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The wind blows wherever it pleases. You hear its sound, but you cannot
tell where it comes from or where it is going.

John3:8
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1.1 Thermal Flow Sensors

Introduction

Thermal sigma-delta (TZA) modulators are analog-to-digital converters
that directly convert an analog heat flow into a digital signal. This thesis
describes their application to the interfacing of thermal flow sensors. In
this case, the digitized heat flow will be the sensor’s heat loss, from which
the speed, and in some cases, the direction of a fluid flow can be
determined. This introduction begins with an explanation of the basic
operating principles of thermal flow sensors. This is followed by a review
of the traditional methods with which such sensors have been interfaced.
The basic operating principles of TXA modulators and their application to
the interfacing of thermal flow sensors are then described. Finally, the
motivation and organization of this thesis is presented.

1.1 Thermal Flow Sensors

Flow sensors are indispensable in many applications, e.g. process control,
environmental monitoring, drug dispensation, and industrial metering.
Over the last two decades or so, a major scientific effort has been devoted
to their realization in silicon. This has been motivated by the fact that such
sensors can be batch fabricated at low cost using integrated circuit (IC)
technology. In consequence, the required interface electronics can then be
realized on the same chip as the sensor. The ultimate goal of this effort is
the realization of low-cost smart flow sensors, that is, flow sensors whose
output is a robust (digital) signal [1.1-1.5].

Although the movement of fluid can be measured using many physical
principles, the majority of silicon flow sensors found in literature have
employed thermal operating principles [1.6]. This is due to the fact that
the required heaters and temperature sensors, can be readily implemented
in IC technology [1.7]. The operation of these thermal flow sensors is

FLOW SENSING WITH THERMAL SIGMA-DELTA MODULATORS 1
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Figure 1-1 Open-loop interfacing of a thermal flow sensor.

based on the convective cooling of a heated object (the sensor) by a flow.
In general, this will result in two effects. Firstly, the total heat loss of the
object will be a function of flow speed. Flow sensors based on this effect
are known as thermal anemometers. Secondly, the object will be
differentially cooled, with most of its heat loss occurring upstream, at the
point where it first encounters the flow. Flow sensors based on this effect
are known as calorimetric flow sensors, and can determine both flow
speed and direction.

1.2 Interfacing Thermal Flow Sensors

The task of interfacing thermal flow sensors is one of converting their
flow-dependent heat loss into a robust (digital) signal. This should be done
with a minimum of circuitry, and in such a way that it maximizes the
performance of the flow sensor. To accomplish this task, both open-loop
and closed-loop approaches have been used.

In the open-loop approach, the flow sensor is heated above ambient
temperature, and its flow-dependent heat loss causes temperature changes
which are converted by a temperature sensor into an electrical signal (Fig.
1-1). This signal is then periodically sampled and digitized by an analog-
to-digital converter (ADC). This approach is quite straightforward and has
been used to interface both thermal anemometers and calorimetric flow
sensors [1.6]. However, it suffers from two important drawbacks: the

2 FLOW SENSING WITH THERMAL SIGMA-DELTA MODULATORS
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Figure 1-2 Closed-loop interfacing of a thermal flow sensor.

response time of the system will be limited by the flow sensor’s thermal
inertia (which may be modelled as a low-pass filter (LPF) in the thermal
domain), and the accuracy of the system’s transfer function will be
influenced by a// the elements in the measurement chain.

These limitations can be alleviated by the use of a closed-loop approach,
in which a feedback loop maintains the sensor at a constant temperature
T,or (Fig. 1-2). The required heating power compensates for the sensor’s
heat loss, and will, therefore, be a function of flow speed. Compared to the
open-loop approach, this approach results in faster response because the
sensor's temperature is fixed. Furthermore, the transfer function of the
closed-loop system will be determined mainly by the feedback element,
that is, the heater, provided that the total loop gain is much greater than
one. Due to these advantages, this approach has often been used to
interface thermal anemometers [1.6, 1.8].

Calorimetric flow sensors can also be interfaced using a closed-loop
approach. In this case, the temperature sensor now measures temperature
differences, and the feedback loop (Fig. 1-2) varies the distribution of heat
in the sensor such that flow-induced temperature differences are
cancelled, i.e., T,,,r= 0. The required heat distribution compensates for the
sensor’s differential heat loss, and thus provides information about flow
speed and direction. Although proposed more than a decade ago [1.9], and
again recently [1.10], this method of interfacing calorimetric flow sensors
has not yet been investigated in detail.

FLOW SENSING WITH THERMAL SIGMA-DELTA MODULATORS 3
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Figure 1-3 Block diagram of a thermal sigma-delta modulator.

The closed-loop approach can be developed further by incorporating the
ADC in the feedback loop (Fig. 1-3). Since the output of the loop is now a
digital signal, a digital-to-analog converter (DAC) is required to drive the
heater. The resulting closed-loop system now performs two functions: it
maintains the sensor at a fixed temperature 7., and simultaneously
digitizes its heat loss. This topology is functionally identical to that of a
sigma-delta modulator (described in the next section), and as such it is
known as a thermal sigma-delta modulator [1.11].

1.3 Sigma-Delta Modulators: The Basics

A sigma-delta (XA) modulator is a feedback loop in which an analog input
signal is continuously balanced by a digital approximation. (Fig. 1-4). The
resulting error signal is integrated, periodically sampled (at a frequency f)
and then quantized, i.e., mapped to a finite number of levels, by an ADC.
The feedback loop is completed by a DAC. As a result of the feedback, the
average value of the ADC’s output will be a digital representation of the
average value of the input signal [1.12].

Since the ADC has finite resolution, its output will contain quantization
errors. Viewed in the frequency domain (Fig. 1-4a), these errors may be
regarded as a form of noise (known as quantization noise) whose power is
distributed between DC and half the sampling frequency, i.e., f;/2.

4 FLOW SENSING WITH THERMAL SIGMA-DELTA MODULATORS
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Figure 1-4 Block diagram of a sigma-delta modulator.
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Figure 1-5 Quantization noise spectrum for a) Nyquist-rate sampling,
b) oversampling and c) oversampling with noise-shaping.

According to the Nyquist theorem, if the bandwidth of the input signal
extends from DC to f}, it must be sampled at a minimum frequency of 2f,,
to prevent aliasing. If the signal is oversampled, that is, if a sampling
frequency greater than 2f, is used, the quantization noise power will be
spread over a larger frequency range, and so the noise power present in the
signal band will decrease (Fig. 1-4b). The degree of oversampling is
usually denoted by the so-called oversampling ratio, OSR =f./(2f}).

FLOW SENSING WITH THERMAL SIGMA-DELTA MODULATORS 5
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The integrator in the loop also assists in reducing any quantization noise in
the signal band. This is because it suppresses quantization noise in the
modulator’s bitstream output more effectively at low frequencies than at
high frequencies. The quantization noise is then said to be noise-shaped.
As shown in Fig. 1-4c, the combination of noise-shaping and
oversampling ensures that the quantization noise power in the signal band
decreases rapidly as the sampling frequency is increased. Most of the
quantization noise will then lie outside the signal band, where it can be
removed by a digital low-pass filter.

Improved noise-shaping can be obtained by replacing the integrator with a
higher-order loop filter. However, for filter orders greater than two, careful
design is required to prevent the feedback loop from becoming unstable.
By choosing the filter order and oversampling ratio appropriately, very
high resolution (in a given signal band) can be achieved with a simple 1-
bit ADC and DAC. Their ability to trade sampling rate for resolution is the
main reason why XA modulators are so widely used.

1.4 Thermal Sigma-Delta Modulators

As shown in Fig. 1-3, a thermal sigma-delta (TZA) modulator is a A
modulator whose summing “node” is in the thermal domain. In the case of
a flow sensor, the summing node is the thermal mass of the sensor itself,
which is heated above ambient temperature and cooled by the flow. The
modulator’s output will then be a digital representation of the sensor’s
flow-dependent heat loss. The sensor’s thermal inertia may also be used as
a loop filter, since it behaves like a low-pass filter in the thermal domain.

The implementation of a TEXA modulator can be greatly simplified by
using a 1-bit ADC. In this case, the ADC can be simply implemented as a
clocked comparator (Fig. 1-6). Furthermore, no explicit DAC is required,
since the heater can be driven by the comparator’s binary output.
Compared to the interface architectures of Fig. 1-1 and Fig. 1-2, the result
is a compact interface architecture, which retains all the advantages of the
closed-loop approach.

6 FLOW SENSING WITH THERMAL SIGMA-DELTA MODULATORS
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Figure 1-6 Block diagram of a thermal sigma-delta modulator that
uses a 1-bit ADC.

Because it leaks heat to the surroundings, a thermal low-pass filter, unlike
an ideal integrator, will have a finite DC gain. As a result, the DC transfer
function of the Fig. 1-3 modulator, unlike that of an ideal A modulator,
will be non-linear. Fortunately, the degree of non-linearity decreases with
increasing clock frequency. For design purposes, an analytical relationship
describing this trade-off would be useful. However, due to the complexity
of the analysis, such a relationship is only known for the case of a single-
pole loop filter [1.13]. Some approximate results have been derived for
thermal anemometers, which may be modelled as a special class of
multiple-pole filter [1.14]. Modulator linearity can also be improved by
architectural modifications such as the use of multi-bit quantizers or the
use of extra filtering in the electrical domain [1.15].

Since the bandwidth of a thermal flow sensor is rather small (typically
ranging from a few Hertz to a few kilohertz), high oversampling ratios
may be readily employed, and so a 1-bit ADC will provide sufficient
linearity and resolution. Such single-bit TXA modulators have been
mainly used to interface thermal anemometers [1.11, 1.15-1.17]. They
have also been used to interface thermal root-mean-square
converters [1.18] and thermal conductivity sensors [1.19]. Although their
application to the interfacing of calorimetric flow sensors has been
suggested [1.20], no operational systems have been demonstrated.

FLOW SENSING WITH THERMAL SIGMA-DELTA MODULATORS 7
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1.5 Motivation

As has been shown in the previous sections, the use of TXA modulators to
interface thermal flow sensors combines the advantages of closed-loop
operation with digital output. Despite these advantages, however, this
approach has not (yet) been widely used. One reason for this may be the
fact that not much research work has been done in this area. Furthermore,
most of this work has concentrated on the interfacing of thermal
anemometers. Another, related, reason is the absence of a well-defined
design methodology. The main aim of this thesis, therefore, is to
investigate the application of TXA modulators to the interfacing of thermal
flow sensors in general, and of calorimetric flow sensors in particular. A
secondary aim is the development of a design methodology for TZA
modulators based on the extraction of frequency-domain models of
thermal flow sensors. This methodology was verified by the design and
realization of interface circuitry for a hot-transistor anemometer: a thermal
anemometer based on a self-heated transistor. In addition, a smart wind
sensor has been realized: a silicon chip on which a two-dimensional
calorimetric flow sensor and its interface circuitry have been integrated.

1.6 Thesis Organization

Besides this introductory chapter, this thesis consists of six chapters and
an appendix. Chapter 2 is an introduction to thermal flow sensors. The
main classes are identified, together with their operating principles and
distinguishing characteristics. Also described are the various modes in
which these sensors can be operated. Many examples are given of the
realization of thermal flow sensors in silicon using the various heating and
temperature sensing devices available in IC technology.

In Chapter 3, the properties of thermal filters are discussed, and the
consequences for the stability and linearity of TXA modulators
investigated. Analytical results for a multiple-pole thermal anemometer
(derived in the appendix) are presented. For calorimetric flow sensors, a
discrete-time representation was developed with which fast time-domain
simulations can be carried out. Finally, different architectural options for
improving the linearity of these modulators are described.

8 FLOW SENSING WITH THERMAL SIGMA-DELTA MODULATORS
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In Chapter 4, the realization of a low-cost flow sensor based on a self-
heated bipolar transistor is described. The extraction of a frequency-
domain model of the transistor is presented. Due to its poor filtering
characteristics, the transistor was interfaced by a TXA modulator with an
extra electrical integrator. The realization of this modulator, using a new
technique for measuring small temperature differences with bipolar
transistors, is described. Finally, the results of wind tunnel measurements
on the anemometer are given.

Chapter 5 describes the realization of three 2-D wind sensors with
different interface architectures in a standard CMOS process. The first two
chips were used to design and validate elements of an interface
architecture based on three TXA modulators, and so are only briefly
described. The third chip, a smart wind sensor, is a realization of the
complete architecture and is described in more detail. Finally, the results
of wind tunnel measurements on the smart wind sensor are given.

In Chapter 6, the main conclusions of the thesis are presented and some
recommendations for future work are made.
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Thermal Flow
Sensors

The operation of thermal flow sensors is based on the interaction between
a heated object and a fluid (liquid or gas) flow. In general, heat will be
transferred from the object to the flow, or in other words, the object will be
cooled by the flow. Furthermore, the object will be cooled in a non-
uniform manner, with its upstream region experiencing the most cooling.
Based on these two effects, a wide variety of thermal flow sensors have
been devised. In this chapter, it will be shown that these can be grouped
into three main classes: thermal anemometers, calorimetric flow sensors
and thermal time-of-flight sensors. An overview will be given of the main
characteristics of each of these classes, and of the different modes in
which they can be operated. In addition, the realization of such sensors in
standard IC technology will be described.

2.1 Classification of Thermal Flow Sensors

Based on the way they interact with the flow, thermal flow sensors can be
divided into three main classes [2.1, 2.2]:

e thermal anemometers
e calorimetric sensors
e thermal time-of-flight sensors

Thermal anemometers measure the total heat loss of a single heated
object. Since they only measure one parameter, such sensors can only
determine flow speed. Both flow speed and direction can be determined
by calorimetric sensors, which measure the flow-dependent modulation of
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the heat distribution in or around a heated object. Lastly, thermal time-of-
flight sensors, as their name implies, measure the time it takes for a heated
volume of fluid to travel a known distance. As such, they are relatively
insensitive to variations in the physical properties of the fluid.

It should be noted that the names of the various classes are by no means
standardized. For instance, thermal anemometers are sometimes referred
to as heat-loss sensors or hot-wire anemometers, and calorimetric flow
sensors are sometimes referred to as thermotransfer or direction-sensitive
flow sensors. However, the names given in the list above are the ones most
commonly found in the literature.

2.2 Thermal Anemometers

Thermal anemometers determine flow speed by measuring the heat loss of
a single heated object. The relationship between the heating power P
dissipated in the object and the flow speed U was first derived by King for
a laminar flow over a thin wire [2.3], and for this reason it is known as
King's law. It states that:

P
— = A+ B -
T A+ BJU (2-1)

in which 4 and B are constants and AT is the overheat, i.e. the difference
between the temperature of the surface exposed to the flow and ambient
temperature. The constants 4 and B represent the wire’s heat loss by
conduction (to its supports) and convection (to the fluid), respectively.
Their magnitude depends on the sensor geometry and on the physical
properties of the fluid, the most important of which are its thermal
conductivity, density, viscosity and specific heat. Due to the temperature
dependence of these properties, the constants of King’s law will, in
general, be temperature dependent.

Although developed for a cylindrical wire, King’s law has been found to
hold for many other sensor geometries. In some cases, however, e.g. [2.4,
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2.5], a better representation of the experimentally observed behaviour is
obtained with the following generalized version of King’s law:

P _
AT A+BU" (2-2)

where 7 is a constant that depends on the geometry of the sensor and on
whether the flow is laminar (n ~ 0.5) or turbulent (n ~ 0.8).

From (2-2), the speed of the flow can be determined if the sensor’s power
dissipation and overheat are known. The direction of the flow can be
determined by arranging multiple anemometers to measure various
components of the flow velocity [2.6, 2.7].

2.2.1 Examples

The best known example of a thermal anemometer is the hot-wire
anemometer [2.3]. It consists of a thin metal wire (typically only a few
micrometers in diameter) which is heated by an electrical current. The
temperature of the wire is determined by measuring its resistance, which
will usually be a function of temperature. A second, unheated wire can be
used to measure ambient temperature. Since the thermal inertia of the wire
is quite small, very fast response times (in the microsecond range) can be
achieved. Because the thin wire is rather fragile, however, the more robust
(but slower) hot-film anemometer has been developed, in which the
sensing element is a thin-film resistor on an insulating substrate.

Miniature thermal anemometers have been realized in silicon using
heaters on micromachined structures such as bridges[2.8] and
membranes [2.4], which are thermally isolated from a (relatively) massive
silicon substrate. Due to the isolation, the resulting response times are
quite fast (in the millisecond range).

Non-micromachined thermal anemometers have also been implemented in
standard IC technology. These typically consist of a silicon chip on which
a heating resistor and a transistor-based temperature sensor have been
integrated [2.5, 2.9, 2.10, 2.11]. A self-heated bipolar transistor can also
be used as a low-cost thermal anemometer [2.12]. Due to their
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Figure 2-1 CP operation of a thermal anemometer.

significantly larger size, however, such sensors are much slower (with
typical time constants of a few hundred milliseconds) than their
micromachined counterparts.

2.2.2 Operating Modes

From King’s law, the flow speed can be determined from two parameters:
the heater power dissipation P and the overheat AT. In practice, one of
these parameters is kept constant while the other is varied. This results in
two distinct operating modes: constant power (CP) mode and constant
temperature difference (CTD) mode.

In CP mode, a constant heating power is dissipated in the sensor. Power-
regulating circuits [2.13, 2.14] can be used to ensure that its power
dissipation is indeed constant, since the resistance of a heating resistor will
typically be temperature dependent. In many cases, the resistor is simply
driven at constant current or voltage and any resistance variations are
compensated for by calibrating the sensor. From King’s law, the sensor’s
overheat will vary with flow speed (Fig. 2-1). As a result, the sensor’s
response time will be limited by its thermal time constant. Furthermore,
the sensor’s characteristic will be influenced by the temperature
dependence of the sensor and of the physical properties of the fluid.

Both these drawbacks can be mitigated by operating the sensor in CTD
mode, in which a feedback loop maintains the sensor at a constant
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Figure 2-2 CTD operation of a thermal anemometer.

overheat (Fig. 2-2). The use of feedback will significantly increase the
bandwidth, and hence decrease the response time of the resulting closed-
loop system [2.15]. In CTD mode, information about flow speed will be
contained in the sensor’s power dissipation, which, from King’s law, will
increase with the square root of flow speed.

To avoid the need for an ambient temperature sensor, hot-wire
anemometers are sometimes operated in constant temperature (CT) mode.
Reasonable accuracy can be achieved, provided that the overheat is much
larger than the expected fluctuations in ambient temperature.

2.3 Calorimetric Flow Sensors

Calorimetric flow sensors make use of the fact that the symmetry of the
heat distribution in (or around) a hot object will be modulated by the flow.
The degree of asymmetry is determined by measuring the flow-induced
temperature difference between two (or more) points symmetrically
located around the heater(s). This difference will be a function of both
flow speed and direction. Based on this principle, both one-dimensional
(1-D) and two-dimensional (2-D) flow sensors have been realized [2.1]. In
general, the characteristic of a calorimetric sensor will be a function of the
geometry of the sensor, the geometry of the flow channel and of the
physical properties of the fluid [2.16, 2.17].
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Figure 2-3 A 1-D micromachined calorimetric flow sensor.

2.3.1 Examples

An example of a 1-D calorimetric flow sensor is the micromachined
airflow sensor developed by Honeywell [2.18, 2.19]. This was one of the
first commercially available silicon flow sensors. It consists of three
resistors laminated into a thermally insulating dielectric membrane, as
shown in Fig. 2-3. One of the resistors is used as a heater (operated in
CTD mode), while the other two are used as temperature sensors, and are
arranged symmetrically downstream and upstream of the heater.

At zero flow, the heat distribution in the sensor is symmetric, and so the
temperature difference between the two sensors 87 will be zero. In the
presence of flow, the upstream sensor will be cooled, while the
downstream sensor will be heated by heat transported from the heater by
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Figure 2-4 Typical characteristic of a 1-D
micromachined calorimetric sensor.

the flow. At low flow speeds, 87 will be an approximately linear function
of flow speed, while flow direction 87 can be determined from its polarity
(Fig. 2-3). At high flow speeds, however, 87 will saturate because the
upstream sensor cannot be cooled below ambient temperature, while the
downstream sensor cannot become hotter than the heater. The sensor has a
response time of only a few milliseconds, since the resistors are small and
well isolated from the substrate.

Similar micromachined flow sensors have been realized using germanium
thermistors [2.20], and integrated thermopiles[2.21, 2.22, 2.23] as
temperature sensors. A simpler sensor structure can be obtained by using
self-heated temperature sensing resistors, in which case only two resistors
are required [2.24].

An example of a 2-D calorimetric flow sensor is the wind sensor described
in [2.25, 2.26], and developed by Mierij Meteo BV into a commercial
product [2.27]. It consists of a square, non-micromachined chip on which
four heaters, four thermopiles, and an NPN transistor have been integrated
(Fig. 2-5). The chip is bonded to a thin ceramic disc, which protects it
from direct contact with the airflow. Since ceramic is a fairly good heat
conductor, the chip will still be in thermal contact with the airflow.

In operation, a control loop maintains the chip’s average temperature (as
measured by the NPN transistor) at a constant overheat A7, thus creating a
hot spot on the surface of the disc. Airflow passing over the other side of
the disc will then cool it asymmetrically, and induce a net temperature
gradient 87 across the chip. The magnitude of 67 will be a function of
flow speed, while its direction will be the same as that of the flow.
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Figure 2-5 A 2-D calorimetric flow sensor (the disc is not drawn to
scale, it is actually much larger than the sensor).

Orthogonal components (87, and 87,,) of 6T are measured by the
thermopiles. Since silicon is a good thermal conductor, these temperature
differences are quite small (less than 1% of the overheat). In this case, it
can be shown [2.25, 2.28] that:

oT oT
ns __ ew _
ar SV A T SdVen (2-3)

where AT is the overheat, S is a constant that depends on sensor geometry
and fluid properties, and U,,, and U,,, are the corresponding components
of flow velocity. From (2-3), 87,,; and 87,,, will be sinusoidal functions of
flow direction, ®, whose amplitude will increase with flow speed U (Fig.
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Figure 2-6 Flow-induced temperature differences in a 2-D
calorimetric flow sensor.

2-6). Since AT is known, U, and U,,, can be determined from 87, and
87,,, and in turn, flow speed U and direction ® can be determined from:

2 2 A]STis—i_STiw (2 4)

U = Uns + er = SAT
U or
® = atan—2% = atan—22. (2-5)
er 8T€W

It is of interest to note that the expression for flow direction @ is
independent of sensor and fluid properties. A detailed analysis, however,
shows that sensor geometry will play a role [2.25]. In practice, the
computed flow direction is quite accurate: errors less than £2° have been
obtained with a 6x6mm sensor [2.29]. The variation of the computed flow
speed as a function of direction is also small: less than =£3%. However, the
sensor is relatively slow, having a response time of about 2 seconds to
changes in flow direction. This is mainly due to the thermal inertia of the
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ceramic disc, since the theoretical response time of the chip alone is
estimated to be only 40ms [2.29].

Two-dimensional sensors have also been realized on thin micromachined
substrates [2.30—2.32]. This enhances their sensitivity and response speed,
at the expense of mechanical robustness. If the substrate is insulating,
however, the flow-induced temperature differences will become large
compared to the overheat, and so (2-3) no longer applies. At low flow
speeds, the magnitude of the temperature differences will typically be a
linear function of flow speed [2.31].

2.3.2 Possible Operating Modes

As is the case with thermal anemometers, the response of calorimetric
flow sensors will be greatly influenced by their operating mode. Since
both the sensor’s (average) temperature 7, as well as the flow-induced
temperature gradient 67 can either be measured or regulated, several
operating modes are possible. Depending on whether 87 is measured or
regulated, these operating modes can be subdivided into two groups.

One group consists of operating modes in which flow speed and direction
are determined by measuring a temperature gradient 67. These modes will
therefore be referred to as temperature gradient (TG) modes. Two such
modes have been extensively used: one in which the tofal power
dissipated in the sensor is kept constant (CP-TG mode), and one in which
the sensor’s (average) overheat is kept constant (CTD-TG mode). In a few
cases, the sensor’s absolute temperature is kept constant (CT-TG
mode) [2.33].

The other group consists of operating modes in which 67 is regulated.
This has been suggested in the past[2.28], but only recently have
experimental results been published [2.34, 2.35]. These operating modes
will be referred to as temperature balance (TB) modes, after [2.34]. In
these modes, the power dissipated in multiple heaters is varied so as to
cancel the flow-induced temperature gradient, i.e., 87 = 0. For a 1-D
sensor, the temperature difference 67 can be cancelled by an appropriately
located pair of heaters (Fig. 2-5). Flow speed and direction can then be
determined by measuring the required differential heating power, 6P. The
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Figure 2-7 TB operation of a 1-D calorimetric flow sensor.

total power dissipated in the sensor may either be kept constant (CP-TB
mode), or may be regulated such that the overheat is kept constant (CTD-
TB mode).

The various modes in which calorimetric flow sensors may be operated
are summarized in table 2-1.

Table 2-1  Operating modes of a calorimetric flow sensor

unregulated 87 | regulated 0T

unregulated 7} CP-TG CP-TB
regulated 7} CTD-TG, CT-TG CTD-TB

In the TG modes, the non-idealities (non-linearity, sensitivity variations,
offset etc.) of the temperature sensor(s) used to measure 6T will influence
the output of the flow sensor. Despite this disadvantage, most of the
calorimetric sensors reported in literature have been operated this way.
The main advantage of the TB modes is that the temperature sensors are
only used as null detectors. As a result, the output of the flow sensor will
be influenced only by temperature sensor offset. However, the extra
accuracy is achieved at the expense of an extra control loop.
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Figure 2-8 Characteristic of a 1-D micromachined calorimetric
sensor as a function of its operating mode.

2.3.3 Temperature Gradient Modes

In most micromachined sensors, e.g. the Honeywell sensor (Fig. 2-3), the
heater(s) and the temperature sensor(s) will be thermally isolated. Since
their thermal time constants will then be roughly the same, operating the
heater in CTD rather than CP mode will not significantly improve the
sensor’s response time. For simplicity, therefore, such sensors are
typically operated in CP-TG mode. In this mode, the heater’s temperature
will decrease with increasing flow speed and as a result, the flow-induced
temperature difference(s) will saturate and also decrease with increasing
flow speed [2.31, 2.36] (Fig. 2-8). In contrast, operating the heater in CTD
mode results in a monotonic characteristic [2.18]. This is also the case
when the average overheat of the membrane (as measured by the
temperature sensors) is kept constant [2.20].

Another method of extending the monotonic range of a micromachined
sensor is by measuring the overheat of the fluid AT, in the neighbourhood
of the heater, and then using the quotient 87/ATy as a measure of flow
speed [2.23]. This technique also significantly reduces the sensor’s
sensitivity to the fluid’s thermal conductivity, and thus, to ambient
temperature.

In the 2-D sensor of Fig. 2-5, the heaters and temperature sensors are
thermally coupled via the substrate. Also, since silicon has a low thermal
resistance, the time constant associated with the overheat will be much
larger than that associated with the flow-induced temperature
differences [2.29]. In this case, operation in CTD-TG mode will result in
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faster response times than operation in CP-TG mode. From (2-3), the
flow-induced temperature differences in CTD-TG mode will be
proportional to the square root of flow speed.

The 2-D sensor can also be operated in CP-TG mode. This simplifies
matters, because the overheat control loop and the associated temperature
sensors are no longer required. However, this will be at the expense of a
slower response time. Noting that the sensor’s overheat will then be
governed by King’s law, the resulting temperature differences can be
obtained by combining (2-1) and (2-3):

P,[U P,[U
8T = — 1 ST < (2-6)

ns_C-i'D,\/U_ns ew C+DJU_N)

where C and D are sensor constants. Thus the temperature differences will
still be monotonically increasing functions of flow speed, and should also
be substantially independent of ambient temperature.

2.3.4 Temperature Balance Modes

A micromachined sensor operated in the CP-TB mode is described
in [2.37]. It consists of two heating resistors and two temperature sensing
resistors configured as shown in Fig. 2-7. The normalized differential
heating power, dP/P, where P is the total power dissipated in the sensor,
was found to be a linear function of flow speed. This result may be
understood by noting that, when operated in CP mode, the flow-induced
temperature difference 07 will be a linear function of flow speed and
heating power. The differential heating power will be proportional to the
cancelled temperature difference, and as such, will also be a linear
function of flow speed.

The 2-D sensor of Fig. 2-5 can also be operated in CP-TB mode. This
requires two control loops, each driving opposing pairs of heaters, to
cancel both components of the flow-induced temperature gradient. A
suitable interface architecture, capable of operating the sensor in both TB
modes, is described in Chapter 5. Information about the flow may now be
obtained from the resulting differential heating powers 6P, and 6P,
These, in turn, will be proportional to the cancelled temperature
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differences 67, and 67, From (2-6), the differential heating powers will
be given by:

P, JUps P,  JU,,

_ ns ew
P E+F[U, P E+FJU,,

(2-7)

where P is the total power dissipated in the sensor, and £ and F are sensor
constants. This non-square-root-law behaviour has been experimentally
verified (Chapter 5).

Faster response can be obtained by operating the 2-D sensor in the CTD-
TB mode. This, however, complicates the interface electronics further as it
requires a third control loop to regulate the overheat. As expected from
(2-3), the sensor will exhibit a square-law characteristic when operated in
the CTD-TB mode (Chapter 5).

2.4 Thermal Time-of-Flight Sensors

Thermal time-of-flight sensors measure the time it takes for a heated
volume of fluid to travel from a heater to a downstream temperature
sensor. In principle, the relationship between the flow speed U, the
measured time of flight A7rand the known distance Ax between the heater
and the temperature sensor is given by:

_ Ax

U (2'8)

In practice, however, significant departures from (2-8) will occur, due to
the thermal time constants of the heater and the temperature sensor and the
effects of heat diffusion. These effects result in the typical characteristic
shown in Fig. 2-9. When compared to other classes of thermal flow
sensors, time-of-flight sensors are much less sensitive to the physical
properties of the fluid. Since the amplitude of the received signal is
unimportant, they are also insensitive to non-idealities such as sensitivity
variations, offset and drift. Despite these advantages, thermal time-of-
flight sensors have not yet found widespread application. A probable
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Figure 2-9 Time of flight as a function of flow speed.

reason for this is the relatively sophisticated signal processing required to
determine the time of flight from the dispersed pulse received by the
temperature sensor.

2.4.1 Examples

Thermal time-of-flight sensors typically employ the same structure as
calorimetric flow sensors: two temperature-sensing resistors on either side
of a heating resistor. The resistors can be mounted on a contiguous
insulating substrate [2.38, 2.39] or can be mounted on bridges [2.40, 2.41,
2.42]. The use of micromachining is essential to ensure that the transport
of heat takes place via the flow and not via the substrate. A detailed
analysis shows that the measured time of flight will be significantly
influenced by the thermal time constants of the flow-sensing
elements [2.42]. Since these time constants increase as flow speed
decreases, they increase the measured time of flight at low flow speeds.
This can be used to mitigate the effects of heat diffusion at low speeds,
and thus increase the sensor’s useful operating range. Flow direction can
be determined by comparing the time of flight (or the amplitude) of the
heat pulses received by the two temperature sensors.

2.4.2 Operating Modes

Time-of-flight sensors may be operated in either pulsed or AC modes. In
pulsed mode, a short pulse is applied to the heater and the time for the
temperature sensor’s output to peak is measured [2.38, 2.41]. As flow
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Figure 2-10 Effects of diffusion on the received pulse in a
thermal time-of-flight sensor.

speed decreases, however, the amplitude of the received pulse will
decrease while its width will increase (Fig. 2-10). This phenomenon
makes it increasingly difficult to determine exactly when the peak occurs.
This problem can be avoided by operating the sensor in AC mode, in
which the phase difference between a sinusoidal heating signal and the
output of the temperature sensor is measured [2.39, 2.42, 2.43].
Synchronous detection techniques can then be used to determine the phase
shift over a wide range of flow speeds [2.42]. The main drawback of this
mode is that the frequency of the heating signal must be quite low
(typically in the order of a few Hertz) in order to obtain a sufficiently large
signal at the temperature sensor’s output [2.39]. As a result, operation in
AC mode is only useful for the measurement of slowly changing flows.

Since they use the same structure, thermal time-of-flight sensors can also
be configured as calorimetric flow sensors. The combination of the two
measurement principles can be used to improve the sensor’s accuracy
and/or to increase its operating range [2.38, 2.40, 2.41].

2.5 Realization of Thermal Flow Sensors in Silicon

As can be seen from the examples in the previous sections, many thermal
flow sensors have been realized in silicon. In a standard IC process,
however, there are only a limited number of elements with which the
heaters and temperature sensors of a thermal flow sensor can be realized.
These elements are resistors, bipolar transistors, and thermocouples. The
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Figure 2-11 Wheatstone bridge.

first two can be used as heaters, while all of them can be used as
temperature sensors. In this section, their characteristics will be discussed.

2.5.1 Resistors

In standard IC technology, resistors can be made of doped silicon, doped
polysilicon, or interconnect metal. These resistors can be used as heaters
or, by exploiting their non-zero temperature coefficients (typically a few
thousand ppm/K), as temperature sensors.

Due to process spread, the accuracy of integrated resistors is poor:
tolerances of a few tens of percent are typical. As a result, such resistors
must be individually calibrated if they are to be used as accurate absolute-
temperature sensors. However, the match between neighbouring resistors
is much better: mismatch errors of a few thousand ppm are typical. To
exploit this, resistors are often used in a Wheatstone bridge configuration
to measure temperature differences (such as an overheat). In the
configuration shown in Fig. 2-11, four identical resistors are used: R; and
R, are at different temperatures 74 and 75, while R3 and R, are at the same
temperature. The output of the bridge ¥, is then given by:

V, = 3BV (T - Ty, (2-9)

where P is the temperature coefficient of the resistors and V is the voltage
across the bridge. For a typical  of 2000 ppm/K and a 5V supply voltage,
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the sensitivity of the bridge will be 2.5mV/K. Resistor mismatch will then
cause temperature sensing errors of a few degrees. For greater accuracy
the bridge must be trimmed, either by hand or by laser trimming. however,
both methods increase fabrication costs.

In simple CP schemes, in which a heating resistor is actually driven at
constant voltage (or constant current), resistance tolerance causes
proportional variations in the resistor’s power dissipation. These, in turn,
cause variations in the sensitivity of the corresponding flow sensor. A
simple method of stabilizing the dissipated power is by inserting an off-
chip resistor with the same nominal resistance between the heater and a
reference voltage. The variations in the heater’s power dissipation will
now be proportional to the square of its tolerance, which is good enough
for most applications. However, half the power drawn from the supply
will be dissipated in the reference resistor. Using active components, more
efficient power control circuits have been designed [2.13, 2.44]. However,
these circuits still require the use of an off-chip reference resistor.

2.5.2 Bipolar Transistors

By appropriate biasing, a bipolar transistor can be used as a heater. It can
also be used as a temperature sensor because its base-emitter voltage Vg
depends on temperature in a predictable manner [2.45].

The collector current /. of a bipolar transistor can be expressed as:

9VsE
Ic = Isexp{v (2-10)
where [ is the saturation current, ¢ is the electron charge, & is Boltzmann’s
constant and 7'is the absolute temperature. Then, Vg is given by:

kT, [1e
= —=In{=". 2-11
Ve P n{l } (2-11)

N

Although this equation seems to imply that Vg has a positive temperature
coefficient, this is not the case. The reason for this is that the saturation
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current /; depends strongly on temperature. If the collector current 7, is
also temperature dependent (which is typical of an on-chip current) and of
the form:

IC o« T" R (2-12)
then it can be shown [2.46] that:

|, T kT T
Vpe(T) = VgO{lE}JFFVVBE(Tr)Jr;(nm)ln{F} (2-13)

14

where ¥y is the extrapolated band-gap voltage at zero Kelvin, Vpg(T)) is
the base-emitter voltage at a chosen reference temperature 7, and n is a
process-dependent constant. This rather complex equation can be
expressed as the sum of a constant term (Vgy), a linear term (A7) and a
non-linear or curvature term ¢(7) as:

Vp(T) = Vgpo—AT—c(T) (2-14)
where:
kT,
Vogo = Voot (n=m)=—~ (2-15)
Vo~ VielT))
Agp = # (2-16)
_k T
o) = -m\T,~T+Tinz). (2-17)

7

For transistors realized in standard IC processes, the slope Agg has a value
of about 2mV/K. Thus Vpg decreases in an almost linear manner with
increasing temperature (Fig. 2-12) and thus can be used as a measure of
temperature. This will be referred to as Vg sensing. Due to the effects of
process spread, however, the spread in Vpg(7,) will be in the order of
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T,

Figure 2-12 Base-emitter voltage of a bipolar transistor as a function
of temperature (the curvature is exaggerated for clarity).

several millivolts, resulting in temperature-sensing errors of several
degrees. This can be ascribed mainly to the spread in the transistor’s
saturation current. Many thermal flow sensors have used Vg sensing as a
means of determining the overheat [2.5, 2.9, 2.26]. Such circuits are
usually trimmed at a known temperature, in order to compensate for the
effects of process spread on V.

A much better way of measuring absolute temperature involves measuring
the change in Vpg, denoted by AVgp, which occurs when the same
transistor is biased at two different collector currents /; and /,. This will
be referred to as AV sensing. Using (2-11) we obtain:

kT, |4
AV = VeI = Vi) = —q—ln{};} = Apryrl. (2-18)

This voltage is proportional to absolute temperature (PTAT) and is
independent of process parameters. However, its temperature coefficient
Apry7 is an order of magnitude less than Agg (for a collector current ratio
I/, of 8, Appyr ~ 180uV/K). Despite this, temperature-sensing errors
much less than a degree can be achieved by careful design of the circuitry
used to measure AV and define the collector current ratio [2.47, 2.48].
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Figure 2-13 Operating principle of a thermocouple.

2.5.3 Thermocouples

The various conducting materials of an IC process can be used as elements
of a thermocouple. As shown in Fig. 2-13, a thermocouple is created when
two dissimilar conductors are connected together. In the presence of a
temperature difference AT = T, —T, ,,,a voltage difference V5 will be
measured between the two free ends. This is a consequence of the Seebeck
effect, which states that a temperature difference AT across the two ends

of an electrical conductor will cause a potential difference V given by:

Vg = aAT (2-19)

where a is the material’s absolute Seebeck coefficient. This is expressed
in V/K and may be either positive or negative. By convention, the sign
reflects the polarity of the cold end with respect to that of the hot end. In a
thermocouple two different materials are involved and so Vg, known as
the relative Seebeck voltage, is given by:

Vg = (0, —ag)AT (2-20)

where o, and ap are the Seebeck coefficients of materials A and B
respectively. The voltage difference V5 may also be expressed as:

Vg = 0 gAT (2-21)

where o, = (a,—ap) is the relative Seebeck coefficient between the
materials.
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Figure 2-14 Operating principle of a thermopile.

Thermocouples, unlike resistors and transistors, directly measure
temperature differences. Extremely small differences can be measured
because they are intrinsically free of offset. This is because the Seebeck
effect is a self-generating effect. In contrast, device mismatch causes
significant offset when resistor or transistor pairs are used to measure
temperature differences. Their lack of offset makes thermocouples ideally
suited for use in flow sensors operated in TB modes.

Commonly used thermocouple materials in standard IC processes are
doped silicon and polysilicon, which have absolute Seebeck coefficients
ranging from 0.1 to 1.5mV/K. The exact value is dependent on ambient
temperature, and on the material’s doping level [2.49, 2.50]. As a result,
the relative Seebeck coefficient of integrated thermocouples will be
temperature dependent and suffer from process spread.

In order to increase the generated voltage, many thermocouples can be
connected in series electrically and arranged in parallel thermally to form
a thermopile. The generated voltage will then increase by a factor N,
where N is the number of thermocouples. However, the electrical
resistance of the thermopile will also increase by a factor N, leading to
increased levels of Johnson noise. In addition, the thermal resistance
between the hot and cold junctions will decrease by the same factor. This
is an important consideration in micromachined flow sensors, where the
thermopile is realized on an insulating substrate.
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2.6 Conclusions

Many thermal flow sensors have been realized in silicon. This is because
they have no moving parts, are compatible with IC technology and can
operate through a thin protective substrate (since they only need to be in
thermal contact with the fluid). Their main disadvantages are a non-linear
response, which is dependent on the sensor’s geometry and on the
physical properties of the fluid.

Thermal flow sensors can be grouped into three main classes: thermal
anemometers, calorimetric flow sensors, and thermal time-of-flight
sensors. Thermal anemometers operate by measuring the total heat loss,
while calorimetric flow sensors operate by measuring differential heat
loss. Thermal time-of-flight sensors measure the time it takes for a heat
pulse to travel a known distance, however, they are not widely used due to
the relative complexity of the required signal processing.

The input-output characteristic of a thermal flow sensor will be
significantly influenced by the mode in which it is operated. Thermal
anemometers can be operated in either constant power (CP) or constant
temperature difference (CTD) modes. Operation in CTD mode is to be
preferred, since the use of a feedback loop to regulate the overheat reduces
the response time and improves the accuracy of the overall system.
Calorimetric flow sensors can be operated in four different modes, since
both the overheat and a flow-induced temperature gradient can be
regulated or measured. However, most reported sensors have been
operated in a temperature gradient (TG) mode, in which the flow-induced
gradient is measured. The sensor is then operated in either CP or CTD
modes. In general, operation in CTD mode is to be preferred since it
increases the useful operating range and reduces the response time, at the
expense of an extra control loop. Improved accuracy can be obtained by
operating the sensor in the so-called temperature balance (TB) mode, in
which the flow-induced temperature gradient is cancelled (regulated) by a
control loop. Best performance is obtained by combining the CTD and TB
modes, i.e., by operating the sensor in the CTD-TB mode.

The temperature sensors of a thermal flow sensor can be readily realized
in silicon; resistors, bipolar transistors and thermopiles can be used.
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Resistors are easily realized, but will usually require trimming due to their
limited accuracy. Using AV, sensing, bipolar transistors can be used as
accurate absolute-temperature sensors, at the expense of reduced
sensitivity. On-chip temperature differences can best be measured with
thermopiles, due to their offset-free nature.

2.7 References

[2.1] B.W. van Oudheusden “Silicon thermal flow sensors,” Sensors and
Actuators A: Physical, vol. 30, no. 1-2, pp. 5-26, Jan. 1992.

[2.2] M. Elwenspoek and R. Wiegerink, “Mechanical Microsensors, Berlin,
Springer-Verlag, 2001.

[2.3] L.V.King, “On the convection of heat from small cylinders in a stream of
fluid,” Philosophical Transactions of the Royal Society (London) A, vol.
214, pp. 373-432, 1914.

[2.4] F. Mailly et. al., “Anemometer with hot platinum thin film,” Sensors and
Actuators A: Physical, vol. 94, no. 1-2, pp. 32-38, Oct. 2001.

[2.5] R. Kersjes, F. Liebscher, E. Spiegel, Y. Manoli and W. Mokwa, “An
invasive catheter flow sensor with on-chip CMOS read-out electronics for
the on-line determination of blood flow,” Sensors and Actuators A:
Physical, vol. 54, no. 1-3, pp. 563 - 567, June 1996.

[2.6] C.F. Wilson, “The measurement of wind on the surface of Mars,” Ph.D.
Thesis, Linacre College, Oxford University, 2003.

[2.7] T. Ebefors, E. Kalvesten and G. Stemme, “Three dimensional silicon
triple-hot-wire anemometer based on polyimide joints,” Proc. of MEMS
1998, pp. 93-98, 1998.

[2.8] T. Neda, K. Nakamura and T. Takumi, “A polysilicon flow sensor for gas
flow meters,” Sensors and Actuators A: Physical, vol. 54, no. 1-3, pp. 626-
631, June 1996.

[2.9] M. Dominguez, F. Masana, V. Jimenez, S. Bermejo, J. Amirola, J.
Ballester, N. Fueyo and L. Castafier, “Low-cost thermal TZA airflow
sensor,” IEEE Sensors Journal, vol. 2, no. 5, pp. 453-462, October 2002.

[2.10] L. Castafier, V. Jimenez, M. Dominguez, F. Masana and A. Rodriguez, “A
conduction-convection design for liquid flow sensing,” Sensors and
Actuators A: Physical, vol. 66, no. 1-3, pp. 131-137, April 1998.

[2.11] A.J. van der Wiel, C. Linder, N.F. de Rooij and A. Bezinge, “A liquid
velocity sensor based on the hot-wire principle,” Sensors and Actuators A:
Physical, vol. 37, no. 8, pp. 693-697, Jun.-Aug. 1993.

34 FLOW SENSING WITH THERMAL SIGMA-DELTA MODULATORS



24/5/2004

2.7 References

[2.12] L.E. MacHattie, “The transistor as an anemometer,” Journal of Physics E:
Scientific-Instruments, vol. 12, no. 8, pp. 754-760, Aug. 1979.

[2.13] S.S.W. Chan and P.C.H. Chan, “A resistance-variation-tolerant constant-
power heating circuit for integrated sensor applications,” IEEE J. of Solid-
State Circuits, vol. 34, no. 4, April 1999.

[2.14] Q. Huang, C. Menolfi and C. Hammerschmied, “A MOSFET-only
interface for integrated flow sensors,” Proc. of ISCAS '96, vol. 4, pp. 372-
375, 1996.

[2.15] B.W. van Oudheusden, “Effect of operating conditions on the dynamic
response of thermal sensors with and without analog feedback,” Sensors
and Actuators A: Physical, vol. 58, no. 2, pp. 129 -135, Feb. 1997.

[2.16] F. Mayer, O. Paul and H. Baltes, “Influence of design geometry and
packaging on the response of thermal CMOS flow sensors,” Digest of
Transducers ‘95, vol. 1, pp. 548-551, June 1995.

[2.17] F. Mayer, G. Salis, J. Funk, O. Paul and H. Baltes, “Scaling of thermal
CMOS gas flow microsensors: experiment and simulation,” Proc. of
MEMS ‘96, pp. 116-121, Feb. 1996.

[2.18] R.G. Johnson and R.E. Higashi, “A highly sensitive silicon chip micro
transducer for airflow and differential pressure sensing applications,”
Sensors and Actuators A: Physical, vol. 11, no. 1, pp. 63-72, Jan. 1987.

[2.19] T.R. Ohnstein et al., “Environmentally rugged, wide dynamic range
microstructure airflow sensor,” Proc. of the IEEE Solid-State Sensor and
Actuator Workshop, pp. 158-160, 1990.

[2.20] A. Glaninger, A. Jachimowicz, F. Kohl, R. Chabicovsky and G. Urban,
“Wide range semiconductor flow sensors,” Semnsors and Actuators A:
Physical, vol. 85, no. 1-3, pp. 139-146, August 2000.

[2.21] F. Mayer, A. Haberli, H. Jacobs, G. Ofner, O. Paul and H. Baltes, “Single-
chip CMOS anemometer,” Digest of IEDM 1997, pp. 895-898, Dec. 1997.

[2.22] F. Mayer, M. Hintermann, H. Jacobs, O. Paul, H. Baltes, “Thermoelectric
CMOS anemometers,” Proc. SPIE: Micromachined devices and
components II, vol. 2882, pp. 236-246, 1996.

[2.23] S. Oda, M. Anzai, S. Uematsu and K. Watanabe, “A silicon
micromachined flow sensor using thermopiles for heat transfer
measurements,” IEEE Trans. Instr. and Meas., vol. 52, no. 4, pp. 1155-
1159, Aug. 2003.

[2.24] H.-E. de Bree, H.V. Jansen, T.S.J. Lammerink, GJ.M. Krijnen, M.
Elwenspoek, “Bi-directional fast flow sensor with a large dynamic range,”
J. Micromech. Microeng., vol. 9, no. 2, pp. 186-189, June 1999.

[2.25] B.W. van Oudheusden, “Integrated silicon flow sensors,” Ph.D. Thesis,
Delft University of Technology, 1989.

FLOW SENSING WITH THERMAL SIGMA-DELTA MODULATORS 35



24/5/2004

Thermal Flow Sensors

[2.26] B.W. van Oudheusden and J.H. Huijsing, “An electronic wind meter based
on a silicon flow sensor,” Sensors and Actuators A: Physical, vol. 22, no.
1-3, pp. 420-424, March 1990.

[2.27] K.A.A. Makinwa, A. Hagedoorn and J.H. Huijsing, “Industrial design of a
solid-state wind sensor,” Proc. of SiCon 2001, pp. 68 - 71, Nov. 2001.

[2.28] B.W. van Oudheusden and J.H. Huijsing, “The thermal modelling of a
flow sensor based on differential convective heat transfer,” Sensors and
Actuators A: Physical, vol. 29, no. 2, pp. 93-106, Nov. 1991.

[2.29] B.W. van Oudheusden, “Silicon thermal flow sensor with a two-
dimensional direction sensitivity,” Measurement Science and Technology,
vol. 1, no. 7, pp. 565-575, July 1990.

[2.30] B.W. van Oudheusden and A.W. van Herwaarden, “High-sensitivity 2-D
flow sensors with an etched thermal isolation structure,” Sensors and
Actuators A: Physical, vol. 22, no. 1-3, pp. 425-430, March 1990.

[2.31] J. Robadey, O. Paul and H. Baltes, “Two-dimensional integrated gas flow
sensors by CMOS IC technology,” J. Micromech. Microeng., vol. 5, no. 3,
pp- 243-250, Sept. 1995.

[2.32] E. Yoon and K.D. Wise, “An integrated mass-flow sensor with on-chip
CMOS interface circuitry,” IEEE Trans. on Electron Devices, vol. 39, no.
6, pp. 1376-1386, June 1992.

[2.33] M. A. Mullins, A. F. P. Van Putten, R. Bayford and J. B. Butcher,
“Potential for a smart sensor based on an integrated silicon anemometer,”
Sensors and Actuators A: Physical, vol. 47, no. 1-3, pp. 342-348, Mar.-
Apr. 1995.

[2.34] T.S.J. Lammerink, N.R. Tas, G.J.M. Krijnen and M. Elwenspoek, “A new
class of thermal flow sensors using AT = 0 as a control signal,” Proc. of
MEMS 2000, pp. 525-530, Jan. 2000.

[2.35] K.A.A. Makinwa and J.H. Huijsing, “A wind sensor interface using
thermal sigma-delta modulation,” Proc. of Eurosensors XIV, pp. 249 - 252,
Sept. 2000.

[2.36] T.S.J. Lammerink, N.R. Tas, M. Elwenspoek and J.H.J. Fluitman, “Micro-
liquid flow sensor,” Sensors and Actuators A: Physical, vol. 37-38, pp. 45-
50, June-Aug. 1993.

[2.37] T.S.J. Lammerink, R.J. Wiegerink and M. Elwenspoek, “Temperature-
balance micro flow sensor system based on a free oscillating differential
power controller,” in Sensor Technology 2001, Kluwer Academic
Publishers, pp. 19-24, 2001.

[2.38] M. Ashauer et al., “Thermal flow sensor for liquids and gases based on the
combination of two principles,” Sensors and Actuators A: Physical, vol.
73, no. 1-2, pp. 7-13, March 1999.

36 FLOW SENSING WITH THERMAL SIGMA-DELTA MODULATORS



24/5/2004

2.7 References

[2.39] G. Bedo, H. Fannasch and R. Muller, “A silicon flow sensor for gases and
liquids using AC measurements,” Sensors and Actuators A: Physical, vol.
85, no. 1-3, pp. 124-132, Aug. 2000.

[2.40] T.S.J. Lammerink, F. Dijkstra, Z. Houkes and J. van Kuijk, “Intelligent
gas-mixture flow sensor,” Sensors and Actuators A: Physical, vol. 47, no.
1-3, pp. 380-384, March-April 1995.

[2.41] E. Meng and Y.-C. Tai, “A parylene MEMS flow sensing array,” Digest of
Transducers ‘03, pp. 686-689, June 2003.

[2.42] F. Durst, A. Al-Salayameh and J. Jovanovic, “Theoretical and
experimental investigations of a wide-range thermal velocity sensor,”
Measurement Science and Technology, vol. 12, no. 3, pp. 223-237, March
2001.

[2.43] C.Q. Yang and H. Soeberg, “Monolithic flow sensor for measuring
millilitre per minute liquid flow,” Sensors and Actuators A: Physical, vol.
33, no. 3, pp. 143-153, June 1992.

[2.44] H.-J Verhoeven, “Smart thermal flow sensors,” Ph.D. Thesis, Delft
University of Technology, 1996.

[2.45] T.C. Verster, “P-N junction as an ultralinear calculable thermometer,”
Electronics Letters, vol. 4, no. 9. pp. 175-6, May 1968.

[2.46] G.C.M. Meijer, R. van Gelder, V. Nooder, J. van Drecht and H. Kerkvliet,
“A three-terminal integrated temperature transducer with microcomputer
interfacing,” Sensors and Actuators A: Physical, vol. 18, no. 2, pp. 195-
206, June 1989.

[2.47] M.A.P. Pertijs and J.H. Huijsing, “Transistor temperature measurement for
calibration of integrated temperature sensors,” Proc. of IMTC 2002, vol. 1,
pp. 755-758, May 2002.

[2.48] M.A.P. Pertijs, G.C.M. Meijer and J.H. Huijsing, “Precision temperature
measurement using CMOS substrate PNP transistors, /[EEE Sensors
Journal, vol. 4, no. 3, pp. 294-300, June 2004.

[2.49] A.W. van Herwaarden and P.M. Sarro, “Thermal sensors based on the
Seebeck effect,” Sensors and Actuators A: Physical, vol. 10, no. 3-4, pp.
321-346, Nov.-Dec. 1986.

[2.50] O. Paul, M. von Arx and H. Baltes, “Process-dependent thermophysical
properties of CMOS IC thin films,” Digest of Transducers ‘95, vol. 1, pp.
178-181, June 1995.

FLOW SENSING WITH THERMAL SIGMA-DELTA MODULATORS 37



24/5/2004

Thermal Flow Sensors

38 FLOW SENSING WITH THERMAL SIGMA-DELTA MODULATORS



24/5/2004

3.1 Single-Ended Thermal Sigma-Delta Modulators

Thermal Sigma-
Delta Modulators

Thermal sigma-delta (TXA) modulators are sigma-delta modulators whose
input signals and summing nodes are in the thermal domain. Like their
better known electrical counterparts, TXA modulators employ
oversampling and noise-shaping techniques to accurately digitize an
analog signal, in this case heat flow, with relatively simple circuitry. A
major difference, however, is that the loop filter of a TXA modulator
incorporates the passive low-pass filter formed by the intrinsic thermal
inertia of the summing node. In many cases, this filter is the only one
required, a characteristic that greatly simplifies the realization of such
modulators, but also limits their performance. Performance can be
improved by augmenting the thermal filter with an electrical filter, or by
using a multi-bit quantizer. TXA modulators have been used mainly to
read out thermal flow sensors, in which application they provide a digital
representation of the sensor’s flow-dependent heat loss. In this chapter, the
properties of TZA modulators will be discussed in detail.

3.1 Single-Ended Thermal Sigma-Delta Modulators

The topology of a single-ended TEA modulator is shown in Fig. 3-1. It
consists of a clocked comparator (a comparator and a flip-flop) and a
heated thermal mass, whose temperature 7, is monitored by a temperature
sensor. Simply put, the modulator attempts to keep the thermal mass at a
reference temperature 7,0 by heating it with pulses derived from its
bitstream output bs. In order to do this, the comparator periodically
compares Ty with 7. If 7g < T,,r the comparator output bs = 1, which
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Figure 3-1 Implementation of a single-ended TEA modulator.

implies that the thermal mass will be heated with a constant power P,z
However, if T > T,,rthen bs = 0, and the thermal mass will be cooled by
its heat loss P, to the surroundings. In this way, the thermal mass will be
heated by a stream of heat pulses. These will be low-pass filtered by its
thermal inertia, and so 7 will fluctuate around the set point 7,,. If the
clock frequency is much higher than the bandwidth of the thermal low-
pass filter, then 7 ~ T, In this case, the average power dissipated in the
thermal mass will compensate for P, and so the bitstream average p is
proportional to Py, /P,

The modulator’s block diagram may be redrawn to show the two functions
of the thermal mass, i.e., summing and filtering, more explicitly. The
resulting topology (Fig. 3-2) is functionally identical to that of a single-
loop low-pass XA modulator. The clocked comparator is a 1-bit ADC, and
the transition between the thermal and electrical domains is made via the
temperature sensor and the heater, which functions as a 1-bit DAC.

Due to the presence of the thermal low-pass filter, the quantization noise
introduced by the comparator will be shaped away from DC. By
oversampling P, i.e., by choosing a clock frequency much higher than
the bandwidth of the thermal low-pass filter, the quantization noise in the
signal band can be made very small. High-resolution information about
P, can then be obtained by decimating the modulator’s bitstream output.
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Figure 3-2 Block diagram of a single-ended TEA modulator.

The TZA modulator was first proposed in 1989 as an improvement on the
thermal duty-cycle modulator [3.1]. This has essentially the same
topology as Fig. 3-1, except that the comparator is not clocked [3.2, 3.3].
The result is a free-running oscillator, whose duty cycle will be a function
of heat loss. Since the output of a duty-cycle modulator is a binary signal,
it can be connected directly to a microprocessor. However, it is an
asynchronous signal, which means that it must be oversampled at a
significantly higher clock frequency in order to accurately determine the
duty cycle. Another drawback of the duty-cycle modulator is its tendency
to lock on to periodic interference, e.g. from neighbouring digital
circuitry. Both these drawbacks are eliminated in a TXA modulator,
because the comparator is clocked.

Since the TEA modulator of Fig. 3-2 digitizes the total heat loss of the
thermal mass, it has been used to interface thermal anemometers for
gases [3.4-3.8] and liquids [3.9-3.11]. The main attraction of this
topology for such applications is its simplicity. Apart from a heater and a
temperature sensor, which are already present in the flow sensor, the only
other required component is a clocked comparator. Furthermore, the
modulator ensures that on average, the sensor’s temperature is kept
constant, i.e., that the sensor is operated in CTD mode (Section 2.2.2),
which results in improved response times [3.12].
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Figure 3-3 Differential heat loss measurement using two
TZA modulators.

3.2 Differential Thermal Sigma-Delta Modulators

In a calorimetric flow sensor, the parameter of interest is the sensor’s
differential heat loss 6P, which is a function of flow speed and direction.
As was suggested in [3.7, 3.13], this can be determined by heating the
sensor’s thermal mass with two TZA modulators configured as shown in
Fig. 3-4, in which case 8P = P, - P, ., - The main problem with this
approach, however, is that due to temperature-sensor mismatch, 7, # 7, .
This temperature offset will cause heat flow in the thermal mass, which, in
turn, will introduce a significant offset in the measured oP.

A better method of digitizing differential heat loss is to use the differential
TZA modulator shown in Fig. 3-4. The modulator drives two heaters in
anti-phase such that the temperature difference 67 is cancelled, thus
compensating for the differential heat loss, 6P. The thermal mass will still
function as a thermal low-pass filter, and so 87 ~ 0, provided the clock
frequency is high enough. The modulator’s bitstream output will then be a
digital representation of the differential heat loss. Compared to the
topology of Fig. 3-3, only half the circuitry is required. Moreover, the
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Figure 3-4 Block diagram of a differential TEA modulator.

differential temperature measurement can be made with a thermopile,
which is intrinsically offset free. Since the thermopile is only used as a
null detector, no demands are made on its (process-dependent) linearity
and sensitivity.

The differential TZA modulator was first described in [3.14], where it was
used to read out a two-dimensional thermal flow sensor. A smart wind
sensor employing two differential modulators integrated on the same chip
as the flow sensor is described in Chapter 5. By removing the flip-flop in
Fig. 3-4, a differential duty-cycle modulator can be realized [3.15, 3.16].
However, this modulator suffers from the same drawbacks as conventional
duty-cycle modulators, namely an asynchronous output signal and
sensitivity to periodic interference.

3.3 Thermal Filters

The behaviour of a TEA modulator, like that of an electrical A modulator,
will mainly be determined by the properties of its loop filter. Since this
will usually be a thermal filter, a brief review of the properties of thermal
filters will be presented in this section.
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Figure 3-5 One-dimensional thermal model of a physical structure.

Using the well-known analogy between the thermal and electrical
domains (summarised in Table 3-1), the thermal behaviour of any
physical structure can be modelled by subdividing it into a large number
of finite elements and then assigning a thermal resistance and capacitance
to each element [3.14].

Table 3-1  Electrical equivalents of thermal parameters

Thermal Parameter Units Electrical Parameter Units
Temperature K Voltage A%
Heat flow w Current A
Heat J=Ws | Charge C=As
Resistance K/'wW Resistance Q=V/A
Capacitance J/K Capacitance F=As/V

For simplicity, this is illustrated in Fig. 3-5 for a one-dimensional
structure, but it can be extended to two- and three-dimensional structures.
The voltage source 7,,;, models the ambient temperature. The transfer
function Z, relating the power P dissipated at one point in the structure
and the temperature 7, measured at some other point, will then be a
passive RC impedance. Besides passivity, an added constraint on such
filters is the fact that all thermal capacitances have one terminal at ambient
temperature, or in other words, floating capacitances do not exist in the
thermal domain.
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Figure 3-6 Equivalent realizations of an RC driving-point impedance Zy,.

3.3.1 RC Driving-Point Impedances

If the point at which the structure is heated is the same as the point where
the temperature rise is measured, Z;,(s) will be a so-called RC driving-
point impedance. From basic network theory [3.18, 3.19], such an
impedance is a positive real function of s (= jo) and has the following
properties:

¢ its poles and zeros are simple and lie on the negative
real axis
* the residues of the poles are real and positive

e its poles and zeros alternate along the negative real
axis

* the singularity nearest to the origin must be a pole
while the singularity nearest to infinity must be a zero

The first two properties imply that Z,;,(s) may be expressed as:

Kl KZ
(s+o;) (st+o,)

Zy(s) = (3-1)

where both o; and K are real and positive. From (3-1), Z,(s) can be
modelled by connecting a number of RC sections in series (Fig. 3-6); this
is known as a Foster network [3.18]. It should be stressed, however, that
since floating capacitors do not exist in the thermal domain, this network
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does not correspond to a physical realization [3.20]. Viewed from the
input, however, this network behaves in exactly the same way as the
equivalent ladder network (Fig. 3-6), which is known as a Cauer
network [3.18], and does have a physical meaning. The third and fourth
properties, coupled with the fact that floating thermal capacitors do not
exist, mean that Z,,(®) must have a low-pass character with, at most, a
first-order roll-off, and thus a —90° phase at high frequencies.

3.3.2 RC Transfer Impedances

In general, the temperature-sensing node will not be the same as the
heated node. In this case, Z;, will be an RC transfer impedance. Again,
from basic network theory [3.18, 3.19], it can be shown that the key
properties of such an impedance are as follows:

e jts poles lie on the negative real axis

e the residues of the poles are real but can be either
positive or negative

e the location of the zeros is arbitrary

The first two properties imply that Z,;(s) may again be expressed by (3-1),
except that now the residues may be positive as well as negative. By
grouping the positive terms together and doing the same with the negative
terms, Z,;,(s) may be expressed as:

Z(8) = Zyyp(8) = Z 4y, (5) (3-2)

where Z,,(s) and Z;,,(s) are the impedances corresponding to the positive
and negative terms in (3-1), respectively [3.21]. The corresponding model
for Z,(s) is shown in Fig. 3-7. The important thing to note is that since
both these impedances will now have positive residues, they are driving-
point impedances. As a result, both of them will be low-pass functions
with a first-order roll-off at high frequencies, which implies that at these
frequencies, the phase of Z,,(s) will be bounded either by +90° (for a high-
pass roll-off) or by —90° (for a low-pass roll-off).
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Figure 3-7 Model of an RC transfer impedance Z;, = T/P.

3.4 Properties of Thermal Sigma-Delta Modulators

The fact that thermal filters are essentially passive RC filters means that
their poles must be on the negative real axis, which, in turn, severely
limits the range of loop filters that can be realized. In addition, all thermal
filters will be somewhat “leaky,” since a thermal capacitance cannot be
completely isolated from its surroundings. In this section, the
consequences of these properties on the behaviour of TXA modulators will
be discussed.

3.4.1 Loop filter is a Single-Pole Impedance

The simplest useful model of a thermal mass consists of a thermal
resistance R, and a capacitance C;. A block diagram of the
corresponding TXA modulator is shown in Fig. 3-8. The comparator is
clocked at a frequency f; and its output bs € {0, 1}. Denoting the sensor’s
temperature at the n-th clock instant by Ti(n); the operation of the
modulator can be described by the following difference equation:

Tyn) =p-T(n-1)+g-(x=Q(Ty(n-1))) (3-3)
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Figure 3-8 Simplified block diagram of a TEA modulator.

where the constant parameters p and g are given by:

p = exp(-1/(f;R,;,C,1))

g = RyP (1 - exp(-1/(f;R;,Cp)))’ G-
Q(7) is a quantizer with a unipolar output:
o(r) = {0’ e (-5)
1, T>1
and the modulator’s effective input signal x is:
T
x = 1#;;‘. (3-6)

The discrete-time circuit corresponding to (3-3) is shown in Fig. 3-9. It
may be recognized as being a first-order XA modulator with a leaky
integrator. The parameter p, where 0<p<1, quantifies the degree of
integrator leakage, and is equal to one if the integrator is ideal. Since the
gain, g, is in series with an ideal quantizer, the dynamics of (3-3) will

depend solely on the value of p.
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Figure 3-9 Egquivalent discrete-time model of a TEA modulator.

The relationship between the input signal x of the discrete-time model and
the continuous-time heat loss P, (Fig. 3-8) may be obtained by noting
that 7; ~ 7,,¢if the clock frequency is high enough. Substituting this into
(3-6) yields X~ P/ Props i.e., x corresponds roughly to a normalized
version of P,.

Since P, will typically be a quasi-static signal, it is of interest to study
the modulator’s DC transfer function, i.e., the relationship between a DC
input x and the bitstream average . This has been analytically studied
in [3.22], where it is shown that for p < 1, the DC transfer function will
have a fractal “staircase” structure. This is illustrated in Fig. 3-10 for p =
0.8 and p = 0.99. The steps in the DC transfer function reflect the fact that
a modulator with a leaky integrator will generate the same sequence of
bits for a range of input values. The steps therefore represent a
fundamental loss of resolution. This is in contrast with the behaviour of an
ideal modulator, which generates a unique sequence of bits for every input
value. As p approaches 1, the step widths tend towards zero, and the DC
transfer function tends towards the ideal straight line. The widest step, and
hence the greatest loss of resolution, occurs in the middle of the DC
transfer function (when p = 0.5), and its width, Ax,,,,, is given by:

—

l-p
l+p

B>
=
Il

(3-7)

3
8]
=
~

~

When fR,,C,, » 1, i.e., when the clock frequency is much larger than the
filter’s cut-off frequency, Ax,  .~1/(fRC). In other words, the
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Figure 3-10 DC transfer function of a TEA modulator.

modulator’s resolution increases with clock frequency. Furthermore,
noting that the DC gain A4 of a leaky integrator is finite and is given by:

1
ADC = (1-p) ~sttthh > (3-8)

then the maximum step width may be expressed as Ax,,, . ~1/(24,.).
This is the basis of the well-known rule of thumb in XA modulator design
which states that the DC gain of the loop filter should be at least equal to
the reciprocal of the desired resolution [3.23].

It can also be shown that Ax,,, . is proportional to the amplitude of 7; when
u = 0.5 and the modulator’s bitstream output is the sequence “101010...”
(see appendix). Thus, increased modulator resolution can only be attained
by decreasing the amplitude of the comparator’s input signal, which, in
turn, places greater demands on its resolution.

A further consequence of integrator leakage is a small gain error. In Fig.
3-10, this can be seen as a difference between the centre of each step and
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the ideal straight line characteristic. However, for p ~ 1 the gain error is
linear over most of the range [3.22], and can easily be compensated for
after decimation.

3.4.2 Loop Filter is a Driving-Point Impedance

In general, a driving-point impedance will have more than one pole, in
which case it can be modelled by the generalized Foster network of Fig.
3-6. Since the phase of a thermal driving-point impedance is bounded by 0
and —90°, the resulting modulator will be unconditionally stable. It can be
shown (see appendix) that its DC transfer function will also have a
staircase structure. This is a direct consequence of the fact that the output
of the loop filter 7} is a weighted sum of the temperature across a number
of leaky integrators. The corresponding difference equation is:

Tyn) = Y[p;- T(n=1)+g;- (x=O(T(n—-1)))] (3-9)

where 7; is the temperature across the i-th section of the Foster network,
and g; and p; are their corresponding parameters. The largest step in the
DC transfer function occurs when the bitstream average pu = 0.5 and its
width is given by:

3&/0+p)
Zg,'/(l *p,')

Ax

max

(3-10)

As for the one-pole case, the resolution of the modulator will increase with
clock frequency, and will be proportional to the amplitude of the
comparator’s input signal if p = 0.5.

In conclusion, a TXA modulator whose loop filter is a driving-point
impedance will always be stable, and is thus robust to the physical
dimensions of the thermal mass. However, its DC transfer function will
have a staircase structure and exhibit a gain error. For a given filter, the
width of the steps can only be reduced by increasing the clock frequency.
This will improve resolution, but at the expense of a decrease in the
amplitude of the comparator’s input signal. Circuit non-idealities such as
finite comparator gain and electrical crosstalk will then limit the highest
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practical clock frequency and, in consequence, the modulator’s maximum
attainable resolution.

3.4.3 Loop Filter is a Transfer Impedance

For a TXA modulator whose loop filter is a transfer impedance, no
analytical description of the DC transfer function is known. However, a
few general observations may be made. Firstly, for both the single-ended
and differential topologies, the loop filter will have a low-pass roll-off,
which implies that its phase will tend to —90° at high frequencies
(Section 3.3.2). As a result, both topologies will be stable at sufficiently
high clock frequencies. Secondly, since a transfer impedance can be
modelled by RC sections (Section 3.3.2), the modulator’s DC transfer
function will have a staircase structure. Modulator resolution can only be
increased by increasing the clock frequency. Thirdly, since the constraints
on the pole and zero locations of transfer impedances are more relaxed
than those on driving-point impedances, more complex filters, with better
noise-shaping characteristics, can be realized.

3.5 Thermal Sigma-Delta Modulator Topologies with
Enhanced Performance

The resolution of the TEA modulators discussed so far can only be
increased by increasing the clock frequency. However, for a given
modulator the clock frequency will usually be limited to some maximum
by practical considerations, which, in turn, limits the attainable resolution.
Further increases in modulator resolution will then require architectural
modifications similar to the ones used in electrical *A modulators, such as
the use of higher-order loop filters or multi-bit quantizers. These
modifications will be discussed in this section.

3.5.1 Higher-Order Loop Filters

Viewed in the frequency domain, the non-linearity of the DC transfer
function of a TEZA modulator can be regarded as a consequence of the
thermal loop filter’s finite DC gain. From this point of view, increasing its
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Figure 3-11 Block diagram of a TEA modulator with an
electro-thermal loop filter.

gain, for instance by increasing the clock frequency, will improve
modulator linearity. Another way of increasing the loop filter’s DC gain is
by inserting an electrical integrator in cascade with the thermal filter, as
shown in Fig. 3-11. The resulting electro-thermal loop filter has a very
high (theoretically infinite) DC gain, which will eliminate the non-
linearity of the modulator’s DC transfer function. A similar topology has
been used to interface a thermal rms converter [3.24, 3.25]

Due to the presence of the integrator, the loop filter will exhibit a second-
order roll-off at high frequencies. In principle, the modulator will not
become unstable, since the phase of the thermal filter only tends to, but
never reaches, —90°. In practice, the presence of other, parasitic, phase
shifts may cause instability. In such circumstances, stability can be
guaranteed by ensuring that the loop filter has a first-order roll-off at
frequencies near f,/2. This can be achieved by adding an extra feedback
path (dotted path (1) in Fig. 3-11), or by adding an extra feedforward path
(dotted path (2) in Fig. 3-11). These extra feedback paths can also be used
to improve the modulator’s transient response [3.26, 3.27].

3.5.2 Multi-Bit Quantizers

Another way of increasing the resolution of a XA modulator is by
increasing the resolution of the quantizer (and the thermal DAC in the
feedback loop). The dynamics of a first-order modulator with a leaky
integrator and an m-level quantizer have been investigated in [3.28]. There
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it is shown that the modulator’s DC transfer function will also have a
fractal staircase structure, but that the step widths will be reduced by a
factor m — 1, compared to those resulting from the use of a one-bit
quantizer.

The required multi-bit DAC can be simply realized by dividing the heater
into a number of segments, or by driving a single heater with an electrical
DAC. However, the realization of a multi-bit quantizer for a TZA
modulator is a much more difficult task. This is because the sensitivity of
typical temperature sensors, e.g. bipolar transistors and thermopiles, is at
the millivolt/Kelvin level, which, in turn, means that the quantization
levels will usually be at the microvolt level. In addition, due to the finite
DC gain of the thermal loop filter, quantizer non-linearity will impact the
performance of the modulator. However, given the growing availability of
high-resolution smart temperature sensors [3.29], TEA modulators which
use such sensors as multi-bit quantizers may be readily implemented at the
system level [3.4, 3.7].

3.5.3 Cascaded Modulators

Sigma-delta modulators can be cascaded in order to achieve increased
resolution [3.23]. In a cascaded XA modulator, the input signal is applied
to a first XA modulator, whose quantization errors are then digitized by a
second XA modulator (Fig. 3-12). The output of the second modulator can
then be digitally combined with that of the first to improve the overall
resolution. The main advantage of this technique is that by using first- or
second-order ZA modulators in both stages, higher-order noise shaping
can be achieved without the stability problems associated with higher-
order loop filters. It does, however, require good matching between the
transfer functions of the two modulators. This cannot be expected if the
first modulator is a thermal XA modulator, while the second is
(necessarily) an electrical XA modulator. A further problem is the fact that
the comparator’s input signal will typically be in the millivolt range,
which severely complicates the design of the second modulator. For these
reasons, it is not practical to use cascading as a means of improving the
resolution of a TXA modulator.
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Figure 3-12 Block diagram of a cascaded LA modulator.

3.6 Conclusions

Embedding a thermal sensor in the feedback loop of a TEA modulator is
an excellent method of digitizing its heat loss. Such modulators can be
realized very simply, because in addition to the elements of the sensor
itself, i.e., heaters and temperature sensors, only a clocked comparator is
required. No explicit loop filter is required, since the sensor’s thermal
inertia will function as a low-pass filter in the thermal domain. The output
of the modulator is a digital signal, which can be directly interfaced to a
microprocessor for further processing. In addition, embedding the sensor
in a feedback loop improves its response time.

Using the electro-thermal analogy, the sensor’s thermal behaviour can be
modelled by a passive RC filter, which exhibits first-order behaviour at
high frequencies. In consequence, the resulting modulator will be
unconditionally stable, irrespective of the exact structure of the sensor.
Because the loop filter is passive, however, there is a direct trade-off
between clock frequency and resolution. Since clock frequency will
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eventually be limited by circuit non-idealities, the resolution of the basic
modulator is limited. Improved resolution can be obtained by using a
multi-bit quantizer, or by augmenting the thermal filter with an electrical
integrator. Due to matching issues, however, it is not practical to use
cascaded topologies to improve resolution.

Although TXA modulators have been primarily used to interface thermal
flow sensors, they can, in principle, be used to interface other thermal
sensors. Examples of such sensors include: thermal pressure sensors,
thermal conductivity sensors, thermal radiation sensors, and thermal
accelerometers.
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A Hot-Transistor
Anemometer

In this chapter, the design and development of a low-cost thermal
anemometer based on a pair of bipolar transistors is described. One of the
transistors is self-heated, and is operated in constant temperature
difference (CTD) mode by incorporating it in a thermal sigma-delta
modulator. In this configuration, the self-heated transistor, doubling as a
temperature sensor, measures its own temperature, while the second
transistor measures that of the flow. The modulator compensates for the
heat loss of the self-heated transistor by heating it with pulses derived
from its bitstream output. In this manner, the bitstream average will be
proportional to the transistor’s heat loss and will, therefore, be a function
of flow speed. Different modulator configurations were investigated, the
most attractive of which employs an additional electrical integrator to
improve modulator performance. Wind tunnel measurements show that
robust and inexpensive off-the-shelf transistors can be used to realize
sensitive anemometers. Such hot-transistor anemometers are therefore
well suited for low-cost flow-sensing applications.

4.1 Transistor-Based Thermal Anemometers

Since they can be used as accurate absolute-temperature sensors, bipolar
transistors have often been used to realize thermal anemometers [4.1-4.9].
Such transistor-based anemometers typically employ two transistors: a
“hot” transistor, which measures the temperature of the heated surface
exposed to the flow, and a “cold” transistor, which measures ambient
temperature. The temperature difference between the hot and cold
transistors is known as the overheat AT, and is related to the power
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Figure 4-1 A simple hot-transistor anemometer.

dissipation P in the sensor and the flow speed U in a well-defined manner.
This relationship is known as King’s law (Section 2.2) and is given by:

P= (4 +BJ|U)AT 4-1)
where A4 and B are constants defined by the sensor’s geometry.

Typically, the hot transistor will be heated by a resistor [4.4—4.8]
integrated on the same silicon substrate. Alternatively, it can be self-
heated by appropriate biasing [4.1, 4.2, 4.3, 4.9]. As shown in Fig. 4-1, a
thermal anemometer can then be realized by using two transistors and
some interface electronics, this will be referred to as a hot-transistor
anemometer (HTA). This approach avoids the extra manufacturing costs
usually associated with the packaging of silicon flow sensors, since
discrete transistors are readily available at low-cost in small, robust and
thermally optimized packages. The latter is important because, for use in a
HTA, the transistors must be in good thermal contact with the flow.

Packaging issues are also avoided if a second transistor (on the same
substrate) is used as a heater [4.10], since such double transistors are also
available as off-the-shelf components. For such transistors, however, the
range of available packages is rather limited, since they are not nearly as
ubiquitous as single transistors.
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4.2 Interfacing a Hot-Transistor Anemometer

The interface electronics of a hot-transistor anemometer must bias the
transistor in such a way that it can used both as a heater and as a
temperature sensor. In addition, it must facilitate the accurate
measurement of the hot transistor’s power dissipation and overheat, so
that flow speed can be computed from King’s law. In this section, an
interface architecture which meets these requirements will be described.

4.2.1 Transistor Biasing

The collector current used to bias a self-heated hot transistor will usually
be much larger than that of the cold transistor, which must not be self-
heated as this would affect its ability to accurately measure ambient
temperature. As a result of this difference in collector current, the two
transistors will have very different temperature sensing characteristics
(Section 2.5.2), which will cause errors in the computed overheat. For a
limited temperature range, such errors can be reduced by trimming the
interface electronics at two different temperatures [4.2]. However, this is
rather difficult to do in practice, and a better solution is to operate the hot
transistor in a time-multiplexed manner, in which it alternately functions
as a heater (high collector current) and as a temperature sensor (low
collector current) [4.3, 4.9]. By biasing the cold transistor at the same low
collector current, the temperature sensing characteristics of the two
transistors can be made (at least nominally) identical.

4.2.2 Application of Feedback

As discussed in Section 2.2.2, a HTA can be operated in either constant
power (CP) mode or constant temperature difference (CTD) mode. When
operated in CP mode, however, its transient response will be determined
by the thermal time constant of the hot transistor, which may be several
tens of seconds long [4.9]. Much faster transient response can be obtained
by operating a HTA in CTD mode, in which the overheat is kept constant.
This can be achieved by embedding the HTA in a linear feedback
loop [4.1, 4.2], in a duty-cycle modulator [4.3, 4.4], or in a thermal sigma-
delta (TZA) modulator [4.5, 4.6]. Of these methods, the use of a TZA
modulator is preferred because it provides a direct digital representation of
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Figure 4-2 Block diagram of a HTA-TZA modulator.

the hot transistor’s heat loss, without the duty-cycle modulator’s
sensitivity to periodic interference [4.4], or the stability issues associated
with a linear feedback loop [4.12].

A block diagram of a HTA embedded in the feedback loop of a TXA
modulator is shown in Fig. 4-2. For want of a better name, this
configuration will be referred to as a HTA-TXA modulator. To ensure that
there is a well-defined temperature-sensing interval during each clock
period, the transistor is heated by a return-to-zero (RTZ) signal (Fig. 4-3).
During this interval, the transistor’s junction temperature 7} is compared
with the sum of the ambient temperature 7,,;, and the desired overheat AT.
If 7} is less than this set point, a heat pulse is applied to the hot transistor,
otherwise, the transistor is cooled by the flow. As shown in Fig. 4-3, T}
will then fluctuate around the desired set point. These fluctuations will be
filtered out by the transistor's thermal inertia, provided that the clock
frequency is high enough, and so 7; ~ T, + AT In other words, the
modulator regulates the transistor’s junction temperature. If the transistor
is in a thermally optimized package, i.e., one that ensures good thermal
contact with the flow, the temperature of the surface exposed to the flow
will also be regulated (indirectly) and so the HTA will operate in CTD
mode.
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Figure 4-3 Timing of the HTA-TXA modulator.

The output of the modulator is a bitstream bs € {0, 1}, whose average
value p represents the average heating power required to maintain the
overheat constant. If P,,ris the average power dissipated by a heat pulse
during a clock period, then the average heating power dissipated in the
sensor is PP, and from King’s Law:

WP
—= (a+BJUD. (4-2)

Since P,,rand AT will be fixed by the interface electronics, the flow speed
U can then be computed from the bitstream average.

4.3 Choosing a Hot Transistor

From the discussion in the previous section, it is clear that the key
component of a HTA-TZA modulator is the hot transistor, which is
variously used as a temperature sensor, heater, and loop filter. In this
section, the various considerations influencing the choice of a particular
transistor from the wide range of available types, will be discussed.
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Figure 4-4 Cross-section of a package for power applications.
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Figure 4-5 Simplified thermal model of a packaged transistor.

4.3.1 Flow-Sensing Considerations

For use as a thermal anemometer, the hot transistor should be packaged in
such a way that it is in good thermal contact with the flow. In other words,
its junction-to-ambient thermal resistance R;, should be as low as
possible. This requirement is met by packages intended for power
applications, in which the die is bonded directly to an exposed lead frame
pad, which, in turn, can be soldered to a PCB or heatsink (Fig. 4-4).

A simplified thermal model of a transistor in such a package is shown in
Fig. 4-5. It consists of three thermal RC sections, which model the thermal
behaviour of the silicon die, the lead frame and the heatsink, respectively.
The current source P models the heat dissipated in the transistor. The
choice of a given transistor and heatsink fixes all the model parameters
except for the variable thermal resistance R, which models the
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transistor’s convective heat loss and will be a function of flow speed. The
transistor’s conductive heat loss is modelled by the fixed resistor R,;,3.
Usually the thermal capacitance of the lead frame and heatsink will be
much larger than that of the (physically smaller) die, and so their time
constants will dominate the transistor’s transient response.

From this model, a number of important observations can be made. Firstly,
for fast transient response, the size of the lead frame and heatsink should
be as small as possible. Secondly, since the main aim of the modulator
shown in Fig. 4-2 is to (indirectly) regulate the temperature of the heatsink
T.. via the transistor’s junction temperature 7}, the transistor’s junction-to-
case resistance R;. = Ry + Ry, should be much less than the case-to-
ambient resistance R., = R,3/[R;,4. Also, the time constants associated
with the die and lead frame respectively, should be smaller than that
associated with the heatsink. This improves the regulation of 7, since it
means that after a heat pulse, 7; will quickly settle to 7. during the
temperature-sensing interval. Finally, the transistor should be mounted
such that its heat loss to the surroundings is dominated by convection and
not by conduction, e.g., via its leads.

These requirements can be met by choosing a transistor with a small die in
the smallest possible package. A bare die suspended by its leads in the
flow would, therefore, appear to be ideal for use in a HTA. This is indeed
the case; an anemometer using such transistors has been reported [4.2],
with a time constant of only “a few milliseconds”. However, this approach
results in a rather fragile construction. An alternative is to use packages
intended for surface-mounting, such as the SOT-89 package (Fig. 4-6),
which is small (2.5 x 4.5 x 1.5mm) and widely available. Although
smaller packages are available, e.g. SOT-23, these do not have exposed
lead frame pads and so have much higher junction-to-case resistances.
Chip scale packages would be even better, however, suitable transistors in
these packages are (not yet) available.

Different methods of mounting a SOT-89 transistor on a PCB are shown in
Fig. 4-7 and Fig. 4-8. The fastest transient response will be obtained by
mounting the transistor upside down in a small hole in the PCB, so that its
lead frame is directly exposed to the flow (Fig. 4-7). Since the lead frame
is only 0.4mm thick, this method of mounting will only disturb the flow
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Figure 4-6 Cutaway view of a transistor in a SOT-89 package.
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Figure 4-7 Cross-sectional view of a SOT-89 package
mounted for fast transient response.
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Figure 4-8 Cross-sectional view of a SOT-89 package
mounted for minimum turbulence.

slightly. To further minimize this disturbance, the transistor can be
soldered to one side of the PCB while the flow is passed over a pad on the
other side. The use of through-plated PCB vias ensures good thermal
contact between the transistor and the flow (Fig. 4-8). Instead of to a PCB,
the transistor can be attached to a thermally conducting substrate, such as
ceramic, in which case vias are not required. In both cases, however, the
transistor’s transient response will be significantly slower due to the added
thermal capacitance of the substrate.

4.3.2 Temperature Sensing Considerations

To minimize the effect of ambient temperature variations on the overheat,
the hot and the cold transistors should both be mounted in the same
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manner. They will then have identical time constants, and thus be affected
in the same manner by changes in ambient temperature [4.1]. Like all
thermal anemometers, however, a HTA will exhibit some temperature
dependency due to the temperature dependency of the physical properties
of the fluid (Section 2.2).

To minimize static overheat errors, both transistors should have identical
temperature sensing characteristics. Due to transistor mismatch, however,
this will not be the case. The resulting overheat inaccuracy then limits the
minimum possible overheat, and thus the anemometer’s minimum power
dissipation. For a bipolar transistor, a good measure of process spread is
the spread on its forward current gain; tight specifications for this
parameter usually indicate good process control. Base resistance
mismatch will be a further source of error. However, it can be minimized
by using transistors with intrinsically low base resistances.

4.3.3 Choice of Transistor

Taken together, the considerations discussed above limit the choice of
transistor to so-called small-signal or medium-power types. It was decided
to use a PXT3904 transistor, which is a 2N3904-type transistor in a SOT-
89 package, because it has a small die size (0.15mm2) and because it is
widely recommended for use as a temperature sensor [4.13].

4.4 Thermal Modelling of a Self-Heated Transistor

The behaviour of a HTA-TXA modulator can be investigated
experimentally and/or by time-domain simulations. The latter, however,
requires an accurate model of the hot transistor’s thermal impedance, i.e.,
the relationship between its heat dissipation and the temperature rise of its
base-emitter junction. In literature, this impedance is often referred to as
the transistor’s thermal spreading impedance, Z;, as it describes the
spread of heat from the transistor to its surroundings. Due to the close
proximity of the heat-generating and heat-sensing regions of a bipolar
transistor, Z; can be modelled as an RC driving-point impedance
(Section 3.3.1).
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4.4.1 Possible Approaches

Various analytical models of Z,;, have been proposed, in which the heat-
generating region of a transistor is treated as a point source [4.14, 4.15], as
a sphere [4.16], and as a disc [4.17] located near the surface of a semi-
infinite die. The main limitation of such models is that they do not take
into account the effect of the transistor’s packaging. In a real transistor
heat will spread rapidly through the die and eventually encounter the lead
frame and package, through which it slowly diffuses to the surroundings.
Such analytical models are, therefore, only useful for modelling the first
millisecond or so after a heating transient, during which heat flow is
confined to the die [4.18].

The thermal behaviour of a real transistor can be accurately modelled
using 3-D finite-element analysis. From the results, a compact electrical
(RC) model of the transistor can be derived. However, this process is
computationally intensive and requires detailed knowledge of the
transistor’s geometry. Although some semiconductor manufacturers
provide such models for power MOS transistors [4.19], no such models
are (at present) available for bipolar transistors.

Alternatively, an RC model of Z,;, can be derived from measurements of
the transistor’s thermal step response. The advantage of this approach is
that it requires no simplifying assumptions, and it also fully incorporates
the thermal behaviour of the package and heatsink. It does, however,
require experimental characterization of the transistor’s step response.
This is described in the following section.

4.4.2 Experimental Approach

The hot transistor’s thermal step response was determined by measuring
its cooling curve. To do this, the transistor was initially heated by a large
collector current (100mA) until a steady-state temperature was reached,
after which the collector current was abruptly reduced to a low level
(100pA). Using Vp, sensing, the junction temperature was then sampled at
100kHz while the transistor cooled.
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Figure 4-9 Influence of different mounting methods on the response
to a 1W step of a PXT3904 transistor (SOT-89 package).

The measured step response of a PXT3904 transistor mounted as shown in
Fig. 4-7, is shown in Fig. 4-9. In this figure, the input power has been
normalized to 1W, which explains the destructively high temperatures that
were apparently achieved. Also shown, is the, similarly normalized, step
response obtained when the transistor is mounted on a PCB heatsink, as
shown in Fig. 4-8. The PCB is 1.57mm thick, and the pad exposed to the
flow is circular, with a diameter of 15mm. It may be seen that mounting
the transistor in this manner slows down its transient response by two
orders of magnitude. In both cases, however, the first few milliseconds of
the step response are similar, reflecting the spread of heat through the die
and lead frame.

In order to understand the measurement results better, the step response of
the free-standing transistor was compared with the results predicted by an
analytical model, in which the heat-generating region of the transistor is
assumed to be a uniformly heated sphere. This model was chosen because
formulae for determining the parameters of an equivalent RC network

FLOW SENSING WITH THERMAL SIGMA-DELTA MODULATORS 69



24/5/2004

A Hot-Transistor Anemometer

100

—— measured : :
90r{. . . spherical model : : B
o o o spherical + exponential : :

80} - - : : H

o} :
MIERIE BN SRR R W)
o
o} z f

30t : : : : 1

temperature rise (K)

20| : SR : : f

10° 10 10 102 107! 10°
time (s)

Figure 4-10 Measured and modelled step responses of a PXT3904
transistor (SOT-89 package).

have been provided [4.16]. According to this model, the temperature rise

Tsphere 01 the surface of a sphere of radius a is given by:

Tphere(ts @) = %?”[1 - 2(ize”fc(o) + izerfc(%[)) (4-3)
- 47A/Et(i3erfc(0) + i%rfc(J—Z_—))}

where R, = 1/4nka is the thermal resistance of the sphere, & is the thermal
conductivity, o = k/pc is the thermal diffusivity, p is the density and c is
the specific heat capacity. Also, izerfc() and i3erfc() are the second and
third integrals of the complementary error function, respectively.

For a given radius, the thermal resistance of the sphere is fixed. After
[4.15], however, the accuracy of this model can be improved by treating
both Ry, and a as fitting parameters. Even so, the predicted step response
(with Ry, = 35K/W and a = 108um) only accounts for the first few
milliseconds of the measured response (Fig. 4-9). The rest of the step
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lead frame

Figure 4-11 RC equivalent network for Z,.

response then reflects the thermal behaviour of the lead frame and can be
modelled by adding an exponential term to (4-3):

Tstep(t’ r)= Tsphere

(t,r)+ Rexp(—t/1). (4-4)
With R = 95K/W and t = 0.9s, this expression models the step response
fairly accurately over 5 decades (Fig. 4-9). Since this extra term accurately
models the interaction between the lead frame and the outside world, the
effects of flow speed on Z,, can be modelled, at least qualitatively, by
varying the value of R.

Using the formulae provided in [4.16], the parameters of an equivalent 6-
segment Cauer RC ladder network were computed. The extra exponential
of (4-4) was incorporated by adding an extra RC section to the network’s
Foster equivalent, as shown in Fig. 4-11. In a final step, the parameters of
the network parameters were tweaked so as to improve the fit between the
measured and modelled step responses (Fig. 4-12).

The modelled frequency response of Z,;, is shown in Fig. 4-13. At
frequencies below a few Hertz, the filter’s response is due to the time
constant of the lead frame, and will, therefore, be influenced by variations
in the flow speed. The gentle roll-off at frequencies above a few hundred
Hertz is due to the thermal inertia of the die.
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Figure 4-12 Measured and fitted step responses of a PXT3904
transistor (SOT-89 package).
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Figure 4-13 Modelled frequency response of a PXT3904 transistor in
a SOT-89 package.
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4.5 Modulator Design

4.5.1 Design Considerations

The primary task of the HTA-TZA modulator shown in Fig. 4-2 is to
operate the lead frame of the hot transistor in CTD mode. This requires
that the variations in the transistor’s temperature are small compared to
the overheat AT, and that the temperature of the base-emitter junction
settles to that of the lead frame before the end of the temperature-sensing
interval. The first of these requirements means that the clock frequency f;
must exceed the cut-off frequency of the thermal filter Z;;,, which implies
that f, > 10kHz (Fig. 4-13). The second requirement means that the
temperature-sensing interval should be at least of the same order of
magnitude as the time-constant of the die. A significantly shorter interval
means that the modulator will regulate the temperature of the base-emitter
junction rather than the temperature of the lead frame. From Fig. 4-9,
however, it may be inferred that it takes the die at least 100us after the end
of a heat pulse to acquire the temperature of the lead frame, which implies
that f; < 10kHz. A trade-off must thus be made between these two
conflicting requirements.

A further design consideration is the modulator’s resolution. Since the
loop filter is an RC driving-point impedance, its DC transfer function will
have a fractal staircase structure (Section 3.4.1). Using equation (A-18),
the exact relationship between clock frequency and the modulator’s
(worst-case) resolution can be computed. The results are shown in Fig.
4-14 for heat pulses with a duty cycle & = 0.5. At f; = 15kHz, the worst-
case resolution is only about 3.5%. Due to the “plateau” in Fig. 4-14, f;
will have to be made impractically high in order to substantially improve
the modulator’s resolution.

For a given clock frequency, the modulator’s resolution can be increased
by increasing the resolution of the quantizer (Section 3.5.2). This is
undesirable, however, since it significantly increases the complexity of the
interface electronics. A simpler method of increasing resolution is by
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Figure 4-14 Resolution of the basic HTA-TEA modulator as a
function of clock frequency.
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Figure 4-15 Block diagram of an improved HTA-TZA
modulator with an electrothermal loop filter.

including an electrical integrator in the loop (Section 3.5.1). The resulting
electrothermal loop filter (Fig. 4-15) has infinite DC gain, which
eliminates the steps in the modulator’s DC transfer function. The price for
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Figure 4-16 Block diagram of the simulated HTA-TEA modulator.

this performance improvement is the possibility of modulator instability,
since the loop filter’s phase shift will tend to 180 degrees at high
frequencies. From Fig. 4-13, however, even with an electrical integrator,
the resulting modulator will be stable for clock frequencies up to about
10kHz (where the phase lag of Z,, is about 45 degrees). Since the phase
shift of Z,;, at these frequencies is entirely due to the thermal inertia of the
hot transistor’s die, the stability of the improved modulator will not be
affected by the way the transistor is mounted or by flow speed changes.

4.5.2 Simulations

The behaviour of the improved HTA-TZA modulator was further
investigated by MATLAB simulations. The block diagram of the
simulated modulator is shown in Fig. 4-16. Its bitstream output bs drives
the hot transistor with RTZ heat pulses with a duty cycle o, which are
filtered by the transistor’s thermal impedance Z;;,. The difference between
the resulting temperature 7j and the desired overheat AT is then sampled
and integrated before being applied to the comparator input. The thermal
noise of the interface electronics was simulated by adding white noise v,
to the integrator input. This was scaled by the temperature coefficient of
V1., denoted by Sy, and approximately equal to —2.1mV/K, in order to
convert it to the thermal domain. The noise acts as a dither signal and
breaks up the discrete limit cycles that will otherwise occur in the
modulator. The following parameters were also used in the simulations: f;
=16,384Hz, 8 = 0.5, P ,;= 164mW, and v,, = 6.4uV.
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Figure 4-17 Simulated power spectrum of a differential modulator
(Hann windowed average of 6, 64kbit, bitstream
segments with 50% overlap).

The power spectrum of the modulator’s bitstream is shown in Fig. 4-17.
The noise floor from DC to about 20Hz is due to the added thermal noise.
At higher frequencies, the quantization noise exhibits first-order noise
shaping (20dB/decade), indicating that the electrical integrator is
responsible for most of the noise-shaping. The modulator therefore
behaves like a first-order modulator, which explains the pronounced tones
visible in the power spectrum. Their amplitude and frequency are not
fixed, but vary as a function of the input signal’s DC level [4.20].

The first-order noise-shaping means that a sinc? filter can be used as a
decimation filter. (A simpler sinc filter can also be used, at the expense of
approximately 4dB more noise.) Since the only design parameter of such a
filter is the length of its impulse response, a trade-off was made between
bandwidth limiting (for maximum resolution) and fast transient response.
It was decided to use a filter with a 0.25s long impulse response, which at
a clock frequency f; = 16,384Hz corresponds to a 4096-tap filter. With this
filter, the modulator’s resolution is at the 16 bit level, even with the added
electrical noise.
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Figure 4-18 DC error of the improved HTA-TEA modulator.

In an ideal modulator, the average heating power generated by the DAC
will exactly balance the heating power required to maintain the overheat,
Le., uP.r = AT/Ry. Modulator resolution can then be investigated by
plotting the DC error p — AT/(R;,P,) as a function of the overheat AT.
The results are shown in Fig. 4-18 for the improved modulator, decimated
by a 4096-tap sinc? filter and with v, = 0. It can be seen that the resolution
of the modulator is at the 10-bit level. This is much better than the 3.5%
(worst case) resolution exhibited by the basic modulator. (The full DC
error plot of this modulator is shown in Fig. A-6.)

Also of interest is the signal swing at the transistor’s base-emitter junction
and at the output of the integrator. These remain bounded over the full
input range, indicating that the modulator behaves more like a first-order
modulator than a second-order modulator (Fig. 4-19). The peak-to-peak
variation of 7 is about 0.5K, confirming that the modulator effectively
regulates its temperature. It should be noted that this is the temperature
variation in the die, not that of the surface exposed to the flow. The latter
will be much smaller, due to the thermal inertia of the lead frame.
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Figure 4-19 Signal swing in the improved HTA-TZA
modulator.

4.5.3 Circuit Implementation

A block diagram of the implemented HTA-TXA modulator is shown in
Fig. 4-20. Two identical PXT3904 transistors, Oy, and Q,,,,;, are used as
the hot and cold temperature sensors, respectively. Their temperature is
determined by V), sensing. Their emitter currents (and hence their
collector currents) are defined by the opamps 4 and 4,, which ensure that
a fixed reference voltage V., appears across the fixed resistors (R — Ry)
in their emitter circuits.

As shown in the timing diagram (Fig. 4-21), each modulator clock period
T may be divided into two intervals: a heating phase and a temperature
sensing phase. During the heating phase, O, will be heated if the
comparator output is a logical “1,” and allowed to cool if its output is a
logical “0.” Heating is accomplished by closing §; and biasing the
transistor at a large emitter current /. (defined by the sum of Ry and R,).
During this phase, S, is open and the output of the integrator (43, R5 and
C;) remains unchanged.
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Figure 4-21 Timing diagram of the implemented HTA.
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During the temperature sensing phase, S| is open and both transistors will
be biased at an emitter current /., of about 100pA. This is low enough
to prevent significant self-heating. After a short pause, which allows
Vbe.not 10 settle, S, is closed, and the integrator will be driven by a voltage
Vie.amb = Lsense®1 = Ve hor Due to the feedback in the thermal domain,
O Will be heated until this voltage is equal to zero, in which case
Vie.amb = Vbe.not = IRy This voltage difference corresponds to the required
overheat, which can then be expressed as AT = —IR/Sy;,. For an overheat
of 10K, R; is therefore about 220€2

Even when they are at the same temperature, there will be a 7}, mismatch
between the two transistors. This is mainly due to mismatch in their
saturation currents (Section 2.5.2), and can be compensated for by
trimming the emitter current of Q,,, via R4. This ensures that both
transistor’s are biased at the same operating point (Section 2.5.2), and
therefore should have similar temperature sensing characteristics.

4.6 Experimental Results

4.6.1 Modulator Performance

The hot transistor was soldered to a PCB in the manner illustrated in Fig.
4-8. The pad exposed to the flow was circular with a diameter of 15mm.
The hot transistor was operated at an overheat AT of approximately 5K
and P,,r= 150mW. In still air, the sensor dissipates about 50mW. Under
these conditions, the power spectrum of the modulator's bitstream is
shown in Fig. 4-22. The noise floor observed below approximately 100Hz
is due to the thermal noise of the interface electronics. The noise floor is
so low that in order to measure it, the hot transistor had to be shielded
from random air currents. In accordance with the simulations, the slope of
the quantization noise at higher frequencies is slightly in excess of
20dB/decade. At clock frequencies ranging from 1 to 20kHz, no dead
bands or signs of instability were observed.

Also shown in Fig. 4-22 is the power spectrum obtained when the
integrator was bypassed, in effect realizing the basic modulator shown in
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Figure 4-22 Measured power spectrum of a differential modulator
(Hann windowed average of 16, 16kbit segments).

Fig. 4-2. In this case, the modulator's noise floor is clearly limited by
quantization noise, due to the relatively gentle roll-off of the transistor's
thermal impedance. During the modulator’s start-up transient, the large
dead band around p = 0.5 predicted by both theory and simulations could
be clearly seen.

4.6.2 Wind Tunnel Testing

For wind tunnel measurements, the hot transistor, mounted on a circular
PCB was built into the aerodynamic housing of a commercial wind sensor.
The latter is described in more detail in section 5.1. The resulting sensor
characteristic, i.e., the bitstream average as a function of flow speed, is
shown in Fig. 4-23. Also shown is the best fit to a square-root-law
characteristic, assuming that the sensor obeys King’s Law. The agreement
between the curves shows that the modulator does indeed operate the HTA
in CTD mode. At the maximum flow speed of 15m/s, the modulator’s 10-
bit resolution corresponds to a flow-sensing resolution of about 0.04m/s.
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Figure 4-23 Bitstream average vs. wind speed.

The transient response of the HTA was measured by manually interrupting
the flow. Due to the extra thermal capacitance of the PCB, the HTA takes
about a minute to fully settle after a rapid change in flow speed. Much
better transient performance was obtained by exposing the transistor
directly to the flow, as shown in Fig. 4-7. The resulting step response was
then much faster, with a time constant of about 2 seconds (Fig. 4-24).

4.7 Conclusions

Thermal anemometers based on a pair of robust and inexpensive off-the-
shelf transistors have been described. One of the transistors is self-heated
while the other is used as an ambient temperature sensor. The hot
transistor is read out by incorporating it in the feedback loop of a thermal
sigma-delta modulator. Since the thermal inertia of the transistor does not
provide enough filtering, an electrical integrator was included in the loop.
At a clock frequency of 16384Hz, when a 4096-tap sinc? decimation filter
is used, the modulator’s simulated resolution is at the 10-bit level. Wind
tunnel measurements showed that the modulator exhibits a square-root-
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Figure 4-24 Modulator response to a transient change
(of about 5m/s) in flow speed.

law characteristic, which indicates that the modulator effectively operates
the anemometer in CTD mode. The anemometer’s transient response is
determined by the way the hot transistor is mounted. The time constant of
a hot transistor in a free-standing SOT-89 package is about 2 seconds.
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A Smart CMOS
Wind Sensor

This chapter describes the design and development of a smart wind sensor
in a standard CMOS process. It is an improved version of a commercially
available silicon wind sensor, whose interface electronics was
implemented with discrete components and required manual trimming,
thereby significantly increasing the size and cost of the total wind sensor
system. In contrast, the interface electronics of the smart wind sensor is
integrated on the same chip as the sensor and does not require manual
trimming. This was done without increasing the sensor's area, and hence
its cost, by using a new interface architecture consisting of three thermal
sigma-delta modulators. One modulator regulates the sensor’s
temperature, while the other two digitize orthogonal components of its
flow-dependent heat loss. The bitstream outputs of the latter are decimated
by an external microprocessor, and used to compute wind speed and
direction. Measurements in a wind tunnel show that the performance of
the smart sensor is at least as good as that of its predecessor (errors in
wind speed and direction less than +(0.5m/s +3%) and +3° respectively
over the range 0.5 to 25m/s). Since it has no moving parts, and thus
requires very little maintenance, this sensor is well suited for
meteorological applications.

5.1 A First-Generation Wind Sensor

In previous work, a first generation silicon wind sensor for meteorological
applications has been developed and successfully commercialized [5.1,
5.2, 5.3]. Its performance is similar to that of the traditional combination
of a cup anemometer and a wind vane, but requires no moving parts. The
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Figure 5-1 Schematic diagram of a first-generation wind sensor.

sensor consists of a square chip, on which four heaters, four thermopiles,
and an NPN transistor have been integrated (Fig. 5-1). The chip is
protected from direct contact with the airflow by bonding it to one side of
a thin ceramic disc. By heating the chip, a hot spot is created on the
surface of the disc. Airflow over the other side of the disc will then cool it
asymmetrically, and thus induce a net temperature gradient 57 across the
chip. The magnitude of 8T is a function of flow speed, while its direction
is that of the flow. Orthogonal components (67, and 87,,,) of this gradient
are measured by the thermopiles, and their outputs used to determine wind
speed and direction [5.1]. A more detailed description of the sensor’s
operation is given in Section 2.3.1.

The sensor is mounted in an aerodynamic housing (Fig. 5-2), which
consists of three equiplanar discs: a small inner disc surrounded by two
larger outer discs. The ceramic disc bearing the sensor is mounted flush
with the upper surface of the inner disc (Fig. 5-3). The two outer discs
serve to guide airflow over the inner disc in a well-defined manner and
reduce the influence of vertical wind components or sensor tilt on the
computed wind speed and direction [5.1].
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Figure 5-3 Cross-sectional view of the inner disc.
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Figure 5-4 Interface electronics of the first-generation sensor.

5.1.1 First-generation Interface Electronics

A block diagram of the first-generation wind sensor’s interface electronics
is shown in Fig. 5-4. It consists of three parts: an overheat control loop,
thermopile read-out circuitry, and a microprocessor.

For fast transient response (Section 2.3.2), the overheat control loop
maintains the average temperature of the chip 7., at a constant overheat
AT (~16K) above ambient temperature 7,,, Using V}, sensing
(Section 2.5.2), the absolute temperatures 7.;, and 7;,,, are measured by
the on-chip transistor and an external transistor. Due to the limited

accuracy of 1}, sensing, however, errors of several degrees may occur and
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therefore, the actual overheat must be set by trimming. The control loop is
completed by a pulse-width modulator (PWM) that efficiently drives the
heaters with a stream of fixed amplitude pulses. The frequency of these
pulses is high enough (~10kHz) to ensure that their AC component is
filtered out by the sensor's thermal inertia — which behaves like a low-pass
filter in the thermal domain.

The thermopile read-out circuitry digitizes the thermopile signals. Since
they measure the same component of the flow-induced temperature
gradient, thermopiles on opposite sides of the chip are connected in series.
This effectively doubles their output signal. Despite this, the flow-induced
temperature differences are quite small (in the millikelvin range) and so
are the resulting signals (in the microvolt range). These signals are then
boosted by low-offset instrumentation amplifiers before being applied to
the microprocessor's ADC. This has an effective resolution of 9-bits,
which is sufficient to meet the sensor’s inaccuracy specifications.

Although the thermopiles have no intrinsic offset, thermal asymmetry in
the packaged sensor will give rise to a zero-flow offset in their output
signals [5.4, 5.5]. To compensate for this packaging asymmetry, the heat
distribution in the chip is manually trimmed via two potentiometers
connected to the north-south and east-west heater pairs (Fig. 5-1). These
are adjusted such that at zero flow, the thermopile outputs, and hence the
temperature differences 87, and 67,,, are nulled. This process effectively
aligns the centre of the hot spot with the geometric centre of the chip.

Other sources of error are the instrumentation amplifiers’ offset and gain
errors, and the thermopiles’ process-dependent sensitivity. To compensate
for these errors, each wind sensor is calibrated in a wind tunnel. The
calibration data is used to generate a correction look-up table, which is
stored in an EEPROM (Fig. 5-4). This information is used by the
microprocessor to perform a gain and offset correction on the digitized
thermopile signals [5.3]. After this digital trim, the sensor’s inaccuracy
will be less than +(0.5m/s +3%) and £3° respectively over the range 0.5 to
25m/s. The computed wind speed and direction are communicated to the
outside world via an RS-422 serial interface.
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5.1.2 Why a Smart Wind Sensor?

Although the performance of the first-generation wind sensor is good
enough for its intended meteorological application, its interface
architecture suffers from a number of drawbacks. Firstly, transferring the
microvolt-level thermopile signals off-chip significantly increases their
susceptibility to interference, e.g. from parasitic thermocouples or mains
pick-up. Secondly, the discrete-component implementation of the required
circuitry adds significantly to the size and cost of the sensor system.
Finally, and perhaps most significantly, the trimming required to set the
overheat and to compensate for packaging asymmetry, significantly
increase the sensor's production time, and hence its cost.

The first two drawbacks can be circumvented by integrating the interface
electronics on the wind sensor chip, i.e., by designing a smart wind sensor.
This approach, however, does not address the third drawback: the need for
trimming. This requires an improved interface architecture, the
development of which is described in the following section.

5.2 Smart Wind Sensor Design

In the design of a smart wind sensor, the main objectives were to integrate
the interface electronics on the same chip as the sensor, and eliminate the
need for trimming and without compromising the sensor’s performance.
For reference, the key specifications of the first-generation wind sensor
are given in Table 5-1, [5.6].

Table 5-1  System specifications of the first-generation wind sensor

Parameter Specification

Chip size 4mm x 4mm
Inaccuracy (speed) @ 20°C +(0.5m/s +3%)
Inaccuracy (direction) @ 20°C | £3°

Operating range 0.5 to 25m/s

Operating temperature —25°to +70°
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5.2.1 A CMOS Wind Sensor

The wind sensor's most important specification is its accuracy, which is
determined by its size and layout [5.1]. Maintaining this specification,
therefore, means that the sensor’s layout should not be changed. The
interface electronics must then be compact enough to fit into the unused
space in the middle of the chip (see Fig. 5-1).

In order to accurately process the thermopile signals, the offset of the
interface circuitry must be at the microvolt level. This can only be
achieved by using dynamic offset-cancellation techniques, which, in turn,
are best implemented in a CMOS process. Since the first-generation
sensor was realized in a bipolar process, this design choice requires a re-
design of the wind sensor.

The absolute temperature of a CMOS wind sensor can again be measured
by a bipolar transistor: the substrate PNP transistor available in most
CMOS process. Also, p”silicon/aluminium thermopiles can again be used,
as these provide the best signal-to-noise ratio in a CMOS process [5.7].
Another advantage of these thermopiles is the fact that their psilicon
arms are realized in an n-well, which then serves as an electrostatic shield
against substrate noise. Although the heaters can be realized either as
diffusion or as polysilicon resistors, the latter are preferable, since they are
isolated from the substrate and thus minimize the cross-talk between the
(large) heater currents and the thermopiles. Since the insulating oxide is
quite thin, the extra thermal insulation can be neglected.

The power dissipated by on-chip circuitry may also be a significant source
of (thermal) interference. If this is constant, it will simply offset the power
dissipated in the heaters. Variations, however, will cause temperature
differences in the sensor which are indistinguishable from those induced
by the wind. Given the desired accuracy, such variations should be less
than a few milliwatts, since the sensor’s total heating power is about 0.6W.

5.2.2 A Second-generation Wind Sensor

To investigate the possibility of integrating a (modified) version of the
first-generation interface architecture, a CMOS wind sensor with a low-
offset instrumentation amplifier was realized [5.8]. It is the same size
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Figure 5-5 Micrograph of a second-generation wind sensor chip.

(16mm2) and has the same layout as the first-generation sensor, except for
the presence of on-chip circuitry. Since the circuitry is located in a thin
layer at the surface of the chip, however, it does not significantly affect
heat flow in the sensor, which mainly takes place via the substrate [5.9].

As discussed above, the heaters were realized as polysilicon resistors,
each with a nominal resistance of 200(2 Each thermopile consists of
twelve p*/aluminium thermocouples, and has an estimated sensitivity of
6mV/K and a nominal resistance of 71kQ2. The outputs of the thermopile
pairs were connected, via a multiplexer, to the input of the instrumentation
amplifier. The amplifier has a gain of 100 and, through the use of
chopping, its offset is less than 20 V.

A micrograph of this chip, which was fabricated in a 1.6um single-poly
double-metal CMOS process, is shown in Fig. 5-5. It is clear that no chip
area is left to implement the rest (overheat control loop, ADC) of the first-
generation interface architecture. Although more circuitry could be
implemented by using a denser (and more expensive) process, the problem
of trimming would still need to be solved.
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5.2.3 An Improved Interface Architecture

One way to eliminate the overheat trim is by operating the sensor in
constant power (CP) mode. This will, however, increase the response time
of the sensor system and result in a non-square-root law characteristic
(Section 2.3.3). The latter is undesirable as it will require significant
modification of the microprocessor’s signal processing firmware (which
was optimized for a square-root-law characteristic).

Another way to eliminate the overheat trim, while still operating the
sensor in CTD mode, is by decreasing the temperature sensing errors that
make trimming necessary. This can be done by using AV, sensing (as
opposed to ¥}, sensing) to establish the overheat (Section 2.5.2). Using
this technique, overheat errors can be reduced to a few degrees. Although
the residual error will cause proportional variations in the sensor's
sensitivity (which is proportional to AT), such variations are tolerable
because (like the first generation sensor) each sensor will be calibrated
and digitally trimmed.

The manual packaging-asymmetry trim can be eliminated by operating
the sensor in temperature balance (TB) mode (Section 2.3.4). In this
mode, the heat distribution in the sensor is dynamically adjusted such that
any temperature gradients are cancelled, thus automatically centring the
hot spot. The heat distribution in the sensor will now be flow-dependent,
with an offset representing the heating power required to compensate for
packaging asymmetry. This offset can be determined during calibration
and eliminated by the sensor’s digital trim. Using this approach, wind
speed and direction can then be determined by measuring the power
dissipated in each heater [5.10].

Operation in TB mode requires a control loop that monitors the on-chip
temperature gradient and drives the heaters accordingly. As discussed in
Section 3.2, such a control loop can be advantageously realized as a
differential thermal sigma-delta (TZA) modulator. Since the thermopiles
sense orthogonal components of an on-chip temperature gradient, two
such modulators are required to cancel these components.

In order to obtain a square-root law characteristic, the sensor’s overheat
must be regulated (Section 2.3.4). This requires an overheat control loop,
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Figure 5-6 The north-south differential TZA modulator

which can also be implemented as a TXA modulator. This modulator will
be referred to as the common-mode modulator, since it regulates the
sensor’s average, or common-mode, temperature.

The main advantage of this TZA modulator-based interface architecture is
that it is extremely compact. In addition to the heaters and temperature
sensors of the flow sensor itself, the implementation of each modulator
only requires the implementation of a clocked comparator (Section 3.1).
In addition, the power dissipation of the required circuitry is low, since the
heaters are efficiently driven by constant-power pulses.

5.2.4 Operation of the Differential Modulators

A block diagram of the north-south differential modulator is shown in Fig.
5-6. The modulator drives the north-south temperature difference 87,
towards zero by applying constant-power heat pulses to either the north or
the south heater. If the clock frequency is high enough, the AC component
of these pulses will be filtered out by the sensor's thermal inertia and so
87T, = 0. The differential power dissipation 6P, will then exactly balance
the north-south component of the sensor's asymmetric heat loss to the
flow. The output of the modulator is a bitstream bs,; € {-1, 1} whose
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Figure 5-7 Common-mode TZA modulator.

average |, represents the normalized differential power 6P, /P,,; where
P,r1s the average power dissipated in a heater by a heat pulse.

In a similar manner, the east-west component of the sensor’s differential
heat loss 6P,, can be digitized by a second east-west differential
modulator that drives the east and west heaters. Together, the two
differential modulators operate the wind sensor in CP mode. This is
because during every clock cycle, exactly two heaters will always be
driven and therefore the total heat dissipated in the sensor will be constant.

5.2.5 Operation of the Common-Mode Modulator

A block diagram of the common-mode (CM) TXA modulator is shown in
Fig. 5-7. Its bitstream output bs,, € {0, 1} drives all four heaters in such
a way that the chip's average temperature 7,.,;,, = T;,,,,, + AT.

The modulator's bitstream average ., is then determined by the
common-mode heating power P, = UL ref e Tequired to maintain the

FLOW SENSING WITH THERMAL SIGMA-DELTA MODULATORS 95



24/5/2004

A Smart CMOS Wind Sensor

overheat, where P, ,,, = 4P, is the constant power dissipated in the four
heaters when bs,,,, = 1. Then from King's Law:

Pem _ (C+DJUAT
P

Hem = 5 (5-D

ref,cm ref,cm

where U is the wind speed and C and D are experimentally determined
constants that depend on sensor geometry and the physical properties of
air. From Section 2.3.3, since the sensor is operating in CTD-TB mode,
the bitstream averages of the differential modulators are given by:

_ 8P, E[fU,A

W (5-2)
" Pref Pref
8p,, EJU, AT 53)
u = = -
TPy Py

where E is a sensor constant. In this mode, the smart wind sensor, like the
first-generation sensor, also has a square root law characteristic.

In principle, wind speed could also be determined from p,, using (5-1).

However, this equation involves a second sensor constant and is thus less
well defined than (5-2) and (5-3).

5.2.6 Combining the Modulator Outputs

An interesting question is then: how can the bitstream outputs of the CM
modulator and differential modulators be combined in order to operate the
sensor in CTD mode? The simplest way of doing this is to use the CM
bitstream to briefly interrupt the constant power heating of the differential
modulators. As shown in Fig. 5-8 for the north-south modulator, this may
be achieved by inserting a bitstream multiplier in the feedback loop of
each differential modulator. The modulator output will then be a ternary
bitstream bs,,; ,,, € 1-1,0,1} whose average p,; ,,, 18, once more, equal to
0P, ¢/P,os. In a similar manner, 8P,,/P,.rcan be obtained from the output
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Figure 5-8 Combining the heat pulses of the CM and
differential modulators.

of the modified east-west modulator. Then using (5-2) and (5-3) wind
speed and direction can again be determined [5.10].

The multiplication of two bitstreams, however, each of which contains
large amounts of shaped quantization noise, will result in signal-
dependent intermodulation products, some of which may be in the signal
band. In turn, these will increase the in-band noise present in bs,,; ,,,, at
certain (unpredictable) combinations of input signals.

A better way of combining the bitstream outputs of the CM and
differential modulators is by time-multiplexing, as shown in Fig. 5-9.
Here, the differential modulators drive the heaters during an interval 7,
while the CM modulator drives the heaters during the rest of the clock
period 7. As before, the bitstream outputs of the differential modulators
provide information about the sensor’s differential heat loss and from
(5-2) and (5-3), wind speed and direction can be determined [5.11].

Ideally, the common-mode heat pulses will not heat the sensor
differentially. Due to packaging asymmetry, however, there will be a
certain amount of common-mode to differential crosstalk. This will take
the form of a small additive noise component, that, furthermore, has been
shaped by the CM modulator and then been low-pass filtered by the

FLOW SENSING WITH THERMAL SIGMA-DELTA MODULATORS 97



24/5/2004

A Smart CMOS Wind Sensor

Diff CM Diff CM Diff
bns +1 -1 +1
Phns +Pref
0 -
~Fref
bem 1 0
4Pt
Pem 2P, —
0 - -
Tg | TTy time

Figure 5-9 Time-multiplexed heater drive.

sensor's thermal inertia. As such, it will not increase the differential
modulators’ noise floor significantly.

The use of time-multiplexing also provides a means of independently
scaling the dynamic ranges of the CM and differential modulators. This
can be done simply by adjusting the ratio between 7; and 7. Such scaling
is necessary in practice, because the sensor's common-mode heat loss is
significantly larger than its differential heat loss. From Fig. 5-9, the
reference heating power (averaged over one clock cycle) of the differential
modulators P, is given by:

Prota = PrefTy/T) (5-4)

where P, is the instantaneous power dissipation in one heater. Similarly,
the reference heating power of the CM modulator P, ., is given by:

P = 4P, (1-T,/T) (5-5)

ref,cm
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Figure 5-10 Block diagram of the smart wind sensor.

Taking into account the fact that the differential modulators’ heat pulses
also cause (constant) common-mode heating, then the total common-mode
heating power dissipated in the sensor P, is given by:
Pcm - 2P”ef;d+ucmpref, cm (5-6)
= P, 2T,/ T+ 4y, (1-T,/T))
The constant term in (5-6) implies that the CM modulator can only adjust
P, over a limited range, since 0 < ., < 1. As long as this range is not
too small, this is not a problem, since the heating power required to
maintain a given overheat also has a limited range (King’s law).
Measurements on the first-generation sensor [5.10], show that the heating
power at zero flow is about 80% of that required at 25m/s. If, for example,
Td = T/2 then Pref,'d = O'SPreﬁ Pref,cm = 2Prefand from (5-6), Pref< Pcm<
3P,,swhichis a wide enough range.

5.2.7 A Smart Wind Sensor

A block diagram of the complete smart wind sensor is shown in Fig. 5-10.
As discussed above, two differential TXA modulators cancel the flow-
induced temperature differences 67, and 67,,. Each modulator consists
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of a latched comparator, connected to the appropriate thermopile pair. The
sensor’s overheat is regulated by a CM modulator, consisting of a third
comparator and two bipolar transistors that sense the temperature of the
chip 7., and that of the flow 77,

Via the heater drive logic, the bitstream outputs of the three modulators
drive the heaters in the time-multiplexed manner described in the previous
section. To minimize on-chip power dissipation, the heaters are driven
from an externally-regulated SV supply. This also avoids the problem of
thermal crosstalk between the heat pulses generated by the modulators and
the output of an on-chip reference. For this reason, the overheat is also
referred to an external reference voltage.

Variations in the absolute value of the heating resistors affects their power
dissipation. This is compensated for by the sensor’s (room temperature)
calibration. To compensate for resistance variations over temperature,
external resistors in series with the heaters can be used (Section 2.5.1) or
since they are small, these variations may be simply tolerated.

The output of the smart wind sensor consists of the bitstream outputs of
the three modulators. The output of the differential modulators represent
orthogonal components of wind velocity, these are fed to an external
microprocessor for decimation and computation of wind speed and
direction. Although the output of the CM modulator is not used for flow
sensing purposes, it provides information about the operation of the
overheat control loop and may be used in future for self-testing purposes,
as for instance in [5.12].

5.3 Modelling and Simulation of the Differential
Modulators

The performance of the time-multiplexed interface architecture
(Section 5.2.6) will mainly be determined by the performance of the
differential modulators. This, in turn, will be determined by the
oversampling ratio (OSR) and the degree of noise shaping provided by its
loop filter. (The performance of the CM modulator is not a limiting factor,
since its loop filter has a significantly smaller bandwidth than that of the
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differential modulators, and thus has better noise-shaping properties). As
is the case for all sigma-delta modulators, modulator behaviour
(resolution, linearity, signal swing at the comparator input etc.) can best be
investigated by time-domain simulations. However, this requires an
accurate model of the modulator's loop filter.

The loop filter of a differential modulator may be modelled as a thermal
low-pass filter in cascade with an electrical low-pass filter. The thermal
filter is the result of the thermal network formed by the sensor’s geometry,
while the electrical filter is the result of the resistances and parasitic
capacitances of the thermopiles. In practice, the thermal filter has a much
smaller bandwidth than the electrical filter, and so the loop filter is a
predominantly thermal filter. In the following sub-sections a model of this
electro-thermal loop filter will be determined.

5.3.1 Thermopile frequency response

Since the wind sensor’s thermopiles are rather large (0.7mm?), their
parasitic capacitance significantly affects their frequency response. Each
thermopile consists of N thermocouples, each of which generates a
thermoelectric voltage v,.. To a first approximation, the thermocouple’s
distributed capacitance C;. can be modelled by two capacitances with
values C,./2 located at either end of its lumped resistance R;.. The
resulting model of a thermopile is shown in Fig. 5-11. Since the
thermocouples generate the same voltage, this model can be simplified by
replacing each voltage source and resistance by its Norton equivalent (Fig.
5-11). From the result, the thermopile’s output voltage v, may be
expressed in terms of the total thermoelectric voltage v, = Nv. and the
circuit's input impedance Zj;, (N, f) as:

Vo = v/ Rip)Zyine(N.f) = v, HN, ) (5-7)

where R, is the total resistance of the thermopile. The generated
thermoelectric voltage v, will therefore be filtered by the transfer function
H(N, /). For the thermopiles used in the wind sensor N = 12, R;, = 71kQ,
C,. = 32pF and the corresponding frequency response (12, f) is shown in
Fig. 5-12. It is a low-pass filter with a gentle roll-off that begins at about
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Figure 5-11 Equivalent circuit of an integrated thermopile.

10kHz, and a phase lag that remains relatively constant at 45° over a wide
range of frequencies.

By regarding a thermopile as an RC transmission line, a more accurate
expression for its input impedance Z,, may be obtained. From [5.13]:

R -2 [;'o)RtpCtp
Z, = ||l (5-8)
j(DCtP 1+672 JioR,,C,,

where Cy, is the thermopile’s total capacitance. However, unlike the
lumped component model, this result is not suitable for use in circuit
simulators. Since a transmission line consists of an infinite number of
lumped components, the accuracy of the lumped component model can be
estimated by comparing Zj;,,(12, f) with Z,, or equivalently by comparing
H(12, f) with H(o, f). From Fig. 5-12, it can be seen that the lumped
component model is accurate for frequencies ranging from DC up to a few
hundred kilohertz, which is good enough for our purposes.
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Figure 5-13 Thermopile noise equivalent circuit.

The equivalent noise resistance of the transmission line may be obtained
by computing the real part of Zj;,,.. This results in the equivalent circuit of
Fig. 5-13, where the thermal noise v, generated by the line is given by:

V2 = 4ij:Re(Zh.neU))df (5-9)
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By evaluating (5-9) numerically, the total noise contribution of both
thermopiles at the input of the amplifier was calculated to be about
16puVrms. This is significantly higher than the 3.3uVrms predicted by a
single-pole RC model, for which the noise would be given by k7/C,,.

5.3.2 Modelling the Loop Filter

The main component of the differential modulators’ loop filter is the
thermal impedance Z; that relates the heat dissipated in a heater to the
temperature difference measured by the appropriate thermopile pair (Fig.
5-6). An analytical determination of this impedance is quite complicated,
due to the fact that the distance between the heaters and the thermopiles is
much larger than the thickness of the substrate and as a result, heat flow in
the (thermally significant) ceramic disc must also be taken into account.
Because of this, it was decided to derive a model of the loop filter
experimentally, based on step-response measurements. An advantage of
this approach is that it accurately incorporates all aspects of the sensor's
thermal and electrical behaviour.

Since the thermopile signals are susceptible to external interference, the
step-response measurements were made by using a wind sensor with an
on-chip low-offset amplifier: the second-generation wind sensor described
in Section 5.2.2. A heat step was applied to one of the heaters and the
response of the appropriate thermopile pair was measured. The resulting
step response is shown in Fig. 5-14 and is clearly that of a low-pass filter.
From the step response, a compact model of the corresponding filter was
derived using a special-purpose software tool: THERMODEL [5.14].

THERMODEL models a thermal filter as a distributed RC network having
a continuous spectrum of time constants. An unknown filter's time
constant spectrum is computed from its measured step response by a
process of deconvolution, and the results used to derive the parameters of
a compact electrical model. According to THERMODEL, the measured
step response is the output of a passive fransfer impedance. This is a
natural consequence of the fact that the thermopiles measure a
temperature difference between two points in the sensor (Section 3.3.2).
The corresponding filter model is shown in Fig. 5-15, 20 RC sections were
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Figure 5-14 Measured and modelled thermal step-response.

Figure 5-15 Compact electrical model of the thermal filter Z,.

required to accurately model the measured step response. The current
sources represent the power P dissipated in the heater, and the temperature
difference AT is the output of the thermopile.

The measured and modelled unit-step responses of Z; are compared in
Fig. 5-14. They agree quite well, although some differences may be seen
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Figure 5-16 Frequency response of the thermal filter Z,.

at the beginning of the step response. These are probably due to the
influence of the 4kHz electrical low-pass filter used to remove artefacts at
harmonics of the on-chip amplifier’s SkHz chopping frequency, or due to
the finite resolution of the deconvolution process itself [5.15].

The frequency response obtained from the compact model is shown in Fig.
5-16. At DC, the thermal impedance Z; has a finite value, while at high
frequencies (above about 2kHz) it exhibits first-order roll-off.
Examination of the phase plot shows that the filter exhibits first-order
behaviour at frequencies above a few hundred hertz. Consequently, when
clocked at these frequencies, the corresponding differential modulator will
behave like a first-order modulator and will therefore be stable.

The phase lag introduced by the compact model at high frequencies must
tend asymptotically to 90°, since it consists of two RC impedances. This
means that the extra phase shift introduced by the thermopile's low-pass
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Figure 5-17 Block diagram of the simulated differential modulator.

characteristics at frequencies above approximately 10kHz (Fig. 5-12) will
not be adequately modelled. However, since the highest frequency of
interest in a TXA modulator is at half the clock frequency i.e., f/2, the
compact model can be used for simulations at clock frequencies up to
about 20kHz. As will be seen in the following section, this is good enough
for our purposes.

5.3.3 Simulation results

The compact model of the thermal filter Z; shown in Fig. 5-15 was
incorporated into a MATLAB simulation of a differential modulator (Fig.
5-17). The filter’s input is the sum of a DC input signal dP and the output
of the modulator’s heaters (modelled as a DAC generating RTZ heat
pulses). The resulting temperature difference 67 is converted to the
electrical domain by the sensitivity S, ~ 12mV/K of the series-connected
thermopiles. To simulate the effect of thermal noise generated by the
thermopiles and the comparator, white noise v, was added to the
comparator input. In addition, P,ef = 125mW, T; = T/2, and the clock
frequency f,= 1/T = 8192Hz.

The power spectrum of the simulated bitstream bs,,; is shown in Fig. 5-18.
It can be seen that the thermal loop filter provides significant noise
shaping at frequencies up to about 100Hz, where a pronounced peak
occurs. This corresponds to the frequency at which the filter’s phase
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Figure 5-18 Simulated power spectrum of a differential modulator
(Hann windowed average of 6, 64kbit, bitstream
segments with 50% overlap).

response goes through -180° (Fig. 5-16). The noise floor near DC is
mainly determined by the added thermal noise. (This was set to 64uV
(rms), a value which corresponds to the level in the implemented
modulator.) This choice ensures that the thermal noise acts as a dither
signal and breaks up unwanted baseband tones [5.16].

To obtain a bitstream average, the modulator output must be decimated by
a digital low-pass filter. To maximize signal-to-noise ratio, the bandwidth
of this filter should be minimized without, however, significantly slowing
down the transient response of the sensor system. The dominant time-
constant of the first-generation sensor’s transient response is in the 1-2
second range [5.1, 5.6]. This is mainly due to the thermal inertia of the
ceramic disc, and thus, should be the same for the smart sensor.
Considering this, it was decided to limit the length of the filter's impulse
response to 0.5 seconds.

108 FLOW SENSING WITH THERMAL SIGMA-DELTA MODULATORS



24/5/2004

5.3 Modelling and Simulation of the Differential Modulators

0.03 T T T T T T T T T

w—8P/Prefa

-0.03 i i i i i i i i i
-1 -08 -06 -04 -02 0 02 04 06 08 1

S8P/Pref d

Figure 5-19 Differential modulator non-linearity.

Given this constraint, however, the peak in the modulator's NTF will not
be sufficiently attenuated by a simple sinc! (rectangular) filter. Better
results, are obtained with a sinc? (triangular) filter. Filtering the bitstream
with a 4096-tap sinc? filter results in an estimated SNR of 63dB relative to
P,orq- This is only 1dB less than the SNR obtained when an ideal
brickwall filter with the same noise bandwidth is used. These results
correspond to a modulator resolution of about 10-bits, taking into account
the fact that the modulator's DC input range is 2Pz, This is enough to
satisfy the wind sensor's inaccuracy specification (Section 5.2).

The modulator’s DC transfer function was also examined, since this may
be expected to exhibit some non-linearity due to integrator leak
(Section 3.4). The the bitstream was decimated by a 4096-tap sinc? filter,
and the simulations were done in the absence of thermal noise. The
resulting quantization error p—8P/P,,r, is shown in Fig. 5-19. It may be
seen that the modulator's DC characteristic is linear over a limited range
around 6P = 0, and in addition, exhibits a small gain error. This can be
corrected for by applying a constant gain factor o =1.045 to the decimated
modulator output, as shown in Fig. 5-20. It may be seen that the modulator
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only achieves the required 9-bit resolution over roughly half of its input
range. Added thermal noise at the comparator’s input, however, acts as a
dither signal [5.17], and increases the modulator's useful dynamic range to
about 90% of the input range (Fig. 5-21).

The swing at the output of the thermal filter was also investigated. The
simulation results (with the noise switched off) are shown in Fig. 5-22.
Over the modulator's useful dynamic range, the amplitude of the thermal
filter's output swing is only about 20mK, or 240uV at the output of the
thermopiles. Compared to the sensor's 10K overheat, this small
temperature swing confirms that the differential modulators will indeed
operate the sensor in the TB mode.

5.4 Differential Modulator Design

As discussed in Section 5.2, the size and layout of the sensor chip are
fixed by the flow sensor’s specifications. As a result, its thermal filtering
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Figure 5-22 Temperature swing at the output of the thermal filter.
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characteristics are also fixed. In this case, the only component of a
differential modulator that requires design is the comparator. This must be
done carefully, however, since the thermal filter’s finite DC gain means
that the comparator non-idealities, such as offset and hysteresis, will affect
modulator performance.

Since the modulator is a feedback loop, comparator offset results in a
temperature offset in the thermal domain. Comparator offset in the north-
south and east-west modulators will thus result in an on-chip temperature
gradient, or in other words, an eccentrically located hot spot. This, in turn,
will give rise to errors in the computed wind speed and direction [5.5].
The question then arises: what is the maximum tolerable offset? This can
be estimated by noting that a similar effect occurs in trimmed first-
generation sensors as a result of offset in the instrumentation amplifiers
(Fig. 5-4). In this case, offset voltages less than 25uV resulted in
satisfactory performance. Since the sensitivity of the smart sensor’s
thermopiles is similar to that of the first-generation sensor [5.7], the
comparator’s offset should also less than 25puV.

The comparator’s offset will, in general, have a non-zero temperature
coefficient. As a result, its offset will be modulated by the heat pulses
generated by the various modulators. This may be regarded as a form of
inter-symbol interference that will reduce modulator resolution. Such
interference can be minimized by autozeroing the comparator before
every comparison. The comparator’s residual offset can then be reduced
below the 251V level and, as an added advantage, its 1/f noise will also
suppressed [5.18].

The comparator’s gain should be large enough to resolve the microvolt-
level thermopile signals. The worst-case situation occurs when the
modulator’s output is a limit cycle at f/2. With f; = 8192Hz, P, =
0.125W and T; = 7/2, the resulting signal amplitude is only about 1uV
(rms). A gain of 134dB is then required to produce the 5V swing
necessary to drive the heaters. On the other hand, the thermopile signals
are dithered by thermal noise with an amplitude of about 64uV (rms)
which indicates that a gain of 98dB should suffice. In both cases, the high
gain required indicates the use of a multi-stage comparator topology e.g.
one consisting of a preamp and a regenerative latch [5.19, 5.20, 5.21].
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Figure 5-23 (a) Block diagram of the north-south modulator
(b) timing diagram.

5.4.1 Comparator Architecture

The block diagram of the implemented low-offset multi-stage comparator
is shown in Fig. 5-23. A fully differential topology was used to cope with
the expected ground “bounce” produced by the large heater currents. In
this classic architecture [5.22], the output-referred offset of the first
amplifier A; and the input-referred offset of the second A, are stored on
two capacitors during an autozero phase ¢;. During the following compare
phase, the amplified thermopile output is applied to the input of a
regenerative latch, which provides the rest of the required gain and
generates logic-level outputs. The comparator's output state is stored by an
S-R latch until the following compare phase. The latch output is applied to
the heater drive logic, which shares the heaters between the common-
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mode and differential modulators in a time-multiplexed manner
(Section 5.2.6).

The residual offset of the Fig. 5-23 topology will be determined mainly by
the offset of the second amplifier ¥, and the latch Vg, and by the
differential charge injection 60 (due to mismatch) produced by the
switches around it. The comparator’s offset V,; may then be expressed as:

Vo s2

+V
_ 02 o053, 80 (5-10)
os T T A4, A4,C

~

where C is the capacitance of an autozeroing capacitors. Since ¥, and
V.3 wWill be in the millivolt range, the first term of (5-10) can easily be
reduced to the microvolt level by ensuring that 4;4, > 1000. Reducing the
magnitude of the second term is, however, more difficult. In principle, for
a given level of (process dependent) differential charge injection, it can be
made arbitrarily small by increasing the value of the product 4,C.
However, 4; cannot be made too large otherwise the first amplifier will be
driven into saturation by its own offset. Also, in the digital process used,
area considerations limit the value of linear capacitors to a few picofarads.
With minimum size switches, 10% mismatch, C = 2pF and 4; = 100,
SPICE simulations indicate that the value of the second term is about
12pV. In the realized comparator, this will be the dominant source of
residual offset.

5.4.2 Circuit Realization

The first amplifier 4, of the low-offset comparator is shown in Fig. 5-24.
It is a cascade of two differential amplifiers with cross-coupled MOSFET
loads. The two stages have a combined gain of about 40dB. Since this gain
may be expressed as the ratio of two PMOS transconductances multiplied
by the ratio of two NMOS transconductances, it will be insensitive to
process spread. In order to achieve low noise and low initial offset, the
input transistors M;—M, are large PMOS devices. The amplifier’s
bandwidth is limited to about 1MHz by the low-pass filter formed by the
second-stage’s output impedance and the autozero capacitors. This limits
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Figure 5-25 Low offset comparator: Second amplifier A ;.

the amount of noise that folds back to baseband as a result of the
undersampling inherent to autozeroing [5.18].

The second amplifier 4, of the comparator is a folded-cascode-like
amplifier, shown in Fig. 5-25, which provides a gain of 50-60dB. The
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Figure 5-26 Low offset comparator: latch.

amplifier is unity-gain stable, which is a fundamental requirement of the
Fig. 5-23 topology. Common-mode regulation is achieved by transistors
Mqg—M, which are biased in the linear region.

The regenerative latch is shown in Fig. 5-26. It consists of a preamp M ;—
M, that drives a cross-coupled PMOS latch M;—M,. The flip-flop is reset
by ¢, until shortly before the end of the compare phase, at which time an
imbalance at the preamp input will drive it into one state or the other. The
current source /; ensures that the power consumption of the latch is
constant, thus preventing current spikes during regeneration which may be
coupled back to the input of the comparator. The regenerative latch is
followed by an S-R latch Mg—My. The transistors Ms—M are dimensioned
so that the state of the flip-flop remains unchanged when the regenerative
latch is reset. The outputs of the latch are buffered by two inverters.

5.5 Common-Mode Modulator Design

As discussed in Section 5.2.3, the temperature of the chip 7., and that of
the flow 7, should be determined by AV, sensing. The inputs of the
CM comparator will then be the PTAT voltages generated by two
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Figure 5-27 Block diagram of the input stage of the CM comparator.

temperature-sensing transistors Q.p;, and Q,,,;, (Fig. 5-7). Since these
voltages will have a temperature coefficient of about 200uV/K, the
comparator’s offset should be in the microvolt range to avoid introducing
significant temperature errors. This can be achieved by reusing the
autozeroed comparator described in the previous section.

A block diagram of the first two stages of the CM comparator is shown in
Fig. 5-27. During the autozero phase, the transistors’ emitter current is set
to /, and during the compare phase it is increased to ml, where m is a
constant. At the end of the compare phase, the output of the second
amplifier V,,,. will be proportional to the change in the differential input
voltage of the first amplifier, and thus:

VerrocAVbe,amb+(m_ I)IR_AVbe, chip (5-1D)

Since the temperature-sensing transistors are in a thermal feedback loop,
V,, will be driven to zero, which implies that:

n,. kT ;. n, kT
chtgq Chlgln(m)* ambq ambln(m) _ (mfl)IR (5_12)
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where 7.y, and n,,,;, are the transistors’ non-ideality factors and their
current gain has been assumed to be constant. If the transistors are
identical then n;, = n,,,, = n, and:

_ (gm—-1) }
AT = (nkln(m))ue . (5-13)

In which case the overheat will be a function of circuit and device
parameters only. In practice, R will have a non-zero temperature
coefficient. This can be compensated for by generating the bias current /
from a reference voltage V,,and a reference resistor R, with the same
temperature coefficient such that I = V. /R, In that case, (5-13)
becomes:

AT = (%} (RRZ jﬁ (5-14)

The overheat depends only on the reference voltage and well-defined
ratios and will thus be temperature independent. In practice, however,
there will be some mismatch in the non-ideality factors. Denoting this

mismatch as An = np;, — ng,;, then (5-14) may be rewritten as:
RV AnT
AT = g(m—1) ref) amb 515
(nkln(m))( Rref) ( Mehip ) (5-15)

While the first term is temperature independent, the second term is PTAT
and mismatch dependent. It can be minimized by using an external
transistor manufactured in the same process as the sensor, or more
realistically, by measuring and compensating for the mismatch that occurs
when an off-the-shelf type is used. However, process spread will cause
some residual error. Unfortunately, no information about the spread of n
was available for the process used. However, an estimate can be made
based on the specifications for the temperature-sensing transistor of a
microprocessor [5.23]. These indicate that the spread on n will lead to
overheat errors of about 0.6K at room temperature. At a nominal overheat
of 10K, this corresponds to a 6% variation in the sensor’s sensitivity at
room temperature (5-15). Although the sensor’s digital trim will
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compensate for this error at room temperature, its PTAT nature will cause
a worst-case temperature coefficient of 0.2%/K. However, this is of the
same order as the expected temperature coefficient of the wind sensor
itself [5.24] and is thus acceptable.

The effective value of R will be influenced by the series resistance of the
wires connecting Q,,,, to the chip, and by mismatch in the emitter
resistances of O, and Q- Since the temperature coefficients of these
parasitic resistors will not match that of R,,4 (5-14) will become slightly
temperature dependent. Such errors can be minimized by making R as
large as possible, which for a given overheat means that m and / should be
minimized.

However, neither m nor / can be made arbitrarily small: m because it
determines the amplitude of the effective voltage swing at the input of the
comparator and hence the signal-to-noise ratio of the CM modulator, /
because it must be significantly larger than the leakage currents of the
output protection diodes. Values of m = 8 and / = 2.51A were chosen as a
reasonable compromise between signal-to-noise ratio and resistor
accuracy. With an overheat of 10K, R ~100€2.

5.5.1 Circuit Realization

The temperature-sensing transistors are biased by an array of cascaded
current mirrors (Fig. 5-28). These are switched between the transistors and
ground to minimize supply current changes that might modulate the
residual offset of the comparator. Also, to minimize the effect of process
spread on the desired 8:1 ratio, the current mirrors were arranged in a
common centroid layout and with a ring of dummy cells around the
periphery. It is expected that the remaining spread in m will then be less
than 0.5%, resulting in a negligible 0.03K worst-case temperature error.

The first amplifier of the CM comparator is shown in Fig. 5-29. It consists
of a single differential pair with a resistive load. Compared to the
amplifier of Fig. 5-24, it has a much larger linear range, which is
necessary in order to handle the expected large spread (£100mV) in the
absolute value of the transistors’ base-emitter voltages. The increased
range is achieved at the expense of gain: the amplifier only has a gain of
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Figure 5-29 Input stage of the common-mode modulator.
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Figure 5-30 Micrograph of a prototype smart wind sensor.

about 10. To partially compensate for the increase in residual offset due to
differential charge injection, the autozero capacitances where doubled in
size. This results in a dominant offset contribution of about 60uV, or a
temperature error of 0.3K. The rest of the comparator is essentially the
same as that of the differential modulator.

5.6 CMOS Realizations

Two realizations of the smart wind sensor were made; a proof-of-concept
prototype and a final design. Both chips were realized in a standard 1.6um
single-poly double-metal CMOS process. The proof-of-concept prototype,
consisted of a CMOS wind sensor and three, identical, auto-zeroed
comparators (Fig. 5-30). One of the comparators was used to implement
the CM modulator, while the other two were used to implement the
differential modulators. For simplicity, the CM modulator, like the first-
generation sensor, employed V), sensing, while for flexibility, the heater
drive logic was implemented off-chip. Using this chip, the feasibility of
the TXA modulator-based interface architecture was demonstrated [5.5].
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Figure 5-31 Micrograph of the smart wind sensor.

A micrograph of the final smart wind sensor is shown in Fig. 5-31. In
addition to the three auto-zeroed comparators, all the heater drive circuitry
and a more accurate AV}, sensing scheme were implemented. The
interface circuitry, excluding the heaters, consumes 7.5mW from a 5V
supply. In contrast, the heaters dissipate 450mW at the nominal overheat
of 10K and zero flow. Therefore, the heat dissipation of the interface
circuitry has a negligible effect on the sensor's operation.

To minimize thermal crosstalk between the heaters and the circuitry,
sensitive circuits such as the input stages of the comparators and the
current mirror array were located near the centre of the chip, where
thermal gradients are least. Also the PMOS heater drivers (Fig. 5-31),
which, due to their finite on-resistance R,,,,, dissipate a significant amount
of power, are embedded in the layout of the corresponding heaters. Since
these transistors are rather large (for a low R, <20€2), PMOS, rather than
NMOS types, were used because the former are realized in an n-well,
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Figure 5-32 Measured power spectrum of a differential modulator (Hann
windowed average of 16, 32kbit, bitstream segments).

which is connected to the positive supply and thus minimizes the substrate
noise caused by the transistor’s switching.

5.7 Measurement Results

5.7.1 Modulator Performance

When operated in CP mode, i.e., with the CM modulator disabled, the
measured power spectrum of the output of a differential modulator is
shown in Fig. 5-32. The spectrum was obtained at zero flow, and with a
clock frequency of 8192Hz. It is quite similar to that predicted from
simulations (Fig. 5-18), the main difference being that the peak around
100Hz is more subdued. Since the total bitstream power is constant,
however, this means that more quantization noise is present at other
frequencies. Despite this, the modulator’s resolution after decimation by a
8192-tap sinc? filter, is still about 10 bits. Enabling the CM modulator
changes the shape of the power spectrum slightly, without, however,
impacting the noise level near DC. The effectiveness of the autozeroing
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Figure 5-33 Measured output of the north-south (o)
and east-west (+) modulators.

scheme used is demonstrated by the fact that no 1/ noise is visible in the
power spectrum. The large DC offset is due to the packaging asymmetry
in the sensor.

5.7.2 Wind Tunnel Testing

The smart wind sensor was built into the aerodynamic housing of the first-
generation sensor (Fig. 5-2) and tested in a wind tunnel. The output of the
differential modulators was decimated by a 5000-tap sinc? filter, followed
by an extra 10-tap moving-average filter to further suppress noise.

In CTD mode, the decimated outputs of the differential modulators are
sinusoidal functions of wind direction, Fig. 5-33. As expected, the
amplitude of these sinusoids is proportional to the square root of flow
speed (Fig. 5-34). Unfortunately, their offset (due to packaging
asymmetry) is not constant but is a function of flow speed. The first-
generation sensor also exhibited similar behaviour [5.5]. Unlike the first-
generation sensor, however, the offset of the smart sensor obeys a well-
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Figure 5-34 Differential modulator output: Amplitude and offset.

defined square-root law. This improved offset behaviour is probably due
to the fact that the flow-induced temperature differences in the smart wind
sensor are dynamically cancelled.

The decimated modulator outputs p,,; and ,,, may then be expressed as:

Hus = Ans Sin(q)ns - 8ns) - bns

. (5-16)
Heyw = Aewsnl(q)ew_gew)_bew

where the amplitude A and the offset b depend on the square-root of flow
speed, and € is a constant phase shift reflecting the orientation of the
sensor with respect to the wind-tunnel. Using these relationships, wind
speed and direction were computed from the modulator outputs [5.10].
Since (5-16) only approximates the sensor’s behaviour, there will be errors
in the computed wind speed and direction. Typical results are shown in
Fig. 5-35. The errors are less than £5% and +3° in wind speed and
direction, respectively, for wind speeds between 1 and 25m/s. At wind
speeds below 1m/s, it was difficult to make accurate measurements
because the sensor’s output then requires several minutes to settle fully.
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Figure 5-35 Smart sensor inaccuracy.

These results are similar to the performance of its predecessor [5.3] and
demonstrate that the TZA interface architecture and the presence of on-
chip electronics does not degrade sensor performance.

5.7.3 CP versus CTD Mode

As was noted earlier (Section 5.2.4), the differential modulators operate
the wind sensor in CP mode. As shown in Section 2.3.4, the bitstream
averages LL,,,, K, are then also a function of wind speed U:

oP U
ns ns (5_17)

woo= =
ns Pref A+B /Uns

oP U
_ ew ew (5-18)

T =
ew Pref A+B /er

where, 4 and B are experimentally determined constants that depend on
sensor geometry and the physical properties of the flow. From these
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Figure 5-36 Amplitude A, vs. square root of wind speed.

equations, it may be seen that apart from variations in 4 and B, the
bitstream averages will be independent of wvariations in ambient
temperature.

The amplitude characteristic of the prototype smart wind sensor
prototype [5.25] operated in both CP and CTD modes is shown in Fig.
5-36. Also shown are curves obtained by fitting the measurements to
(5-17) and (5-18) for CP mode, and to (5-17) and (5-18) for CTD mode.
These curves agree well with the measurements indicating the validity of
the sensor model. In CP mode, however, the sensor’s sensitivity is
significantly larger at low flow speeds. This is because the sensor is
always heated with the maximum available power, resulting in a larger
overheat at low flow speeds. In both modes, however, the errors in wind
speed and direction computed from (5-16) are similar.

Since the wind sensor’s overheat in CP mode will change with flow speed,
its transient response might be expected to be slower than when it is
operated in CTD mode. However, from (5-17) and (5-18), the bitstream
averages do not depend on the overheat and therefore such changes should
only have a second-order effect. In practice, no significant transient
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response differences were observed between the two modes. In both cases,
the sensor responded within a few seconds to transient changes in flow
velocity, and then slowly settled to its final value. The settling time
increases with decreasing flow speed and was several minutes long at flow
speeds below 1m/s. However, the accuracy of these observations is limited
by the fact that the transient response of the decimation filter used was
about 0.5s long.

Compared to operation in CTD mode, the main advantage of operation in
CP mode is that it does not require overheat regulation. As a result, the
CM modulator is no longer required, and, more importantly, nor is the
external ambient-temperature-sensing transistor. Furthermore, the amount
of heat dissipated in the sensor can be significantly reduced (depending on
the desired resolution), since it is no longer limited by temperature-
sensing inaccuracy. Between the two modes, the speed of the sensor’s
transient response was not measurably different. Compared to CTD mode,
the main drawback of CP mode is that an extra sensor constant must be
determined for each component of wind speed. This may result in
increased inaccuracy.

5.8 Conclusions

A smart wind-sensor has been realized in standard CMOS technology. The
on-chip interface electronics uses thermal sigma-delta modulation
techniques to control, and simultaneously digitize the two-dimensional
flow-dependent heat distribution in the sensor. This interface architecture
is low power and area efficient, and does not interfere thermally with the
sensor's operation or increase the required chip area. The interface's
bitstream output is decimated off-chip and used to determine wind speed
and direction. The results are accurate to within +4% and +2° in wind
speed and direction respectively, over the range 1 to 25m/s.

The interface architecture can operate the sensor in either CTD or CP
modes. Although CTD mode is compatible with the signal processing of
the first-generation sensor, operating the sensor in CP mode greatly
simplifies the electronics while offering the same level of performance.
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In this thesis, the application of thermal sigma-delta (TXA) modulators to
the interfacing of thermal anemometers and calorimetric flow sensors has
been investigated. The main conclusions are as follows:

e TEA modulators can be advantageously used to interface
both thermal anemometers and calorimetric flow sensors.

e If the thermal inertia of a thermal flow sensor is used as the
loop filter of a TEA modulator, the resulting modulator will
be stable at practical clock frequencies.

* The DC transfer function of a T=A modulator with a thermal
loop filter will be non-linear, due to the filter s finite DC gain.

* Modulator linearity can be improved either by increasing the
clock frequency, or by using an electrical filter in conjunction
with the thermal filter.

* For the design of T2A modulators, the filter characteristics of
a thermal flow sensor may be obtained to sufficient accuracy
by measuring its thermal step response.

These conclusions will be expanded upon in the following.

Interfacing Thermal Flow Sensors with TXA Modulators

Interfacing a thermal flow sensor by embedding it in the feedback loop of
one (or more) TXA modulators results in a simple and compact interface
architecture (Chapter 1). Compared to an open-loop approach, the
accuracy and response speed of the resulting system are enhanced due to
the application of feedback (Chapter 2). In addition, the output of a TZA
modulator is a digital signal, which can be easily connected to a computer
for further processing.
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TZA modulators were used to interface a thermal anemometer (Chapter 4)
and a 2-D calorimetric flow sensor (Chapter 5). In the latter case, the use
of a TXA modulators resulted in a compact architecture, with made it
possible to integrate the required circuitry on the same chip as the sensor,
despite the use of a relatively coarse 1.6pum CMOS process.

Stability of TXA Modulators

The thermal inertia of a thermal flow sensor can be used as the thermal
loop filter of a TEA modulator. The characteristics of this thermal filter
can be investigated by modelling the sensor as a passive network of
thermal resistances and capacitances. Using this approach it is shown
(Chapter 3) that the filter characteristics of a thermal anemometer are such
that the corresponding TXA modulator is unconditionally stable. The filter
characteristics of calorimetric flow sensors, however, are such that the
modulator is only stable at sufficiently high clock frequencies. In practice,
this is not a serious limitation, since such clock frequencies are also
necessary for good linearity and resolution.

Linearity of TXA Modulators

Since it is a passive network, a thermal filter will have a finite DC gain.
When used as the loop filter of a TEXA modulator, the result will be a non-
linear DC transfer function. It can be shown (Chapter 3) that for all
thermal filters, this non-linearity decreases with increasing clock
frequency. In the case of thermal anemometers, a new analytical result has
been derived which describes the trade-off between clock frequency and
linearity as a function of the anemometer’s filter characteristics. For the
more complex case of calorimetric flow sensors, an analytical expression
for this trade-off could not be derived. For such sensors, modulator
linearity must be determined by time-domain simulations. An equivalent
discrete-time model was developed with which fast time-domain
simulations of modulator behaviour can be made. In the case of a 2-D
wind sensor based on a square silicon chip (Chapter 5), 9-bit resolution
was obtained.

For practical reasons though, the clock frequency of a TXA modulator
cannot be increased indefinitely. Extra resolution can be achieved by the
use of an electrical integrator in cascade with the thermal filter. In this
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manner, 12-bit resolution was obtained with a thermal anemometer based
on a self-heated transistor (Chapter 4). Modulator resolution can also be
improved by the use of multi-bit quantizers, however, this significantly
complicates the complexity of the required circuitry.

Design of TEA Modulators

The detailed design of a TXA modulator requires a good model of its
thermal loop filter. An equivalent RC network can be derived by
measuring the filter’s thermal step response and fitting it to an analytical
model (Chapter 4) or by using special-purpose software (Chapter 5). In
both cases, the models derived using this approach are accurate enough for
design purposes.

It should be noted, however, that for the interfacing of existing thermal
flow sensors a simpler approach can be used. This is based on the fact that
when the sensor is used as a loop filter, the resulting modulator will be
stable (at least at high clock frequencies). The modulator is then simply
clocked at a frequency high enough to obtain sufficient linearity and
resolution. Modulator design is then reduced to the task of designing a
comparator with sufficient speed and resolution. Depending on the
sensor’s filter characteristics, however, this approach may require
impractically high clock frequencies (Chapter 4). In such cases, the same
performance, but at a lower clock frequency, can be obtained by using a
multi-bit quantizer or an electro-thermal loop filter. In the latter case,
however, a model of the sensor’s filter characteristics will be required to
evaluate the stability of the resulting modulator.

6.1 Future Work

In the hot-transistor anemometer described in Chapter 4, a TXA modulator
maintains a self-heated transistor at a constant temperature above that of a
reference transistor. This temperature difference is determined by V),
sensing, and must be trimmed to compensate for the inevitable mismatch
between the transistors. However, the need for trimming can be eliminated
by using the, more accurate, differential AV, sensing technique described
in Chapter 5. The increased complexity of the required interface
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electronics can be handled by the development of a dedicated IC. In
addition, the interface electronics could then be re-configured to digitize
the reference transistor’s temperature, using AVj, sensing and an
electrical sigma-delta modulator [6.1]. The resulting sensor would then be
able to measure both flow speed and temperature, which represents a
significant increase in functionality.

The main drawback of the smart wind sensor described in Chapter 5 is its
power dissipation. However, this can be at least halved by halving the
sensor’s overheat and the thermal noise floor of the interface electronics.
Both these requirements can be easily met in a sensor redesign, without
changing the basic architecture of the interface electronics. Taking
advantage of developments in IC technology, this redesign could be made
in a more advanced CMOS process, which would make it possible to
integrate more functions, such as on-chip decimation and a bus-interface,
with little or no increase in the sensor’s manufacturing cost.

6.2 Other Applications

Apart from thermal flow sensors, TZA modulators can be used to digitize
the information-bearing heat flows that occur in other thermal sensors, e.g.
thermal conductivity sensors [6.2], thermal accelerometers [6.3], thermal
pressure sensors [6.4] and thermal vacuum (Pirani) sensors [6.5]. Many of
the results described in this thesis will also be applicable to the interfacing
of such sensors.

The theory of TXA modulators developed in Chapter 3 can also be applied
to the design of so-called passive sigma-delta (XA) modulators. These are
electrical XA modulators that employ a loop filter made from passive
components. The main motivation for using such filters is that they do not
require a power supply. Passive XA modulators are used in ultra-low-
power applications such as battery monitoring [6.6], or in high frequency
applications such as in radio receivers, where active filters are either
impractical or dissipate too much power [6.7].
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Appendix

A.1 DC Non-Linearity in Thermal Sigma-Delta
Modulators

The DC transfer function of a thermal sigma-delta (TZA) modulator
whose loop filter is a leaky integrator is known to have a fractal staircase
structure. The steps in the transfer function represent a fundamental loss of
resolution. For this modulator, an exact description of the transfer function
is known. However, only loose bounds are known for the case when the
modulator’s loop filter is an M-pole RC impedance. In this appendix it is
shown that in that case, an exact description of the transfer function can be
derived by extending the results obtained for the leaky integrator.

A.2 Modulator with a Single-pole RC Impedance

The block diagram of a TXA modulator whose loop filter is based on a
single-pole thermal RC impedance is shown in Fig. A-1. The thermal
resistance R models the loss off heat P, from the summing node, which
is usually the input signal of interest. Changes in P, , modelled by
changes in R, will then change the characteristics of the loop filter. To
investigate modulator dynamics for a given loop filter, it is convenient to
regard the comparator’s reference 7j, as being the modulator’s input
signal. For generality, the output of the thermal DAC P;,,,; is considered
to be bipolar, i.e., P,,,, € {+1,-1} . The bounds obtained in this case are

easily scaled to cover the case of a unipolar DAC.
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Figure A-1 Simplified block diagram of a TEA modulator with a
single-pole impedance as a loop filter.

A.2.1 Discrete-Time Representation

Denoting the capacitor’s state at the n-th clock instant by 7{(n), the
modulator of Fig. A-1 may be described by the difference equation:

T(n+1) = gsgn(T;, - T(n)) +pT(n) (A-T)

where g = R(1-p) , p = exp(-1/(fRC)) and f'is the modulator’s clock
frequency. The corresponding block diagram is shown in Fig. A-2. As
shown, this can be transformed so that the input signal and the quantizer
output are applied to a common summing node. The corresponding
difference equation is:

T(n+1) = g(x—sgn(T(n)))+pT(n) (A-2)
where:

x=T,(1-p)/g=T,/R. (A-3)

The transformed block diagram may be recognized as being a first-order
modulator with a leaky integrator, the non-linear dynamics of which have
been extensively studied in the seminal work of Feely and Chua [A.1].
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bs

bs

Figure A-2 Discrete-time equivalent of a TEA Modulator.

A.2.2 Bounding the Modulator’s Input

In order to bound the range of inputs which can give rise to a given limit
cycle (and thus to a step in the modulator’s DC transfer function), the
quantizer is assumed to generate a given limit cycle. Consideration of the
filter’s output then leads to a bound on the range of T, over which the
quantizer output will indeed correspond to the given limit cycle. This is
known as Tsypkin’s method [A.1]. A simplified version of this approach
has been used for the m-pole case, the resulting bounds are, however,
rather loose [A.2].

For a modulator with a leaky integrator, it has been shown [A.1] that limit
cycles of the form “100...0” or “011...1” exist, where the quantizer output
is represented symbolically by 1 (+1) and 0 (-1). Such limit cycles will be
referred to here as simple limit cycles. Also in [A.1], it has been shown
that for a given period &, such limit cycles correspond to the widest steps
in the modulator’s DC transfer function. The width of the steps decreases
with increasing N. The widest step occurs in the middle of the transfer
function (bitstream average u = 0) and corresponds to the limit cycle “10”.
The next widest step corresponds to the limit cycles “100” and “011” and
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Figure A-3 A simple limit-cycle.

so on. These limit cycles correspond to the greatest loss of modulator
resolution and will be studied further.

Consider the response of the single-pole filter to the “100...0” limit-cycle
of period N shown in Fig. A-3. In this case, the bitstream average
u = (2-N)/N. From (A-1), the maxima 7(n + 1) and minima 7(n + N)
of the output waveform are given by:

T(n+1) = R(1-p)+pT(n) (A-4)

T(n+N) = p" 't + 1)-RO1-p"7 ). (A-5)

Since the limit cycle is periodic, 7(n + N) = T(n) and so:

N N-1
T(n) = K& _ZPN * D (A-6)
(1-p)
R —2p+1)
T(n+1)=——N-— . (A-7)
(1-p)

In order for the quantizer to generate this limit cycle, the input signal T},
must lie in the shaded region of Fig. A-3, that is:

I(n)<T;,<T(n+tN-1). (A-8)

140 FLOW SENSING WITH THERMAL SIGMA-DELTA MODULATORS



24/5/2004

A.2 Modulator with a Single-pole RC Impedance

From (A-1) and (A-6) it may be shown that:

N N-1 N-2
Tmin-1y=R@ =2p  *2p -1) (A-9)

(1-p")

Using (A-3), the bounds given in (A-8) can then be expressed in terms of
the input x of the equivalent discrete-time modulator as:

Xpin <X <X, o (A-10)
where:
N o N-1
) +1
x, o= 2 2D < ) (A-11)
(I-p)
N o N-1 N-2
v o=z *2p 1) (A-12)

max

(1-p")

By symmetry, the bounds on x for simple limit-cycles of the form
“011...1” (n = (N—2)/N) are obtained by multiplying (A-10) by -1.

The difference between the bounds given in (A-10) is the step width Ax(&)
corresponding to a simple limit cycle of period N:

2 N-2
Ax(N) = M)%—, (A-13)

(I-p)
which, using the identity:

1= = - "+ 1, (A-14)

exactly agrees with the conclusions of [A.1].
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The widest step corresponds to the “10” limit cycle, its width is given by:

20 -p) 1
(1+p) fRC (A-13)

Ax(2) =

for fRC» 1. In other words, the resolution of a given modulator with a
leaky integrator can only be improved by increasing the clock frequency.

A.3 Modulator with an M-pole RC Impedance

The block diagram of a TXA modulator whose loop filter is an M-pole
driving-point impedance is shown in Fig. A-5. The output of the filter may
then be seen to be equal to the sum of the outputs of the individual
sections. The equivalent discrete time modulator is shown in Fig. A-5,
where T; is the output of the i-th RC section and g; and p; are the
corresponding parameters.

It has been shown [A.3, A.4, A.5], that such a modulator will always be
stable provided g; and p; are positive, which is the case. Also, bounds on

+
B ] ! Tin
1 2 00 o
C1|| C2|| Clock
| | |

Figure A-4 Simplified block diagram of a TEA modulator with an m-
pole loop filter.

142 FLOW SENSING WITH THERMAL SIGMA-DELTA MODULATORS



24/5/2004

A.3 Modulator with an M-pole RC Impedance

Figure A-5 Discrete-time equivalent of a TEA Modulator.

the outputs of the individual sections 7; will exist. Bounds on 7, can then
be obtained by summing the bounds of the individual sections:

S T(n)< T, <Y T{n+N-1) (A-16)

] 1

and so this limit cycle can also exist in the modulator of Fig. A-5. Using
(A-10) and scaling by the DC gain of the individual sections
A; = g;/(1—-p,) yields bounds on the input x:

ZAixmin,i ZAixmax,i
! <x<- (A-17)

24 24
i i
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where x,,;,; and x,,,; are the bounds for the individual sections. Once
more the widest step corresponds to the “10” limit cycle. The width of the
corresponding step Ax(2) is given by:

2Zgl-/(1 +p;)
Ax(2) = (A-18)
>g;/(1-p))

Using this equation, the worst-case resolution of the Fig. A-5 modulator
can be directly computed.

This approach can be generalized by noting that for every filter section,
and for every possible limit cycle, bounds x,,;, ; and x,,,, ; can be computed
using the methods presented in [A.1]. Equation (A-17) can then be used to
compute the corresponding bounds on the input x. In this way, the
modulator’s entire DC transfer function can be analytically determined.

A.3.1 Example

As an example, we will consider the basic HTA-TZA modulator described
in Chapter 4. Its loop filter is a self-heated transistor, which is modelled by
a 7-pole thermal impedance. The modulator’s quantizer has a unipolar
output i.e., bs € {0, 1}, and so the bounds on x given in (A-17) must be
scaled by a factor 1/2 and then shifted by the same amount. Also, the
modulator’s DAC outputs a RTZ pulse, which must be taken into account
when determining the gain factors g;.

The modulator’s DC transfer function (under the conditions described in
Chapter 4) was obtained by simulating its response to 2000 values of x
evenly spaced over the interval —1 <x < 1. The bitstream average p was
obtained from 4096 bits. As shown in Fig. A-6, the bounds computed from
(A-17) are in excellent agreement with the simulation results.
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Figure A-6 Simulated error and predicted bounds of a HTA-TEZA
modulators.

A.4 Modulator with an RC Transfer Impedance

What happens when the modulator’s filter is a passive transfer impedance
H(s)? In this case the filter’s poles will still be real and negative, but their
residues may now be negative, which in turn implies that some of the g; in
Fig. A-5 will also be negative. In this case, some of the maximal limit
cycles discussed so far may not exist. If they do exist, however, bounds on
the input x can be obtained using (A-17).

A.4.1 Example 1

As an example we will consider the passive second-order filter:

3.12s+1

H(s) = — B
1035s" +71s + 1

(A-19)

FLOW SENSING WITH THERMAL SIGMA-DELTA MODULATORS 145



24/5/2004

Appendix

0.025

simulation
0.02 ® ©® bounds

0.015

0.01

0.005

error (p—x)

-0.005

-0.01

-0.015

-0.02

-0.025 1 ; . . ; ; ; ; :
-1 -0.8 -0.6 -0.4 -0.2 0 0.2 0.4 0.6 0.8 1

Figure A-7 Simulated error and predicted bounds of a HTA-TZA
modulators.

proposed in [A.6]. The simulated modulator employs a bipolar DAC and
operates at a sample rate of 0.5s. Its DC transfer function was obtained by
simulating its response to 2000 values of x evenly spaced over the interval
-1 <x< 1. The bitstream average p was obtained from 4096 bits. Once
more, the bounds computed from (A-17) are in excellent agreement with
the simulation results (Fig. A-7), For this modulator, all the simple limit-
cycles of period 2 < N < 100 apparently exist.

A.4.2 Example 2

The differential TSD modulator discussed in Chapter 5 is an example of a
modulator in which many of the simple duty cycles do not necessarily
exist. Due to the leakiness of the various sections, however, the DC
transfer function of this modulator will also have a staircase structure with
a gain that will be less than one (except when the input x is 0, 1 or -1).
These observations are borne out by the results of simulation (Fig. 5-19).
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A.5 Conclusions

A method for exactly determining the DC transfer function of a XA
modulator whose loop filter is an m-pole passive impedance, has been
presented. The resulting transfer function is shown to exhibit a fractal
staircase structure. The limit cycles that generate some of the largest steps
in the transfer function are known a priori, and for this class of simple
limit cycles, analytical expressions for the location of the resulting steps
have been derived. The widest step, and thus the largest loss of resolution
occurs when the modulator output takes the form of a “10” limit cycle, and
has an average value of zero. In this case, the bounds on 7}, correspond to
the amplitude of the filter’s output. We conclude that:

The resolution of a XA modulator whose loop filter is a passive
impedance is proportional to the amplitude of the filter s output
in response to the “10” limit cycle.

Since the filter has a low-pass characteristic, modulator resolution can be
improved by increasing the clock frequency.

In the general case, when the loop filter is an RC transfer impedance, the
simple limit cycles may not exist. It can be stated, however, that the DC
transfer function of such a modulator will have a staircase structure and a
gain less than one (except when the input is 0, 1 or -1). Both of these
phenomena will be mitigated by increasing the clock frequency.
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Thermal sigma-delta modulators are analog-to-digital converters that
directly convert an analog heat flow into a digital signal. This thesis
describes their application to the interfacing of thermal flow sensors. The
digitized heat flow will then be the sensor’s heat loss, from which the
speed, and in some cases, the direction of a fluid flow can be determined.

In Chapter 1, an introduction to the interfacing of thermal flow sensors is
given. This is usually done using either open-loop or closed-loop
approaches. The latter results in faster response and better accuracy, but
usually at the expense of more complex circuitry. It is shown that a
particularly simple implementation of the closed-loop approach can be
obtained by embedding a thermal flow sensor in the feedback loop of a
sigma-delta (£A) modulator. In this configuration, the sensor’s thermal
inertia, acting as a low-pass filter in the thermal domain, is re-used as the
modulator’s loop filter, greatly simplifying its implementation. The output
of the resulting thermal sigma-delta (TZA) modulator is a digital signal
whose average value is proportional to the sensor’s flow-dependent heat
loss, and which can be easily connected to a microprocessor.

In Chapter 2, an introduction is given to the two main classes of thermal
flow sensors: thermal anemometers and calorimetric flow sensors. The
former determine flow speed by measuring total heat loss, while the latter
determine both flow speed and direction by measuring differential heat
loss. An overview is given of their main characteristics, the various modes
in which they can be operated and their implementation in silicon. Based
on a literature review, it is shown that for both thermal anemometers and
calorimetric flow sensors, the use of closed-loop operating modes does
indeed lead to improved performance.
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In Chapter 3, the properties of TEA modulators are described. Single-bit
single-loop modulator topologies are described with which both thermal
anemometers and calorimetric flow sensors can be interfaced. In these
topologies, the modulator’s loop filter is the sensor’s thermal inertia. In
general, a thermal filter can be modelled as a distributed RC network, and
will therefore have a first-order roll-off at high frequencies and a finite DC
gain. Its first-order roll-off means that the resulting modulator will be
stable, provided that it is operated at sufficiently high clock frequencies.
However, as a result of the filter’s finite DC gain, the modulator will have
a non-linear DC characteristic. In the specific case when the loop filter is
the thermal inertia of a thermal anemometer, an analytical description of
this non-linearity has been derived (see Appendix). For the general case,
for instance when the loop filter is the thermal inertia of a calorimetric
flow sensor, a similar result could not be derived, and so modulator non-
linearity must be evaluated by time-domain simulations. These can be
efficiently done by simulating the modulator’s discrete-time equivalent.
For a given thermal loop filter, the degree of modulator non-linearity can
be decreased either by increasing the clock frequency, or by making
topological modifications to the modulator such as the use of electrical
filters and/or multi-bit quantizers.

In Chapter 4, the design and development of a low-cost thermal
anemometer based on a pair of standard bipolar transistors is described.
Since such transistors are already packaged, this approach considerably
simplifies the sensor’s mechanical construction. One of the transistors is
self-heated, and is maintained at a constant temperature above ambient
temperature by a TXA modulator. In this configuration, the self-heated
transistor also senses its own temperature, while the second transistor
senses that of the flow. A model of the transistor’s thermal filtering
characteristics was obtained by measuring the transistor’s cooling curve.
Using this model, it was found that the resulting TEA modulator would
have insufficient DC linearity at the clock frequencies of interest. To
improve linearity, an extra electrical integrator was used in conjunction
with the transistor’s thermal inertia. With this electro-thermal loop filter,
simulations show that the modulator’s linearity is at the 12-bit level.
Measurements in a wind tunnel on an anemometer realized with standard
bipolar transistors show that it has a well-defined square-root-law
characteristic, and a time constant of about two seconds.
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In Chapter 5, the design and development of a smart wind sensor in a
standard CMOS process is described. It is an improved version of a
commercially available wind sensor, which is based on a 2-D calorimetric
flow sensor implemented on a square silicon chip. The sensor’s interface
electronics was implemented with discrete components, which required
manual trimming, and therefore significantly increased the size and cost of
the complete sensor system. In contrast, the interface electronics of the
smart wind sensor is integrated on the same chip as the sensor and does
not require manual trimming. This was done without increasing the
sensor's area, and hence its cost, by using a new interface architecture
consisting of three TEA modulators. One modulator maintains the sensor
at a constant temperature above ambient temperature (the overheat), while
the other two digitize orthogonal components of its (flow-dependent)
differential heat loss. The bitstream outputs of the latter are decimated by
an external microprocessor, and used to compute wind speed and
direction. An accurate model of the thermal loop filter of these modulators
was extracted from step response measurements made with a specially
designed test chip. Simulations using this model show that the
modulator’s DC linearity is at the 9-10 bit level, which is high enough not
to compromise the wind sensor’s performance. To eliminate the need for
trimming, the overheat is determined by bipolar transistors, read out using
a new differential AV}, sensing technique, which significantly reduces
errors due to transistor mismatch. Measurements in a wind tunnel show
that the performance of the smart sensor is at least as good as that of its
predecessor (errors in wind speed and direction of less than +(0.5m/s
+3%) and +£3° respectively over the range 0.5 to 25m/s). Since it has no
moving parts, and thus requires very little maintenance, this sensor is well
suited for meteorological applications.
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Thermische sigma-delta modulators zijn analoog-naar-digitaal omzetters
die rechtstreeks een warmtestroom naar een digitaal signaal converteren.
Dit proefschrift beschrijft hoe ze kunnen worden toegepast voor het
uitlezen van thermische stromingssensoren. Het gedigitaliseerd signaal is
dan het warmteverlies van de sensor, waaruit de snelheid en, in sommige
gevallen, de richting van een stroming bepaald kan worden.

In hoofdstuk 1 wordt een introductie gegeven tot het uitlezen van
thermische stromingssensoren. Meestal worden zulke sensoren uitgelezen
met of zonder gebruik van terugkoppeling. Terugkoppeling resulteert in
een snellere respons en een betere nauwkeurigheid, wat gewoonlijk ten
koste gaat van complexere schakelingen. Aangetoond wordt dat een
bijzonder eenvoudige realisatic van een teruggekoppeld systeem kan
worden verkregen wanneer een thermische stromingssensor in de
terugkoppellus van een sigma-delta modulator wordt geplaatst. In deze
configuratie fungeert de thermische traagheid van de sensor als een
laagdoorlaatfilter en tevens als het lusfilter van de modulator, wat de
implementatie ervan aanzienlijk vereenvoudigt. Het uitgangssignaal van
de resulterende thermische sigma-delta modulator is een digitaal signaal
waarvan de gemiddelde waarde evenredig is met het
stromingsafhankelijke warmteverlies van de sensor; deze signaal kan
gemakkelijk op een microprocessor aangesloten worden.

In hoofdstuk 2 wordt een introductie gegeven tot de twee hoofdklassen
van thermische stromingssensoren: thermische anemometers en
calorimetrische stromingssensoren. De eerste bepalen de snelheid van een
stroming door het totale warmteverlies te meten, terwijl de laatste zowel
de snelheid als de richting van een stroming bepalen door een differentieel
warmteverlies te meten. Er wordt een overzicht gegeven van hun
hoofdeigenschappen, de verschillende modi waarin ze gebruikt kunnen
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worden en hun implementatie in silicium. Op basis van een
literatuuronderzoek wordt aangetoond dat voor zowel thermische
anemometers als voor calorimetrische stromingssensoren het gebruik van
terugkoppeling inderdaad tot betere prestaties leidt.

In hoofdstuk 3 worden de eigenschappen van thermische sigma-delta
modulatoren beschreven. Er worden één-bits modulator topologieén met
een enkele lus beschreven, waarmee zowel thermische anemometers als
calorimetrische stromingssensoren kunnen worden uitgelezen. In deze
topologieén is het lusfilter van de modulator de thermische traagheid van
de sensor. Een thermisch filter kan in het algemeen worden gemodelleerd
als een gedistribueerd RC netwerk en zal daarom een eerste-orde afval bij
hoge frequenties en een eindige DC versterking hebben. Deze eerste-orde
afval betekent dat de resulterende modulator stabiel zal zijn, mits hij wordt
gebruikt bij voldoende hoge klokfrequenties. Ten gevolge van de eindige
DC versterking zal de modulator echter een niet-lineaire DC karakteristiek
hebben. Voor het specifieke geval dat het lusfilter wordt gevormd door de
thermische traagheid van een thermische anemometer is een analytische
beschrijving van deze niet-lineariteit afgeleid (zie appendix). In het
algemene geval, waartoe de thermische traagheid van een calorimetrische
stromingssensor behoort, kon een dergelijk resultaat niet worden afgeleid.
De stabiliteit van de modulator moet dan worden geé€valueerd met behulp
van tijddomein simulaties. Deze kunnen op een efficiénte manier gedaan
worden door de equivalente discrete-tijd modulator te simuleren. Voor een
gegeven thermisch lusfilter kan de mate van niet-lineariteit worden
verminderd door de klokfrequentie te verhogen of door wijzigingen aan te
brengen in de topologie van de modulator, zoals het gebruik van
elektrische filters en/of multi-bit kwantisatoren.

In hoofdstuk 4 wordt het ontwerp en de ontwikkeling van een goedkope
thermische anemometer beschreven die is gebaseerd op een tweetal
standaard bipolaire transistoren. Aangezien zulke transistoren al in een
behuizing zitten, vereenvoudigt deze aanpak de mechanische constructie
van de sensor aanzienlijk. Eén van de transistoren verwarmt zichzelf en
wordt op een vaste temperatuur boven de omgevingstemperatuur
gehouden met behulp van een TEA modulator. In deze configuratie meet
deze transistor ook zijn eigen temperatuur, terwijl de andere transistor die
van de stroming meet. Een model van de thermische filterkarakteristick
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van de transistor is verkregen door de afkoelingscurve van de transistor te
meten. Met behulp van dit model is vastgesteld dat de resulterende TZA
modulator onvoldoende DC lineariteit zou hebben bij de beoogde
klokfrequenties. Om de lineariteit te verbeteren is een extra elektrische
integrator gebruikt in combinatiec met de thermische traagheid van de
transistor. Simulaties laten zien dat de lineariteit met dit elektro-
thermische lusfilter ongeveer 12 bits is. Metingen in een windtunnel aan
een anemometer met standaard bipolaire transistoren vertonen een goed
gedefinieerde wortelkarakteristiek en een tijdsconstante van ongeveer
twee seconden.

In hoofdstuk 5 wordt het ontwerp en de ontwikkeling van een slimme
windsensor in een standaard CMOS proces beschreven. Het is een
verbeterde versie van een commercieel beschikbare windsensor, die is
gebaseerd op een 2-D calorimetrische stromingssensor die is
geimplementeerd op een vierkante siliciumchip. De uitleeselektronica van
deze sensor is geimplementeerd met discrete componenten die handmatig
moeten worden afgeregeld, wat het complete sensorsysteem aanzienlijk
groter en duurder maakt. De uitleeselektronica van de slimme windsensor
daarentegen is geintegreerd op dezelfde chip als de sensor en vereist geen
handmatige afregeling. Dit werd bereikt zonder het oppervlak van de
sensor te vergroten - en dus zonder een hogere kostprijs - door gebruik te
maken van een nieuwe uitleesarchitectuur bestaande uit drie TZA
modulatoren. Eén modulator houdt de sensor op een constante
temperatuur boven de omgevingstemperatuur, terwijl de andere twee de
orthogonale componenten van zijn (stromingsafhankelijke) differenti€le
warmteverlies  digitaliseren. De bitstream uitgangssignalen van
laatstgenoemde modulatoren worden gedecimeerd door een externe
microprocessor en gebruikt om de windsnelheid en windrichting te
berekenen. Een nauwkeurig model van het thermisch lusfilter van deze
modulatoren is ge€xtraheerd uit de stapresponsie, gemeten met een
speciaal daarvoor ontworpen testchip. Simulaties met dit model tonen aan
dat de DC lineariteit van de modulator 9-10 bits bedraagt. Dit is voldoende
om de prestaties van de windsensor niet negatief te beinvloeden. Om
afregelen overbodig te maken, wordt de temperatuurverhoging gemeten
ten opzichte van die van de omgeving met behulp van bipolaire
transistoren die worden uitgelezen met een nieuwe differenti€le AV},
meettechniek. Dit verkleint fouten ten gevolge van ongelijkheid van de
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Samenvatting

transistoren aanzienlijk. Metingen in een windtunnel tonen aan dat de
prestaties van de slimme sensor minstens zo goed zijn als die van zijn
voorganger (fouten in windsnelheid en windrichting kleiner dan +(0.5m/s
+3%) en +3° respectievelijk over een bereik van 0.5 tot 25m/s). Aangezien
de sensor geen bewegende delen heeft en daardoor erg weinig onderhoud
behoeftt, is hij zeer geschikt voor meteorologische toepassingen.
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