combined in the digital
domain, thus facilitating the correction of several sources of deterministic
error: leakage current, series resistance, ADC offset and non-linearity. The
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effectiveness of the design was verified by incorporating it in an
algorithmic readout system that measures the power dissipation of a
resistive transducer, which requires a reference voltage and a temperature-
compensated reference resistor. The proposed system achieved an
inaccuracy of +0.8% in the measured power over the automotive
temperature range (-40°C to 125°C). Compared with prior power-sensing
circuits, this algorithmic approach offers accurate measurement over both
load and temperature variations.

First sub 100-ppm resolution CO; sensor in standard CMOS
technology with record energy efficiency (Chapter 5)

This design demonstrated that an integrated CO, sensor with <100 ppm
resolution can be realized in a standard CMOS process. The readout
electronics employed a phase-domain AX modulator to measure the
thermal time constant of the Tungsten hot-wire transducer. Sensor
fabrication was simplified by using a single transducer both as a heater and
as a temperature sensor. In addition, a novel differentially-driven bridge
enabled the extraction of the temperature information in the presence of
large heating currents. The realized sensor achieved a resolution of 94 ppm
while dissipating only 12 mJ per measurement, which represents the best
reported performance for a CMOS CO; sensor in terms of both resolution
and energy consumption.

6.2 Main Findings

System-level:

102

TC sensing using a hot-wire transducer requires precise control or
measurement of the power dissipated in the transducer. This is particularly
important when designing high-precision (e.g. 100-ppm level) TC-based
CO, sensors, which require the accurate detection of very small (sub-
microwatt-level) changes in heat dissipation (Chapter 3).

CO; sensors based on ratiometric measurements of a sensing and reference
transducer have a relatively relaxed requirement on the stability of their
power dissipation. This is because such measurements translate a
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requirement for absolute accuracy into a requirement on the matching of
the sensor and reference transducers (Chapter 3).

e Digitizing analog signals at an early stage in the signal chain and moving
signal processing fully to the digital domain is a promising direction for
sensor design, as digital signal processing has superior flexibility and
accuracy compared to analog signal processing (Chapter 4).

e For TC sensors, time-domain readout based on a continuous-time phase-
domain AY modulator (PDAXM) results in improved resolution and energy
efficiency compared to amplitude-domain readout based on a conventional
discrete-time AX modulator (Chapter 5).

o Compensation for the cross-sensitivities of hot-wire transducers to ambient
temperature, humidity and pressure, as well as measures to limit their
sensitivity to airflow, is crucial for the practical implementation of TC-
based CO, sensors. By using state-of-the-art integrated temperature and
humidity sensors, however, the resulting CO,-sensing errors can be limited
to 200 ppm (Chapter 2).

Circuit-level:

e For hot-wire transducers, the choice of bias current level should depend not
only on the required SNR requirements, but also on the required sensitivity
to TC changes and on the required reliability. From the point of view of
maximizing SNR, increasing bias current may seem good. However, the
relationship between power and SNR is more complicated for TC-based
gas sensors, and only a modest improvement in resolution may be obtained
if the bias current is increased beyond a certain level. In addition, when
biased by a constant current source, the maximum bias current may be
limited due to the positive feedback loop created by the transducer’s
positive temperature-coefficient. To mitigate this, the bias current (/)
should be chosen such that the loop gain (~F) is far from unity (Chapter 3).

e Baseline resistance compensation is critical in realizing energy-efficient
and high-precision resistive CO; sensors. It effectively relaxes the dynamic
range (DR) requirement of the readout circuit, thus reducing its power
consumption. This is particularly effective for TC-based CO, sensors, as
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the temperature-induced resistance change (AR) of a hot-wire transducer is
small compared to the baseline resistance, while the change in AR due to
changes in CO; concentration (AAR) is even smaller (Chapters 3 & 5).

The algorithmic readout approach requires an ADC with high resolution as
well as high speed. This is because several measurements, of the targeted
measurands (e.g. resistance, current or power) and various base-emitter
voltages, are required to generate the final result. In principle, the accuracy
of this result is only limited by ADC resolution, as long as the ADC’s
reference voltage remains stable over one complete set of measurements.
The ADC must then make these measurements fast enough to ensure that
the effect of temperature drift on this voltage and on the other measurands
is negligible (Chapter 4).

If a phase-domain readout scheme is employed, the optimal frequency at
which a TC transducer should be driven is approximately equal to its
thermal cut-off frequency, as this gives the maximum sensitivity of the
detected phase shift to the thermal time constant (7). In addition, the
sampling rate of the phase-domain ADC is limited by the driving
frequency of the transducer. Sampling at a faster rate does not improve
resolution, because the reference signals are simply phase-shifted versions
of the driving signal, and thus have the same frequency (Chapter 5).

6.3 Future Work
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Further optimization and improvement on the hot-wire transducers

The tungsten hot-wire sensor realized in the VIA layer can be further
optimized for sensitivity and reliability. To improve its sensitivity, thermal
losses to the substrate need to be reduced. In addition, the measured
temperature coefficient of the hot-wire (0.17%/°C) is lower than that for
pure tungsten (0.45%/°C) [1], which requires further investigation. In
practice, we have seen that the transducer hot-wire may break after long-
term heating at relatively high currents (i.e. a couple of milliamperes). This
might be due to electro-migration or to an uneven heat distribution in the
transducer. The robustness of the hot-wire sensor can undoubtedly be
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further improved, since commercial products with similar resistive heaters
already exist [2].

Further optimization of the noise performance for the ratiometric
amplitude-domain readout approach

The design of the ratiometric readout approach is presently limited by the
thermal noise of the readout circuit. From a system-level point of view,
reducing this noise will improve the energy efficiency of the system. This
can be done by increasing the size of the sampling capacitors to reduce the
kT/C noise, and/or by clocking the AX modulator at a faster rate.

Incorporation of an on-chip ADC for the algorithmic readout circuit

The algorithmic sensor prototype uses an off-chip ADC for an initial
proof-of-concept, which worked, but came at the expense of cost and
power consumption. A suitable ADC implemented in standard CMOS
technology has been reported [3], which can be co-integrated with the
algorithmic sensor to realize a fully-integrated low-cost solution.

Further investigation into the low-frequency noise performance for the
time-domain readout approach

A close look at the transient CO; response shown in Chapter 5 indicates
that the resolution of the TC-based sensor is not purely white. This
indicates that there may be a flicker noise mechanism present in the circuit
or in the experimental system. There seems to be a low-frequency noise
component (i.e. with the period of a couple of minutes) masked by the
transient measurement results. Investigations have been made extensively
to understand this behavior, but satisfactory answers have not been found
yet. One finding is that this low-frequency noise seems to be sensitive to
the position of the chopper demodulator: it becomes much more manifest if
the chopper demodulator is placed in front of the transconductor instead of
the current place at the output of the transconductor. Further improvement
on this could result in better CO,-sensing resolution.

Further investigation of the cross-sensitivity compensation scheme
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Although the measurement results obtained from the sensor prototypes
have been compensated for cross-sensitivities to ambient variations, it
would be interesting to see the repeatability and reproducibility of the
compensation on multiple chips and from there a repeatable compensation
scheme can be further investigated. This would be a very important step
towards final products.

Incorporation of in-package or on-chip temperature, humidity,
pressure sensors to compensate for cross-sensitivities to ambient
variations

As explained in Chapters 1 and 2, cross-sensitivity compensation is very
critical to achieve accurate CO, measurement. Instead of the discrete
temperature, humidity and pressure sensors used in the experiments
presented in this thesis, it would be very interesting to integrate CMOS-
compatible environmental sensors into the same package as the CO, sensor
as a multi-die solution, or even on the same die [8][9]. This will greatly
improve the level of integration of the complete sensor system, resulting in
a self-contained, independent CO, sensor module. With the integrated
environmental sensors, a systematic and reliable cross-sensitivity
compensation scheme can be developed.

Further investigation of packaging solutions to flow dependency

Flow dependency can be compensated for by co-integrating a flow sensor,
but a simpler approach would involve improved packaging, the effect and
cost of which can be further investigated.

Development of a compact smart CO; sensing SOC

After incorporating the sensors for ambient variation compensation, the
final step would be to develop a compact smart CO; sensor in a small
package. For flexibility and ecase-of-use, the current prototypes are
packaged in a ceramic dual-in-line (DIL) package, which is larger than
strictly necessary. Implementing the sensor chip in a compact package (e.g.,
a flat package or a small outline package) will allow the sensor to be
integrated in mobile devices, which could open up many new applications
for CO; sensing.
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SUMMARY

SUMMARY

This thesis describes the design and realization of CMOS-compatible CO; sensors
based on thermal conductivity (TC) measurement for indoor air-quality sensing.
The goal of this work is to investigate the advantages and limitations of sensing
CO; based on TC measurement, and to exploit its potential to achieve the best
possible performance in terms of both CO, resolution and energy efficiency. Both
system-level and circuit-level techniques have been explored, resulting in three
prototypes that demonstrate the effectiveness of the proposed techniques. The final
prototype, using a time-domain readout approach, achieves a CO, resolution better
than 100 ppm while consuming only 12 mJ per measurement, representing the
best-reported performance for a CMOS CO; sensor in terms of both resolution and
energy consumption.

Chapter 1 — Introduction

Chapter 1 presents an introduction to this thesis and describes the research problem
of this work: the lack of cost-effective and energy-efficient CO, sensors for air-
quality monitoring in home and building automation. To better understand the
significance of the problem, the role of CO, sensors in Smart Buildings is
described, and the limitations of the existing methods are discussed. Next, a review
of the three most commonly used ways to measure CO, concentration in air is
presented. This analysis reveals that sensing CO, based on TC measurement has
unique advantages for the system integration in CMOS technology, which means a
significant reduction in cost and size. In view of electrical and mechanical
properties, a hot-wire transducer realized in the VIA layer of a standard CMOS
process is proposed as CO» transducer. To identify possible areas for improvement,
the limitations of prior TC-based sensors are discussed, and as a result, three
readout approaches are proposed to address these limitations: (1) readout based on
ratiometric measurements in the amplitude domain; (2) readout based on
algorithmic resistance and power measurement in the amplitude domain; (3)
readout in the time domain.
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Chapter 2 — System-Level Analysis of Thermal-Conductivity-Based
Sensing

Chapter 2 presents a system-level analysis of TC-based CO, sensing. This serves as
the basis for the design and implementation of the readout circuits discussed in the
following chapters. TC sensors measure the heat loss of a suspended heated
transducer through the transducer’s temperature rise relative to ambient
temperature. This heat loss depends on the TC of the surrounding gas, which in
turn is a function of the CO, concentration. To achieve accurate TC measurements,
the power dissipated in the transducer and its temperature rise must be accurately
known, which becomes the main challenge in realizing a CO; sensor in CMOS
technology.

A fundamental limitation of sensors based on TC measurement is the lack of
selectivity among different gases. As it only measures the overall TC of the gas
mixture, a TC sensor will give incorrect results if the concentration of a different
gas component than the targeted component changes. This non-selectivity nature
has to be taken into account when determining the use cases of sensors based on
this method. For the measurement of the CO, concentration in indoor air, however,
this is not a limiting issue since the composition of indoor air is relatively well-
defined, and the main variations are changes in CO, concentration due to
exhalation.

Another limitation of TC measurement is the cross-sensitivity to ambient
variations, such as ambient temperature, humidity, pressure, and flow. To design an
accurate CO; sensor, these variables must be carefully dealt with. The solution to
this problem is to integrate environmental sensors with the CO, sensor. The
requirements of these sensors for the targeted CO; accuracy are also provided.

To be able to simulate the interaction between the electrical and thermal
domains, an equivalent circuit model for a TC-based CO; sensor is proposed. With
parametrized input variables, a system-level analysis can be performed and the
specifications of the readout circuits can be derived.

To meet the stringent requirements on the readout of the sensor, the system-
level architectures of three different readout approaches are presented. The first
approach uses ratiometric measurements to alleviate the critical requirement of the
stability of the power dissipation in the transducer. The second approach uses a
self-contained, indirect power reference constructed algorithmically in digital

domain for the accurate power measurement required for high-precision TC
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sensing. The third approach changes from the amplitude domain to the time
domain, and uses a novel bridge-type sensor frontend and a high-resolution phase-
domain delta-sigma analog-to-digital converter (PDAXADC) to measure the CO»-
dependent thermal delay. A custom signal modulation scheme is used to extract the
tiny signals corresponding to the temperature-induced changes in sensor resistance
in the presence of large pulses due to electrical driving signals.

Chapter 3 — Ratiometric Amplitude-Domain Readout

Chapter 3 discusses the readout approach of ratiometrically measuring the
temperature and power dissipation (and thus the thermal conductivity) of a CO»-
sensitive transducer relative to an isolated transducer that acts as a thermal-
conductivity reference. This reference transducer has similar thermal properties to
the sensitive transducer, but it is shielded from the ambient air by packaging
solutions. The readout circuit digitizes the sensor’s temperature and power
dissipation ratiometrically relative to those of the reference. Hence external voltage,
power or temperature references are not needed. To measure the temperature rise,
the transducers are biased at two different current levels. To avoid long settling
time in sequential measurements due to the thermal time constant, a pair of
transducers (both for the sensor and for the reference) are used to generate these
two states simultaneously. The dynamic element matching (DEM) technique is
used for the current sources to provide an accurate current ratio for the transducers.
The readout circuit employs an incremental delta-sigma ADC that can be
configured to measure both the temperature and power dissipation of the CO»
sensor. The prototype sensor, realized in a 0.16 pm standard CMOS process,
achieves a CO; resolution of 200 ppm and represents the first fully-integrated CO,
sensor in standard CMOS technology, offering great advantages in cost and volume.

Chapter 4 — Algorithmic Amplitude-Domain Readout

Chapter 4 discusses the readout approach of algorithmic resistance and power
measurement. High-precision CO, sensors based on TC measurement require a
very stable power reference to define the power dissipated in the transducer, or a
readout circuit that is capable of accurately measuring this power dissipation,
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without relying on external references. To accurately measure power, an accurate
power reference is still needed. This is constructed using a bandgap voltage
reference and a polysilicon reference resistor of which the temperature dependence
is compensated by a temperature sensor. To do so, the algorithmic readout
approach measures the voltage and current of the resistive transducer and of the
reference resistor, and the base-emitter voltages of a single BJT (V) biased at
different current levels, and then processes the results in the digital domain. The
algorithmically-constructed bandgap reference and temperature sensor facilitate the
correction of deterministic errors, such as leakage current, series resistance, and
offset and non-linearity of the ADC. The effectiveness of this algorithmic readout
approach has been verified by measuring the resistance and power dissipation of a
Platinum resistor (Pt100). A resistance measurement inaccuracy of +0.55 Q and a
power inaccuracy of £0.8% have been achieved over the automotive temperature
range (from —40°C to 125°C).

Chapter 5 — Time-Domain Readout

Chapter 5 discusses the approach of sensing CO, by means of a time-domain TC
measurement. Instead of measuring the CO,-dependent TC in the amplitude-
domain, this approach uses a high-resolution phase-domain AYX modulator to
measure the CO»-dependent thermal time constant (z;) of a hot-wire transducer.
The time constant can be approximated by the product of the transducer’s thermal
capacitance (Cy) and its thermal resistance to ambient (Ry). Due to this finite
thermal time constant, driving the hot-wire transducer with periodic heat pulses
will result in phase-shifted temperature variations A7(¢), which are digitized by the
PDAXEM, and from which 7, can be derived. To maximize the sensitivity of the
detected phase shift to s, the wire is driven at fzwe = 1/27ts, 1.€. at the pole of the
thermal filter. Compared to the amplitude-domain approaches presented earlier,
this approach has the important advantage that the absolute temperature and power
levels of the transducer do not need to be accurately stabilized or measured. The
transducer is used as both a heater and a temperature sensor, which simplifies the
fabrication of the sensor system. In addition, a novel differentially-driven bridge
allows the extraction of the relatively small temperature information in the
presence of large driving signals. The realized sensor achieves a CO, resolution of
94 ppm while dissipating only 12 mJ per measurement, which represents the best-
reported CO; resolution and energy consumption for a CMOS CO; sensor.
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Chapter 6 — Conclusions

Chapter 6 summarizes the achieved results and the original contributions in this
thesis. The main findings at both system-level and circuit-level are discussed.
Finally, some recommendations on future work are presented, such as further
optimization of the hot-wire transducers, further optimization of the noise
performance of the ratiometric amplitude-domain readout approach, incorporation
of an on-chip ADC for the algorithmic readout approach, and further investigation
of cross-sensitivity compensation and packaging solutions.
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Dit proefschrift beschrijft het ontwerp en de realisatie van CMOS-compatibele
CO,-sensoren op basis van de meting van thermische geleidbaarheid (thermal
conductivity - TC) voor het meten van de luchtkwaliteit binnenshuis. Het doel van
dit werk is om de voordelen en beperkingen van CO--detectie op basis van TC-
meting te onderzoeken en het potentieel ervan te benutten om de best mogelijke
prestaties te behalen op het gebied van zowel CO,-resolutie als energie-efficiéntie.
Zowel technieken op systeemniveau als op circuitniveau zijn onderzocht,
resulterend in drie prototypes die de effectiviteit van de voorgestelde techniecken
aantonen. Het laatste prototype bereikt met behulp van een tijdsdomeinuitlezing
een CO»-resolutie beter dan 100 ppm en verbruikt slechts 12 mJ per meting, wat de
best gerapporteerde prestaties voor een CMOS COs-sensor vertegenwoordigt,
zowel qua resolutie als energieverbruik.

Hoofdstuk 1 - Inleiding

Hoofdstuk 1 vormt de inleiding tot dit proefschrift en beschrijft het
onderzoeksprobleem van dit werk: het ontbreken van kosteneffectieve en
energiezuinige CO;-sensoren voor luchtkwaliteitsbewaking in huis- en
gebouwautomatisering. Om het belang van het probleem beter te begrijpen, wordt
de rol van COs-sensoren in slimme gebouwen beschreven en worden de
beperkingen van de bestaande methodes besproken. Vervolgens wordt een
overzicht gepresenteerd van de drie meest gebruikte manieren om de CO»-
concentratie in lucht te meten. Deze analyse laat zien dat CO»-detectie op basis van
TC-meting unieke voordelen biedt voor de systeemintegratie in CMOS-technologie,
wat een aanzienlijke vermindering van de kosten en de afmetingen betekent. Met
het oog op elektrische en mechanische eigenschappen wordt een hot-wire
transducent in de VIA-laag van een standaard CMOS-proces voorgesteld als CO»-
transducent. Om mogelijke verbeterpunten te identificeren, worden de beperkingen
van eerdere TC-gebaseerde sensoren besproken en als resultaat worden drie
uitleesmethodes voorgesteld om deze beperkingen aan te pakken: (1) uitlezing op
basis van ratiometrische metingen in het amplitudedomein; (2) uitlezing op basis
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van algoritmische weerstands- en vermogensmeting in het amplitudedomein; (3)
uitlezing in het tijdsdomein.

Hoofdstuk 2 - Systeemniveau analyse van meting op basis van
thermische geleidbaarheid

Hoofdstuk 2 presenteert een systeemniveau analyse van CO, meting op basis van
TC. Dit dient als basis voor het ontwerp en de implementatie van de uitleescircuits
die in de volgende hoofdstukken worden besproken. TC sensoren meten het
warmteverlies van een vrijhangende transducent middels de temperatuursteiging
van deze transducent ten opzichte van zijn omgeving. Dit warmteverlies hangt af
van de TC van het omringende gas, wat een functie is van de CO, concentratie.
Voor nauwkeurige TC-metingen moeten de vermogensdissipatie en de
temperatuurstijging van de transducent nauwkeurig worden vastgesteld, wat de
belangrijkste uitdaging wordt bij het realiseren van een CO;-sensor in CMOS-
technologie.

Een fundamentele beperking van sensoren op basis van TC-meting is het
gebrek aan selectiviteit tussen verschillende gassen. Als de concentratie van een
andere gascomponent dan het beoogde gas verandert, zal de TC-sensor onjuiste
resultaten geven, omdat hij alleen de totale TC van het gasmengsel meet. Met deze
niet-selectiviteit moet rekening worden gehouden bij het bepalen van de toepassing
van sensoren op basis van deze methode. Voor de meting van de CO,-concentratie
in binnenlucht is dit echter geen beperkend probleem, omdat de samenstelling van
binnenlucht relatief goed is gedefinieerd en de belangrijkste variaties in de CO»-
concentratic het gevolg zijn van uitademing,.

Een andere beperking van TC-meting is de gevoeligheid voor
omgevingsvariaties, zoals omgevingstemperatuur, vochtigheid, druk en
luchtstroming. Om een nauwkeurige CO.-sensor te ontwerpen, moeten deze
variabelen zorgvuldig worden behandeld. De oplossing voor dit probleem is het
integreren van omgevingssensoren met de COs-sensor. De vereisten van deze
sensoren voor de beoogde CO»-nauwkeurigheid worden ook gegeven.

Om de interactie tussen het elektrische en het thermische domein te kunnen
simuleren, wordt een equivalent circuitmodel voor een TC-gebaseerde CO,-sensor
voorgesteld. Met geparametriseerde ingangsvariabelen kan een systeemniveau
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analyse worden uitgevoerd en de specificaties van de uitleescircuits worden
afgeleid.

Om aan de strenge eisen voor de uitlezing van de sensor te voldoen, worden
de systeemniveau-architecturen van drie verschillende uitleesmethodes
gepresenteerd. De eerste methode maakt gebruik van ratiometrische metingen om
de kritische eis van de stabiliteit van de vermogensdissipatie in de transducent te
verlichten. De tweede methode maakt gebruik van een onafhankelijke, indirecte
vermogensreferentie, die algoritmisch in het digitale domein wordt geconstrueerd
voor de nauwkeurige vermogensmeting die vereist is voor nauwkeurige TC-
detectie. De derde methode schakelt over van het amplitude domein naar het tijd
domein, en maakt gebruik van een nieuw brug-type sensor frontend en een hoge
resolutie fase-domein delta-sigma analoog-naar-digitaal converter (PDAZADC) om
de COj-afhankelijke thermische vertraging te meten. Een speciaal ontworpen
signaalmodulatietechniek wordt gebruikt om de kleine signalen te extraheren die
horen bij door temperatuur veroorzaakte veranderingen in de weerstand van de
sensor, in aanwezigheid van de benodigde grote elektrische aanstuurpulsen.

Hoofdstuk 3 — Ratiometrische uitlezing in het amplitude domein

Hoofdstuk 3 bespreekt de uitleesmethode van het ratiometrisch meten van de
temperatuur en de vermogensdissipatie (en daarmee de thermische geleidbaarheid)
van een CO,-gevoelige transducent relatief ten opzichte van een geisoleerde
transducent die fungeert als een  warmtegeleidingsreferentie.  Deze
referentietransducent heeft vergelijkbare thermische eigenschappen als de
gevoelige transducent, maar wordt in de behuizing afgeschermd van de
omgevingslucht. Het uitleescircuit  digitaliseert de temperatuur en
vermogensdissipatie van de sensor ratiometrisch ten opzichte van die van de
referentiec. Daarom zijn externe referenties voor spanning, vermogen of
temperatuur niet nodig. Om de temperatuurstijging te meten, worden de
transducenten ingesteld op verschillende stroomniveaus. Om lange insteltijd in
opeenvolgende metingen als gevolg van de thermische tijdconstante te voorkomen,
wordt een tweetal transducenten (zowel voor de sensor als voor de referentie)
gebruikt om deze twee toestanden tegelijkertijd te genereren. De Dynamic Element
Matching (DEM) techniek wordt gebruikt voor de stroombronnen om een
nauwkeurige stroomverhouding voor de transducenten te genereren. Het
uitleescircuit maakt gebruik van een incrementele delta-sigma ADC die kan
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worden geconfigureerd om zowel de temperatuur als de vermogensdissipatie van
de COs-sensor te meten. Het prototype, gerealiseerd in een standaard 0,16 pm
CMOS-proces, bereikt een CO,-resolutiec van 200 ppm en is de eerste volledig
geintegreerde CO2-sensor in standaard CMOS-technologie, hetgeen grote
voordelen biedt in kosten en volume.

Hoofdstuk 4 — Algoritmische uitlezing in het amplitude domein

Hoofdstuk 4 bespreekt de uitleesmethode van algoritmische weerstands- en
vermogensmeting. Nauwkeurige COs-sensoren op basis van TC meting vereisen
een zeer stabiele vermogensreferentie om het vermogen dat in de transducent wordt
gedissipeerd vast te leggen, of een uitleescircuit dat in staat is om deze
vermogensdissipatiec nauwkeurig te meten, zonder te vertrouwen op externe
referenties. Om het vermogen nauwkeurig te meten, is nog steeds een nauwkeurige
vermogensreferentie nodig. Deze wordt geconstrueerd met behulp van een bandgap
spanningsreferentiec en een polysilicium referentieweerstand waarvan de
temperatuurafhankelijkheid wordt gecompenseerd door een temperatuursensor.
Daartoe meet de algorithmische uitleesmethode de spanning en stroom van de
resistieve transducent en van de referentieweerstand, en de basis-emitterspanningen
van een enkele BJT (V) ingesteld op verschillende stroomniveaus, en verwerkt
vervolgens de resultaten in het digitale domein. De algoritmisch geconstrueerde
bandgap referentic en temperatuursensor vergemakkelijken de correctic van
deterministische fouten, zoals lekstroom, serieweerstand en offset en niet-lineariteit
van de ADC. De effectiviteit van deze algoritmische uitleesmethode is geverifieerd
door het meten van de weerstand en vermogensdissipatie van een platina-weerstand
(Pt100). Een onnauwkeurigheid van de weerstandsmeting van = 0,55 Q en een
onnauwkeurigheid van het vermogen van + 0,8% zijn bereikt over het automotive
temperatuurbereik (van —40°C tot 125°C).

Hoofdstuk 5 — Uitlezing in het tijdsdomein

Hoofdstuk 5 bespreekt de CO,-detectie methode op basis van TC meting in het
tijdsdomein. In plaats van de COs-athankelijke TC in het amplitudedomein te
meten, gebruikt deze benadering een fase-domein AX-modulator met hoge resolutie
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om de COs-athankelijke thermische tijdconstante (ts) van een hot-wire transducent
te meten. De tijdconstante kan worden benaderd als het product van de thermische
capaciteit (Cy) en de thermische weerstand (Rn). Vanwege deze eindige thermische
tijdconstante, zal het aansturen van de hete draadomvormer met periodieke
warmtepulsen resulteren in fase-verschoven temperatuurvariaties AT(t), die worden
gedigitaliseerd door de PDAXM, waaruit T kan worden afgeleid. Om de
gevoeligheid van de gedetecteerde faseverschuiving voor T te maximaliseren,
wordt de transducent aangedreven met faive=1/27Tn, d.w.z. de pool van het
thermische filter. In vergelijking met de eerder gepresenteerde amplitude-domein
methodes heeft deze methode het belangrijke voordeel dat de absolute temperatuur-
en vermogensniveaus van de transducent niet nauwkeurig hoeven te worden
gestabiliseerd of gemeten. De transducent wordt gebruikt als verwarmingselement
en temperatuursensor, wat de fabricage van het sensorsysteem vereenvoudigt.
Bovendien maakt een nieuwe differentieel aangestuurde brugschakeling het
mogelijk om de relatief kleine temperatuurinformatie te extraheren in
aanwezigheid van grote stuursignalen. De gerealiseerde sensor behaalt een CO-
resolutie van 94 ppm terwijl slechts 12 mJ per meting wordt gedissipeerd, wat de
best gerapporteerde CO,-resolutie en het laagste energieverbruik voor een CMOS
CO,-sensor vertegenwoordigt.

Hoofdstuk 6 - Conclusies

Hoofdstuk 6 vat de behaalde resultaten en de oorspronkelijke bijdragen in dit
proefschrift samen. De belangrijkste bevindingen op zowel systeemniveau als
circuitniveau worden besproken. Ten slotte worden enkele aanbevelingen voor
toekomstig werk gepresenteerd, zoals verdere optimalisatic van de hot-wire
transducenten, verdere optimalisatie van de ruisprestatiecs van de ratiometrische
amplitude-domein uitleesmethode, integratie van een on-chip ADC voor de
algoritmische uitleesmethode, en verder onderzoek naar oplossingen voor
compensatie van kruisgevoeligheid en voor packaging.
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