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Chapter 1

Introduction

1.1 Background

Sensors are devices or systems that can detect quantities in the environment and
transfer this information into the electrical domain. There, the information can be
further processed by other electronics, such as a micro-processor. Since Warren S.
Johnson invented the world’s first electric thermostat in 1883 [1], people have been
been developing sensor technology for over a century to expand their knowledge of
the world. With the fast development of silicon integrated circuits (IC) and micro-
electromechanical systems (MEMS) technology in the past decades, bulky and high
cost sensors have become much smaller, cheaper, and smarter nowadays. This makes
it possible to have all kinds of sensors integrated in the devices that are used in our
daily life, such as the smart phones in our pockets, the smart watches around our
wrists, and the cars we drive back to our sweet home. Along with the development
of wireless communication technology such as radio frequency identification (RFID)
and fifth generation cellular networks (5G), we are now entering an era of internet-
of-things (IoT) where millions of sensors are about to come to improve the quality of
people’s life. As an important part of the entire IoT market, the global smart sensor
market is expected to reach 61 billion US dollars by 2022 [2], so it is foreseeable that
more and more different sensors with better performance but lower cost will be used
in our daily life in the future.

Miniaturized and autonomous systems are often required by emerging IoT applica-
tions, such as implantable medical and unobtrusively wearable devices, and wireless
sensor nodes for environment monitoring. The small physical size and light weight
inherently indicates the energy available will be limited for these devices which are
often battery powered, let alone the desire to extend the life-span of these devices.
Moreover, multi-parameter sensing systems will be needed to gather sufficient infor-
mation from the environment to deal with increasingly more complex tasks. In the
meantime, there is a trend to have more intelligence in the sensing system, which
requires the sensing circuit to be able to efficiently configure their performance with
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respect to changes of the environment and user requirements. Therefore, ultra-low
power versatile sensing concepts, methods, and implementations are needed for the
emerging IoT applications.

Typically, the sensing element which detects the environment change has a relatively
weak analog output signal. For example, a typical type-K thermocouple has an
output sensitivity of only 41 µV/◦C. However, a much stronger and more robust
signal is needed for further signal processing and control in a system. Therefore, an
interface circuit, which transforms this weak analog signal into a stronger and robust
signal, or preferably in a digital representation, is needed. The sensor interface plays
an important role in a smart sensor system, as it determines or at least deeply affects
the overall sensing performance. Therefore, this thesis will carry out research in
developing sensor interface circuits that enable ultra-low power versatile sensing for
IoT applications.

1.2 The sensing task for the Phoenix project

This PhD project is carried out as a part of the Phoenix project [3]. As a specific
IoT application example, the Phoenix project aims to explore difficult-to-access and
unknown environments with successive generations of wireless sensor node swarms. In
order to extract information from such environments, the Phoenix sensor nodes should
be able to sense many different physical parameters. For example, a temperature
sensor, a pressure sensor, a salinity sensor, and an accelerometer can be required for
monitoring an underground water environment. In order to avoid design iterations
and provide enough flexibility, it is preferred to have one versatile sensor platform
which can deal with many different sensors with an adaptable sensing performance,
rather than the traditional approach where each sensor interface is tailored toward
one particular application with a fixed performance. Last but not least, this flexible
sensing platform should consume very low power, as the sensor nodes are working in
an inaccessible environment with limited energy resources, and should be as small as
possible.

1.3 Problem statement

Emerging IoT applications are usually constrained by the limited available energy
due to the small physical size requirement. For instance, in a battery powered system
with a certain size constraint, the available energy is limited by the energy density of
the battery. For a system with energy harvesting, the physical size also relates to the
amount of power that can be harvested. The sensing function which plays an impor-
tant role in these applications should therefore consume minimum possible energy.
At the same time, it should be energy efficient to maximize the information output
given a certain energy budget. Furthermore, multi-parameter sensing with adaptable
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sensing performance is preferred for dealing with different sensors, conditions, and
scenarios, and to enable more system intelligence. These requirements together bring
new challenges to the design of the sensor interface circuit, which is a crucial block
in a smart sensor system.

A lot of research efforts have been devoted to improve the resolution energy efficiency
of the sensor interface circuits, such that better noise performance is achieved with
less energy consumption. However, the sensor interfaces with state-of-the-art resolu-
tion energy efficiency are often found in designs that are targeted at high precision
applications, resulting in a relatively high absolute power consumption (µW range).
For instance, the temperature sensor interface in [4] and the capacitive sensor inter-
face in [5] have state-of-the-art resolution energy efficiency as low as 20fJ·◦C2, and
16fJ/conversion-step, respectively, yet 79µW and 6.6µW power consumption is con-
sumed in these designs respectively. While for energy constrained IoT applications, a
much lower average power consumption is desired, so that the life time of the battery
(with limited amount of energy) can be extended. In the meantime, the resolution
and accuracy requirements could actually be relaxed in these applications.

As a general trade-off, the power consumption can be reduced by sacrificing the
circuit performance, for instance the sensing resolution and speed. Many research
efforts have also been devoted on designing ultra-low absolute power sensor interfaces.
Theoretically, a comparable to state-of-the-art resolution energy efficiency could also
be achieved for the ultra-low power designs if proper design trade-offs are made.
However, state-of-the-art low power designs usually have a decreased energy efficiency
and sometimes also a reduced circuit robustness. For example, a 113pW temperature
sensor interface [6] and a 2.8nW capacitive sensor interface [7] have been shown,
yet their resolution energy efficiency is only 23.92pJ·◦C2, and 290fJ/conversion-step,
respectively. This could possibly due to the fact that many advanced circuit design
techniques used for better energy efficiency are too complex to be implemented with
the energy constrains, and also the fact that the energy-resolution trade-off cannot
be kept properly as the total power consumption of the low power designs start to be
limited by the leakage power and some necessary biasing circuits.

On top of this, the sensor interface for IoT applications should be highly versatile,
while most of the state-of-the-art designs (both high efficiency and low power sensor
interfaces) have limited circuit versatility. There are some designs that can achieve
a decent level of versatility. For instance, the design in [8] proposed a universal
capacitive sensor interface that can be programmed to support different capacitive
sensors with different resolution and speed requirements. However, its resolution
energy efficiency is about 1nJ/conversion-step, which is far less efficient compared to
state-of-the-art capacitive sensor interfaces, and the minimum power consumption is
still in the µW range.

In conclusion, emerging IoT applications require sensor interfaces with ultra-low
power consumption, high versatility, and good energy efficiency. However, state-
of-the-art designs usually can only meet one of these desired features, as combining
them together is a challenging task. The research target of this thesis is to imple-
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ment sensor interfaces that are state-of-the-art in both power consumption and energy
efficiency while also being versatile.

1.4 Aim of the thesis

This thesis aims to develop concepts and implementations of a new generation of
ultra-low power versatile sensor interface circuits for emerging IoT applications. The
target features of the envisioned sensor interface are summarized below:

• Ultra-low absolute power consumption, including both static and dynamic power
consumption.

• State-of-the-art resolution energy efficiency for low power designs.

• High versatility in three-fold, namely:

– Versatility to support different types of sensors.

– Versatility to adapt the sensor interface circuit, such that for the same type
of sensor elements, different sensing ranges, nominal values and sensitivities
can be supported.

– Versatility to adapt the performance of the sensor interface circuit, such
as the speed, resolution and power consumption.

• Small chip area for cost reduction.

1.5 Scope of the thesis

The scope of this thesis is limited as follows:

• This thesis is focused on energy constrained IoT applications, where the reso-
lution & accuracy requirements are relatively relaxed.

• The thesis is focused on the design, implementation and characterization of the
sensor interface circuits. Other circuit blocks which could be needed in the
sensor system, such as clock generation, power management, voltage regulation
as well as digital processing are not in the scope of this thesis.

• The design & implementation of the sensor elements, such as the MEMS pres-
sure sensor and accelerometer are not in the scope of this thesis (except for the
on chip temperature sensor, as will be discussed in Chapter 3 and Chapter 5).

• Standard 65nm complementary metal-oxide-semiconductor (CMOS) technology
is used for the IC implementations.
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1.6 Own contributions

Novel concepts, circuit architectures and techniques have been proposed to enable ver-
satile sensing for temperature, capacitive, and resistive sensors with ultra-low power
consumption and state-of-the-art energy efficiency. The research is carried out step
by step to fulfill the final targets listed in Section 1.4, and the contributions can be
summarized as follows:

• Proposal of a general approach of using all dynamic sensor interface architec-
tures for ultra-low power versatile sensing.

• Proposal of an all-dynamic architecture for a temperature sensor interface,
which includes an efficiently duty-cycled Wheatstone bridge and an energy ef-
ficient asynchronous successive approximation register (SAR) analog-to-digital
converter (ADC).

• Proposal of an all-dynamic architecture for a capacitive sensor interface, which
includes a single-armed capacitive bridge and an energy efficient asynchronous
SAR ADC.

• Proposal of an all-dynamic architecture for a resistive sensor interface, which
includes an efficiently duty-cycled current digital-to-analog converter (DAC)
and an energy efficient asynchronous SAR ADC.

• Proposal of a charge reuse technique for the capacitive sensor interface, which
further improves the energy efficiency.

• Proposal of an approach which enables a system-level ratiometric measurement
of the resistive sensor interface, and thus improves the measurement robustness.

Specifically, five ICs have been designed, implemented and characterized based on the
aforementioned architectures and techniques.

• Design, implementation and characterization of an ultra-low power versatile
temperature sensor interface [9]. It achieves the lowest reported energy per con-
version of 2.43pJ, and a very low absolute power in off state, down to 0.174nW,
with a figure-of-merit (FoM) down to 1.82pJ·◦C2. Thanks to the all-dynamic
architecture, its power consumption scales inherently with the speed and reso-
lution over 3 orders of magnitude, resulting in high circuit adaptability.

• Design, implementation and characterization of an ultra-low power all-dynamic
versatile capacitive sensor interface [10], [11]. It achieves the lowest reported
power consumption down to 0.1nW, with state-of-the-art energy efficiency as
low as 18fJ/conv-step. On top of this, a high circuit versatility is achieved:
both single-ended and differential capacitive sensors over a wide capacitance
range are supported (1.23pF to 24.59pF optimally, possible to be extended to
>100pF), and an inherent power scaling with speed and resolution is enabled.
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• Design, implementation and characterization of an ultra-low power all-dynamic
versatile temperature, capacitance and resistance sensor interface [12]. It sup-
ports temperature/capacitance/resistance sensing with adaptive power versus
speed and resolution, a configurable signal range, and the ability for time-
interleaved multimodal recording. Moreover, state-of-the-art FoMs are achieved
for all sensing modes, with a minimum power consumption of 0.34nW and a
chip area of 0.084mm2 in 65nm CMOS. This makes it a suitable candidate as
an ultra-low power highly versatile sensing platform for IoT applications.

• Design, implementation and characterization of a versatile capacitive sensor in-
terface with the proposed charge reuse technique. Thanks to the charge reuse
technique, the energy consumed by the capacitive bridge is significantly re-
duced, improving the FoM of the sensor interface to only 4.3fJ/conv-step. Be-
sides, thanks to the ultra-small ADC and simple capacitance-to-digital converter
(CDC) architecture, the CDC occupies only 6440µm2 of chip area.

• Design, implementation and characterization of a versatile resistive sensor inter-
face with improved robustness. By using a system-level ratiometric approach,
the measurement robustness against supply and temperature variations is im-
proved by >20 times compared to the previous design.

1.7 Outline of the thesis

This thesis includes 8 chapters, as shown in Fig. 1.1. After this first introductory
chapter, Chapter 2 will provide some system level analysis and considerations for
ultra-low power versatile sensor interfaces. Based on the results of the analysis, five
ICs have been designed, implemented and characterized, and will be introduced from
Chapter 3 to Chapter 7 respectively. Chapter 3 will introduce an ultra-low power ver-
satile temperature sensor interface, which includes a duty-cycled Wheatstone bridge
and an energy efficient asynchronous SAR ADC. Chapter 4 will introduce an ultra-
low power versatile capacitive sensor interface, which includes a single-armed ca-
pacitive bridge and an energy efficient asynchronous SAR ADC with an adaptable
signal range. The design and implementation of an ultra-low power versatile temper-
ature/capacitive/resistive sensor interface will be elaborated in Chapter 5. It com-
bines the previous two designs with an additional resistive sensor interface, making
it a highly versatile sensing platform. Chapter 6 will discuss an additional capacitive
sensor interface with an improved energy efficiency compared to the previous design
(Chapter 4), which exploits a charge reuse technique. Chapter 7 will introduce an
updated resistive sensor interface design with improved robustness compared to the
previous design (the resistive sensor interface in Chapter 5) by using a system level
ratiometric measurement approach. Finally, conclusions are drawn in Chapter 8.
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Chapter 1
Introduction

Chapter 2
System level analysis and considerations

Chapter 3
All-dynamic temperature 

sensor interface

Chapter 4
All-dynamic capacitive 

sensor interface

Chapter 5
Low power versatile all-dynamic T/C/R sensor interface

Chapter 6
Capacitive sensor interface with 

improved efficiency

Chapter 7
Resistive sensor interface with 

improved robustness

Chapter 8
Conclusions and future work

Figure 1.1: Thesis outline.
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Chapter 2

System level analysis and
considerations

This chapter provides a system level analysis and some general discussions on de-
veloping the targeted low-power versatile sensor interfaces. A short introduction of a
basic sensor system is introduced first, and the key parameters on quantifying the sen-
sor interface performance are included. Then the concept of “context-aware” sensing,
which is ideal for energy constrained sensing applications is introduced. After this,
a short comparison between the sensor interfaces with dominant dynamic and dom-
inant static power consumption has been made, which gives a general guideline that
dynamic power consumption is preferred in the targeted sensor interfaces. Based on
this guideline, the architecture of the targeted sensor interfaces is proposed, and its
performance adaptability is analyzed. To deal with circuit non-idealities such as the
ADC offset and flicker noise, a digital Correlated Double Sampling (CDS) approach
is applied to the proposed sensor interface architecture. In the end, a versatile sen-
sor interface platform which can deal with many different types of sensor elements is
proposed.
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2.1 Introduction of the sensor system

Fig. 2.1 shows the block diagram of a basic sensing system. The sensor element is
an object which can detect the change of a certain parameter to be measured (which
can be physical, chemical, biochemical, biologic, etc.) by producing a corresponding
variation of a parameter in the electric domain (e.g. a resistance). This response
can be converted into an analog electrical signal with the help of an electric stimulus
or a bias from the sensor interface. The analog signal can then be conditioned and
digitized by the sensor interface, producing a digital signal that represents the value of
the parameter to be measured. Later on, this digital signal can be further processed
by digital electronics (digital signal processing).

Sensor 
interface

Sensor 
element

Environment 
parameter

Digital signal 
processing

Analog 
signal

Digital 
signal

Electric stimulus / bias

Figure 2.1: Block diagram of a basic sensor system.

As it is clear from Fig 2.1, the sensor interface circuit is an essential block of a sensor
system, as it bridges the sensor element and the digital signal processing unit. In order
to quantify the performance of the sensor interface circuit, several general parameters
are usually used, which are listed below:

• Conversion time, Tconv.

It is the time needed for the sensor interface to finish a complete conversion, such
that the digital signal which represents the parameter of interest is available at
the sensor interface’s output.

• Sleep time, Tsleep.

It is the time period when the sensor interface is in the sleep mode, where no
circuit activity is involved.

• Measurement time, Tmeas.

It is the time interval between two adjacent measurements of the sensor inter-
face. Normally, when the sensor interface is working continuously, Tmeas is equal
to Tconv. However, for a duty-cycled sensor interface, Tmeas can be much longer
than Tconv, as it includes both the conversion time (Tconv) and the sleep time
(Tsleep), as shown in Fig 2.2.

The measurement frequency (fmeas) of the sensor interface can be calculated as:
fmeas=1/Tmeas.

10 2. System level analysis and considerations
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Figure 2.2: Conversion time and measurement time of a duty-cycled sensor interface.

• Resolution.

It is the root mean square (rms) noise level of the measurement in the bandwidth
of interest.

• Power consumption, P.

It is the average power dissipated by the entire sensor interface during the
specified measurement time.

• Energy per measurement, Emeas.

It is the energy consumed for each measurement, which can be calculated as:
Emeas = P · Tmeas. For a sensor interface that is working continuously, Emeas is
equal to the energy consumed during the conversion period. While for a duty-
cycled sensor interface, Emeas not only includes the energy consumed during
the conversion period, but also includes the energy consumed during the sleep
period.

• Resolution Figure-of-Merit, FoM.

It is a quantity used to characterize the energy efficiency of the sensor inter-
face, which takes into account both the resolution performance and the energy
consumed per measurement of the sensor interface. The exact calculations of
FoMs depend on the types of sensor interfaces, and will be introduced in later
chapters.

• Inaccuracy.

It is the error between the sensor interface’s output and the exact value of the
parameter to be measured, without taking the effect of noise into account. This
error is usually caused by the non-linearity of the sensor interface, and it is also
dependent on the number of calibration points.

2.2 Sensor system with context-aware “instinct”

For energy constrained IoT applications, the energy should be used as efficiently as
possible. In order to save energy, only the information of important events should be
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captured. For example, for a device that uses inertial sensors to capture a person’s
movements, the sensed information might be relevant only at particular moments, for
instance when that person is walking, running, cycling, etc. Besides, these different
events could require different sensing performance. For example, a higher measure-
ment frequency might be needed when that person is running as compared to when
he or she is walking. Besides, a better measurement resolution could be needed if
particular gestures of that person are to be captured compared to other simpler sce-
narios, like simple movement detection. However, in a conventional approach, the
sensor interface produces its digital output constantly with a fixed rate and resolu-
tion, and this is not an energy efficient approach. As shown in Fig. 2.3, in order
to deal with different target events, the sensing performance of a fixed performance
sensor interface has to be “over-designed” to meet the requirements of all the target
events.
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Figure 2.3: Illustration of the sensing performance for a fixed performance sensing
system.

To solve this issue, a context-aware sensor system which can adapt its sensing perfor-
mance according to the specific information needs at each moment could be an energy
efficient approach [3], [13]. As shown in Fig. 2.4, with the help of an “instinct” circuit
block, the output of the sensor interface (in a low power mode) is analyzed in the
digital domain, and then the relevant features of the sensed data are extracted. Based
on the extracted features, the target events can be detected and hence the perfor-
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Environment 
parameter

Digital signal 
processing
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signal

Electric stimulus / bias

“Instinct”
Online configuration

Figure 2.4: Block diagram of a sensor system with context-aware “instinct”.
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Figure 2.5: Illustration of the sensing performance for a context-aware sensing system.

mance of the sensor interface can be configured online accordingly, as illustrated in
Fig. 2.5. The “instinct” block can be be implemented with relatively simple circuits,
such that it does not require a large computational effort and power to be executed
[13]. Therefore, this context-aware adaptive mode of operation allows the sensor sys-
tem to work always in the most energy efficient way, while still capturing as much
relevant information as possible.

2.3 Static vs. dynamic power consumption

In order to fulfill this context-aware sensing approach, the performance of the sensor
interface circuit should be highly adaptable. Among all the performance parameters
of the sensor interface, the measurement frequency (fmeas) and resolution are the two
most important and relevant parameters that need to be made adaptable. Most
importantly, this adaptability should be done in a power efficient way such that the
benefit of context-aware sensing can be fully exploited. It should be noted that
an adaptable power consumption versus other performance parameters, for instance
measurement accuracy, could also be an interesting and useful aspect. This thesis
mostly focuses on the adaptable power consumption versus the measurement rate
and resolution, but will also show some examples of power consumption adaptability
versus the measurement accuracy.

The total power consumption (Ptotal) of a sensor interface is composed of a static
(Pstatic) and a dynamic (Pdynamic) component. Pstatic is the power consumption that
is independent of the measurement frequency, for instance the power consumption of
an operational amplifier with a static biasing current, or the leakage power consump-
tion of a logic gate. On the contrary, Pdynamic is linearly proportional to the actual
measurement frequency. The total power consumption of a sensor interface circuit
can then be written as:

Ptotal = Pstatic + Pdynamic = Pstatic + Edynamic · fmeas, (2.1)

2. System level analysis and considerations 13



where Edynamic is the dynamic energy consumed by the sensor interface for each mea-
surement, and fmeas is the measurement frequency. As shown in (2.1), if the power
consumption of the sensor interface is dominated by Pstatic, Ptotal would remain al-
most the same at different fmeas. In order to achieve an efficient and straightforward
power scaling for different measurement rates, the sensor interface should ideally only
consume dynamic power.

Regarding the adaptability of the sensor interface resolution, a straightforward method
is to implement several sets of the critical hardware blocks of the sensor interface,
such that different resolutions can be achieved by using different sets of the inter-
face hardware. However, this is not a desirable approach, as it would increase the
complexity of the interface circuit together with chip area and cost. Besides, with
this approach the resolution adaptability would be limited by the number of different
hardware implementations.

Another commonly used approach, oversampling and averaging, can improve the res-
olution performance without changing the interface circuit. With this technique the
resolution can be tuned over a very large range by simply changing the oversam-
pling ratio (OSR) of the interface. The power-resolution scaling that can be achieved
by oversampling and averaging depends on whether the sensor interface consumes
mostly static or dynamic power. A comparison between sensor interfaces with domi-
nant static or dynamic power consumption is shown in Fig. 2.6. For sensor interfaces
with dominant static power consumption, even though the resolution can be im-
proved by a higher OSR with a longer conversion time, the total absolute power
(Ptotal) remains the same while the effective measurement speed (fmeas) goes down.
Therefore, the measurement rate and the resolution (by means of OSR) cannot be
chosen independently. On the other hand, sensor interfaces with dominant dynamic
power consumption automatically go to “sleep mode” after the conversion is com-
pleted. Therefore, their power consumption scales proportionally to the OSR, which
is directly related to the resolution performance (as will be discussed in Section 2.5).
Similar to the sensor interfaces with dominant static power consumption, the con-
version time of the sensor interface with dominant dynamic power consumption also
scales linearly with the OSR. However, this conversion time only sets the maximum
measurement frequency (fmeas max) that can be reached, while the actual measure-
ment frequency (fmeas) can be set to any value that is below fmeas max. Thus, the
measurement frequency and resolution of sensor interfaces with dominant dynamic
power consumption can be set independently over a large range with a proportional
scaling of power consumption. Besides, its energy consumed per measurement is also
proportional to the OSR, and the details will be discussed in Section 2.5

Therefore, for energy constrained IoT applications, it is ideal for a sensor interface
to consume only dynamic power, such that its measurement frequency and resolution
can be set independently over a large range while its power consumption scales in-
herently and efficiently with these two parameters. In practical implementations it
is impossible to have zero static power consumption even in the absence of DC bias
currents, and it is mainly because of the existence of leakage power. Thus, minimiz-
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Figure 2.6: Power consumption profile for sensor interfaces with a dominant static or
dynamic power consumption.

ing leakage power of the sensor interface is a crucial task for sensor interfaces that
operate at low speed and resolution.

2.4 Sensor interface architecture considerations

The sensor interface circuit is typically made of two main parts: 1) the interface
front-end which is used to provide the stimulus or bias for the sensor element and to
condition the output of the sensor element, and 2) the ADC which is used to digitize
the analog output from the front-end, as shown in Fig. 2.7.

ADC

Sensor interface

Interface 
front-end

Sensor 
element

Environment 
parameter

Electric stimulus / bias

Digital output

Figure 2.7: Main building blocks of a sensor interface.

The architecture of the front-end circuit can be quite different for different types of
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sensor elements, while the ADC architecture is more generic and less dependent on
the specific sensor. In order to achieve the aims discussed in Section 1.4, the ADC of
the target sensor interface circuit should meet the following requirements:

• Ultra-low absolute power

• State-of-the-art energy efficiency

• High versatility (or easy adaptability)

To quantify the energy efficiency of a Nyquist ADC, the Walden FoM (FoMW) [14] is
commonly used to evaluate ADCs with low to medium resolution, which are typically
quantization noise limited. It is calculated as follows:

FoMW =
PADC

2ENOB · fs,ADC
(2.2)

where PADC is the total power dissipated by the ADC, ENOB is the Effective Number
of Bits of the ADC, and fs,ADC the sampling rate of the ADC. For high resolution
ADCs (e.g. with signal to noise and distortion ratio (SNDR) > 75dB), the Schreier
FoM (FoMS) becomes more suitable, as they are usually limited by thermal noise.
The Schreier FoM is calculated as:

FoMS = SNDR + 10 · log(
fs,ADC

2 · PADC
) (2.3)

Among all different ADC architectures, SAR ADCs are well known for their excellent
energy efficiency in the low to medium resolution range (Fig. 2.8 (a)), which is also
the design target of this thesis. Moreover, SAR ADCs can provide ultra-low absolute
power consumption (sub µW) while maintaining a great energy efficiency, as seen in
Fig. 2.9.
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Figure 2.8: ADC survey (a) [15].
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Most importantly, it is also relatively easy to adapt the performance of a SAR ADC.
As illustrated in Fig. 2.10, an asynchronous SAR ADC normally contains four main
blocks [16]: the Sample and Hold (S&H), the feedback Digital-to-Analog Converter
(DAC), the comparator, and the logic circuit to perform the asynchronous successive-
approximation algorithm. Besides the digital logic, the S&H and DAC together can be
implemented with a switched capacitor network that consumes only dynamic power,
and the comparator can also be implemented in a dynamic way (e.g. [16]). Therefore,
the entire SAR ADC can be implemented in a way that consumes only dynamic power,
such that a large range of speed and resolution adaptability can be obtained inherently
and efficiently, as discussed in Section 2.3. Therefore, the SAR ADC is a very suitable
candidate for sensor interfaces that target energy constrained IoT applications.

S&H Σ�
Asynchronous 

logic

Clock 
input

Analog 
input

Digital 
output

DAC
Switched 

cap. network

Dynamic 
comparator

Figure 2.10: Asynchronous SAR ADC architecture [16].

Similarly, the front-end circuit should also consume only dynamic power. Therefore,
it is ideal to use fully dynamic circuits in the front-end circuit. However, it is not
always possible to stimulate or bias the sensor element with only dynamic circuits, for
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instance, when the electric stimulus has to be a DC current, the sensor front-end will
consume static power. In this case, the front-end circuit can be duty-cycled, such that
the static power consumption essentially becomes dynamic. Amplifiers are often used
in traditional sensor interface front-ends to amplify the small signal from the sensor
element, so that the ADC requirements in terms of resolution are relaxed. However,
the main drawback of amplifiers is that they typically consume a substantial amount
of static power, and cannot be easily and efficiently duty-cycled. Amplifiers could be
indispensable if a relatively high resolution is required for the sensor interface, but
this is typically not the case for energy constrained IoT applications targeted in this
work. Therefore, in the context of this research, it is decided to omit the amplifier
from the sensor interface. On the other hand, to deal with the small sensed signals
without amplifier, techniques are developed to maximize the passive signal transfer
between sensor and ADC, and to improve the ADC’s resolution by scaling down its
Least Significant Bit (LSB) step, as will be discussed in the later chapters where the
designs and implementations of the sensor interfaces are introduced.

Therefore, the general approach for the sensor interface architecture in this work is
shown in Fig. 2.11, where a fully dynamic and/or duty-cycled static-biased front-
end is exploited together with a SAR ADC. The SAR ADC should preferably be
asynchronous [17], such that the conversion can be performed by a single clock edge
and finishes autonomously in short time, irrespective of the clock frequency. In this
way, the entire interface consumes only dynamic power, making it an “all-dynamic”
system. An ultra-low power is inherently obtained when the resolution and speed per-
formance requirements are relaxed, and a good energy efficiency can also be achieved
thanks to the excellent energy efficiency of the SAR ADC.

ADC

Sensor interface

Interface 
front-end

Sensor 
element

Environment 
parameter

Electric stimulus / bias

Fully dynamic circuits / 

Digital output

Asynchronous 
SAR ADCduty-cycled static biased circuits

Control clock(s)

Figure 2.11: Proposed “all-dynamic” sensor interface architecture.

This amplifier-less approach is especially useful to provide high adaptability when
dealing with sensors with good sensitivity and/or when the sensing resolution re-
quirement is relaxed. Furthermore, to ensure the functionality of the proposed ar-
chitecture, the front-end circuit should be able to handle the input impedance of the
ADC and provide a suitable common mode voltage to the ADC. These conditions
can be fulfilled when dealing with capacitive and resistive types of sensors, as will be
shown in the chapters afterwards. While for applications that cannot meet the afore-
mentioned requirements, the proposed architecture may not be a suitable solution.

18 2. System level analysis and considerations



For instance the architecture may not work well when dealing with a biomedical po-
tential signal, as the signal amplitude is usually very low (≤1mV), and the common
mode of the ADC input cannot be well controlled easily.

2.5 Performance adaptability of the proposed ar-

chitecture

2.5.1 Measurement frequency adaptability

As the proposed sensor interface architecture consumes only dynamic power except
for the leakage power (Pleakage), the total power consumption can be calculated as:

Ptotal = Pleakage + Edynamic · fmeas (2.4)

where Edynamic is the dynamic energy consumed by the sensor interface for each com-
plete conversion. The sensor interface’s maximum measurement frequency is limited
by the sensor interface’s conversion time, so fmeas should be smaller than 1/Tconv.
Thus, fmeas (≤ 1/Tconv) can be set freely within this limit to accommodate for dif-
ferent user scenarios, and Ptotal scales proportionally to the measurement rate fmeas

down to the leakage power consumption, as shown in Fig 2.12 (top).

By using (2.4), the energy per measurement of the proposed sensor interface archi-
tecture can then be calculated as:

Emeas =
Ptotal
fmeas

=
Pleakage
fmeas

+ Edynamic (2.5)

As seen from (2.5), Emeas is also dependent on fmeas due to the unavoidable leakage
power. At very low measurement rate, the leakage power could be the dominant
power consumption, thus leading to a relatively high energy per measurement. As
fmeas increases, the leakage power becomes less significant compared to the dynamic
power, and Emeas of the sensor interface will be eventually reduced down to Edynamic,
as shown in Fig 2.12 (bottom).
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2.5.2 Measurement resolution adaptability

As a well known technique, oversampling and averaging can be used to improve the
measurement resolution. As it is a generic technique that can be used in different
types of sensor interfaces, it will be the focus of this subsection. Besides, several
other methods could also adapt the resolution performance of the sensor interfaces,
such as adjusting the reference element and the ADC input range, and they will be
further discussed in later chapters. As stated by its name, oversampling and averaging
has two steps: 1) oversampling of the sensor interface, and 2) averaging of the over-
sampled digital outputs. These two steps will be further discussed in the rest of this
section.

Assume the sensor interface has a total noise power of Pn,tot, and this noise is white for
simplicity. To meet the Nyquist sampling requirement, the sensor interface should
have a minimum measurement frequency (fmeas) of 2·BW, where BW is the signal
bandwidth. In this case, the total noise power of the sensor interface (Pn,tot) after
sampling is evenly distributed across the spectrum between -fmeas/2 and fmeas/2, as
shown in Fig. 2.13 (left). Note that Pn,tot includes the noise source of the entire sensor
interface, including the ADC, front-end circuits, and the sensor element. When an
oversampling ratio of OSR is implemented to the sensor interface, Pn,tot is then evenly
distributed across the spectrum between -fs/2 and fs/2, where fs is the sampling rate
which equals to OSR·fmeas. Then, the noise power spectrum density can be calculated
as:

PSDOSR (f) =
Pn,tot
fs

=
Pn,tot

OSR · fmeas
(2.6)

According to (2.6), with the help of oversampling, the noise power spectrum density
of the sensor interface is attenuated by OSR times. However, the total noise power
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of the sensor interface still remains the same, as shown in Fig. 2.13 (right).

As the second step, averaging of the over-sampled digital outputs helps reduce the
noise power of the sensor interface. The process of “averaging” is essentially a dig-
ital block that accumulates OSR numbers of ADC output samples and produces an
average output, resulting in averaging and decimation by a factor of OSR. Note that
other types of digital filters can also be used to remove the noise, while the average
filter is used here because of its simplicity and the fact that it can reduce random
noise while retain a sharp step response [18]. The impulse response of the average
filter with a length of OSR can be written as:

h[n] =
1

OSR

OSR−1∑
k=0

δ[n− k] (2.7)

Since the frequency response of a discrete system is equal to the discrete-time Fourier
transform of its impulse response, the frequency response of this averaging filter can
be calculated as:

H(ω) =
∞∑

n=−∞

h[n]e−jωn

=
1

OSR

OSR−1∑
n=0

e−jωn

(2.8)

The magnitude of this frequency response can be written as (see Appendix A for the
derivation):

∣∣H(ω)
∣∣ =

1

OSR

∣∣∣∣sin(ω ·OSR/2)

sin(ω/2)

∣∣∣∣ (2.9)

where the frequency variable, ω, has normalized units of radians/sample, and can be
calculated as:

Pn,tot
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No oversampling With oversampling: fs = OSR · fmeas
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Figure 2.13: Noise power distribution of the proposed sensor interface: without vs.
with oversampling.
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Figure 2.14: Effect of oversampling and averaging on the noise power, OSR=4 as an
example.

ω = 2πf/fs (2.10)

Then (2.9) can be rewritten as:

∣∣H(f)
∣∣ =

1

OSR

∣∣∣∣sin(OSR · πf/fs)
sin(πf/fs)

∣∣∣∣ (2.11)

As shown in Fig. 2.14, the process of averaging acts as a digital low-pass filter, and
the noise power of the over-sampled sensor interface after this filtering can then be
calculated as:

Pn,OSR =

fs/2∫
−fs/2

PSDOSR ·
∣∣H(f)

∣∣2 df (2.12)

Equation (2.12) further solved to give (see Appendix A):

Pn,OSR =
Pn,tot
OSR

(2.13)

As shown in (2.13), the total noise power of the entire sensor interface can be ef-
fectively reduced with the help of oversampling and averaging: for every 4 times of
oversampling and averaging, about 6 dB better resolution is achieved. However, this
conclusion is based on the assumption that the noise of the sensor interface is white.
When the circuit also has a flicker noise contribution, the effectiveness of oversampling
and averaging will be reduced. As shown in Fig. 2.15, oversampling and averaging
can help reduce the white noise, while the majority of the flicker noise still remains
in the band of interest, leading to the total in-band noise as calculated in (2.14).
Therefore, it will be beneficial to remove the flicker noise of the sensor interface, such
that the oversampling and averaging technique can be used effectively.

Pn,OSR ≈ Pn,1/f +
Pn,white
OSR

(2.14)
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Figure 2.15: Effect of oversampling and averaging on the noise power when including
the flicker noise, OSR=4 as an example.

Normally, oversampling is done by increasing the sampling frequency to OSR times
of the original measurement rate, as shown in the time domain diagram of Fig. 2.16
(top). However, due to the very slow roll-off of this averaging filter, it will also low-
pass filter the in-band signal, as can be seen in the frequency response of the filter
(OSR=4 as an example) in Fig. 2.16 (top).

SAR ADC based sensor interfaces can easily reach conversion times as short as a
few µs [19], [20], which is much faster than the measurement time needed for most
sensors. Oversampling and averaging can therefore be done in a “burst mode”, such
that immediately after one conversion is finished, the next sampling and conversion
will be performed. As shown in the time domain diagram of Fig. 2.16 (bottom),
the sampling frequency during the burst, fburst, is equal to 1/Tconv, where Tconv is
the single conversion time of the sensor interface. Overall, the burst oversampling
method takes the same number of samples from the sensor as compared to equidistant
oversampling, but the samples are taken in bursts rather than at equal intervals.
Hence, the previous calculations from (2.6) to (2.13) are still valid for the burst
oversampling and averaging, while the fs in those calculations now becomes fburst.
Since fburst is much faster than fs, the frequency response of the averaging filter will
be expanded over a much wider frequency range, as shown in the frequency response
diagram of Fig. 2.16 (bottom). As can be seen from the figure, the amplitude of the
averaging filter (

∣∣H(f)
∣∣ ) is very close to 1 within the signal band (BW) in this case, so

the sensed signal will now experience far less filtering as compared to the equidistant
oversampling mode. This can be further proven by using (2.11): the magnitude of
the its frequency response when f=BW can be written as:

∣∣H(BW )
∣∣ =

1

OSR

∣∣∣∣sin(OSR · π ·BW/fburst)
sin(π ·BW/fburst)

∣∣∣∣ (2.15)

As BW � fburst, (2.15) can be rewritten as:

∣∣H(BW )
∣∣ =

1

OSR
· lim
BW/fburst→0

∣∣∣∣sin(OSR · π ·BW/fburst)
sin(π ·BW/fburst)

∣∣∣∣
=

1

OSR
·OSR = 1

(2.16)
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Besides, the burst oversampling and averaging will have the same benefit on improving
the resolution of the sensor interface, as both the noise power and the frequency
response of the averaging filter are expanded over a wider frequency band, which
results in the same filtered noise power as described in (2.13). Considering the benefit
of the burst oversampling and averaging, this approach will be used in the proposed
sensor interface architecture for improving the resolution.
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Figure 2.16: Comparison between equidistant and burst oversampling and averaging,
OSR=4 as an example.

As mentioned before, oversampling and averaging can only be effective when the noise
of the sensor interface can be seen as white noise. When using the burst oversampling
and averaging, the input signal can be treated as “quasi-static”, so the quantization
noise of the ADC is not white anymore in this case. Therefore, the thermal noise of
the sensor interface should be high enough compared to the quantization noise, such
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that the overall noise can still be considered white noise.

When using the burst oversampling and averaging, the conversion time of the sensor
interface scales linearly with the OSR, and can be written as:

Tconv,OSR = Tconv ·OSR (2.17)

where Tconv is time for a single conversion of the sensor interface. Then the measure-
ment time of the sensor interface can be calculated as:

Tmeas,OSR = Tconv ·OSR + Tsleep (2.18)

Therefore, the actual measurement rate (fmeas,OSR=1/Tmeas,OSR) can still be set freely
by tuning the sleep time (Tsleep) of the sensor interface, as has also been discussed
in Section 2.3. The dynamic energy consumption of the sensor interface for each
complete measurement can be calculated as:

Edynamic,OSR = Edynamic ·OSR (2.19)

where Edynamic is the energy consumed by the sensor interface for each single conver-
sion. Thus, the total power consumption of the sensor interface with an oversampling
ratio of OSR can be calculated as:

Ptotal,OSR = Pleakage + Edynamic,OSR · fmeas,OSR (2.20)

Note that the total power consumption for burst mode oversampling is identical to
equidistant mode, as only dynamic power and leakage power are consumed. Then the
energy per measurement of the over-sampled sensor interface becomes:

Emeas,OSR =
Ptotal,OSR
fmeas,OSR

=
Pleakage
fmeas,OSR

+ Edynamic,OSR (2.21)

It should also be noted that the digital averaging filter is implemented off-chip for
the prototype designs as will be introduced later in this thesis. Therefore, extra
energy consumption and chip area would be expected if a digital averaging filter is
implemented on chip. When a variable OSR is needed to provide a high flexibility,
extra chip area and leakage power overhead in the digital averaging circuits should
also be taken into account.

2.6 Digital correlated double sampling

As mentioned previously, sensors normally contain relatively low bandwidth informa-
tion including DC, so low frequency non-idealities such as the input referred offset and
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the flicker noise of the sensor interface could affect the output quality of the sensor
interface. Besides, flicker noise will also reduce the effectiveness of oversampling and
averaging on improving the measurement resolution, as discussed in Section 2.5.2.
Therefore, additional techniques to deal with offset and flicker noise are required. In
this case, they should mostly deal with imperfections from the ADC, since that is the
key component in the proposed architecture.

Several well-known techniques are commonly used to reduce the mentioned non-
idealities of a circuit: auto zeroing [21], correlated double sampling (CDS) [21], and
chopping [21]. As the proposed sensor interface architecture is a sampled system
with a digital output, a system-level digital CDS technique [22] [23] (also referred to
as “system-level chopping” [24] [25] [26]) can be used conveniently, as shown in Fig.
2.17.

ADC
Interface 

front-end

Sensor 

element

Environment 

parameter

Positive stimulus / bias

Dout1
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nd

measurement without CDS

Vos+Vn

Digital CDS measurement:

Figure 2.17: Illustration of digital CDS.

Digital CDS involves two measurement phases. In the first phase, a positive stimulus
or a positive bias is generated from the interface front-end to the sensor element. Then
a positive signal voltage Vsig is produced. This is sampled by the ADC together with
the ADC’s input referred offset (Vos) and the noise voltage (Vn). After the conversion
delay of the ADC, the first digital output (Dout1) is produced, which completes the
first measurement. In the second phase, the interface front-end produces a negative
stimulus or a negative bias to the sensor element, which generates a negative signal
voltage. If the time interval between these two phases is short enough and the signal
bandwidth is relatively low, this negative voltage (-Vsig) will have nearly the same
absolute value as the one in the first phase. Then, together with the offset and noise,
this negative voltage is sampled by the ADC, and a second digital output (Dout2) is
produced after the conversion delay, which completes the second measurement. By

26 2. System level analysis and considerations



subtracting Dout2 from Dout1 in the digital domain, digital CDS is achieved, and a
final digital output Dcds is obtained.

If a short time interval between the first and second measurements is guaranteed, a
strong correlation in the noise between these two measurements is ensured, such that
the offset and low frequency noise of the ADC can be effectively reduced. Moreover,
the signal information is doubled in Dcds, leading to about 6 dB higher signal power
compared to each measurement without digital CDS. As the thermal noise power
is only increased by 3dB after combining the two measurements, about 3dB better
SNR can be obtained by digital CDS. Besides, if the flicker noise of the ADC has a
significant contribution to the total noise power, the measurement with digital CDS
will have more than 3dB SNR improvement, as this flicker noise contribution can be
reduced. However, note that digital CDS cannot cancel the flicker noise contribution
from the stimulus or the bias to the sensor element, and the flicker noise contribution
from the sensor element itself, even though these flicker noise contributions are usu-
ally insignificant compared to other noise sources. This will be further discussed in
Chapter 7, where these flicker noise contributions become noticeable in that partic-
ular implementation, and another system level approach is proposed to reduce these
flicker noise contributions.

Fig. 2.18 shows the timing diagram of digital CDS. When no oversampling is used, the
second measurement (phase 2) starts immediately after the first measurement (phase
1) is finished, ensuring the correlation between them, as shown in Fig. 2.18 (top).
Then the sensor interface goes to sleep mode to save power until the next measurement
cycle. When oversampling and averaging are used in digital CDS mode, a burst of
2·OSR samples is taken, alternating between phase 1 and phase 2 measurements, as
shown in Fig. 2.18 (bottom).

Phase 2Phase 1 Sleep Phase 2Phase 1 Sleep

Digital CDS measurement without oversampling

Phase 2Phase 1 Phase 2Phase 1 Phase 2Phase 1 Sleep

Tconv Tsleep

2Tconv

OSR·2Tconv Tsleep

Time

Time

Phase 1

Tmeas

Tmeas

Digital CDS measurement with oversampling

Figure 2.18: Timing diagram of digital CDS.

Since digital CDS includes two complete conversions, both the conversion time and the

2. System level analysis and considerations 27



dynamic energy consumption will be doubled compare to the measurement without
digital CDS.

Besides the benefit on reducing the offset and flicker noise of the ADC, digital CDS
can also reduce the impact of the ADC non-linearity on the sensor interface inaccuracy
performance. Fig. 2.19 shows an example of the Integral Non-Linearity (INL) of a
10 b SAR ADC [11]. When digital CDS is used, Dout2, which is the reversed digital
output of Dout1, is also produced. Assume there is no ADC offset for simplicity, then
Dout2 can be written as:

Dout2 = (2N − 1)−Dout1 (2.22)

where N is the number of bits of the ADC (N=10 in this example). The absolute INL
error from the ADC of after digital CDS can be calculated as:

eCDS = e1 − e2 (2.23)

where e1 and e2 are the INL error of Dout1 and Dout2 respectively. As the signal
information of the measurement with digital CDS is doubled, its INL error relative
to the sensed information then becomes:

eCDS,rel = (e1 − e2)/2 (2.24)

Since Dout1 and Dout2 cannot both have the worst INL error, the worst case INL error
of the digital CDS measurement can be effectively reduced. With the example shown
in Fig. 2.19, when Dout1 has the worst INL error of -0.711 LSB (Dout1 = 1007), Dout2

has an INL error of only 0.3 LSB (Dout2 = 16). According to (2.24), the relative
INL error of the digital CDS measurement is only -0.5055 LSB, which is considerably
smaller compared to the error of Dout1. The relative INL error of the digital CDS
measurement over the whole ADC range is shown in Fig. 2.20. Compared to the
INL error of the measurement without CDS in Fig. 2.19, The INL range is reduced.
For further verification, the calculation was repeated for in total 8 measured ADC
ICs. To assess the impact of the ADC offset, similar calculations are done at the
presence of different ADC offsets. As shown in Fig. 2.21, digital CDS can effectively
reduce the worst case INL errors (INLmax) for all of these IC samples at different ADC
offset conditions. Here INLmax is defined as the absolute value of the worst case INL
error. It should be noted that the reduction in INLmax due to digital CDS depends
on the nature (shape) of the ADC’s INL errors. However, no matter in which case,
INLmax of the digital CDS measurement will not be worse compared to INLmax of the
measurement without CDS.
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Figure 2.19: INL error of an exemplary SAR ADC [11].
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Figure 2.20: The relative INL error of the exemplary ADC when digital CDS is used.
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Figure 2.21: Worst case INL errors for measurements without and with digital CDS
over 8 ADC ICs.
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Moreover, digital CDS can also compensate many other circuit non-idealities. For
instance, the ADC sampling switches mismatch in the temperature sensor implemen-
tation (Chapter 3), and the asymmetric signal droop at the sampling phase of the
capacitive sensor interface (Chapter 4). The details will be discussed later in those
chapters respectively.

2.7 Versatility for different sensor elements

As mentioned in Section 1.4, the sensor interface should be able to support different
types of sensor elements, such that many different environmental parameters can be
measured. Among all of these parameters, temperature is probably the most common
parameter that needs to be measured in IoT applications, so a low power versatile
temperature sensor interface will be the first design target. Besides, two relatively
generic sensor interfaces are also targeted: sensor interfaces for capacitive and resistive
sensor elements, such that many environment parameters can be supported, as shown
in Table 2.1. Different types of sensor elements require different front-end circuits
for proper stimulation and/or biasing, so these interfaces will have its own front-
end. As long as all of these front-end circuits give voltage outputs, the same SAR
ADC can actually be shared. Thanks to the proposed “all-dynamic” sensor interface
approach, different sensor types which have different signal bandwidth and resolution
requirements can be easily dealt with in a power efficient way.

Capacitive sensors
Pressure, acceleration, humidity,

proximity, sound, etc

Resistive sensors
Light, force,

pH, strain, etc

Table 2.1: List of parameters that can be measured by capacitive and resistive sensors.

Besides, as the capacitive and resistive sensor interfaces are meant to deal with many
different sensor elements, which could have have different nominal values, sensing
ranges, sensitivities, etc, the capacitive and resistive sensor interface should be able
to handle these differences. This can be fulfilled for instance by implementing a
programmable electric stimulus and/or reference elements in the front-end circuits,
and by adjusting the ADC’s input range, as will be discussed in detail in Chapter 4 and
Chapter 5. Therefore, the proposed highly versatile “all-dynamic” sensor interface
platform is shown in Fig. 2.22. A prototype implementation of this platform will be
discussed in detail in Chapter 5.
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Figure 2.22: Proposed versatile sensor interface platform.

2.8 Conclusion

In this chapter, system level analysis and some general considerations on the targeted
low-power versatile sensor interfaces have been made. It has been shown that it is
ideal for the sensor interface to consume only dynamic power, such that its sensing
performance can be scaled inherently and efficiently over a large range of speed and
resolution. In this way, the limited available energy in the target energy constrained
IoT applications can be used more efficiently at different user scenarios. Based on
this, a general approach is proposed to the sensor interface architecture, which in-
cludes a fully dynamic and/or duty-cycled static-biased front-end together with an
asynchronous SAR ADC. Thanks to this all-dynamic architecture, the power con-
sumption of the proposed interface architecture scales inherently and efficiently with
the measurement rate and the resolution (by means of oversampling and averaging).
Digital CDS was employed to reduce ADC offset, flicker noise, and other circuit non-
idealities. In order to cover multiple sensor types such that many applications can
be supported, a versatile all-dynamic sensor interface platform, which can support
temperature/capacitance/resistance sensing is proposed in the end of this chapter.
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Chapter 3

Low power all-dynamic
temperature sensor interface

Based on the design approach proposed in Chapter 2, a versatile all-dynamic tempera-
ture sensor is presented in this chapter. The temperature sensor includes an efficiently
duty-cycled Wheatstone bridge and an asynchronous SAR ADC, which consumes only
dynamic power. This allows efficient scaling of power consumption with measurement
rate and resolution (by means of oversampling and averaging). An on chip non-silicide
n-diffusion resistor is used as the temperature sensing element. Besides, the digital
CDS method discussed in Chapter 2 is implemented in the proposed temperature sen-
sor to compensate for ADC offset, 1/f noise and other circuit non-idealities.

The content of this chapter has been published in [9].
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3.1 Introduction

Temperature sensors are widely used in IoT applications, and they can be found al-
most everywhere in our daily life nowadays. A survey of the-state-of-the-art temper-
ature sensors [27] is shown in Fig 3.1. As can be observed from Fig 3.1, resistor-based
temperature sensors (e.g. [4], [28], [29], [30]) can achieve an excellent energy efficiency
with a FoM <0.1pJ·◦C2.

Here the FoM [27] of a temperature sensor is defined as:

FoM = Emeas ·RES2 (3.1)

where Emeas is energy consumed by the temperature sensor for one complete mea-
surement, and RES is the rms resolution of the temperature sensor with a unit in ◦C
(or in K). It should be noted that this FoM is noise power based.

Low noise 

corner

Figure 3.1: Temperature sensor survey [27].

However, these energy efficient designs mostly target high resolution (i.e. low noise)
applications, resulting in µW-level power consumption and >6nJ per measurement.
Moreover, these Sigma Delta Modulator (SDM) based approaches require oversam-
pling and active DC-biased circuits (e.g. amplifiers). This is not favorable for energy
constrained IoT applications, as conversion times are long and it is difficult to duty-
cycle the DC bias quickly and efficiently. A SAR-based alternative [19] also required
static biasing at µW-level. For the target energy-constrained IoT applications, the
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power consumption of the temperature sensor should be ideally minimized down to
nW-level, while a moderate resolution of 0.1◦C to 1◦C is usually acceptable. In the
meantime, the energy per measurement should be minimized down to pJ-level, so
that a good energy efficiency can be obtained, as shown by the highlighted target
design corner in Fig 3.1.

Regarding recent low power designs, [31] and [32] require long conversion times and
do not support duty-cycling, while still consuming >70nW, and >0.6nJ energy per
measurement. The design in [6] consumes only 113pW, yet it is limited in temperature
range (-20 to 40◦C) and measurement rate (fixed to 0.2S/s). Most importantly, these
low power designs are not versatile enough to support a wide range of measurement
rates and resolutions, while maintaining high efficiency, which is crucial to deal with
different user scenarios and applications.

To address the issues mentioned above, an all-dynamic temperature sensor architec-
ture is proposed in this chapter, which includes a duty-cycled Wheatstone bridge
as the sensor front-end and an asynchronous SAR ADC. As only dynamic power is
consumed (except for the leakage power), the total power consumption scales with
the measurement rate and resolution inherently and efficiently. Thus, a low absolute
power consumption is inherently obtained at low measurement rate, while a good
energy efficiency can be maintained over a wide performance range. Moreover, the
digital CDS discussed in Chapter 2 is implemented in the proposed temperature sen-
sor to compensate several circuit non-idealities. A prototype implementation has
been made in 65nm CMOS technology.

This chapter is organized as follows: the proposed all-dynamic temperature sensor is
described in Section 3.2, the measurement results are presented in Section 3.3, and
conclusions are drawn in Section 3.4.

3.2 Proposed all-dynamic temperature sensor

3.2.1 Architecture

Fig. 3.2 shows the architecture of the temperature sensor interface, which includes a
Wheatstone bridge and an asynchronous SAR ADC. The Wheatstone bridge includes
two sensing resistors (Rs) whose resistance changes with the temperature, and two ref-
erence resistors Rref whose resistance is stable with the temperature. The Wheatstone
bridge is duty-cycled [33], [34] to avoid static power consumption, and the details on
how to efficiently duty-cycle the bridge will be elaborated in the following subsection.
The temperature sensing resistors Rs use a non-silicide n-diffusion resistor (0.17%/◦C)
providing large temperature coefficient and small parasitic capacitance. A non-silicide
p-poly resistor (-0.035%/◦C) and a non-silicide n-poly resistor (0.013%/◦C) in series
implement the temperature independent reference resistors Rref , enabling the use of
Rref as the reference for other types of sensors in the future. Each side of the bridge
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is connected to complementary switches, thus it can be connected to VDD or VSS
depending on the polarity of CLK1 and CLK2. A 10b asynchronous SAR ADC is
used to sample and digitize the bridge output voltage. CDAC is only 300fF to save
both ADC and bridge power.

The bridge and ADC share the same supply VDD (0.65V) to enable a ratiometric
measurement, which is immune to power supply variations. The bridge switches need
to be large (PMOS: 3.2µm/60nm, NMOS: 0.6µm/60nm) such that their on-resistance
is negligible compared to the bridge resistance. However, the large switch size will
lead to large leakage current when the bridge is switched off. To solve this issue, a high
voltage supply VDDH (1V) is used for the clock drivers, so that the leakage current of
the PMOS bridge switches is effectively reduced when they are turned off. According
to post-layout simulations, the bridge leakage power is reduced from 1.16nW to only
15pW with the help of VDDH (at room temperature and typical typical corner). As
a side benefit, the linearity of the NMOS switches (both the bridge switches and
the ADC S&H switches) is also improved when they are switched-on with the 1V
clock drivers, such that relatively smaller NMOS transistors can be used for a certain
Ron requirement. The differential output voltage of the bridge has a sensitivity of
±0.5mV/◦C (simulated), where CLK1 and CLK2 determine the polarity. Rref is
designed to be equal to the value of Rs at around 50◦C.

logic
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10b 

digital 

output

Vp

Rref

Rref

Rs

Rs

VDDH(1V) VDD(0.65V)
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ADC

VDDH VDD
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Clocked bridge circuit Asynchronous SAR ADC
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Vn
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TC = 0 TC > 0

TC < 0

Figure 3.2: Architecture of the all-dynamic resistive bridge sensor interface.

3.2.2 Duty-cycled resistive bridge and circuit operation

To avoid static power consumption from the resistive bridge, the bridge is duty-cycled
with the help of the bridge switches. The bridge switches are controlled by CLK1
and CLK2, which also enable the digital CDS measurement as will be explained in
Section 3.2.3. The principle of bridge duty-cycling and the circuit operation is the
same when CLK1 or CLK2 are enabled. Thus, this subsection will describe the case
when only CLK1 is enabled.
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Figure 3.3: Principle of duty-cycled bridge and waveforms of circuit operation.

As shown in Fig. 3.3, CLK1 goes high first to enable the bridge, which generates a
differential temperature-dependent output voltage Vd (=Vp - Vn). Vd can be calculated
as:

Vd =
Rs −Rref

Rs +Rref

· V DD (3.2)

Vp and Vn are directly sampled on the DAC capacitors of the ADC, and CDAC shown
in Fig. 3.3 is the aggregated DAC capacitance of the ADC. The settling time constant
τ of the bridge output is then proportional to Rref (≈ Rs) multiplied by the sum of
CDAC and Cp, where Cp is the parasitic capacitance of the bridge resistors, as shown
in (3.3):

τ = 0.5 ·Rref · (Cp + CDAC) (3.3)

To save power, the bridge is switched off after its output voltage is settled (in about
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5τ) and sampled, after which the ADC performs the digitization. Therefore, the
energy consumed by the bridge for one sample can be calculated as (3.4),

Ebridge = (V DD2/Rref ) · 5τ + 2 · Cp · (V DD/2)2 (3.4)

where the first term is the energy consumed by the resistors in the bridge, and the
second term is the energy consumed to charge Cp. CDAC does not need to be re-
charged, as the SAR ADC can maintain the previously sampled charge on its capacitor
[35]. The charge kept on CDAC is redistributed with Cp at the beginning of the next
sampling period. Equation (3.4) can be rewritten as (3.5) using (3.3)

Ebridge = V DD2 · (2.5 · CDAC + 3 · Cp) (3.5)

This shows that, with the help of duty-cycling, the energy consumed by the bridge
for one sample only depends on the DAC capacitance and the bridge parasitics Cp,
but not on the bridge resistance value. However, Cp is indirectly related to the bridge
resistance as a larger resistance takes a larger chip area which implies higher Cp.
Therefore, in contrast to the traditional approach where a large resistance is required
for low power consumption, better power efficiency can be achieved with a smaller
resistance for the duty-cycled bridge, as the parasitic Cp can be reduced. When Rref

(≈ Rs) is 600kΩ, the bridge resistors occupy a chip area of 4620µm2 with Cp ≈ 0.8pF ,
based on post-layout simulation results. Then, the bridge area and the bridge energy
consumption Ebridge at different Rref values can be calculated as follows (assuming
both the bridge area and Cp scale proportionally with the value of Rref ):

Bridge area =
4620µm2

600kΩ
·Rref (3.6)

Ebridge = V DD2 · (2.5 · CDAC + 3 · 0.8pF

600kΩ
·Rref ) (3.7)

Fig. 3.4 shows the bridge area and the energy per sample consumed by the bridge
(using CDAC = 300fF and V DD = 0.65V ) for different resistance values. Smaller
resistors give a lower energy consumption as well as a smaller area. However, very
small resistors suffer from increased mismatch, they require switches with a very low
on-resistance, and need very short clock pulses. Therefore, as a compromise, a “small
bridge” with 600kΩ Rref (≈ Rs at 50◦C) is chosen in this work. A “large bridge” with
10× larger (6MΩ) resistors is also implemented on chip to verify the theory described
above. Multiplexers select which of the two bridges is active.

38 3. Low power all-dynamic temperature sensor interface



Figure 3.4: Impact of the bridge resistance on bridge energy and area.

Note that the bridge resistance value in this first prototype is relatively conservative,
and an updated implementation as will be discussed in Chapter 5 shows that Rref

(and Rs) can be further reduced to 200kΩ without sacrificing much other circuit
performances.

3.2.3 Digital CDS measurement

The waveforms in Fig. 3.5 explain the digital CDS measurement over time. First,
CLK1 goes high to perform the normal conversion as explained in Fig. 3.3. The
measurement result Dout1 is produced after the conversion delay. Immediately af-
ter this, CLK2 is enabled in a second step, enabling the bridge again but now with
reversed supplies, causing a reversed output voltage and a reversed second measure-
ment Dout2. By subtracting Dout2 from Dout1, the digital CDS measurement Dcds is
obtained, which suppresses ADC offset and flicker noise. Moreover, it can compen-
sate systematic non-idealities during the entire conversion, which will result in better
measurement accuracy, as will be explained in Section 3.3.

The total conversion time for a measurement without digital CDS with the small
bridge is 5µs, including 1.5µs bridge settling time, resulting in a maximum speed of
200kS/s and 100kS/s for measurements without and with digital CDS respectively.
The large bridge has 10× larger resistors and consequently a 10× larger Cp. This
leads to a longer settling time, and consequently a maximum speed of 6.6kS/s and
3.3kS/s. Even though the digital CDS measurement has a better performance, the
measurement without CDS still has its advantages, as it enables shorter conversion
time, consumes less energy per measurement, and does not need any digital subtrac-
tion at the ADC output.
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Figure 3.5: Waveforms for a digital CDS measurement.

3.2.4 Asynchronous SAR ADC

An asynchronous SAR ADC, re-used from [35], is used such that a single clock edge
enables the entire ADC operation. The ADC uses a segmented DAC with 3 unary and
7 binary bits to improve linearity and save power. Unit capacitors of 250aF are em-
ployed to minimize CDAC while achieving sufficiently low kT/C noise. Moreover, the
DAC is not reset but returns to the previously sampled voltage after each conversion,
so there is no need to spend energy charging CDAC for each cycle as temperature varies
slowly. Differently from [35], high-Vth transistors with increased length are used for
the ADC logic to minimize leakage. Moreover, the sampling switch is implemented
with a CMOS gate rather than using dynamic clock boosting to enable operation at
very low speed.

3.3 Measurement results

The entire interface was fabricated in 65nm CMOS and occupies an area of 0.11mm2

(including both bridges) or 0.06mm2 (excluding the large bridge), as shown in Fig. 3.6.
The bridge settling time is fixed to 1.5µs/150µs for small/large bridge respectively
over all test chips and temperatures. Both bridges produce a similar output code
except for some offset, as shown in Fig. 3.7.
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Figure 3.6: Die photo.

Figure 3.7: Measured output code vs. temperature. (a) without digital CDS, (b)
with digital CDS.

To determine the resolution, the standard deviation of the digital output over 218

measurements at the same temperature is calculated. This process is repeated at
different temperature values from 0 to 100◦C with a 10◦C step. Then, these standard
deviations are averaged in the power domain and referred to temperature, obtaining
the rms resolution of the temperature sensor. The measured rms resolution obtained
with different oversampling ratios is shown in Fig. 3.8. When there is no oversam-
pling, 0.88/0.61◦C rms resolution is achieved for a measurement without/with digital
CDS with the small bridge for a conversion time of 5/10µs, respectively. The small
and large bridge have a similar rms noise because the resistor noise is sampled on
CDAC resulting in the same kT/CDAC contribution, which is about 13% of the total
noise power. Cp doesn’t affect the sampling noise, and a detailed discussion about this
can be found in Appendix B. The other noise contributions are 44% from ADC quan-
tization noise and 43% from ADC comparator noise according to simulations. Since
the sensor’s resolution is dominated by thermal noise, it can be effectively improved
with the help of oversampling and averaging. The flicker noise becomes significant
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in the mode without digital CDS at a high oversampling ratio, and hence limits the
noise reduction. The digital CDS measurement suffers less from this problem, as it
can reduce the 1/f noise. As a consequence, 5.6dB noise difference is observed at a
high oversampling ratio, as indicated in Fig. 3.8. Note that the averaging operation
of the over-sampled digital outputs is performed off-chip.

without digital CDS

with digital CDS
with digital CDS

Figure 3.8: Measured rms resolution vs. square root of oversampling ratio.

(a)

(b)

small bridge, w/o digital CDS

small bridge, with digital CDS

large brdige, with digital CDS

small bridge with digital CDS

Figure 3.9: Measured power consumption vs. measurement rate, for (a) different
modes and (b) different temperatures.

Thanks to the all-dynamic design, the power scales proportionally to the measure-
ment rate over more than 3 orders of magnitude (Fig. 3.9, top). The leakage power
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is 174pW when measured at room temperature (around 25◦C), and it starts domi-
nating the total power consumption when the speed is below 10S/s. As expected,
the large bridge consumes about 5 times more power compared to the small bridge
due to the larger parasitic Cp. As leakage power depends on the temperature, the
power consumption goes up for higher temperatures at low speed operation (Fig. 3.9,
bottom). According to post-layout simulations, the active power breakdown in the
small bridge mode is approximately 51% for the bridge, 48% for the ADC, and 1% for
the 1V clock drivers. For the leakage power, 80% is from the ADC and the remaining
is from the clock drivers.

(a)

(b)

small bridge w/o digital CDS, CLK1 on small bridge w/o digital CDS, CLK2 on

small bridge with digital CDS

Figure 3.10: Temperature inaccuracy for 12 samples, measured at 25kS/s, (a) without
digital CDS (two cases), and (b) with digital CDS.

Twelve IC samples from one batch were characterized in a temperature chamber
from 0 to 100◦C with a 10◦C step. A 1/3DIN Pt100 sensor is placed close to the chip
as a reference. Temperature inaccuracy can be caused by the resistor’s non-linear
temperature behavior, the non-linearity of the bridge (equation (3.2)), and ADC
non-linearity. In this case, the distortion caused by DAC mismatch is dominant.
Besides, due to mismatch of the ADC sampling switches, the sampled DAC voltages
Vp and Vn will suffer from a different temperature-dependent signal droop because of
leakage. This mismatch increases the gain in one of the two measurements without
digital CDS, but decreases the gain symmetrically in the opposite measurement. As a
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result, 2-point calibration is needed for the measurements without digital CDS, while
1-point calibration is sufficient for the measurement with digital CDS. On top of that,
the signal droop during the conversion also causes ADC distortion, which leads to
an inaccuracy of -3.9/+1.7◦C and -2.6/+1.3◦C for the two measurements without
digital CDS (Fig. 3.10, top). The digital CDS mode partially compensates the
aforementioned ADC distortion as well as the ADC INL error, and hence improves
the inaccuracy to -1.1/+1.5◦C after only a 1-point calibration at 50◦C (Fig. 3.10,
bottom). Note that the aforementioned inaccuracies are the deviations of the sensor
outputs from a linear output code to temperature fit, as the systematic (or average)
non-linearity of the samples is minor.

Fig. 3.11 shows power supply (VDD) sensitivity of the temperature sensor at room
temperature. Thanks to the ratio-metric architecture, the measurement error is only
-0.1◦C/0.7◦C when VDD changes from 0.55V to 0.75V.
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Figure 3.11: Power supply sensitivity.

[19] [31] [32] [6] [37] [36] This work

Type Res MOS MOS MOS MOS MOS Res

Technology 180nm 180nm 180nm 65nm 65nm 65nm 65nm

ADC SAR FDC FDC TDC FDC TDC SAR

Area(mm2) 0.18 0.09 0.008865 0.15 0.013 0.63
0.06 (small bridge + ADC)

0.11 (two bridges + ADC)

T range (°C) 0~100 0~100 -20~100 -20~40 -20~100 0~100 0~100

Inaccuracy (°C) 

calibration method

-0.5/0.5 

1-point

-1.4/1.5 

2-point

-0.22/0.19a

2-point

-1.93/1.93 

2nd order fit

-2.7/1.8

2-point

-1.53/1.61

2-point

Small bridge

-3.9/1.7 

2-point

-1.1/1.5 

1-point

Resolution (°C) 0.25b 0.3 0.073 0.21 0.25 0.3 0.88 0.61 0.07c

Conversion time (s) 12.5 30.5m 8m 4.8 34.3m 0.3 5 10 10 1m

Meas. rate (S/s)d 80k 32.8 125 0.208 29.2 3.3 100k 1 100k 100

Power (W) 36 71n 75n 113pe 640pe 763pe 242.9n 174pf 488.3n 49.6n

Emeas (J) 450p 2.16n 600p 542p 22p 228.9 2.43p 174p 4.88p 496p

FoM (pJ·°C2) 28.13 194.82 3.2 23.92 1.4 20.6 1.88 64.75 1.82 2.43

a ±3σ value, min/max value for the rest b Resolution in LSB c OSR=100 
d 1/(conversion time + sleep time) e Measured at 20°C f Measured at room T (~25°C)

with digital CDS
w/o digital 

CDS

Table 3.1: Measured performance summary and comparison.
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Table 3.1 shows a performance summary and comparison to prior-art. Note that two
recent works ([36] and [37]) which are published after this work are also included in
Table 3.1 for comparison. This work (small bridge digital CDS measurement mode)
achieves a nominal resolution of 0.61◦C with a conversion time of only 10µs. It
achieves the lowest reported energy/conversion (4.88pJ at 100kS/s) and a very low
absolute power of 174pW at 1S/s. Fig. 3.12 shows the resolution FoM benchmark of
this work. A very low resolution FoM of 1.82pJ·◦C2 (at 100kS/s) is achieved, which
is the state-of-the-art among sub-µW temperature sensors by the time of publica-
tion. The energy/conversion (4.88pJ) is almost 2 orders of magnitude lower than
the previous state-of-the-art [19]. Moreover, this is the only low-power design with
adaptable power (over more than 3 orders of magnitude) versus measurement rate
and resolution. Note that the reported power and energy consumption numbers do
not include the power consumption of the logic used for data averaging, as the data
averaging is performed off-chip in this prototype.

1S/s, no OSR

Increasing OSR

OSR=100

digital CDS
100kS/s, no OSR

[19]

[31]

[37]

[32]

[36]

Figure 3.12: Resolution FoM benchmark of this work for various speeds and oversam-
pling ratios (OSR) [27].

3.4 Conclusion

This chapter has presented an ultra-low power versatile temperature sensor, based
on an all-dynamic architecture which includes an efficiently duty-cycled Wheatstone
bridge and an asynchronous SAR ADC. The leakage power is highly minimized, so
that sub-nW power consumption is achieved at low measurement rate. Thanks to
the short conversion time, the measurement speed can scale up to 100kS/s with an
inherent scaling of power consumption. Oversampling and averaging can be used to
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improve measurement resolution from 0.61◦C to 0.04◦C, also with an efficient scaling
of power consumption. Besides, good energy efficiency is also achieved thanks to the
efficiently duty-cycled bridge and the energy efficient SAR ADC. Moreover, digital
CDS can be used for better accuracy and resolution at the expense of 2× energy
consumption and 2× conversion time compared to the measurements without digital
CDS. In summary, the proposed versatile temperature sensor is well suited for energy
constrained IoT applications.

Even though good results have been achieved in this first prototype design, there is
still margin to further improve the performance. For instance, Rref used in this design
is stable over temperature, yet it can be replaced with a resistor with a negative
temperature coefficient, such that the sensitivity of the bridge output voltage to
temperature can be increased. Further, the bridge output voltage in this design
occupies only 5% of the ADC full scale range, which implies that the ADC’s range
is not optimally used and the effective SNDR is degraded. To deal with the issues
mentioned above, an improved design has been made, and the details can be found
in Chapter 5.
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Chapter 4

Low power all-dynamic capacitive
sensor interface

A versatile, low power and energy efficient Capacitance-to-Digital Converter (CDC)
for IoT is presented in this chapter, based on on the design approach proposed in
Chapter 2. The proposed CDC includes a single armed capacitive bridge and a dif-
ferential switched-capacitor 10b SAR ADC. The bridge output is directly sampled by
the ADC through a fully passive Correlated-Double-Sampling (CDS) approach, which
enables fully dynamic operation. Thanks to the dynamic architecture and adaptable
range of the CDC, sampling rates from 1S/s up to 100kS/s are supported and ca-
pacitances from 1.23pF to 24.59pF can be digitized while the power scales inherently
from 0.1nW to 1µW. Optionally, the range can be further extended to >100pF, and
oversampling can be used to enhance resolution. Moreover, both single-ended and
differential capacitive sensors can be supported. This makes the design versatile to
efficiently deal with a variety of sensors having different sensing rate & resolution
requirements and different capacitance values. Besides, the digital CDS measurement
as discussed in Chapter 2 is also implemented in the proposed CDC to compensate
for circuit non-idealities.

The content of this chapter has been published in [10] and [11].
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4.1 Introduction

As discussed in Section 2.7, capacitive sensor elements can be used to measure many
parameters such as pressure, acceleration, and humidity. Moreover, they are well
suited for low power IoT sensing as they consume only dynamic power. In order
to save power and to reduce physical size, capacitive MEMS sensors tend to have a
relatively small capacitance, but the value and range are different for each sensor (e.g.
2 - 3pF for an exemplary accelerometer [38], 8 - 12pF for a pressure sensor [39], 5 - 6
pF for a humidity sensor [40]). On top of this, different sensor types or applications
require a different measurement rate and/or resolution. Therefore, a low-power CDC
which can efficiently adapt its measurement rate, resolution and range (from 1 to
25pF) is critical to cover different sensors and applications.

Recent SAR based CDCs can achieve a very good power efficiency with a FoM down
to 33fJ/conv-step (e.g. [5], [20], [41], and [42]). Here the FoM is usually defined as:

FoM =
Emeas

2(SNR−1.76)/6.02
(4.1)

where Emeas is the energy consumed by the CDC for one complete measurement, and
SNR is the Signal to Noise Ratio of the CDC, which can be calculated as:

SNR = 20 · log(
Crange

2
√

2 · Crms
) (4.2)

where Crange is the input capacitance range of the CDC, and Crms is rms resolution
of the CDC. It should be noted that differently from the temperature sensor FoM
(Chapter 3), the FoM defined in (4.1) is noise amplitude based. Since it is commonly
used in other CDC literature, it is used in this thesis for performance evaluation
and benchmarking. Even though the aforementioned designs achieve high energy
efficiency, their absolute power is in µW-range. On the other hand, recent low power
designs [43], [44] can achieve a low absolute power of 110-160nW, at the expense of
decreased power efficiency. On top of this, many of these designs show a limited
sensing rate scalability. In [45], the sensing rate can scale by about 13×, but the
power scales only about 2.6×. The quasi-dynamic architecture proposed in [42] and
the fully digital architecture in [46] can theoretically scale power and sensing rate
over a wide range, but this was not included in their measurement data. The direct
SAR CDC architectures ([7], [47], [48]) where the sensing capacitance is incorporated
in the DAC capacitor array of the SAR ADC can provide a large speed and power
scalability as well. However, their power efficiency (290 – 7937fJ/conv-step) is not
state-of-the-art, as the ADC’s DAC capacitance value should be comparable with the
large sensing capacitance (pF range), making the ADC less power efficient.

To combine a low absolute power with high versatility and state-of-the-art efficiency,
a versatile CDC based on an all-dynamic architecture is proposed, which consists of
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a passive single-armed capacitive bridge and an asynchronous SAR ADC. Thanks to
its all-dynamic architecture, the power inherently scales with speed over 4 orders of
magnitude. By using an array of on-chip reference capacitors, this design is able to
cover an input range of 1.23 - 24.59pF optimally, with a possible extension to >100pF.
Besides, it can deal with both single-ended and differential capacitive sensors. The
leakage power is optimized to 0.1nW, such that the efficiency is maintained even for
very low sample rates, which is essential to enable on-demand operation or monitor
quasi-static signals. An optional digital CDS measurement mode is also implemented
in this CDC to improve performance.

This chapter is organized as follows: the versatile all-dynamic CDC is introduced and
analyzed in Section 4.2, measurement results of the proposed CDC are presented in
Section 4.3, and conclusions are drawn in Section 4.4.

4.2 Proposed all-dynamic versatile CDC

4.2.1 Architecture

The architecture of the versatile CDC is shown in Fig. 4.1. It includes a single-armed
capacitive bridge, which is essentially a capacitive voltage divider, and a differential
switched-capacitor 10b asynchronous SAR ADC. For simplicity, only the sampling
switches and aggregated DAC capacitance (CDACP and CDACN) of the ADC are
shown. The bridge and ADC will be shown in more detail in Fig. 4.2 and Fig. 4.9 later
on. In [44], a single-armed capacitive bridge was also used, but with an integrating
amplifier for charge transfer, while in this design the bridge output is directly sampled
by the ADC’s DAC through passive charge sharing. The total DAC capacitance of
the ADC is sufficiently smaller than the target sensing capacitance. Thus, the signal
attenuation caused by charge sharing between the capacitive bridge and the ADC’s
DAC is limited. Both blocks of the proposed architecture only use dynamic circuits,
hence consuming only dynamic power. Therefore, the power consumption of the CDC
scales inherently with the measurement rate and sensing capacitance, making it an
ideal architecture for a versatile interface. On top of this, the simple architecture
also enables excellent power efficiency and low absolute power: the passive bridge
unavoidably consumes energy dependent on the sensing capacitance, but the SAR
ADC is the only active block, and has been shown to be very energy efficient [35],
[49].
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Figure 4.1: Architecture of the versatile Capacitance-to-Digital Converter.

A single-ended sensor Cs can be connected externally. To deal with different nominal
Cs values, the on-chip reference Cr can be programmed by Cr sel <2:0> in a range
from 2.5pF to 17.5pF with a step of 2.5pF. Complementary switches are used to
connect both sides of the bridge to VDD or GND with the help of CLK1 and CLK2,
producing a regular or reversed output Vc. The reset switches in the capacitive bridge
are controlled by the clock signal RST, and they are used to reset Cr and Cs when
required. As indicated in Fig. 4.1, the capacitive bridge is also able to deal with
differential sensors Cd1 and Cd2), for instance for a capacitive accelerometer. In this
case, Cr is disabled, the top and bottom sides of the differential sensor are directly
connected to the bridge switches, and the middle point of the differential sensor is
directly connected to the ADC. The SAR ADC samples Vc with the clock SCLKP
and the reversed Vc with the clock SCLKN on CDACP and CDACN separately, and
performs the digitization at the rising edge of CLKADC. Both the capacitive bridge
and the SAR ADC use a 0.6V supply to save power and to achieve a ratiometric
measurement.

The schematic in Fig. 4.2 shows detailed information about the switches used in
the proposed CDC. The size of M1-M4 is large to provide a fast RC settling time,
so the leakage power of these complementary switches can be significant. Similar
to the design in Chapter 3, a higher voltage VDDH is used for the clock drivers
(in this case 0.8V), such that the PMOS transistors M1 and M4 can be completely
switched off during the sleep period when both CLK1 and CLK2 are low, which
significantly reduces the leakage power. According to post-layout simulations, the
bridge leakage power is reduced from 0.6nW to only 12pW with the help of VDDH
(at room temperature and typical typical corner). Moreover, the higher overdrive
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voltage of the NMOS switches (both bridge and ADC S&H switches) implies that
smaller transistors can be used. For the ADC S&H switches this leads to better
linearity as the smaller devices result in lower leakage and less charge injection.

RST

CLK1

CLK2

SCLKP

SCLKN

CLKADC

Vp / Vn

AD 

conversion

Reset 

all

Sample 

Vp

Reset 

bridge

Sample 

Vn

CLK1

CLK2

RST

SCLKP

Vc

CDACN

CDACP

Vp

Vn

VDD

VDD

Cr

Cs
Cp1

Cp2

M1 M2

M3 M4

M5

M6

M1,4: low Vth, 6.4µ/60n

M2,3: low Vth, 1.2µ/60n

M5,6: low Vth, 200n/60n 

M8

M7Vc

Vp

Vn

M7: low Vth, 450n/60n

M8: normal Vth, 300n/60n

SCLKN

VDD VDDH

(a)

(b)

Figure 4.2: Core of bridge and ADC (a) and operation waveforms (b).

4.2.2 Circuit operation

Since the proposed architecture uses a single-armed bridge, a passive Correlated Dou-
ble Sampling (CDS) method is used to provide a differential voltage to the ADC. The
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operation of the sensor interface is similar when dealing with single-ended and differ-
ential sensors. Thus, the operation will be explained only for a single-ended sensor, as
shown in the schematic of Fig. 4.2. The waveforms in Fig. 4.2 explain the operation
over time: these waveforms are provided from outside the chip for best flexibility.
The reset phase comes first: CLK1 and CLK2 are low, so both the top and bottom
side of the bridge are connected to ground. RST, SCLKP and SCLKN are high, thus
resetting nodes Vc, Vp, and V n to ground. Then, the first sampling phase starts. At
this period CLK1 is high while CLK2 remains low, thus connecting the top/bottom
side of the bridge to GND/VDD respectively. SCLKP is also high to connect the
bridge output to the positive side Vp of the ADC’s DAC (CDACP ). The voltage Vp
can be calculated as:

Vp =
Cs

Cs + Cr + CDACP + Cp1
· V DD (4.3)

where Cp1 is the parasitic capacitance of Cs at the middle point of the bridge, which is
relatively small compared to Cs. After Vp is sampled, CLK1 goes low, and RST goes
high again to reset the bridge for the preparation of the second sampling phase. In the
second sampling phase, CLK2 goes high while CLK1 remains low, and SCLKN is high
to sample the reversed bridge output on CDACN . The voltage Vn can be calculated
as:

Vn =
Cr

Cs + Cr + CDACN + Cp1
· V DD (4.4)

In this way, a full bridge measurement is obtained with only a single arm, as the
differential voltage Vd is given by:

Vd = Vp − Vn =
Cs − Cr

Cs + Cr + CDAC + Cp1
· V DD (4.5)

where CDAC = CDACP = CDACN . The mismatch between CDACP and CDACN is
negligible for the 65nm technology employed in this design, as CDACP and CDACN
are fabricated very close to each other on the same wafer. When CLKADC goes
high, the ADC digitizes this differential signal asynchronously [35], [17] without any
additional external clock signals. The output code is produced after the conversion
delay, and then all circuits power down automatically thanks to their dynamic nature.
While (4.5) is dependent on VDD, the ADC uses the same VDD as its reference, such
that the digital output code will become independent of VDD. Fig. 4.3 shows the
differential bridge output Vd (normalized to VDD) at different Cs/Cr ratios, assuming
Cp1 and CDAC are much smaller than Cs and Cr. As shown, the sampled differential
voltage Vd is non-linear with the sensed value Cs. However, this bridge non-linearity
is entirely predictable by equation (4.5) and therefore can be compensated afterwards.
Details of this compensation will be explained in Section 4.2.6.
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Figure 4.3: Normalized differential bridge output for a fixed Cr at different Cs values.

For a differential capacitive sensor, Vd can be rewritten as:

Vd =
Cd2 − Cd1

Cd1 + Cd2 + CDAC + Cp1
· V DD (4.6)

Where Cd1 = C0 - 4C, Cd2 = C0 + 4C, C0 is the nominal capacitance for both
sensors and 24C is the differential signal provided by the sensor. Then, (4.7) can be
rearranged as:

Vd =
2∆C

2C0 + CDAC + Cp1
· V DD (4.7)

Thus, the bridge output voltage is linear with the capacitance change 4C when a
differential sensor is used. Therefore, no bridge non-linearity needs to be compensated
in this case.

4.2.3 Capacitive bridge analysis

To obtain a sufficiently large sensitivity of the bridge, a single ended sensor should
have a suitable reference capacitance Cr. According to (4.5), the bridge capacitance
to voltage sensitivity Sbridge can be calculated as:

Sbridge =
∂Vd
∂Cs

=
2Cr + CDAC + Cp1

(Cs + Cr + CDAC + Cp1)2 · V DD (4.8)

The maximum sensitivity can be found when Cr = Cs, indicating that Cr should be
selected close to Cs for the best sensitivity. Rearranging (4.8) using Cr = CS, the
maximum bridge sensitivity is given by:

Sbridge max =
V DD

2Cs + CDAC + Cp1
(4.9)
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which shows that Sbridge decreases with larger Cs, CDAC and Cp1. Thus, minimizing
CDAC and Cp1 is beneficial to improve sensitivity, especially when Cs is small.

The calculation in (4.9) shows that the proposed CDC’s sensitivity depends on the
parasitic capacitance Cp1, while this is not the case for the traditional switched ca-
pacitor architectures (e.g. [44]), which use an operational transconductance amplifier
to perform the charge transfer. As shown in Fig. 4.4, indeed, the bridge sensitivity
of the proposed CDC reduces when Cp1 is large compared to Cs (here it is assumed
that CDAC = 0 for simplicity), while the sensitivity of conventional architectures does
not depend on the parasitic capacitance. However, the parasitic capacitance of re-
cent MEMS capacitive sensors is usually smaller than their sensing capacitance [38],
[39], as indicated in Fig. 4.4. This makes the sensitivity loss of our CDC sufficiently
small (about 10% to 20%), when it is used together with this kind of sensors. Most
importantly, as the proposed CDC avoids the power hungry OTA, it achieves a very
low absolute power and high efficiency, together with an inherent power scalability
versus the measurement rate.
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Figure 4.4: Architecture comparison showing the impact of parasitic capacitance on
the bridge sensitivity.

The capacitive bridge only consumes energy during the two sampling phases, as shown
in Fig. 4.5. The reset phases do not cost energy, as the capacitors are reset to the
ground. The total energy consumption for one complete cycle can be calculated as:

Ebridge = (Ceq1 + Cp2) · V DD2 + Ceq2 · V DD2

= (Ceq1 + Cp2 + Ceq2) · V DD2 (4.10)

Where

Ceq1 =
Cs · (Cr + CDAC + Cp1)

Cs + Cr + CDAC + Cp1
, Ceq2 =

Cr · (Cs + CDAC + Cp1)

Cs + Cr + CDAC + Cp1
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are the equivalent capacitances to ground at each phase, as shown in Fig. 4.5. Cp2 is
the parasitic capacitance of Cs at the bottom side of the bridge: it impacts Ebridge,
as it needs to be charged to VDD during phase (a).

Cr

Cs

Cp1 Vp CDACPCp2

Cr

Cs Cp1
CDACN

Cp2

Vn

(a)

(b)

VDD

VDD

Ceq1

Ceq2

Figure 4.5: Two sampling phases that consume energy in the bridge: (a) sample Vp,
(b) sample Vn.

Assuming Cp1, Cp2 and CDAC are much smaller than Cs and Cr, (4.8) and (4.10) can
be rewritten as:

Sbridge ≈
2Cr

(Cs + Cr)
2 · V DD (4.11)

Ebridge ≈ (
2Cs · Cr
Cs + Cr

) · V DD2 (4.12)

Fig. 4.6 shows the bridge sensitivity and energy for a given Cs value at different
Cr. Sbridge and Ebridge are normalized to the case when Cr = Cs. For best use, Cr
should be selected close to the nominal value of Cs for a high bridge sensitivity. Since
for most sensors, Cs only varies within a small range around its nominal value, the
sensitivity can be maintained. An array of reference capacitors from 2.5 to 17.5pF
implemented in this design can be easily programmed to cope with sensors within the
target capacitance range of 1 - 25pF.
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Figure 4.6: Normalized bridge sensitivity and energy for a given Cs at different Cr
values.

Even though the implemented capacitance range can already cover many different
sensors, there are still outliers that could fall out of this range. For those cases
where the sensor capacitance is much larger than 17.5pF, for instance when Cs is
around 100pF, implementing a comparable value of Cr on chip is not practical, as
it will occupy a large chip area. Despite the sensitivity reduction, using a smaller
Cr in such case can be a reasonable choice, as it not only occupies less chip area,
but also consumes less energy in the bridge, as shown in Fig. 4.6. Note that in this
case, the differential bridge output Vd is large as indicated in Fig. 4.3, which means
the ADC should have a large input range to cope with this voltage. For another
extreme case when Cs is much smaller than 2.5pF, it is suggested to implement a
comparable Cr on chip both for better sensitivity and less energy consumption, as
the area overhead would be negligible. However, the sensitivity reduction caused by
CDAC and Cp1 becomes more relevant in this case, according to (4.9), and this will
lead to performance degradation.

4.2.4 Digital CDS measurement

Because Vp is sampled before Vn, Vp may have more signal droop due to sampling
switch leakage. Even though the entire sampling is finished within 3µs, this can still
lead to a slight inaccuracy. To solve this problem and to cancel ADC offset and 1/f
noise, an optional digital CDS measurement (as described earlier in Chapter 2) can be
implemented, as shown in the waveforms of Fig. 4.7. First, a normal measurement as
described in Fig. 4.2 is done which produces a digital output Dout1. Immediately in
the next measurement, CLK2 goes high first when sampling on CDACP , while CLK1
goes high afterwards when sampling on CDACN . By doing this, a reversed version
of the differential voltage is sampled by the ADC, which produces a reversed digital
output Dout2. By subtracting Dout2 from Dout1, the digital CDS measurement Dcds

is obtained, which is able to compensate the aforementioned errors and to improve
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SNR by at least 3dB, as discussed in Section 2.6. After this, all circuits are powered
down to sleep mode until the next measurement, as shown in Fig. 4.7.
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Figure 4.7: Waveforms of digital CDS.

The benefit of digital CDS is valid assuming the input signal is quasi-static during the
two measurements without digital CDS (Dout1 and Dout2). If the input signal changes
fast, the effectiveness of digital CDS may reduce. Assuming the sensor produces a
signal Vin with a frequency fin and voltage amplitude A at the ADC input, Vin in
time domain can be written as:

Vin(t) = A · sin(2πfin · t) (4.13)

The ADC is considered to be ideal for simplicity. Then, Dout1 and Dout2 can be
calculated as:

Dout1(t) = GADC · Vin(t) (4.14)

Dout2(t) = −GADC · Vin(t+ T0) (4.15)
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where GADC is the ADC voltage to digital code gain, and T0 is the conversion delay
for producing Dout1. GADC can be calculated as:

GADC =
2N

VFS
(4.16)

Where N is the number of bits of the ADC, and VFS (∝ VDD) is the full scale input
range of the ADC. The phase shift in Dout2 is given by:

ϕ0 = 2πfin/f0 (4.17)

where f0 = 1/T0. Using (4.13-4.15) and (4.17), the digital CDS measurement Dcds

can be calculated as:

Dcds(t) = Dout1(t)−Dout2(t)

= C · [2Dout1(t+ Tshift)]
(4.18)

where

C =

√
1

2
[1 + cos(ϕ0)]

Tshift = tan−1
[ sin(ϕ0)

1 + cosϕ0

]
/2πfin

According to (4.18), Dcds has an amplitude reduction by a factor of C and a time
shift of Tshift compared to 2·Dout1(t), which is the ideal output of a digital CDS
measurement. Note that C is an fin dependent value, and the value of C at different
fin/f0 ratios is shown in Fig. 4.8. When fin < 0.04·f0, C is larger than 99%,
which means the amplitude reduction is almost negligible, and the input signal can
be considered as “quasi-static”. The nominal conversion delay of this CDC for a
measurement without digital CDS is 10µs, thus the digital CDS mode can ideally cover
a 4kHz signal bandwidth which is sufficient for many capacitive sensors. Regarding
the time shift Tshift, it can be re-written as (4.19), using (4.17):

Tshift =
T0

2
(4.19)

Hence, Tshift is a constant time shift which is independent of the input signal. Thus,
it can be easily corrected in the digital domain.
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C > 99%

0.04

Figure 4.8: Attenuation factor C at different fin/f0 ratios.

As another method to understand the effect of digital CDS on the input signal, z-
domain analysis can be used. Since the second measurement without digital CDS is
an inverted version of the first one with a delay of T0, it can be written as follows in
the z-domain:

Dout2(z) = −Dout1(z) · z−1 (4.20)

Then, the digital CDS measurement results can be calculated as:

Dcds(z) = Dout1(z) · (1 + z−1) (4.21)

Therefore, the digital CDS measurement in principle has a signal transfer function as
calculated below:

Hcds(z) =
Dcds(z)

2 ·Dout1(z)
=

1

2

(
1 + z−1

)
(4.22)

According to (4.22), Hcds(z) actually gives a low pass filtering function, and its am-
plitude is equal to C as calculated previously.

4.2.5 Asynchronous SAR ADC

An asynchronous 10b SAR ADC from [35] is used such that a single clock edge en-
ables the entire ADC operation. Asynchronous dynamic logic as in [16] is used to
minimize the number of logic gates, which helps to reduce the leakage power. More-
over, high-Vth transistors with increased length (L=100nm) are used for the ADC
logic to further minimize leakage power, which dominates the power at low sensing
rate. The sampling switches are implemented with CMOS transmission gates rather

4. Low power all-dynamic capacitive sensor interface 59



than using dynamic clock boosting to enable operation at very low rate. As in [35],
the ADC uses a segmented DAC with 3 unary and 7 binary bits to improve linearity
and save power. The DAC capacitance is only 300fF with 250aF unit capacitors to
save power while achieving sufficiently low kT/C noise and sufficient linearity. A con-
ventional differential switching scheme is used. CDAC is sufficiently small compared
to Cs and Cr, so that passive charge sharing between bridge and ADC is possible
without causing strong signal attenuation.

The nominal ADC differential input range is about 1V with 0.6V VDD. As mentioned
previously, Cs typically varies within a small range around the nominal value, so only
a small part of the ADC’s signal range is useful. Therefore, two optional attenuation
capacitors (300/600fF) are added to the DAC (Fig. 4.9(a)) to reduce the DAC swing
which effectively reduces the ADC input range, increasing the ADC sensitivity by a
factor:

Srel ADC = (CATT + Ccore)/Ccore = CDAC/Ccore (4.23)

T<6:0>

300fF300fF600fF

Sens_sel<1:0> 

SCLKN

Vc Vn

Vp

(a)

(b)

CATT Ccore

CDAC

Vc

CDACN

CDACP
Vp

Vn

B<6:0>

3b unary + 7b binary

Figure 4.9: Configurability of the ADC sensitivity: (a) circuit implementation, (b)
calculated ADC range.
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where Ssrel ADC is the relative increase of ADC sensitivity, Ccore is the capacitance of
the core DAC, CATT is the added attenuation capacitance which is implemented with
Metal-Insulator-Metal capacitors, and CDAC is the final total DAC capacitance. Cs
and CDACP in Fig. 4.1, Fig. 4.2 and Fig. 4.5 are in fact implemented by CDAC as
shown in Fig. 4.9(a). Using Sens sel<1:0>, the ADC sensitivity can be set from 1×
up to 4×, as shown in Fig. 4.9(b). Note that with the increase of ADC sensitivity, the
bridge sensitivity will be reduced according to (4.9), as the value of CDAC becomes
larger. However, this sensitivity reduction is not significant as long as CDAC is still
much smaller than the sum of Cs, Cr and Cp1. Besides, as CATT reduces the DAC
swing, it also reduces the impact of DAC mismatch on the CDC accuracy. This results
in a better CDC accuracy, as the gain factor from capacitance to code is changed.
The low ADC sensitivity setting, which results in a large input range, can be used
for cases where Cs is much larger than Cr, as discussed in Section 4.2.3.

The total input referred noise of the CDC in voltage can be estimated as a combination
of the sampling noise on CDAC Vn,samp, the ADC quantization noise Vn,qn, and the
comparator noise Vn,cmp, which are uncorrelated:

V 2
n,tot ≈ V 2

n,samp + V 2
n,qn + V 2

n,cmp (4.24)

The noise contribution from the capacitive bridge is negligible, as Cs and Cr are rela-
tively large compared to CDAC . Fig. 4.10 shows the noise value of each contribution
at different ADC sensitivities, based on simulations and calculations. The sampling
noise is the thermal noise sampled on CDAC which results in a 2kT/CDAC contribu-
tion, so it has less noise contribution at higher ADC sensitivity. The quantization
noise is also reduced with the ADC sensitivity, as the ADC input range is reduced.
Then, the total noise is ultimately limited by the comparator noise, which does not
scale with the ADC sensitivity.

Total noise

Comparator noise

Srel_ADC

N
o
is

e 
(μ

V
rm

s)

Figure 4.10: Input-referred noise voltage of the CDC at different ADC sensitivities
based on calculations and simulations.
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The ADC uses a dynamic two-stage comparator [50], which includes a pre-amplifier
and a latch stage. The dynamic pre-amplifier shown in Fig. 4.11 is reset when CLK
is low, and enabled when CLK is high. Since there is only a parasitic capacitive load,
only dynamic power is consumed. The sampled voltages Vp and Vn directly drive
the input NMOS transistors (M1 and M2) of the pre-amplifier as shown in Fig. 11.
Normally in a differential ADC when Vp and Vn are sampled at the same time, the
“Tail” node of the pre-amplifier shown in the schematic is kept floating during the
sampling phase [35], [50]. However, this can be a problem when employing the CDS
sampling scheme of this CDC, as the series parasitic capacitances Cgs of M1 and M2

would lead to disturbance due to capacitive coupling between Vp and Vn during the
sampling phase. To avoid this, the “Tail” node is shorted to VDD by M3 during the
sampling period. M3 is controlled by the ReadyN signal from the ADC logic, which
is active during the conversion time of the ADC, as illustrated in Fig. 4.11.

CDACN

CDACP

Cgs

Cgs

Vp

Vn

CLK

AD conversion

VDD

ReadyN

TailVc

CLK

Pre-amp of 

comparator

Vp / Vn

ReadyN (from ADC logic)

M1 M2

M3

Capacitive 

coupling

Vp     Vn

Figure 4.11: Tail node control of the comparator pre-amplifier.

4.2.6 Bridge non-linearity compensation

As discussed previously, the output code is inherently non-linear with Cs, but entirely
predictable by the transfer function (4.5). After the sampled differential voltage Vd
is converted by the ADC, using (4.5), the digital output Dout can be calculated as:

Dout =
Cs − Cr

Cs + Cr + CDAC + Cp1
·Df (4.25)
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Df = VDD · GADC is independent of VDD, being GADC inversely proportional to
VDD according to (4.16). Thus, there are 3 unknown parameters in the Cs to Dout

transfer function (4.25): Cr, CDAC + Cp1, and Df . A 3-point calibration is therefore
required to reconstruct this transfer function. This is a disadvantage compared to
many other prior designs, where the output code depends linearly on the sensing
capacitance. However, many single-ended capacitive sensors, for instance the pressure
sensor in [39] and the humidity sensor in [40], show an intrinsic non-linearity, as well
as variability of their nominal value and sensitivity, which needs to be calibrated,
regardless of the sensor interface. Thus, sensor calibration can be done simultaneously
with systematic non-linearity compensation. On the other hand, the proposed CDC
can actually benefit from the bridge non-linearity, as it can measure a Cs value which
is much larger than Cr. Situations where Cs � Cr have a reduced sensitivity, but
the smaller value of Cr enables a smaller chip area and less energy consumption, as
discussed in Section 4.2.3.

4.3 Measurement results

This design was fabricated in 65nm CMOS technology and occupies an area of
0.08mm2, including the reference and decoupling capacitors but excluding I/O pads,
as shown in Fig. 4.12. To provide versatility in terms of the sensing capacitance
range and the ADC sensitivity, reference and attenuation capacitor arrays are used
as discussed in previous sections. Therefore, circuit versatility is obtained at the cost
of chip area overhead, which is about 0.018mm2. The measurement results of the
CDC, measurement results with MEMS sensors, and the comparison to prior-art are
discussed in this section.

385μm

205μm
Reference 

cap

SAR ADC

CLK drivers 

& bridge switches

Decap

90μm

Decap
Input pads for 

external sensors

10b digital 

output pads

Figure 4.12: Die photo in 65nm CMOS.

4.3.1 CDC measurement results

To characterize the chip, a trimming capacitor with a range of 1 - 30pF is used
as the sensing capacitor. The total parasitic capacitance (Cp1 ≈ Cp2) due to the
interconnection between this trimming capacitor and the chip is estimated to be
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about 2.5pF. The CDC measurements reported in this section are all based on this
parasitic capacitance value. First, the trimming capacitor is trimmed manually and
measured with a GW INSTEK LCR-6100 meter for reference, and then it is connected
to the chip to obtain a digital code. This process is repeated for different values of
Cs, yielding the code versus Cs as shown in Fig. 4.13 (Cr = 5pF). As expected,
higher ADC sensitivity increases the output code range, while lower ADC sensitivity
supports a wider sensing range. Fig. 4.14 shows the measured output code with
different Cr settings in digital CDS and 4× ADC sensitivity mode. Fig. 4.15 shows
the measured inaccuracy after a 3-point calibration of each segment. The highlighted
points in Fig. 4.14 are used for calibration to compensate the bridge non-linearity,
as explained in Section 4.2.6. After calibration, the measured errors are within ±8fF
with a Cs range of 1.23 - 24.59pF.
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Figure 4.13: Measured output code vs. Cs for various settings of ADC sensitivity
when Cr = 5pF.
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Figure 4.14: Measured output code vs. Cs for various values of Cr.
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It should be noted that these reported errors include inaccuracy of the LCR-6100
reference meter as well as potential errors due to the measurement procedure (e.g.
disturbance in the environment and parasitic capacitance change due to manually
tuning and placing the capacitor). Thus, the ADC non-linearity, which is the domi-
nant inaccuracy source is also measured separately to provide more reliable inaccuracy
results. Fig. 4.16 shows the measured ADC INL and DNL errors at 4× ADC sensi-
tivity over 8 IC samples from the same batch. The minimum and maximum errors
are -0.90LSB and 0.68LSB respectively, and this corresponds to a capacitance error
from -11.4fF to 8.6fF for a capacitance range from 11.58pF to 24.59pF when Cr =
17.5pF, which is similar to the inaccuracy shown in Fig. 4.15.

Digital CDS &

Cs (pF)

C
er
ro
r
(f
F
) Cr

Cr

Crr

Figure 4.15: Measured inaccuracy after 3-point calibration for various values of Cr.

8 IC samples, 4x ADC sensitivity

8 IC samples, 4x ADC sensitivity

Figure 4.16: Measured ADC INL and DNL over 8 IC samples.

To determine the noise performance of the CDC, the standard deviation of the digital
output over 214 measurements at the same Cs value is calculated. This process is
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repeated at more than 10 other Cs values. Then, these standard deviations are
averaged in the power domain, and referred back to the input capacitance, obtaining
the rms resolution of the CDC. When Cr = 5pF, the rms resolutions for measurements
without and with digital CDS at different ADC sensitivity settings are shown in Fig.
4.17. A higher ADC sensitivity has better resolution as discussed previously, and the
resolution is eventually limited by the thermal noise of the ADC’s comparator. As the
digital CDS mode can also cancel the 1/f noise, it has about 3.5dB better resolution
compared to the case without digital CDS. This is further verified observing the noise
power spectral density shown in Fig. 4.18.
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3.5dB
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Figure 4.17: Measured rms resolution vs. ADC sensitivity when Cr = 5pF.
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Figure 4.18: Measured noise spectral density (measurement rate = 25 kS/s).

Thanks to the all-dynamic circuitry, the power scales proportionally to the measure-
ment rate, as shown in Fig. 4.19 (a). The leakage power is only 0.1nW, hence the
FoM of this design can be maintained even at a very low rate, as shown in Fig. 4.19
(b). The power supply sensitivity is measured by checking the digital code variation
when changing VDD from 0.55V to 0.65V. Thanks to the ratiometric architecture
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of the CDC, the error due to the power supply change is within only 1.3LSB (Cr =
5pF, Cs = 7.67pF), which corresponds to a capacitance error of 3.3fF at the digital
CDS mode, as shown in Fig. 4.20. Thanks to the large ADC input range at 1× ADC
sensitivity mode, this CDC can support a much larger Cs (up to 100pF) when Cr =
17.5pF, as shown in Fig. 4.21.
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1x ADC sensitivity, Cr = 17.5pF

Cs (pF)
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w/o digital CDS (2nd meas.)

Cs >> CrCs ≈ Cr

Figure 4.21: Measurement results for extreme case when Cs � Cr.

The measured performance for different Cr settings at 4× ADC sensitivity mode is
summarized in Table 4.1. Similar SNR is obtained for different Cr settings. When
Cr is small, the signal attenuation caused by Cp1 and CDAC becomes more relevant,
hence reducing the common mode voltage of the sampled input signal. The ADC’s
comparator with an NMOS input pair thus becomes slower, which leads to a lower
maximum rate. This can be easily fixed by using a comparator with a PMOS input
pair, which works much faster at a low common mode voltage. Note that unlike
the mode without digital CDS, the digital CDS mode cannot support the Nyquist
bandwidth (maximum rate/2) as discussed in Section 4.2.4. The power is measured
with the largest Cs for each segment, which is the worst case. The ADC and the 0.8V
clock drivers consume about 1pJ and 0.1pJ per conversion respectively according to
post-layout simulations, and the rest is consumed by the capacitive bridge including
the parasitic capacitance. A smaller Cr leads to lower energy per conversion, as
the bridge consumption scales with the capacitance value. Therefore, better FoM is
obtained for smaller Cr, yet all settings achieve a very competitive FoM from 18 to
59 fJ/conv-step.

Cr (pF) 2.5 5 10 17.5 Combined

Input range (pF) 1.23~4.33 2.97~7.67 6.38~14.38 11.58~24.59 1.23~24.59

With or w/o digital CDS w/o with w/o with w/o with w/o with w/o with

Resolution (fF) 4.4 2.9 6.2 4.1 10.5 7.1 16.9 11.1 16.9 11.1

SNR a (dB) 48.0 51.6 48.6 52.2 48.6 52.0 48.7 52.4 53.8 57.4

Max. speed (kS/s) 20 10 50 25 100 50 100 50 100 50

Power b (nW) 73.8 74.7 240 242 695 694 1006 1004 1006 1004

E/conv. (pJ) 3.69 7.47 4.80 9.68 6.95 13.88 10.06 20.08 10.06 20.08

FoM c (fJ/ conv-step ) 18 24 22 29 32 42 45 59 25 33

a SNR = 20 log {Cap. range / (2�2 � Cap. resolution)} c FoM = (E/conv.)/2(SNR-1.76)/6.02

b Power at max. speed, measured with largest Cs for each segment

Table 4.1: Measured performance summary (4× ADC Sensitivity, Cp1 ≈ Cp2 = 2.5pF)
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4.3.2 Measurements with MEMS capacitive sensors

To verify this design with real capacitive sensors, two types of MEMS capacitive sen-
sors are tested. First, a Murata HDD MEMS pressure sensor is connected to the chip
and characterized in a pressure chamber. Cr is set to 10pF, and 4× ADC sensitiv-
ity is used. The bridge non-linearity of this chip and the MEMS sensor’s inherent
non-linearity are calibrated together in the digital domain. An NXP MPXH6400A
pressure sensor is placed close to the chip as a reference. Fig. 4.22 (a) shows that
the measured results of this chip can very well follow the results from the commercial
reference. Only 0.8nW power is consumed (without digital CDS) with a measurement
rate of 100S/s and a resolution of 0.18kPa.

Speed: 100 S/s

rms nosie: 0.18 kPa 

Power: 0.8 nW

Speed: 200 S/s

rms nosie: 12 mg 

Power: 1.4 nW

(a)

(b)

Figure 4.22: Pressure (a) and acceleration (b) measurements of this chip with MEMS
capacitive sensors.

For the second example, a Murata ZC5 MEMS accelerometer which is a differential
capacitive sensor is connected to the chip. Cr is disabled, 4× ADC sensitivity is
used, and only the gain and offset errors are calibrated in this case, as no bridge
non-linearity needs to be compensated. Fig.4.22 (b) shows that the measured results
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of this chip also match the commercial reference (Analog Devices ADXL335), while
only 1.4nW power is consumed at the digital CDS mode with a measurement rate of
200S/s and a resolution of 12mg.

4.3.3 Comparison with prior art

Table 4.2 compares the performance of this work (Cr = 5pF, 4× ADC sensitiv-
ity mode) with prior-art (note that [5] is published after this work). An SNR of
48.6/52.2dB is obtained without/with digital CDS with a maximum rate of 50/25kS/s.
A lowest reported absolute power of 0.1nW is achieved at 1S/s, which is >20x smaller
than prior art [7]. A reported lowest FoM of 22/29fJ/conv-step is also achieved (at
max. rate) without and with digital CDS respectively by the time of publication.
Note that with smaller Cr, the FoM further improves down to 18fJ/conv-step. The
resolution of this work could be further improved by means of oversampling, or by
spending more power in the comparator, which is dominating the overall noise-level.
Table 4.3 summarizes measurement rate and power scalability of this design (Cr =
17.5pF, 4× ADC sensitivity mode). The measurement rate of this design can scale
over 5 orders of magnitude, and 4 orders of magnitude scalability is achieved in power,
making it able to deal with different sensors and applications easily and efficiently.
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[42] a [45] b [7]

This work c

w/o digital

CDS

with digital 

CDS

Speed range (S/s) up to 62.5k 0.5k~6.3k 30~100000 1~100000 1~50000

Scaling factor d >> 4 12.6 3333 100k 50k

Power range (W) up to 7.25� 16�~42� 2.8n~8820n 0.1n~1006n 0.1n~1004n

Scaling factor d >> 4 2.625 3150 10k 10k

a Estimated from measurements; actual range probably much larger
b Estimated from measurements 
c Measured results with Cr = 17.5pF & 4x ADC sensitivity
d Scaling factor = max. value / min. value

Table 4.3: Measurement rate and power scalability comparison

4.4 Conclusion

This chapter presented a versatile, energy efficient and low power CDC with only
dynamic circuits, including a single armed capacitive bridge and a 10b asynchronous
SAR ADC. It combines state-of-the-art power efficiency (down to 18fJ/conv-step)
with the lowest reported power (down to 0.1nW) and highest versatility, such that
a wide variety of sensor types and IoT applications can be supported optimally.
Measurements with a MEMS pressure sensor and a MEMS accelerometer are further
demonstrated for verification, showing that this design can measure environmental
pressure and acceleration with only 0.8nW and 1.4nW respectively, while providing
adequate precision and measurement rate.
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Chapter 5

Low power versatile all-dynamic
T/C/R sensor interface

Based on the design approach as described in Chapter 2, a highly versatile all-dynamic
sensor interface is presented in this chapter. It supports temperature, capacitance
and resistance sensing with adaptive power versus measurement rate and resolution,
a configurable signal range, and the ability for time-interleaved multimodal recording.
The temperature sensing uses the method proposed in Chapter 3, but with an im-
proved performance. The capacitance sensing reuses the design proposed in Chapter
4. A new all-dynamic 4-terminal resistance sensing method is proposed for the resis-
tance sensing modality. Digital CDS as described in Chapter 2 is also implemented
in the proposed resistance sensor interface. State-of-the-art FoMs are achieved of
0.82pJ·◦C2, 31fJ/conv-step, and 124fJ/conv-step, for temperature, capacitance and
resistance sensing, respectively, with a minimum power consumption of 0.34nW and
a chip area of 0.084mm2 in 65nm CMOS. Multimodal sensing is demonstrated in
real time, showing that this chip can measure temperature, acceleration (with a ca-
pacitive sensor) and pH (with a resistive sensor) together with only 1.4nW of power
consumption.

The content of this chapter has been published in [12].
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5.1 Introduction

Versatile multimodal sensing consuming minimum energy and chip area is required
for Internet-of-Things (IoT) and other resource-limited applications. For example,
wireless sensor nodes used for environment monitoring need to measure parameters
such as temperature, pressure, humidity, acceleration, etc. These parameters require
the interface to support different sensing modalities, and they could have different
sampling rate and resolution requirements. Thus, a sensor interface that can instan-
taneously adapt sensor modality and conversion performance is needed, such that a
single interface can digitize various sensor outputs with various requirements.

Recent multi-parameter sensor interfaces [51], [52] can support temperature and ca-
pacitance sensing ([51] also supports voltage sensing). However, they target relatively
high precision applications by using an incremental ∆Σ modulator, which consumes
static power and takes a long conversion time due to the oversampling. Consequently,
>0.5µW power and >20nJ energy per measurement is consumed, and real time mul-
timodal sensing is not shown in these designs. Time-interleaved multimodal recording
has been shown in [53], where a versatile switched capacitor integrator followed by
a SAR ADC is used. However, the architecture still uses a power-hungry ampli-
fier, consuming µW-level of static power, which is not favorable for duty-cycled IoT
applications. Alternatively, time-interleaved capacitance and resistance sensing are
supported in [54], which uses a swing-boosted period-modulation method, yet it is
also targeting high precision applications with a power consumption of 140µW.

To address the aforementioned limitations, this chapter presents a highly versatile
interface that supports temperature, capacitance, and 4-terminal resistance sensing
while consuming only dynamic power. Temperature and capacitance sensing front-
ends are based on the designs presented in Chapter 3 and Chapter 4, respectively.
A duty-cycled current DAC (I-DAC) is proposed for the resistance sensing front-
end, such that four-terminal resistance sensing can be fulfilled with only dynamic
power consumption. Thanks to the dynamic nature and short conversion time, the
chip not only provides an inherent power scaling versus measurement rate and res-
olution, but also can support quasi-simultaneous multimodal recording by means of
time-interleaved readout of the different sensors. Moreover, state-of-the-art FoMs are
achieved for all sensing modes, with a minimum power consumption of only 0.34nW.

This chapter is organized as follows: the proposed all-dynamic versatile sensing plat-
form is introduced in Section 5.2, measurement results are presented in Section 5.3,
and conclusions are drawn in Section 5.4.
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5.2 Proposed all-dynamic versatile sensing plat-

form

5.2.1 Architecture

Fig. 5.1 shows the proposed versatile sensor interface. A clocked resistive bridge
(Chapter 3) and a single-armed capacitive bridge (Chapter 4) are used as the tem-
perature and capacitance sensor front-end, respectively. A 5b duty-cycled I-DAC is
additionally implemented for 4-terminal resistance sensing, and the reason why a 4-
terminal resistance sensing method is used will be explained later in Section 5.2.2.
A 10b asynchronous SAR ADC is shared to digitize the 3 front-ends. Two attenu-
ation capacitors (0.3/0.6pF) are added in the DAC of the SAR ADC to optionally
reduce the ADC range, thus increasing the ADC sensitivity up to 4× and reducing
the impact of mismatch in the ADC on the measurement accuracy (Chapter 4). All
circuits consume only dynamic power, thus enabling an inherent scaling of power
versus measurement rate and resolution (by means of oversampling), together with
rapid reconfiguration for time-interleaved multimodal sensing.
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Dout

Duty-cycled 
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Control 

clocks

CLKADC

CDAC

CLKT1

CLKT2

RST

RST

CLKC1

CLKC2

VTP

VTN

CDAC

Cr<2:0> 

I<4:0>

Temp. 

sensing

Cap. 

sensing

Res. 

sensing VP

VN

CLKZ1

CLKZ2

RCM

RCM

CP

CP

D9 D0

0.3pF

0.3pF0.6pF

Sens<1:0> 

Res. 

sensors

Cap. 

sensors

VDD(0.6V) VDDH(1V)

Figure 5.1: Overview of the all-dynamic versatile temperature, capacitance and 4-
terminal resistance sensor interface.

Similar to the designs in the previous chapters, the interface uses a 0.6V main supply
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to save both dynamic power and leakage power, while the clock drivers use a higher
supply voltage (1V) to reduce leakage power of the bridge switches and improve the
switch linearity. According to post-layout simulations, the leakage power of the three
sensor front-ends (excluding the ADC) is reduced from 1.62nW to only 52pW with the
help of VDDH (at room temperature and typical typical corner). The control clocks
are externally provided for best flexibility, and they are de-multiplexed on chip for
the different front-ends. CMOS transmission gates are used to sample the front-ends’
outputs on the DAC capacitors of the SAR ADC.

5.2.2 All-dynamic 4-terminal resistance sensor interface

As mentioned in Section 2.7, resistive sensors could be used to measure many different
parameters. A resistive Wheatstone bridge (for instance as used for the temperature
sensor in Chapter 3) is an efficient way for resistance sensing. To achieve the desired
energy efficiency, the Wheatstone bridge should be efficiently duty-cycled with the
help of bridge switches. The bridge switches’ on-resistance should be negligible com-
pared to the bridge resistance, such that the bridge sensitivity can be maintained.
However, many resistive sensors’ resistance can be as low as a few kΩ [55][56][57],
or even below 1kΩ [58][59]. In this case, the bridge switches’ on-resistance (easily
>100Ω) is not negligible anymore, which will lead to performance degradation.

Alternatively, the 4-terminal sensing method has been widely used to measure resis-
tance, especially for low resistance values, as it can eliminate the lead and contact
resistance of the sensor element [60]. However, a large excitation current is required
to produce a sufficiently large output voltage when sensing small resistances. This
excitation current consumes static power, which is not an energy efficient approach
for IoT applications where on-demand sensing is required. Therefore, the excitation
current needs to be duty-cycled to save power. Unlike the duty-cycled Wheatstone
bridge presented in Chapter 3, the on-resistance of the switches that are used for
duty-cycling can also be eliminated thanks to the 4-terminal sensing method. There-
fore, an efficiently duty-cycled 4-terminal sensing method is proposed for resistance
sensing in this work, as shown in Fig. 5.2. The excitation current is generated from
a duty-cycled I-DAC, such that the power becomes only dynamic, and the voltage
across the sensed resistor Rs is sampled and digitized by the ADC. The I-DAC is duty-
cycled with a fast start-up principle [61] to minimize the energy per measurement,
and to speed up the start-up procedure.
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Figure 5.2: Schematic of the all-dynamic 4-terminal resistance sensor interface.

As illustrated in Fig. 5.3 (a), the NMOS-based current mirrors are shorted to ground
when the I-DAC is off. When enabled, pre-charged capacitors Cf can then provide a
fast start-up by dumping charge into the gate capacitor Cg. By proper sizing of Cf ,
the current mirror is quickly pre-charged close to the steady-state operation point.
Similarly, the PMOS based current mirror (Fig. 5.3 (b)) is shorted to VDD when
the I-DAC is off, and its corresponding Cf is shorted to ground, making it possible
to “absorb” charge for start-up when the I-DAC is enabled. To deal with different
sensing resistance values, the 5b I-DAC is programmable from 1 to 31µA with an
on-chip current reference. Larger currents can be used for small resistance values
with better resolution, while smaller currents are able to support a larger resistance
range. RCM (Fig. 5.2) is used to shift the common mode voltage of VZP and VZN to
a value that is suitable for the ADC.

Fig. 5.4 shows the clock diagram of the all-dynamic 4-terminal resistance sensing.
First, CLKon goes high to start up the current reference. Thanks to the fast start-up
method, the current reference is fully settled within only 8µs over different process
corners according to simulations, and only 3.4pJ is consumed for start-up at the
typical-typical corner. After this, CLKZ1 goes high to enable the excitation current
which flows through Rs, and CLKZ1 remains high until the interface is fully settled.
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Figure 5.3: Illustration of the fast startup principle: (a) NMOS current mirror, (b)
PMOS current mirror.

Then the voltage across Rs can be calculated as:

Vd = VZP − VZN = I ·Rs (5.1)

where I is the excitation current that flows through Rs. Depending on which I-DAC
setting is used, between 5.5pJ and 36pJ is consumed in this period according to
simulations. Then, the ADC samples the voltage and performs the asynchronous AD
conversion at the rising edge of CLKADC while the entire I-DAC is switched off to
save power. After the AD conversion delay, the digital code Dout1 is produced, and
it can be calculated as:

Dout1 = (Vd + Voff ) ·GADC = (I ·Rs + Voff ) ·GADC (5.2)
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where Voff is the offset voltage of the ADC, and GADC is the ADC’s input voltage to
digital code gain. Digital CDS can also be optionally performed by enabling CLKZ2
to produce a reversed excitation current which flows trough Rs. Then a reversed
output voltage is generated across Rs, which is further sampled and converted by the
ADC, and a reversed digital code Dout2 is produced after the conversion delay. Then
Dout2 can be calculated as:

Dout2 = (−Vd + Voff ) ·GADC = (−I ·Rs + Voff ) ·GADC (5.3)

By subtracting Dout2 from Dout1, the digital CDS measurement (Dcds) of the resistance
sensing is produced, which can reduce ADC offset, 1/f noise and other non-idealities.
According to (5.2) and (5.3), Dcds can be calculated as:

Dcds = 2I ·Rs ·GADC (5.4)

Note that the 1/f noise from the excitation current I can not be compensated by
digital CDS. Besides, while I is relatively supply-independent when VDD>600mV, it
becomes VDD dependent when VDD<600mV. At the same time, GADC is inversely
proportional to VDD. Thus, Dcds will show dependence on VDD, which means the
resistance sensing result requires as VDD a reference. To tackle this issue, one option
is to generate an excitation current I that is precisely proportional to VDD, then
(5.4) becomes independent of VDD. However, it is not easy to implement such a
circuit that consumes only dynamic power. As another option, Chapter 7 uses a
system level solution to achieve a system level ratio-metric measurement, such that
the measured result is not only stable over supply variations, but also stable over
temperature variations. The details will be further explained in Chapter 7.
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CLKADC
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AD Conv.

CLKZ1
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Digital CDS: Dcds = Dout1 Dout2
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All circuits

power down

Figure 5.4: Clock diagram of the all-dynamic 4-terminal resistance sensing.
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As indicated in Fig. 5.4, the I-DAC dominates the energy needed for a measurement
(>80%), while the ADC’s comparator dominates noise, especially at high ADC sen-
sitivity settings. Thus, efficiency can be improved by performing multiple (M) AD
conversions for only 1 sampled value, as shown in Fig. 5.5. By digitally averaging
these M digital values, the comparator noise power, which is thermal noise dominant,
can be reduced by M times. Then the sensing resolution can be improved with little
energy overhead. Digital CDS can still be performed in this case, as indicated in Fig.
5.5.
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Conv.

AD
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CLKZ2

CLKon

AD 
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Digital CDS: Dcds,avg = Dout1,avg Dout2,avg

Dout2,avg
All circuits 

power down

Figure 5.5: Illustration of one sampling and M AD conversions concept of the all-
dynamic 4-terminal resistance sensing.

5.2.3 All-dynamic temperature sensor interface

The temperature sensor shown in Fig. 5.1 is an improved design of the previous im-
plementation in Chapter 3. In this design, both non-silicide n-diffusion (0.17%/◦C)
and non-silicide p-poly resistors (-0.035%/◦C) are used as sensing elements to max-
imize the temperature sensitivity. Moreover, the resistance is reduced from 600kΩ
to 200kΩ to reduce the parasitic capacitance, enabling shorter on-time and less en-
ergy consumption per sample. Further reducing the resistance value would make the
on resistance of the bridge switches non-negligible, which would possibly reduce the
bridge sensitivity and the robustness of the ratiometric measurement.

Further, the ADC sensitivity in this design can be boosted up to 4× (Fig. 5.1).
Higher ADC sensitivity effectively reduces the impact of quantization errors and INL
on the temperature measurement accuracy. As a trade-off, a longer settling time
is required at higher ADC sensitivities, as the total DAC capacitance is increased,
leading to increased energy consumption.
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5.2.4 All-dynamic capacitance sensor interface

The capacitive front-end shown in Fig. 5.1 reuses the design from Chapter 4: a half
bridge is used, whose output is read out by the ADC using passive charge sharing.
Two opposite clock phases (CLKC1,2) are used to sample the positive output on
Vp and the inverted output on Vn, respectively. The reference capacitor Cr is pro-
grammable (from 2.5 to 17.5pF) to change the sensing range of single-ended capacitive
sensors. Cr is disabled for differential capacitive sensors.

5.3 Measurement results

5.3.1 Characterization of the sensor interfaces

The chip is fabricated in 65nm CMOS, and the area including the decoupling capac-
itors is 0.084mm2, as shown in Fig. 5.6.

Figure 5.6: Die photo in 65nm CMOS.

The 4-terminal resistance sensor interface is characterized at 4× ADC sensitivity and
digital CDS measurement mode. Normal film resistors with different resistance values
are used to characterize the chip. Fig. 5.7 (a) shows the measured digital output codes
at different Rs values for several example excitation current settings. As shown, a
wider resistance range can be supported with smaller excitation currents, while larger
excitation currents provide better resolution.

For a certain excitation current setting, the drain voltage of the excitation current
mirror transistors (M0 to M4 in Fig. 5.2) decreases with the value of Rs, which will re-
duce the current that goes through Rs, producing a second-order non-linearity. Thus,
a 3-point calibration is needed to compensate for this non-linearity. The measured
error (setting: I=4µA) over 5 IC samples after 3-point calibration is < ±60Ω for an
input range from 0 to 30.2kΩ, as shown in Fig. 5.7(b). To avoid the 3-point calibra-
tion, the aforementioned second-order non-linearity should be minimized. As will be
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shown in Chapter 7, this can be done by adding cascode transistors in the current
mirrors to boost their output impedance, and the details will be further explained in
that Chapter. It should be further noted that the aforementioned calibration is done
at room temperature. It probably becomes invalid if the temperature changes, as the
excitation current is sensitive to temperature variations. However, this temperature
dependency can be alleviated with the system-level ratiometric measurement that is
employed in Chapter 7.
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Figure 5.7: Measured results of the 4-terminal resistance sensor interface (4× ADC
sensitivity and digital CDS mode): (a) Digital output vs. Rs, (b) Measurement error
vs. Rs.

Thanks to the all-dynamic nature, the power (setting: I=4µA) scales proportionally
with the measurement rate over 3 orders of magnitude, and is eventually limited by
the leakage power (0.34nW) of the entire sensing platform (Fig. 5.8). When multiple
AD conversions (M) are applied to a single sampled voltage ( I=4µA as an example),
the rms resolution improves from 64Ω (M=1) to 39Ω (M=4) with only 37% energy
overhead, improving the FoM from 150fJ/conv-step to 124fJ/conv-step, as shown in
Fig. 5.9. Similar to the capacitive sensor interface, the FoM of the resitive sensor
interface is also usually defined as:

FoM =
Emeas

2(SNR−1.76)/6.02
(5.5)

where Emeas is the energy consumed by the resistive sensor interface for one complete
measurement, and SNR is the Signal to Noise Ratio of the resistive sensor interface,
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which can be calculated as:

SNR = 20 · log(
Rrange

2
√

2 ·Rrms

) (5.6)

where Rrange is the input resistance range of the resistive sensor interface, and Rrms

is rms resolution of the resistive sensor interface.
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Figure 5.8: Measured power consumption of the 4-terminal resistance sensor interface
vs. Measurement rate.
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Figure 5.9: Measurement results of the resistance sensor interface when using multiple
AD conversions for a single sampling.

Table 5.1 summarizes the measurement results of the resistance sensor interface at
different excitation current settings. As shown, similar SNR is achieved at differ-
ent settings. For settings with excitation current ≥4µA, the on time of CLKZ1 and
CLKZ2 is set to 2µs for the interface to settle. Thus, the energy consumed per mea-
surement decreases with smaller excitation current settings, as the energy consumed
for I stimulation (Fig. 5.4) is smaller. When the excitation current is reduced to only
1µA, longer on time (8µs) of CLKZ1 and CLKZ2 is required for the sensor inter-
face to settle. As a consequence, lower maximum measurement rate and less energy
efficiency are achieved compared to the setting when I=4µA.
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I (�A) 31 16 4 1

Input range (�) 0~3.9k 0~7.5k 0~30.2k 0~120k

Resolution (�) 9 19 64 258

SNR (dB) 43.7 43.1 44.5 44.3

Max. rate (kS/s) 25 25 25 10

Power a (nW) 1963 1132 513 261

Emeas
a (pJ) 78.52 45.28 20.52 26.10

FoM a (fJ/conv-step ) 627 386 150 195

a 
Measured at max. rate

Resistance sensing: 4x ADC sensitivity, digital CDS, M=1

Table 5.1: Measured performance summary of the resistance sensor interface with
different excitation current settings.

Fig. 5.10 shows the measurement performance of temperature sensing at 3× ADC
sensitivity and digital CDS mode as an example setting. Thanks to the improved
ADC sensitivity and better optimized bridge circuit, a much wider ADC range is
occupied (Fig. 5.10 (a)) compared to the previous design (Chapter 3), resulting in an
improved resolution of 0.38◦C with only 5.71pJ per measurement. This corresponds
to a FoM of 0.82pJ·◦C2, which is state-of-the-art among prior low power designs, as
shown in Fig. 5.11. The power also scales with the measurement rate over 3 orders
of magnitude, as indicated in Fig. 5.10 (b).
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Figure 5.10: Measured results of the temperature sensor interface (3× ADC sensitiv-
ity, digital CDS mode).

After 2 points calibration (assuming a linear transfer function), the min/max inac-
curacy is ±1.3◦C in a range from -10 to 120◦C over 10 IC samples, as shown in Fig.
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5.10 (c). However, the error is quite systematic, as it is mainly from the non-linear
resistance to output voltage transfer function of the Wheatstone bridge (as shown by
the calculation in (3.2)) and the sensing resistors’ non-linear temperature behavior.
Therefore, the systematic error can be removed by a fixed third-order polynomial
[28], which improves the min/max inaccuracy to ±0.3◦C, as shown in Fig. 5.10 (d).
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Figure 5.11: Temperature sensing FoM benchmark of this work [27].
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Figure 5.12: Measured results of the capacitance sensor interface (4× ADC sensitivity,
digital CDS mode, Cr=5pF).

Fig. 5.12 shows the measurement results of the capacitance sensor interface with
an exemplary setting: 4× ADC sensitivity, digital CDS mode, Cr=5pF. It achieves
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4.3fF rms resolution for an input range from 3 to 7.85pF. The power consumption
also scales with measurement rate over more than 3 orders of magnitude, as shown
in Fig. 5.12 (b). As discussed in Chapter 4, the output code versus Cs value transfer
function has a predictable non-linear behavior, which could be compensated by a
3-point calibration. As shown in Fig. 5.12 (c), < ±5fF error is achieved over 5 IC
samples after 3-point calibration, using the same calibration method as discussed
in Section 4.2.6 Chapter 4. Besides, since the non-linear behavior is purely caused
by the non-linear transfer function, it is mostly systematic and thus it can also be
compensated by a fixed non-linear function combined with 2-point calibration for gain
and offset. As shown in Fig. 5.12 (d), < ±7fF error is achieved after this calibration
method. Different capacitance ranges can be measured with other Cr settings, and
similar performance is achieved compared to the previous design (Chapter 4), as
shown in Table 5.2.

Cr (pF) 2.5 5 10 17.5

Input range (pF) 1.28~4.42 2.99~7.93 6.42~14.94 11.59~25.50

Resolution (fF) 3.2 4.3 7.3 11.7

SNR (dB) 50.8 51.9 52.3 52.3

Max. rate (kS/s) 10 25 50 50

Power a (nW) 80 256 726 1042

Emeas
a (pJ) 8.00 10.24 14.52 20.84

FoM a (fJ/conv-step ) 28 32 43 61

Capacitance sensing: 4x ADC sensitivity, digital CDS

a Measured at max. rate

Table 5.2: Measured performance summary of the capacitance sensor interface at
different Cr settings.

The temperature and capacitive measurements are ratiometric, resulting in a mea-
sured supply sensitivity of only ±0.06◦C and ±5fF over ±10% VDD variation, respec-
tively. The resistance measurement is not ratiometric, but uses VDD as a reference,
resulting in a measured ±3% error over ±10% VDD variation. All presented power
consumption numbers include the sensor network (bridge and/or I-DAC), the ADC,
and the digital logic.

5.3.2 Real time demonstration of multimodal sensing

As application example, wireless sensor nodes can monitor chemical processes in reac-
tors by sensing temperature and pH of the liquid and acceleration of the sensor node.
The temperature is sensed on-chip, while a MEMS capacitive accelerometer [38] and
a pH Ion-Sensitive Field-Effect Transistor (ISFET) [62] are connected externally. The
ISFET’s channel resistance is a function of pH as shown in Fig. 5.13, hence it can be
measured by 4-terminal sensing. A -1.5V reference probe (externally powered) is used
to bias the ISFET, which consumes negligible power. 8µA I-DAC current, 4× ADC
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sensitivity and digital CDS mode are used for the pH measurement. Due to the large
Cp of the ISFET, CLKZ1,2 need to be on for 40µs until the sampled voltage is fully
settled. 4× ADC sensitivity and digital CDS mode are also used for the acceleration
sensing, and 3× ADC sensitivity and digital CDS mode are used for the temperature
measurement. Time-interleaved multimodal sensing is shown in Fig. 5.14. In this
example, temperature and pH are measured at 1S/s, and acceleration is measured
at 100S/s. All measurements match with the commercial references (see Fig. 5.14)
and the total power consumption is only 1.4nW, as shown in the power breakdown
in Table. 5.3.

CppH 
ISFETRef. 

probe

(-1.5V) Cp

Cp

Cp

Ron(pH)

Figure 5.13: pH ISFET [62] simplified model.

Figure 5.14: Real time demonstration of temperature, acceleration, and pH sensing.

Table 5.3: Power consumption of chip in the real time demonstration.
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5.3.3 Performance summary and comparison

Table 5.4 shows the performance summary of this work and the comparison to prior
art. This is the only work that provides 3 sensing modes combined with efficient
power scaling versus measurement rate and resolution. State-of-the-art FoMs for
sub-µW interfaces are achieved of 0.82pJ·◦C2, 31fJ/conv-step, and 124fJ/conv-step
for temperature, capacitance, and resistance sensing, respectively, with a minimum
power down to 0.34nW and a chip area of 0.084mm2. In particular, the resistance
sensing mode consumes 60× less energy per measurement and achieves a 4× better
FoM compared to prior resistance sensor interfaces [63][64][65][66].

Thanks to the four terminal sensing method, the resistive sensor interface proposed
in this chapter is well-suited for sensors with relatively low resistance (below 100kΩ).
On the other hand, for sensors with larger resistance values, the method proposed
in Chapter 3 could potentially offer better energy efficiency, as it does not require
the excitation current which consumes a substantial amount of energy. However, for
the resistance sensing method in Chapter 3, the bridge output voltage sensitivity
can only be maintained if the sensing resistance value varies around the reference
resistance value. Therefore, efficiency degradation is expected if the sensing resistance
changes over a large range with respect to the reference resistor, and the bridge output
voltage’s inherent non-linear behaviour will become more obvious in this case.

5.4 Conclusion

This chapter presents a highly versatile sensing platform that can support temper-
ature, capacitance and resistance sensing. 4-terminal sensing with a duty-cycled I-
DAC is newly proposed to enable low power all-dynamic versatile resistance sensing.
Thanks to the all-dynamic architecture and short conversion time, it can instanta-
neously adapt the sensor modality and sensing performance (measurement rate and
resolution) with an efficient scaling of power consumption, making it suitable for en-
ergy constrained IoT applications. State-of-the-art FoMs for sub-µW sensor interfaces
are achieved with a minimum power consumption down to only 0.34nW. A real time
demonstration has been made, showing 3 environmental parameters can be measured
together consuming only 1.4nW of power.
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Chapter 6

Energy efficient capacitive sensor
interface with charge reuse

From a study of the energy breakdown of the Capacitance-to-Digital Converter dis-
cussed in Chapter 4, it is shown that the capacitive bridge consumes significantly
more energy than the ADC. To deal with this issue, a charge reuse technique in the
capacitive bridge is proposed in this chapter, which can significantly reduce the bridge
energy consumption. Based on this charge reuse technique, an updated CDC in 65nm
CMOS is implemented in this chapter. The CDC uses an ultra-small SAR ADC [68]
for signal digitization, and the SAR ADC is automatically power gated [69] to further
reduce the CDC leakage power.
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6.1 Introduction

In chapter 4, an energy efficient all-dynamic CDC is presented, which includes a
single-armed capacitive bridge and an asynchronous SAR ADC. In that design, the
capacitive bridge needs to be reset to ground before each sampling phase, and two
samples from the single-armed bridge are required to generate a differential output
signal. Thus, the capacitive bridge needs to be fully charged twice in one measure-
ment, which consumes a significant amount of energy compared to the ADC, as the
bridge capacitors are relatively large. Fig. 6.1 shows the energy consumption break-
down of the CDC proposed in Chapter 4 at different reference capacitance settings.
As shown, at least 70% energy is consumed by the capacitive bridge. The bridge
energy consumption becomes even more dominant with larger Cs and Cr values, as
the bridge energy consumption increases with the value of Cs and Cr, while the ADC
energy consumption remains the same. Therefore, it would be beneficial if the bridge
energy consumption could be reduced, such that the energy efficiency of the CDC
can be further improved.

Figure 6.1: Energy consumption breakdown of the CDC proposed in Chapter 4 for
one measurement, mode without digital CDS as example.

To tackle this issue, this chapter presents a method to reuse the charge in the ca-
pacitive bridge among multiple independent measurements, such that the capacitive
bridge only needs to be reset and fully charged once at the beginning of these mea-
surements. By doing this, the average bridge energy consumption per measurement
is significantly reduced, while the overall SNR of the CDC remains almost the same.
Hence, the FoM of the CDC can be reduced down to only 4.3fJ/conv-step, which is
more than 3× better compared to the previous work. Besides, an ultra-small SAR
ADC with unit-length DAC capacitors [68] is used in this Chapter to readout the
bridge output voltage. Thanks to the simple architecture and the small ADC, the
active chip area of the proposed CDC is only 6440µm2. Power gating is a well known
technique to reduce circuit leakage [70]. To further reduce the leakage power con-
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sumption of the ADC, the ADC used in this CDC is automatically power gated [69],
which leads to a lowest reported CDC power consumption of 44pW.

This chapter is organized as follows: the concept of charge reuse in the capacitive
bridge is first explained in Section 6.2. Then the CDC implementation based on this
concept is proposed in Section 6.3. Measurement results of the CDC are presented in
Section 6.4, and conclusions are drawn in Section 6.5.

6.2 Charge reuse in a capacitive bridge

6.2.1 Working principle

Similar to the previous design, the charge reuse CDC includes a capacitive bridge and
an asynchronous SAR ADC. The concept of charge reuse in the capacitive bridge will
be explained in this section. As shown in Fig. 6.2 (a), there are 3 different phases for
the charge reused CDC: reset phase, sample phase, and AD conversion phase. For
simplicity only a single-ended circuit is shown.

Cs

Cr Cp CDAC

Vs

Reset Sample AD conversion

Cs ·VDD
Cs+Cr+Cp+CDAC

Vs =

Cs

Cr Cp

Cs

Cr Cp CDAC

Vs

Vs = 0

Q

Reset Sample AD conv. Sample AD conv. Sample AD conv. Sample AD conv.

meas. 1 meas. 2 meas. 3 meas. N

(a)

Cs ·VDD
Cs+Cr+Cp+CDAC

Vs =

CDAC

Vs

Vref Vref Vref

(b)

Figure 6.2: Charge reuse in the capacitive bridge.

Fig. 6.2 (b) shows the timing diagram of the CDC with charge reuse. At the beginning
of the first measurement, all the associated capacitors (Cs, Cp, Cr and CDAC) are reset
to ground to prepare for the following sample phase. Here Cs is the sensing capacitor,
Cp represents the parasitic capacitance of Cs, Cr is the on-chip reference capacitor,
and CDAC is the aggregated DAC capacitance of the SAR ADC. Then, the top and
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bottom nodes of the capacitive bridge are connected to VDD and VSS respectively,
enabling the sample phase. According to Kirchhoff’s current law, the current that
flows through Cs is equal to the currents that flows through Cr, Cp and CDAC . Thus,
when the bridge is fully settled, the charge Q that has been stored in Cs is equal to
the total charge stored in Cr, Cp and CDAC , thus we can write:

Q = (V DD − Vs) · Cs = Vs · (Cr + Cp + CDAC) (6.1)

Where Vs is the bridge output voltage, which can be further calculated as:

Vs =
Cs · V DD

Cs + Cr + Cp + CDAC
(6.2)

At the end of the sampling phase, when Vs is established according to the above
equation, the ADC will sample this voltage on CDAC . Then, the ADC performs the
asynchronous SAR conversion with the sampled voltage Vs, and produces the digital
outputs after the conversion delay. In the mean time, the bridge switches are off
in high impedance mode, thus the charge that was previously stored in the bridge
capacitors (Cs, Cp, Cr) can be preserved. After the AD conversion is finished, the
ADC’s DAC capacitor will be automatically reset to the state before the conversion
[35], so the charge that was stored in CDAC is also preserved after the conversion.
Thus, the charge of all the associated capacitors is preserved, and can be reused
by the subsequent measurements. As indicated in Fig. 6.2 (b), the measurements
after the first one do not include the reset phase, but only have the sample and AD
conversion phases. In the sample phase of these measurements, the bridge doesn’t
need to be fully charged again, as the majority of charge can be re-used from the
previous measurement phase. Therefore, the energy consumption can be significantly
reduced.

It is clear that correct measurement results can be achieved if the value of Cs doesn’t
change over the course of these measurements, as the value of Vs would always remain
the same with the help of charge reuse (until leakage becomes an issue). However,
Cs is a dynamic parameter that could change over time, so it is also important to
verify that correct measurement results can still be obtained even when the value
of Cs is changing over different measurements. To explain this, Fig. 6.3 shows two
cases at the second measurement where the value Cs is changed compared to the first
measurement: if Cs is increased or decreased.

In the first case, if Cs is increased by ∆C, an extra amount of charge ∆Q is needed
to fully charge the capacitive bridge during the new sample phase, as shown in Fig.
6.3. Similarly, the extra charge ∆Q that is stored in the sensing capacitor (Cs+4C)
will also be equal to the extra charge that is stored in Cr, Cp, CDAC . Thus we have:

∆Q = (V DD − Vs,new) · (Cs + ∆C)−Q = Vs,new · (Cr + Cp + CDAC)−Q (6.3)
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∆
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(Cs ∆C)·VDD

(Cs ∆C)+Cr+Cp+CDAC

Cs+∆C

Cr Cp CDAC
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Cs ∆C

Cr Cp CDAC

Vs,new

∆

Sample Sample

If Cs increases If Cs decreases

Reset Sample AD conv. Sample AD conv. Sample AD conv. Sample AD conv.

meas. 1 meas. 2 meas. 3 meas. N

Vref Vref

Vs,new =

Figure 6.3: Charge reuse in the capacitive bridge when Cs changes.

where Vs,new is the new bridge output voltage, and Q is the charge that has been
preserved from the previous measurement. Equation (6.3) can be further simplified
as:

Vs,new =
(Cs + ∆C) · V DD

(Cs + ∆C) + Cr + Cp + CDAC
(6.4)

As calculated in (6.4), the bridge output voltage still follows the transfer function as
calculated in (6.2), even though a reset phase is not involved. Therefore, the ADC
can perform the AD conversion afterwards, and produce the desired digital output.

In the second case, if Cs is decreased by ∆C, the capacitive bridge would dump the
excessive charge ∆Q (preserved from the previous measurement) back to the power
supply/decoupling capacitor during the new sample phase. With similar calculations,
the new bridge output voltage in this case can be calculated as:

Vs,new =
(Cs −∆C) · V DD

(Cs −∆C) + Cr + Cp + CDAC
(6.5)

Therefore, the sampled voltage by the ADC in this case also follows the transfer
function as calculated in (6.2). Hence, it can be further digitized by the ADC. Based
on the same derivations, the measurements afterwards will also produce the desired
results even without a reset phase.
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Figure 6.4: Charge leakage during charge preservation.

6.2.2 Leakage in the bridge circuit

Theoretically, an infinite number of measurements without reset can be performed
after the first measurement. However, the switches used in the bridge circuit are
not ideal, and due to their leakage, the preserved charge can gradually decline. As
shown in Fig. 6.4, Ileak represents the aggregated leakage current that leaks out of the
middle point of the bridge. Taking the second measurement (case when Cs increases)
as an example, the charge loss because of Ileak can be calculated as:

Qloss =

∆T∫
0

Ileak(t)dt (6.6)

where ∆T is the time difference between the sample phase of the first and second mea-
surement. Therefore, the error introduced in the bridge output voltage (Vs,new,error)
can be calculated as:

Vs,new,error =
Qloss

(Cs + ∆C) + Cr + Cp + CDAC
(6.7)

Moreover, this error will accumulate in the following measurements if no reset phase
is used. Therefore, only a limited number (N-1 as shown in Fig. 6.2) of measurements
without reset can be performed accurately (e.g. error < 0.5VLSB of the ADC). After
this, a new measurement with a reset phase should be performed, such that the
aforementioned error can be removed, and another set of N-1 measurements can be
performed again without reset.

To reduce the error due to leakage, increasing the value of Cr and CDAC could be an
option. However, a larger value of Cr and CDAC would reduce the bridge sensitivity,
which would degrade the sensing resolution (similar to the design in Chapter 4).
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Besides, a larger Cr and CDAC would occupy larger chip area, and a larger CDAC
would also reduce the energy efficiency of the SAR ADC. Thus, it would be most
logical to reduce Ileak. To achieve this, the off-state impedance of the reset switch (Srst
shown in Fig. 6.4) should be maximized. In the meantime, the on-state impedance
of Srst should be adequately low to make sure the reset time constant of the bridge
is also acceptable.

6.2.3 Bridge energy consumption with charge reuse

Energy saving is the major advantage of the charge reuse technique in the capacitive
bridge. For the first measurement with a reset phase, the energy drawn from the
supply to charge the capacitive bridge from ground to VDD can be calculated as:

Eb,1 = Ceq,1 · V DD2 (6.8)

where Ceq,1 is the equivalent capacitance of the bridge to ground for the first mea-
surement, and it can be calculated as:

Ceq,1 =
Cs,1(Cr + Cp + CDAC)

Cs,1 + Cr + Cp + CDAC
(6.9)

where Cs,1 is the value of the sensing capacitance at the first measurement. The
energy that is stored in Ceq,1 can be calculated as:

Esto,1 =
1

2
· Eb,1 =

1

2
· Ceq,1 · V DD2 (6.10)

while the other half of Eb,1 is dissipated by the bridge switches which inevitably have
an on resistance. Then in the second measurement, where the equivalent capacitance
changes from Ceq,1 to Ceq,2 (assuming that Cs is changing over time), the bridge will
not be reset to ground to save energy. Before the bridge switches are switched on,
the voltage across Ceq,2 (node A shown in Fig. 6.4 to ground) can be calculated as:

Veq,2a =
Qeq,1

Ceq,2
=
Ceq,1
Ceq,2

· V DD (6.11)

Then the energy that is stored in Ceq,2 can be calculated as:

Esto,2a =
1

2
· Ceq,2 · V 2

eq,2a =
1

2
· Ceq,1 · V DD2 · Ceq,1

Ceq,2
(6.12)

For the case when Ceq,2 > Ceq,1, Veq,2a is smaller than VDD, and the stored energy
will be reduced (Esto,2a < Esto,1). After the bridge switches are switched on, Veq,2a
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will settle from Veq,2a up to VDD. During this period, the energy dissipated by the
bridge switches (with an on resistance) can be calculated as:

Eloss,2 =
1

2
· Ceq,2 · (V DD − Veq,2a)2 (6.13)

The energy stored in the capacitive bridge after the bridge is fully settled becomes:

Esto,2b =
1

2
· Ceq,2 · V DD2 (6.14)

Thus, the energy drawn from the supply to charge the capacitive bridge in this case
is:

Eb,2 = Eloss,2 + (Esto,2b − Esto,2a) (6.15)

Using (6.12), (6.13) and (6.14), (6.15) can be rearranged as:

Eb,2 = (Ceq,2 − Ceq,1) · V DD2 (6.16)

For the case when Ceq,2 < Ceq,1, Veq,2a is higher than VDD. Interestingly, the stored
energy is increased (Esto,2a > Esto,1) in this case, which means that the capacitive
bridge harvests energy from the environment through the capacitive transducer [71].
When the bridge switches are switched on, Veq,2a settles from Veq,2a down to VDD.
After the bridge is settled, the energy consumed by the bridge switches and the
energy stored in the capacitive bridge can still be calculated as (6.13) and (6.14)
respectively. Therefore, the energy ‘drawn’ from the supply to charge the bridge can
still be calculated as (6.16) in this case. However, Eb,2 is a negative number now,
which means the capacitive bridge gives energy back to the supply in this case.

The calculations above are valid for all consecutive measurements (except for the
first measurement that includes a reset). Assuming there are N-1 measurements
(measurement 2 to measurement N) without reset, the bridge energy consumption at
the ith measurement (i ∈ [2, N ]) can be calculated as:

Eb,i = (Ceq,i − Ceq,i−1) · V DD2 (6.17)

Here the leakage current of the bridge is assumed to be negligible, and Ceq,i is the
equivalent capacitance of the bridge at the ith measurement. Therefore, the total
energy drawn from the supply to charge the bridge for all N measurements can be
calculated as:

Eb,total =
N∑
i=1

Eb,i =

[
Ceq,1 +

N∑
i=2

(Ceq,i − Ceq,i−1)

]
· V DD2

= Ceq,N · V DD2

(6.18)
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According to (6.18), Eb,total is equal to the energy consumed to charge Ceq,N from
ground to VDD. Thus, the average bridge energy consumption for one measurement
can be calculated as:

Eb,avg =
Ceq,N · V DD2

N
(6.19)

Therefore, the bridge energy consumption for each measurement can be effectively
reduced with the help of charge reuse. If N is large enough, the average bridge energy
consumption can become negligible compared to the SAR ADC.

As a comparison, if the charge reuse is not used, the bridge energy consumption at
the ith measurement can be calculated as: Eb,i = Ceq,i · V DD2. Assuming that the
value of Ceq,i (i ∈ [1, N − 1]) is similar to the value of Ceq,N , the calculations show
that the bridge energy consumption for each measurement is reduced by N times with
the help of charge reuse.

6.3 Proposed all-dynamic CDC with bridge charge

reuse

6.3.1 Architecture

Fig. 6.5 shows the architecture of the proposed CDC with bridge charge reuse. Single-
ended capacitive sensors are targeted in this prototype design. In the previous design,
a single-armed capacitive bridge is used to provide a differential signal for the ADC
by using a passive CDS technique. However, this technique requires the bridge to be
reset to ground between the two sampling phases, which is not suitable for the CDC
with charge reuse technique. Therefore, a two-armed bridge is used in the proposed
CDC, where the left arm (sensing arm) is used to generate Vs which is related to
the value of Cs, and the right arm (reference arm) is used to generate the reference
voltage Vref . The target sensing range of this prototype is from 0 to 6pF, and the
value of Cr1 is chosen to be 5pF. In this case, Vs will vary from 0V to about 300mV
for the target sensing range. These relatively low Vs values can help to reduce the
bridge leakage current Ileak. The value of Cr2 is chosen to be 1.8pF, which produces
a reference voltage close to 150mV.

Similar to the previous design in Chapter 4, both the bridge and the SAR ADC use the
same 0.6V supply (VDD) to save power and to achieve a ratiometric measurement. A
1V supply (VDDH) is used by the clock drivers to reduce leakage power and to provide
low enough Ron for the NMOS switches. Very small high-Vth NMOS transistors (W/L
= 150nm/60nm) are used as the reset switches to further reduce Ileak, such that the
measurement error caused by charge leakage can be minimized. The Ron of these
small reset switches is still appropriate thanks to the 1V clock drivers. Moreover,
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as the reference arm uses a reset switch with the same size, Vref will have a similar
error because of charge leakage. Therefore, the error of the differential output voltage
(Vs − Vref ) is partially compensated.

The differential bridge output voltage is sampled and digitized by a 10b asynchronous
SAR ADC, which is modified from the design in [68]. The DAC capacitance of the
SAR ADC is only 256fF (including parasitics), so the signal attenuation because of
charge sharing is minor. The SAR ADC is automatically power gated [69] after the
conversion is finished, as shown in Fig. 6.5. The high supply (VDDH) helps to
generate a 1V sleep signal when the ADC is power gated, such that the large power
gating transistor (Mpg) is effectively switched off to minimize ADC leakage power.
Note that the memory cells of the SAR ADC are always on, such that the digital
output is maintained when the ADC is power gated [69].
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Cr1
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CDACP
CLKEN

CLKEN

VDDH
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RST CDACN
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10b Dout
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VDDH VDDH

VDD
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Figure 6.5: Architecture of the proposed CDC with bridge charge reuse.

6.3.2 Circuit operation

Fig. 6.6 shows the circuit operation of the proposed CDC over time. In the first
measurement, RST is high first to reset all the associated capacitors of the CDC
to ground. Then, CLK is high to connect the top and bottom nodes of the bridge
to VDD and ground, respectively. After the bridge is fully settled, the differential
output voltage of the bridge can be calculated as:

Vd = Vs − Vref =
Cs · V DD

Cs + Cr1 + Cp + CDACP
− Vref (6.20)

where Vref is a constant voltage and it can be calculated as:

Vref =
Cr2 · V DD

Cr1 + Cr2 + CDACN
(6.21)
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Fig. 6.7 shows the calculated values of Vs and Vref at different Cs values, assuming
Cp + CDAC is about 2pF. Vd will vary from about -150mV to 150mV for the target
sensing range (from 0 to 6pF).
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Figure 6.6: Clock diagram of the proposed CDC with charge reuse in the bridge.
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Figure 6.7: Bridge output voltage based on calculation.

Then, Vd is sampled by the SAR ADC, and the asynchronous SAR conversion starts
at the falling edge of CLK. After the conversion delay, the digital output Dout is
produced, and Dout can be calculated as:

Dout = (Vd + Voff ) ·GADC

=
[ Cs · V DD
Cs + Cr1 + Cp + CDACP

− (Vref − Voff )
]
·GADC

(6.22)
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Where Voff is the ADC’s input referred offset voltage, and GADC is the ADC voltage
to digital code gain. In the mean time, a DONE signal which is generated from
the ADC logic goes high, indicating the AD conversion is finished. Thus, the power
gating control signal Sleep also goes high, switching off the power gating transistor
of the ADC. As Sleep is generated from a 1V latch, it can completely switch off
the PMOS power gating transistor, which can effectively reduce the leakage power
of the SAR ADC, as shown in Fig. 6.5. For the measurements after the first one,
the reset phase is skipped, and CLK goes high immediately at the beginning of each
measurement. The value of Vs tracks the change of Cs, and Vref stays the same during
these measurements. The ADC performs the conversions at the falling edge of CLK,
producing the digital outputs after conversion delays. After the N th measurement
is finished, a new measurement with a reset phase is performed again to remove the
error from previous measurements because of charge leakage, as discussed in Section
6.2.2.

Similar to the previous design in Chapter 4, the output code is also inherently non-
linear with Cs, yet it is also entirely predictable by the transfer function (6.22). Since
there are also 3 unknown parameters in the transfer function: Cr1 + Cp + CDACP ,
Vref − Voff , GADC , a 3-point calibration can be used to compensate for the non-
linearity. Besides, as the non-linearity is purely caused by the non-linear transfer
function (6.22), it would be mostly systematic for a batch of different IC samples.
Thus, it can also be compensated by a systematic error correction after a 2-point
calibration. The measured error using these two calibration methods will be shown
in Section 6.4.

6.3.3 SAR ADC

An asynchronous SAR ADC, modified from [68], is used in this CDC prototype.
The DAC implementation is exactly identical to [68], where unit-length capacitors
are used as the ADC’s DAC capacitors, which can reduce the number of capacitors
and the value of the LSB capacitor (125 aF). Thanks to the unit-length capacitor
implementation, and by placing the ADC circuits directly under the DAC capacitors,
the SAR ADC occupies only 36×36µm [68]. As shown in [68], this DAC topology
can achieve a 9.2b ENOB with 0.39/0.55LSB maximum INL/DNL for a 10b ADC
implementation despite the small capacitors, thanks to the unit-length layout. The
DAC implementation of the SAR ADC is shown in Fig. 6.8. The total capacitance
of core DAC capacitors (CDAC,core) is only 128fF for each side, and the parasitic
capacitance (CDAC,p) of CDAC,core is estimated to be also 128fF on each side. Moreover,
similar to the design in Chapter 4, a 256fF attenuation capacitor (CATT ) is added
to the DAC array. By enabling CATT with Sens sel, the input range of the ADC is
reduced to about 300mV for a 0.6V VDD, while the ADC sensitivity is increased by
a factor of two. The total DAC capacitance (CDACP or CDACN) then equals to the
sum of all the capacitors (≈512fF), as shown in Fig. 6.8.

While the DAC in this work is the same as in [68], the comparator is redesigned, as
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the common mode voltage of the bridge output is relatively low (varies from about
75mV to 225mV as indicated in Fig. 6.7). Because of that, an ADC comparator
with NMOS input transistors can not work properly. Thus, different from [68], the
ADC uses a dynamic comparator with a PMOS input pair, as shown in Fig. 6.9.
The comparison ready signal (RDY ) is generated by the logic cells as indicated in
Fig. 6.9, which can be further used by the comparator’s self-oscillation logic [72].
Furthermore, the S&H switches are implemented with CMOS gates rather than using
dynamic clock boosting to enable operation at very low speed.

Vs
CDAC,core

Unit-length 

capacitors  Vref

B<0>B<8>B<9>

BN<0>BN<8>BN<9>

CDAC,p

CATT

CATT
Sens_sel

CDACP = CDACN = CDAC,core + CDAC,p + CATT

[68]

Figure 6.8: DAC implementation.
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Figure 6.9: ADC comparator with PMOS input pair.
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6.4 Measurement results

6.4.1 CDC characterization

Fig. 6.10 shows the die photo of the CDC in 65nm CMOS. Thanks to the ultra-small
SAR ADC and simple architecture, the active area of the CDC is only 6440µm2.
The CDC is characterized with a trimming capacitor [73] which has a range from
about 0.45pF to 8pF. The parasitic capacitance due to the interconnection between
the trimming capacitor and the chip is estimated to be about 1.7pF. Fig. 6.11 shows
the digital output at different Cs values over 6 IC samples when CATT is enabled.
Note that the measurement range is limited by the trimming capacitor’s range, and
the CDC is expected to measure a capacitor close to 0F.
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Figure 6.10: Die photo in 65nm CMOS.
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Figure 6.11: Dout vs. Cs for 6 IC samples.
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The measured error after 3-point calibration (using transfer function (6.22)) is from
-6.5fF to 7.5fF over 6 IC samples, as shown in Fig. 6.12. As mentioned previously,
the bridge non-linearity can also be compensated with a systematic error correction
after a 2-point calibration. The measured error after this calibration method is from
-10.8fF to 12.8fF, as shown in Fig. 6.13.
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Figure 6.12: Measured inaccuracy after 3-point calibration over 6 IC samples.
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Figure 6.13: Measured inaccuracy after 2-point calibration and systematic error cor-
rection over 6 IC samples.

During the measurements, the CDC is performed at the maximum measurement rate
of 100kS/s, while the reset pulses are given at 1.25kHz. In this case, 80 measurements
form a group of measurements: one measurement with reset phase followed by 79
measurements without reset phase. Fig. 6.14 shows the measured error in LSBs due
to charge leakage at different measurement numbers (from 1 to 80), where the reset
only occurs at measurement no. 1. The figure shows data for 15 different Cs values
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(from 0.458pF to 5.886pF). As shown, all the errors are within ±0.5LSB. Fig. 6.15
shows the measured rms noise in capacitance at different measurement numbers, and
the worst case noise performance across all 80 measurement numbers is 7.3fFrms.
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Figure 6.14: Measured error due to Ileak for 15 different Cs values (0.458pF to
5.886pF).
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Figure 6.15: Measured rms noise vs. measurement number.

The measured power consumption at different measurement rates is shown in Fig.
6.16. The largest Cs value (5.886pF) is used in the measurements, which gives the
worst case power consumption. When the measurement rate is lower than 1.25kS/s,
each measurement should have a reset phase, as enabling charge reuse in this case
would lead to a measurement error >0.5LSB. When the measurement rate is higher
than 1.25kS/s, the measurement with reset phase is fixed to 1.25kS/s. The higher
the measurement rate is, the more energy is saved in the bridge. As shown in the
figure, when the measurement rate is at 100kS/s, the power reduction because of
charge reuse is >3×. Moreover, thanks to the power gating technique of the ADC,
the stand-by power of the CDC is reduced to only 44pW. Fig. 6.17 shows the power
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supply sensitivity of the CDC. The measured error is from -1.6LSB to 2LSB when
VDD varies from 550mV to 650mV.

Charge reuse

93.47nW

352nW
>3x reduction

frst = 1.25kHz

Figure 6.16: Measured power consumption vs. measurement rate.
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Figure 6.17: Measured power supply sensitivity.

6.4.2 Measurement with a capacitive MEMS microphone

To provide a real sensor example and to verify the charge reuse technique can still pro-
vide accurate measurement results when Cs changes dynamically, a capacitive MEMS
microphone is connected to the chip for demonstration. During the measurements, a
10kHz single tone sound is generated by a speaker, and the capacitance of the MEMS
microphone changes with the sound accordingly. The measurement rate of the CDC
is set at 100kS/s, which is the maximum rate. Note that the 10kHz signal and the
100kHz CDC sampling clock are synchronized. Measurements with two different reset
settings are performed for comparison:

• Setting with charge reuse: the reset pulses are given at 1.25kHz (1 measurement
with reset followed by 79 measurements without reset).
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• Setting without charge reuse: the reset pulses are given at 100kHz (every mea-
surement has a reset phase).

Fig. 6.18 shows the digital output of the sensor interface for these two settings. Since
the signal and sampling clock are synchronized, the noise of the digital outputs can
be easily averaged out. As shown, the setting with charge reuse achieves almost
the same results as the setting without charge reuse. Fig. 6.19 shows the output
difference between these two settings, and the difference is within ±0.25LSB over 80
measurements after gain correction. From these measurements, it is shown that the
charge reuse technique is able to produce accurate measurement results when the
sensing capacitance is changing dynamically.

It should be noted that the reason for the gain difference (of approximately 3%)
between the two measurement modes is not yet fully understood. A few possibilities
are:

• The MEMS device is non-linear and could have a bias-dependent sensitivity.
Without charge-reuse, the MEMS voltage is periodically reset to 0V. With
charge-reuse, the voltage remains around 450mV.

• The activity of the chip (e.g. control signals) is different in the first cycle versus
the others and could have some impact. However, such an issue could not yet
be reproduced in simulations.

• The measurement conditions could be slightly different due to speaker power
variations and/or position variations.

• Electromechanical disturbance from the environment and speaker could play a
role. Especially considering that the MEMS microphone is loosely taped on the
PCB, and an acoustic enclosure was loosely taped over the microphone.
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Figure 6.18: Measured digital outputs for two different reset settings (noise has been
averaged out).
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Figure 6.19: Code difference between two different reset settings.

6.4.3 Performance summary and comparison

Table 6.1 summarizes the performance of the proposed CDC and compares it with
prior-art. Thanks to the charge-reuse technique in the bridge, the energy per mea-
surement is reduced down to only 0.94pJ at 100kS/s, leading to the lowest reported
FoM of 4.3fJ/conv-step. On the other hand, thanks to the automatic power gating
technique, the stand-by power is reduced to only 44pW, which is also the lowest re-
ported number according to our best knowledge. Moreover, the CDC occupies a very
small chip area of only 6440µm2, thanks to the ultra-small SAR ADC and simple
architecture.

Moreover, the input capacitance range of the CDC can be easily extended by using a
smaller ADC sensitivity setting, or by implementing an array of reference capacitors
in the bridge’s sensing arm. Due to leakage of the switches, the charge reuse technique
only works effectively at >1.25kS/s measurement rate in this prototype. However, the
frequency range could be expanded when using a lower-leakage switch. For instance,
by using a thick oxide transistor with a clock boosting technique [74], or by using an
older technology.

Compared to the previous design in Chapter 4, this work consumes significantly less
energy per measurement, thus achieving a much better FoM. However, the capacitive
bridge used in this work requires a reference arm, which costs extra chip area overhead
compared to the previous design that uses a single-armed bridge. Besides, the previ-
ous design is able to use digital CDS, which has many benefits as discussed in Chapter
4. The CDC proposed in this chapter cannot adopt digital CDS, as enabling digital
CDS would need to reset the bridge between measurements, which would eliminate
the benefit of charge reuse.
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[41] [20] [46] [7] [5] Chapter 4 a This work

Method SAR
SAR + 

VCO

Delay 

Chain
SAR

SAR + 

TD��
SAR SAR

Technology (nm) 180 40 40 180 40 65 65

Area (mm2) 0.2 0.033 0.0017 0.13 0.06 0.08 0.00644

Cap. range (pF) 0~12.66 0~5 0.7~10000 6.8~10.8 b 0~5 1.23~4.33 0.458~5.886

Meas. rate (S/s) 62.5k 1M 52.6k d 30~100000 80k 1~20000 1~1250 1250~100000

Charge-reuse N.A. N.A. N.A. N.A. N.A. No No Yes

Resolution (fF) 1.2 1.1 12.3 d 3.79 b 0.29 4.4 7.0 7.3 e

SNR (dB) 71.43 64.2 49.7 d 51.43 b 75.8 48.0 48.8 48.4 e

Power (nW) 6440 75000 1840 d 2.8~8820 6640 0.1~73.8 0.044~4.41 4.41~93.47

Emeas (pJ) 103 75 35.1 d 88 c 83 3.69 c 3.53 c 0.94 c

FoM (fJ/conv-step) 33 55 141 d 290 c 16 18 c 15.7 c 4.3 c

a measurement with Cr = 2.5pF, 4x ADC sensitivity b Estimated from provided data

c @ max. rate d Measured with 11.3pF e Measured at 100kS/s, worst case over 80 measurement numbers

, no CDS

Table 6.1: Performance summary and comparison.

6.5 Conclusion

This chapter presents a CDC design, which exploits a novel charge reuse technique
in the capacitive bridge. Thanks to the charge reuse technique, the bridge energy
consumption is significantly reduced, while the CDC’s SNR remains almost the same.
Thus, the FoM of the CDC is reduced to only 4.3fJ/conv-step, which is more than 3
times better than prior-art. Moreover, the leakage power is further reduced to only
44pW thanks to the automatic power gating technique of the SAR ADC. Besides, the
CDC occupies only 6440µm2, thanks to the ultra-small SAR ADC and simple CDC
architecture. In summary, the CDC combines the best energy efficiency (at maximum
rate) with the lowest absolute power (at minimum rate) and a very small chip area,
making it suitable for energy constrained IoT applications.
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Chapter 7

All-dynamic resistive sensor
interface with improved robustness

The resistive sensor interface proposed in Chapter 5 shows limited robustness against
supply and temperature variations. To tackle these issues, this chapter proposes an
updated design using a system-level solution, which provides much more robust mea-
surement results compared to the previous design.
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7.1 Introduction

The resistive sensor interface proposed in Chapter 5 shows several limitations, as
listed below:

• Its measurement results are sensitive to power supply variations.

• Its measurement results are also sensitive to temperature variations, as the value
of the excitation current changes with temperature.

• Its measurement results show second-order nonlinearity because of the limited
output impedance of the excitation current mirrors, so that a 3 point calibration
is needed.

In order to solve the first two limitations, this chapter proposes an updated design
by using a system-level method (similar to [46]) to achieve a system-level ratiomet-
ric measurement (SRM). In this SRM approach, an additional measurement with a
reference resistor is performed to serve as the reference measurement, such that the
supply and temperature information can be obtained indirectly. By comparing the
actual sensing measurement with this reference measurement, the error caused by
supply and temperature variations can be effectively compensated. In this way, the
sensing robustness of the all-dynamic resistive sensor interface is greatly improved,
without using any complex and/or power consuming analog circuit techniques. To
improve the linearity of the interface, cascode transistors are added in the excitation
current mirrors, reducing the nonlinearity caused by these current mirrors to become
smaller than other nonlinearity sources. Together with the SRM approach, only a 1
point calibration is needed in this updated design.

This chapter is organized as follows: the SRM approach is introduced in detail in
Section 7.2, the circuit implementation of the updated resistive sensor interface is
discussed in Section 7.3, the measurement results are shown in Section 7.4, and finally
the conclusions are drawn in Section 7.5.

7.2 System-level ratiometric measurement

7.2.1 Working principle

Fig. 7.1 shows how the SRM approach works in the all-dynamic resistive sensor
interface proposed in Chapter 5. First, a reference resistor Rref is connected to the
resistive sensor interface, and a measurement with this reference resistor is performed,
which produces a digital output Dref after digital CDS. Then Dref can be calculated
as:

Dref = 2 · I(V T, t0) ·Rref ·GADC(V T, t0) (7.1)
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Figure 7.1: SRM approach for the all-dynamic resistive sensor interface (switches to
enable digital CDS are not shown for simplicity).

where I is the value of the excitation current. Assuming I is both supply voltage (V )
and temperature (T ) sensitive, I(V T, t0) represents the value of I at the measurement
moment t0. GADC is the ADC’s input voltage to digital code gain. Assuming GADC

is also sensitive to both supply voltage and temperature variations, GADC(V T, t0)
represents the ADC gain at t0. Later at t1, a measurement with the sensing resistor
Rs can be performed, which produces another digital output Dsens after digital CDS:

Dsens = 2 · I(V T, t1) ·Rs ·GADC(V T, t1) (7.2)

Dividing (7.1) by (7.2), we can have:

Dref

Dsens

=
2 · I(V T, t0) ·Rref ·GADC(V T, t0)

2 · I(V T, t1) ·Rs ·GADC(V T, t1)
(7.3)

If these two measurements are performed close enough in time to track the temper-
ature and supply variations, the values of I and GADC for these two measurements
can be assumed to be equal. Then (7.3) can be simplified as:

Dref

Dsens

=
Rref

Rs

(7.4)

As shown, the code ratio (Dref/Dsens) becomes insensitive to any circuit non-ideality
due to temperature and supply variations. Thus, the measured resistance value can
be calculated as follows:
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Rs,meas =
Dsens

Dref

Rref (7.5)

Therefore, the measured resistance value also becomes insensitive to any temperature
and supply variations if Rref is stable over temperature and supply variations. Rref

could be implemented as an off-chip resistor whose resistance is insensitive to temper-
ature and supply variations. It could also be implemented on-chip by putting a non-
silicide p-poly resistor (-0.035%/◦C) and a non-silicide n-poly resistor (0.013%/◦C)
in series, as has been shown in Chapter 3. However, due to process spread, the re-
sulting temperature coefficient of the reference resistor could become non-negligible,
and the resistance ratio of the two resistors should be precisely trimmed in this case.
Further note that the value of I should be stable over different Rs values, otherwise
non-linearity will be introduced in the final measurement results.

Moreover, as the temperature and supply variations are usually relatively slow, the
measurement with Rref can be performed only once in a while, causing very little
energy overhead. In the case when the temperature and supply voltage change faster,
the reference measurement can also be performed at a faster rate to track these
changes. Thanks to the all-dynamic architecture, the power consumption scales pro-
portionally to the measurement rate of Dref . Thus, the sensor interface can always
give robust outputs with minimum possible energy overhead.

7.2.2 Effect on the noise performance

There are four main noise sources in the proposed all-dynamic resistive sensor inter-
face: the noise from the excitation current, the sampling noise on the ADC’s DAC
capacitors, the ADC quantization noise and the ADC comparator noise. As the afore-
mentioned SRM approach includes two different measurements, the final measured
noise will be different from the Dsens only measurement. To understand how the SRM
approach will affect the noise performance, a detailed analysis will be included in the
following content of this subsection.

White noise

For a measurement with digital CDS, the digital output including noise can be cal-
culated as:

Dsens = [(2 · I + Inds,sens) ·Rs + Vnds,sens] ·GADC (7.6)

where Inds,sens represents the instantaneous noise current of the excitation current in
a digital CDS measurement, and Vnds,sens represents the total instantaneous input
referred noise voltage of the SAR ADC in a digital CDS measurement. The noise
from the sensing resistor Rs will be sampled on the ADC’s DAC capacitors, which
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will result in a kT/C noise contribution, and this noise has been included in Vnds,sens.
The 1/f noise of the ADC can be neglected, as it has been compensated by digital
CDS. The 1/f noise of the excitation current is not included here for simplicity, and
it will be discussed later in this subsection. Effectively the measurement with digital
CDS has twice the excitation current (Ids), then (7.6) can be rewritten as follows
using Ids = 2 · I,

Dsens = [(Ids + Inds,sens) ·Rs + Vnds,sens] ·GADC (7.7)

Then, the measured sensing resistance value based on Dsens can be calculated as:

Rs,meas =
Dsens

GADC · Ids
=

[(Ids + Inds,sens) ·Rs + Vnds,sens] ·GADC

GADC · Ids
(7.8)

It can be further simplified as:

Rs,meas = Rs +
Rs · Inds,sens + Vnds,sens

Ids
(7.9)

where the second term in (7.9) represents the measured noise in resistance, which has
two uncorrelated noise sources: Inds,sens and Vnds,sens. Assuming the rms values of
Inds,sens and Vnds,sens are equal to Inds,rms and Vnds,rms respectively, the rms noise in
resistance in this case can be calculated as:

Rrms =

√
(Rs · Inds,rms)2 + V 2

nds,rms

Ids
(7.10)

When the proposed SRM approach is used, another measurement with Rref should
be performed. Then its digital output including noise can be calculated as:

Dref = [(Ids + Inds,ref ) ·Rs + Vnds,ref ] ·GADC (7.11)

where Inds,ref and Vnds,ref represents the instantaneous excitation current noise and
ADC noise in this reference measurement (with digital CDS) respectively, and the
rms values of Inds,ref and Vnds,ref are the same as Inds,sens and Vnds,sens respectively.
Using (7.7) and (7.11), the measured sensing resistance including noise in this case
can be calculated as:

Rs,meas =
Dsens

Dref

Rref =
(Ids + Inds,sens) ·Rs + Vnds,sens
(Ids + Inds,ref ) ·Rref + Vnds,ref

Rref (7.12)

It can be further simplified as:

7. All-dynamic resistive sensor interface with improved robustness 115



Rs,meas ≈ Rs +
Rs · (Inds,sens − Inds,ref ) + (Vnds,sens − Rs

Rref
Vnds,ref )

Ids
(7.13)

where the second term in (7.13) represents the measured noise in resistance in this
case. Assuming the sensor interface has an input range from 0 to Rs,max, the value of
Rref should be equal to Rs,max, such that the noise contribution from Vnds,ref can be
minimized (according to (7.13)). Since Inds,ref and Vnds,ref have the same rms value as
Inds,sens and Vnds,sens respectively, the rms noise in resistance for the SRM approach
can be calculated as follows (when Rref = Rs,max ):

Rs,rms =

√
2 · (Rs · Inds,rms)2 + [1 + ( Rs

Rs,max
)
2
] · V 2

nds,rms

Ids
(7.14)

Compared to (7.10), the SRM approach leads to a higher noise level in the measure-
ment. In the worst case scenario when measuring with Rs,max, the SRM approach
will have about 3dB higher noise compared to the traditional measurement approach
(7.10).

As mentioned previously, the reference measurement is only needed occasionally, thus
oversampling and averaging can be used optionally in the reference measurement to
reduce the noise contribution of Dref . Assuming an oversampling ratio of OSRref is
used in the reference measurement, the measured resistance value should be calculated
as:

Rs,meas =
Dsens

Dref,avg

Rref (7.15)

where Dref,avg is the averaged digital output over these OSRref numbers of reference
measurements. Then, the measured rms noise in resistance can be calculated as:

Rs,rms,osr =

√
(1 + 1

OSRref
) · (Rs · Inds,rms)2 +

[
1 + 1

OSRref
· ( Rs

Rs,max
)
2] · V 2

nds,rms

Ids
(7.16)

Based on calculations, Fig. 7.2 shows the extra noise added in the SRM approach
(compared to the traditional approach) at different OSRref values. As shown, when
OSRref is larger than 4, the noise overhead is less than 1dB.
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Figure 7.2: Extra noise added by the reference measurement at different OSRref

values (worst case when Rs = Rref = Rs,max).

1/f noise of the excitation current

As mentioned in Chapter 5, the 1/f noise of the excitation current (I1/f ) cannot be
compensated by the digital CDS measurement. Thus oversampling and averaging
becomes less effective on reducing the noise when the oversampling ratio is large.
With the proposed SRM approach, if Dref and Dsens measurements are performed
close to each other, the I1/f values of these two measurements will be nearly identical.
Therefore, I1/f can be cancelled in the digital output ratio as shown by (7.17):

Dsens

Dref

=
2(I + I1/f ) ·Rs ·GADC

2(I + I1/f ) ·Rref ·GADC

=
Rs

Rref

(7.17)

Then, the measured resistance calculated from this ratio also does not have the noise
contribution from I1/f . As the flicker noise contribution from the ADC is cancelled
by the digital CDS measurement, all the flicker noise contributions of the interface
are compensated. Thus, oversampling and averaging can be used effectively over a
larger range of oversampling ratios. Note that if Dref is performed at a much slower
rate than Dsens, the compensation of I1/f will become less effective.

7.2.3 Dref and Dsens alignment

To provide an effective compensation of the supply and temperature variations, the
measurement rate of Dref (fmeas,ref ) should be fast enough to track the supply and
temperature changes. While the measurement rate of Dsens (fmeas,sens) is dependent
on the input signal bandwidth, which is dependent on the sensor type and user
application. Thanks to the all dynamic architecture, both fmeas,ref and fmeas,sens
can be selected independently according to the actual situation with an inherent
scaling of power consumption.
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In many cases, the temperature and supply variations are much slower than the
signal variation, so fmeas,sens should be much faster than fmeas,ref . Fig. 7.3 shows two
different methods to align the Dref and Dsens measurements when fmeas,sens is faster
than fmeas,ref . In the first method shown in Fig. 7.3 (a), a burst of OSRref numbers
(optional) ofDref measurements are performed first, which give the averaged reference
measurement result Dref,avg for the Dsens measurements in group A. Then, the actual
sensing measurements (Dsens) can be performed afterwards until the next burst of
reference measurements are needed for the measurements in group B. In this way,
the maximum possible fmeas,sens is equal to the interface’s maximum rate. However,
the sensing measurements cannot be performed continuously, and it is interrupted
by the occasional burst of Dref measurements. This issue can be solved by using
the method shown in Fig. 7.3 (b), where Dref measurements are performed between
two Dsens measurements. In this way, the sensing measurements can be performed
continuously together with the reference measurements. As a trade off, the maximum
possible fmeas,sens in this case becomes half of the interface’s maximum measurement
rate. Besides, the OSRref numbers of Dref measurements can be evenly distributed
among a group of Dsens measurements, as shown in Fig. 7.3 (b). The Dref,avg obtained
in this way is an averaged value over the entire group of measurements. Thus, it could
potentially provide a better overall temperature and supply variation compensation
for the whole group of sensing measurements.

Dsens

OSRref1

Dref,avg

OSRref1

Dref,avg

Time

(b)

(a)

Time

fmax of Dsens = fmax of the interface, but Dsens is interrupted by Dref

fmax of Dsens = 0.5∙fmax of the interface, and Dsens is not interrupted by Dref

Dref

2

2

DsensDref

Group A Group B

Group A Group B

Figure 7.3: Dref and Dsens alignment when fmeas,sens is faster than temperature and
supply variations.

For the case when the sensing measurement rate requirement is similar or even slower
than the temperature and supply variations, each sensing measurement should have
its own reference measurement. A straightforward way to align Dref and Dsens is to
perform a burst of OSRref numbers of Dref measurements first, and then perform a
Dsens measurement, as shown in Fig. 7.4 (a). Alternatively, the Dsens measurement
can be performed in the middle of the burst of Dref measurements, as shown in Fig.
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7.4 (b). This may give a better temperature and supply variation compensation,
especially when OSRref is large and temperature and/or supply changes relatively
fast.

All in all, thanks to the all-dynamic architecture and fast conversion, many different
Dref and Dsens alignment possibilities can be supported to cope with different sensors,
applications and scenarios.
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Figure 7.4: Dref and Dsens alignment fmeas,sens is similar or slower than temperature
and supply variations.

7.3 Circuit implementation

The schematic of the resistive sensor interface of this Chapter is shown in Fig. 7.5.
For simplicity, the switches used to select Rs or Rref are not shown. External Rref

resistors are used in this prototype for best flexibility. The circuit uses the same
architecture as the resistive sensor interface in Chapter 5, which includes a 5b duty
cycled current DAC and a 10b asynchronous SAR ADC. Differently from the design
in Chapter 5, cascode transistors are added in the 5b excitation current mirrors,
such that the output impedance of these current mirrors is increased by about 19
times. According to post-layout simulations, the excitation current variation is now
within only 0.1% and 0.2% if the cascode transistors’ drain voltage varies 125mV and
250mV respectively. The 125mV and 250mV drain voltage variations correspond to
the ADC input range at 4× and 2× sensitivity (same as the design in Chapter 4 and
5), respectively.

Besides, an array of 5b poly resistors (RCM) is implemented on-chip to shift the ADC
input common mode voltage for each excitation current setting, and the same RCM

resistors can be used for the two measurements without digital CDS (when CLK1 or
CLK2 is enabled). Thus, less voltage headroom is occupied compared to the previous
design where two external RCM resistors are used for the two measurements without
digital CDS.
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Figure 7.5: Schematic of the resistive sensor interface (switches used to select Rs or
Rref are not shown).

As an additional optimization, it should be noted that in the previous design, the
ADC input common mode voltage had to be less than 400mV in order to bias the
comparator’s input transistors in weak inversion for best noise performance. However,
this leads to relatively large RCM resistors (6.45k to 200kΩ depend on excitation
current settings). On the other hand, in this design the pre-amplifier of the ADC
comparator is re-sized to keep the comparator’s noise stable over a common mode
voltage range from 300mV to 550mV. Thus, smaller RCM resistors which occupies
less chip area can be used. In this prototype, RCM from 2.26k to 70kΩ are used to
achieve a Vb voltage of 530mV for all the excitation current settings. This Vb voltage
is also used to bias the cascode transistors, as shown in Fig. 7.5.

7.4 Measurement results

Fig. 7.6 shows the die photo of the resistive sensor interface, which occupies an active
area of 0.035mm2 in 65nm CMOS technology. As mentioned previously, a 5b I-DAC
and attenuation capacitors (for programmable ADC sensitivity) are used to provide
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Figure 7.6: Die photo in 65nm CMOS.

circuit versatility, which will cause chip area overhead. According an estimation
from the layout, the chip area overhead is about 0.007mm2. The sensor interface is
characterized with an external potentiometer as the sensing resistor. For best noise
performance as mentioned in Section 7.2.2, the value of Rref is selected equal to the
maximum Rs value for each excitation current and ADC sensitivity setting. The
Dref and Dsens alignment method shown in Fig. 7.3 (b) is used as an example. Since
the maximum rate of the sensor interface (using digital CDS) is 25kS/s, the sensing
measurement rate fmeas,sens is performed at 12.5kS/s. The reference measurement
rate fmeas,ref is performed at 10S/s as an example, assuming the temperature/supply
variation is relatively slow. To achieve better noise performance, an oversampling
ratio of OSRref = 10 is used, resulting an actual Dref rate of 100S/s. Unless stated
otherwise, fmeas,sens=12.5kS/s, fmeas,ref=10S/s with OSRref = 10 is used for the
measurement results reported afterwards.

Fig. 7.7 shows the digital output ratios (Dsens/Dref ) at different Rs values over 5
IC samples (4µA excitation current as an example). Note that the Dsens/Dref ratio
calculations are performed off-chip. 30kΩ and 60kΩ reference resistors are used for
4× and 2× ADC sensitivity respectively. As shown in equation (7.5), the sensing
resistance value can be obtained by directly multiplying this digital output ratio with
a gain factor (Rref value). Since no offset is involved in equation (7.5), a one point
calibration is sufficient to obtain the gain factor for each setting. Fig. 7.8 shows
the measured error over 5 IC samples after one point calibration. With 4× ADC
sensitivity setting, -25Ω to 30Ω error is achieved over a sensing range of 0 to 30kΩ,
as shown in Fig. 7.8 (a). Comparing this result with the one reported in Chapter
5 (Fig. 5.7 (b)), it has more than two times better accuracy with only single point
calibration. The error at 2× ADC sensitivity is from -86Ω to 96Ω over a sensing range
of 0 to 60kΩ, as indicated in 7.8 (b).

The measured rms noise at different Rs values is shown in Fig. 7.9. As expected,
higher ADC sensitivity gives better absolute noise performance. The rms noise in-
creases with the Rs value, as the excitation current noise will be converted into a
larger noise in voltage with a higher Rs value, which is also shown in (7.16). The
averaged rms noise over all the measured Rs values is 57Ωrms and 75Ωrms for 4× and
2× ADC sensitivity respectively.
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Figure 7.7: Measured digital output ratio at different Rs values over 5 IC samples
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Figure 7.9: Measured rms noise in resistance at different Rs values (4µA excitation
current).

Fig. 7.10 shows the power supply sensitivity of the sensor interface at 4µA excitation
current and 4× ADC sensitivity setting as an example. The values of Rs and Rref are
both 30kΩ. Thanks to the SRM approach, the error caused by the supply variation
is effectively compensated by the reference measurement, resulting in a measured
error of -64Ω to 41Ω when VDD changes from 550mV to 650mV. Without SRM,
the measured error can be as large as 2.1kΩ. Fig. 7.11 illustrates an exemplary
measurement to show how the SRM approach compensates the error caused by supply
variation in real time. During the measurement, the supply voltage is gradually
increased from 585mV to 615mV, causing both Dsens and Dref drift with this supply
change (Fig. 7.11 (a)). As Dsens and Dref change in the same way, the digital output
ratio remains almost the same value (Fig. 7.11 (b)), leading to a final measurement
result that is insensitive to supply variation. Note that the random variations that
are shown in Dsens and the digital output ratio are due to the present of noise.
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Figure 7.10: Measured power supply sensitivity.

7. All-dynamic resistive sensor interface with improved robustness 123



Figure 7.11: Real time measurement to show how the SRM approach compensates the
error caused by supply variation, fmeas,sens=12.5kS/s, fmeas,ref=10S/s with OSRref =
10.

Fig. 7.12 shows the temperature sensitivity of the sensor interface at 4µA excitation
current and 4× ADC sensitivity setting as an example. To ensure the measurement
result only shows the temperature sensitivity of the sensor interface, both Rs and Rref

use temperature insensitive resistors for the measurement. As the excitation current
increases with temperature, the values of Rs and Rref are reduced to 24kΩ, such
that the voltage across Rs and Rref will not saturate the ADC input range at higher
temperature. As shown, the error caused by the temperature variation can also be
effectively compensated by the reference measurement, resulting in a measured error
of only -7Ω to 3Ω when temperature changes from 0 to 85◦C. Without SRM, this
error could be as large as -2.7kΩ.

Fig. 7.13 shows the power consumption of the sensor interface at different measure-
ment rates. When fmeas,sens >10S/s, the reference measurement rate is fixed to 10S/s
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Figure 7.12: Measured temperature sensitivity.
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Figure 7.13: Power consumption at different measurement rates (4µA excitation cur-
rent and 4× ADC sensitivity setting).

with an oversampling ratio of 10. When fmeas,sens ≤10S/s, the reference measurement
(also with an oversampling ratio of 10) is only performed at the sensing measurement
rate. When fmeas,sens is large (�10S/s), the power overhead because of the reference
measurement is almost negligible compared to the case without reference measure-
ment, as shown in Fig. 7.12. When fmeas,sens is very small (�10S/s), the power will
be dominated by the leakage power of the entire sensor interface, which is 0.32nW.
For measurement rates between 1 and 100S/s, the reference measurements add sub-
stantial power overhead, in particular because of the 10× oversampling ratio.

Table 7.1 and 7.2 summarize the performance of the sensor interface at various differ-
ent excitation current values at 4× and 2× ADC sensitivity, respectively. As indicated
in the tables, 10S/s Dsens,ref with OSRref = 10 is used. As expected, a higher exci-
tation current setting provides better absolute resolution at the cost of smaller input
range and higher energy per measurement. Since the comparator noise remains the
same for different ADC sensitivity settings, a lower ADC sensitivity leads to a large
input range and thus a higher maximum SNR, resulting in a better FoM.

The SNR of the sensor interface can be improved by performing oversampling and
averaging in the sensing measurements, as shown in Fig. 7.14. For the case when
fmeas,ref=10S/s and OSRref=10, oversampling becomes less effective on improving
the resolution when OSRsens is large, as fmeas,ref is not fast enough to compensate
for the 1/f noise of the excitation current in the sensing measurements, as discussed
in Section 7.2.2. This can be solved by performing the reference measurement at a
faster rate. As shown in Fig. 7.14, when fmeas,ref=1kS/s and OSRref=4 is used, the
SNR can be improved effectively even with a large OSRsens. Besides, even though
the setting with OSRref = 4 has more thermal noise contribution from the reference
measurements compared to the setting with OSRref = 10, similar SNR is achieved
when OSRsens is small. This is also because the setting with OSRref = 4 can com-
pensate more 1/f noise compared to the other setting. As a trade off, higher speed of
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reference measurement will lead to a higher energy overhead.

I (�A) 31 a 16 a 4 a 1 b

Input range (�) 0~3.8k 0~7.5k 0~30k 0~120k

Resolution (�) 7 13 57 251

SNR (dB) 45.5 45.7 45.4 44.6

Max. rate (kS/s) 12.5 12.5 12.5 12.5

Power (nW) 1066.7 620.5 280.8 245.5

Emeas (pJ) 85.3 49.6 22.5 19.6

FoM (fJ/conv-step ) 552 314 148 142

4x ADC sensitivity, with 10S/s Dref,avg (OSRref =10)

a
ADC input voltage settling time = 2�s

b
ADC input voltage settling time = 4�s

Table 7.1: Performance summary of various excitation current values at 4× ADC
sensitivity.

I (�A) 31 a 16 a 4 a 1 b

Input range (�) 0~7.6k 0~15k 0~60k 0~240k

Resolution (�) 9 20 75 301

SNR (dB) 49.1 48.6 49 49

Max. rate (kS/s) 12.5 12.5 12.5 12.5

Power (nW) 1060 620.6 280.8 297.3

Emeas (pJ) 84.8 49.7 22.5 23.8

FoM (fJ/conv-step ) 363 225 98 103

a 
ADC input voltage settling time = 2�s

b 
ADC input voltage settling time = 6�s

2x ADC sensitivity, with 10S/s Dref,avg (OSRref =10)

Table 7.2: Performance summary of various excitation current values at 2x ADC
sensitivity.

I1/f noise limited

fmeas,ref = 1kS/s, OSRref = 4

fmeas,ref = 10S/s, OSRref = 10

Figure 7.14: Measured SNR vs. OSRsens, 4µA excitation current and 4× ADC
sensitivity setting.
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Table 7.3 gives a performance comparison of this work at one exemplary setting with
prior art. For the case with reference measurement compensation, the reported num-
bers are based on the measurement with fmeas,ref=10S/s (OSRref=10), and the power
consumption reported in Fig. 7.13. Thanks to the SRM approach, the supply and
temperature sensitivity is improved by >20 and >400 times respectively compared
to the case without the reference measurement compensation. Compared to other
work, this work not only achieves the best FoM (at max. rate) and lowest power (at
min. rate), but also provides a robust measurement against supply and temperature
variations.

Table 7.3: Performance comparison.

7.5 Conclusion

This chapter presents an updated design of the all-dynamic resistive sensor interface
proposed in Chapter 5. By using an SRM approach, the errors caused by the supply
and temperature variations in the previous design are efficiently compensated. This
makes the updated all-dynamic resistive sensor interface described in this Chapter
versatile, low power, and energy efficient, and at the same time robust against supply
and temperature variations. Thanks to the adaptability of the all-dynamic interface,
the rate and oversampling ratio of the reference measurements can be set freely,
enabling to adjust for different use cases.
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Chapter 8

Conclusions and future work

8.1 Conclusions

Emerging IoT applications often require miniaturized and autonomous sensing sys-
tems where limited energy is available. To extend the battery life and to provide
more intelligence and flexibility in these systems, there is a need for ultra-low power
versatile sensor interfaces, which is the research focus of this thesis.

From a system level point of view, sensor interfaces with only dynamic power con-
sumption are beneficial for energy constrained IoT applications, as the sensing per-
formance can be scaled inherently and efficiently over a large range of speed and
resolution requirements, such that the limited energy can be used more efficiently for
different scenarios and user applications. Also, burst-mode operation, which is typical
for IoT nodes, can be supported efficiently. Moreover, since the static power consump-
tion is only due to leakage currents, extremely low absolute power consumption can
inherently be achieved at low measurement rate and resolution settings. Last but not
least, the all-dynamic architecture also offers energy efficient system level solutions
for enhancing the sensing performance. For example, the SRM approach proposed in
Chapter 7 can be used to compensate supply/temperature variations and to reduce
flicker noise. Thanks to the dynamic architecture, the reference measurement rate can
also be selected freely depending on the actual scenario with an inherent scaling of
power. Thus, robust sensing results can always be obtained with a minimum energy
overhead.

The proposed all-dynamic sensor interface design approach, based on a fully dy-
namic and/or a duty-cycled static-biased front-end and an asynchronous SAR ADC,
is proven to be an effective approach to achieve all-dynamic energy-efficient temper-
ature, capacitance and resistance sensor interfaces. The simple architecture for all
the sensor interfaces not only results in compact designs, but also allows ultra-low
leakage power implementations, which is crucial to maintain energy efficiency at low
sensing rate and resolution.
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In the all-dynamic temperature (Chapter 3) and resistance (Chapter 5) sensor in-
terfaces, static bias is typically needed. To avoid static power consumption in these
designs, duty-cycling is proven to be an effective technique, and could bring beneficial
design trade-offs in some cases. For example, as shown in the all-dynamic tempera-
ture (resistive bridge) sensor interface in Chapter 3, with the help of duty-cycling, the
bridge energy consumption can be reduced while using smaller bridge resistance val-
ues. In this way, better energy efficiency and smaller chip area can be achieved at the
same time. This is exactly the opposite for conventional static-biased bridges, where
lower power consumption is achieved with larger bridge resistance values, which cost
larger chip area.

Thanks to the architecture uniformity of the proposed all-dynamic temperature, ca-
pacitance and resistance sensor interfaces, a time-interleaved multimodal sensing plat-
form can be created by integrating these three sensor front-ends together with a shared
asynchronous SAR ADC, resulting a compact and highly versatile sensing platform,
as shown in Chapter 5.

The digital CDS approach is an effective general technique to reduce many circuits
non-idealities (offset, flicker noise and ADC distortion). Thanks to its universality, it
can be easily used in the proposed different types of sensor interfaces.

Thanks to the all-dynamic architecture, oversampling and averaging can be performed
in a more energy-efficient way, as shown in the resistive sensor interface proposed in
Chapter 5. In that design, the ADC consumes relatively less energy compared to
the sensor front-end, yet it has a large noise contribution. Therefore, instead of
oversampling the entire system, the ADC can be oversampled locally, which can
improve the resolution with very little energy overhead.

To cope with the relatively small signal produced by the sensor front-ends, instead of
using an active gain stage before the ADC, the ADC sensitivity can be improved by
reducing its full-scale input range, as discussed in Chapter 4. The sensing resolution
and accuracy can thus be effectively improved (within certain levels).

Usually, a substantial amount of energy is consumed by charging the large sensor
capacitance in a capacitive sensor interface. Thus, the energy efficiency of the ca-
pacitive sensor interface is often substantially worse than the energy efficiency of the
ADC that is used in the sensor interface, for instance as shown in the design in Chap-
ter 4. To further improve the energy efficiency of the capacitive sensor interface, a
charge reuse technique is proposed in Chapter 6. Thanks to this technique, the energy
consumed by the capacitive bridge becomes almost negligible compared to the SAR
ADC. Hence, the FoM of the capacitive sensor interface can be improved to become
similar to the SAR ADC’s FoM.

8.2 Future work

The developed work could be further extended or exploited in the future as follows:
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• The temperature, capacitance, and resistance sensing platform in Chapter 5 can
be updated by introducing the techniques as described in Chapter 6 and Chapter
7. Specifically, starting from the architecture in Chapter 5, the charge reuse
technique can be added to the capacitance sensing mode to improve the energy
efficiency, and the SRM approach can be added to the resistance sensing mode to
improve the sensing robustness. Besides, the ultra-small ADC implementation
with automatic power gating technique as shown in Chapter 6 can also be used
to replace the original ADC implementation for smaller chip area and lower
leakage power.

• For all the proposed sensor interfaces, a high supply voltage (≈1V) is provided
externally for the clock drivers to provide better switch linearity and to reduce
the leakage power. As the high voltage supply is only used for the clock drivers,
it does not need to be very accurate, nor does it require a lot of power. Thus, to
avoid proving the high supply voltage externally, this voltage could be generated
from the main supply (0.6V) by using e.g. a voltage doubler [76]. Since the
clock drivers consume very little power (<5% of the total power), the power
overhead to generate this high supply voltage is acceptable even with a low
DC-DC conversion efficiency.

• The proposed sensor interfaces require multiple clock pulses for circuit oper-
ation, and these clock pulses are currently provided externally. To provide a
higher level of circuit integration, it would be ideal to generate these clock pulses
on chip in the future. Fig. 8.1 gives an example of a circuit to generate clock
pulses. As shown, by using delay cells and a couple of logic gates, clock pulses
can be generated after the rising edge of the sensing trigger signal A. The on
time of the clock pulses is determined by the delay time of the corresponding
delay cell. The delay cell can simply be implemented by an on-chip resistor
(with certain parasitic capacitance), which makes the entire circuitry fully dy-
namic. The delay time of the aforementioned delay cell could be sensitive to
PVT variations, which may affect the sensing result and/or reduce the energy
efficiency of the sensor interfaces. Thus, other methods to create signal delays
could also be investigated.

• Oversampling and averaging has been used to improve the sensing resolution
in the proposed sensor interfaces, which provides about 2× better resolution
with 4× higher energy per measurement. As the noise is mainly from the SAR
ADC, better resolution-energy trade-off could be achieved by exploiting some
more advanced techniques in the SAR ADC. For instance, the data driven noise
reduction technique [72] and the fully passive noise shaping technique [77] could
be investigated.
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Appendix A

In Section 2.5 of Chapter 2, the frequency response of an averaging filter with a length
of OSR was calculated as:

H(ω) =
1

OSR

OSR−1∑
n=0

e−jωn (A1)

As (A1) is a geometric series, it can be rewritten as:

H(ω) =
1

OSR
· 1− e−jωOSR

1− e−jω

=
1

OSR
· e
−jωOSR/2

e−jω/2
· e

jωOSR/2 − e−jωOSR/2

ejω/2 − e−jω/2

(A2)

By using Euler’s identity:

sin(ω) =
ejω − e−jω

2j
(A3)

(A2) can be simplified as:

H(ω) =
1

OSR
· e
−jωOSR/2

e−jω/2
· sin(ω ·OSR/2)

sin(ω/2)
(A4)

Then its amplitude can be calculated as:

∣∣H(ω)
∣∣ =

∣∣∣∣∣ 1

OSR
· e
−jωOSR/2

e−jω/2
· sin(ω ·OSR/2)

sin(ω/2)

∣∣∣∣∣
=

1

OSR
·

∣∣∣∣∣e−jωOSR/2e−jω/2

∣∣∣∣∣ ·
∣∣∣∣sin(ω ·OSR/2)

sin(ω/2)

∣∣∣∣
(A5)

As
∣∣ejω∣∣ = 1 is valid for all values of ω, (A5) can therefore be simplified to:
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∣∣H(ω)
∣∣ =

1

OSR

∣∣∣∣sin(ω ·OSR/2)

sin(ω/2)

∣∣∣∣ (A6)

where the frequency variable, ω, has normalized units of radians/sample, and can be
calculated as:

ω = 2πf/fs (A7)

Then, (A6) can be rewritten as:

∣∣H(f)
∣∣ =

1

OSR

∣∣∣∣sin(OSR · πf/fs)
sin(πf/fs)

∣∣∣∣ (A8)

Then total noise power of the over-sampled sensor interface after averaging can be
calculated as:

Pn,OSR =

fs/2∫
−fs/2

PSDOSR ·
∣∣H(f)

∣∣2 df (A9)

Let x = πf/fs, (A9) can be rewritten as:

Pn,OSR =
fs · PSDOSR

πOSR2

π/2∫
−π/2

sin2(OSR · x)

sin2(x)
dx (A10)

recalling

PSDOSR =
Pn,tot
fs

(A11)

(A10) can be rearranged as:

Pn,OSR =
Pn,tot
πOSR2

π/2∫
−π/2

sin2(OSR · x)

sin2(x)
dx

=
2Pn,tot
πOSR2

π/2∫
0

1

sin(x)
· sin2(OSR · x)

sin(x)
dx

(A12)

It can be proven that:

sin2(OSR · x)

sin(x)
=

OSR∑
k=1

sin(2k − 1) (A13)
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where k ∈ N. Then (A12) can be written as:

Pn,OSR =
2Pn,tot
πOSR2

·
OSR∑
k=1

π/2∫
0

sin(2k − 1)

sin(x)
dx (A14)

It can also be proven that:

sin(2k − 1)

sin(x)
= 1 + 2 ·

k−1∑
j=1

cos 2jx (A15)

where j ∈ N. Thus
π/2∫
0

sin(2k−1)
sin(x)

dx can be calculated as:

π/2∫
0

sin(2k − 1)

sin(x)
dx =

π/2∫
0

(1 + 2 ·
k−1∑
j=1

cos 2jx)dx

=
π

2
+ 2 ·

k−1∑
j=1

π/2∫
0

(cos 2jx)dx

=
π

2

(A16)

Then (A14) can be rearranged as:

Pn,OSR =
2Pn,tot

πOSR2
·OSR · π

2

=
Pn,tot

OSR

(A17)

Therefore, it is proven that the total noise power of the sensor interface after over-
sampling and averaging (oversampling ratio of OSR) is reduced by OSR times.
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Appendix B

In Chapter 3, it is mentioned that the sampling noise of the temperature sensor can
be calculated as kT/CDAC (2kT/CDAC for a differential signal), which is independent
of the value of Cp, and this appendix will explain this in detail.

Fig. A1 shows the simplified model of the temperature sensor interface for sampling
noise calculation, where Rb is the equivalent bridge resistance (≈0.5Rref ) and Ron is
the on-resistance of the ADC’s sampling switch.

Figure A1: Simplified model of the temperature sensor interface for sampling noise
calculation.

Both Rb and Ron contribute to the total sampled noise power on CDAC , with a noise
power spectral density of V 2

n,Rb and V 2
n,Ron respectively, as shown in Fig. A2. The

transfer functions from Vn,Rb and Vn,Ron to Vout can be calculated as (A18) and (A19)
respectively.

Vout
Vn,Rb

(s) =
1

RbCDACs+ (1 +RonCDACs) · (1 +RbCps)
(A18)

Vout
Vn,Ron

(s) =
1 +RbCps

RbCDACs+ (1 +RonCDACs) · (1 +RbCps)
(A19)

First, two case studies (when (1) CDAC � Cp and (2) Cp � CDAC) are introduced
to show the sampling noise is kT/CDAC in both cases. Further, the total noise power
sampled on CDAC is calculated mathematically. With the help of Matlab, it is further
verified that the sampling noise only depends on the value of CDAC .
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Figure A2: Noise contribution from (a) Rb and (b) Ron.

• Case 1: CDAC � Cp, Rb and Ron are comparable.

In this case, Cp is negligible, so the circuit model shown in Fig. A1 can be
further simplified to the model shown in Fig. A3. As it is a simple first-order
low pass filter, the noise power sampled on CDAC can then be calculated as
kT/CDAC [78].

Figure A3: Further simplified model when CDAC � Cp.

• Case 2: Cp � CDAC , Rb and Ron are comparable.

In this case, the transfer function (A18) can be simplified as:
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Vout

Vn,Rb
(s) =

1

RbCDACs+ (1 +RonCDACs) · (1 +RbCps)

=
1/(1 +RbCps)[

1/
(
1/RbCDACs+ Cp/CDAC

)]
+ 1 +RonCDACs

≈
1/(1 +RbCps)

(CDAC/Cp) + 1 +RonCDACs

≈
1

(1 +RonCDACs) · (1 +RbCps)

(A20)

Since Cp � CDAC , the dominant pole of this transfer function is determined
by Cp, and the location of the second pole (determined by CDAC) is far away
from the first pole. Therefore, the transfer function can be further simplified to
a single pole function:

Vout
Vn,Rb

(s) ≈ 1

1 +RbCps
(A21)

Then, the noise power contribution from Rb can be calculated as:

Pn,Rb = 4kTRb

∞∫
0

1

1 + 4π2Rb
2Cp

2f 2
df

=
kT

Cp

(A22)

Similarly, the transfer function (A19) can be simplified as:

Vout

Vn,Ron
(s) =

1 +RbCps

RbCDACs+ (1 +RonCDACs) · (1 +RbCps)

=
1

[1/(1/RbCDACs+ Cp/CDAC)] + 1 +RonCDACs

≈
1

(CDAC/Cp) + 1 +RonCDACs

≈
1

1 +RonCDACs

(A23)

Then, the noise power contribution from Ron can be calculated as:

Pn,Ron = 4kTRon

∞∫
0

1

1 + 4π2Ron
2CDAC

2f 2
df

=
kT

CDAC

(A24)
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Therefore, the total sampling noise power on CDAC can be calculated as:

Pn,out = Pn,Rb + Pn,Rn =
kT

Cp
+

kT

CDAC
≈ kT

CDAC
(A25)

• General case.

To provide a more generic calculation, the total sampling noise power on CDAC
can be calculated as (A26) by using (A18) and (A19).

Pn,out = 4kTRb

∞∫
0

∣∣∣∣∣ VoutVn,Rb
(jω)

∣∣∣∣∣
2

df + 4kTRon

∞∫
0

∣∣∣∣∣ VoutVn,Ron
(jω)

∣∣∣∣∣
2

df

= 4kT

∞∫
0

Rb +Ron + (2πf)2Rb
2Cp

2Ron

(2πf)4A2 + (2πf)2(B2 − 2A) + 1
df

(A26)

where A = RbRonCpCDAC , and B = RbCp +RbCDAC +RonCDAC .

Being a complex function to solve, Matlab is used to calculate the value of Pn,out
for different cases to verify Pn,out = kT/CDAC . As shown in Fig. A4, when CDAC
is fixed to 300fF, Pn,out is always equal to kT/CDAC , which is independent of
Cp. When CDAC changes, Pn,out follows precisely the trend of kT/CDAC , as
indicated in Fig. A5. Thus, it is further verified that the total sampling noise
of the temperature sensor interface is kT/CDAC , which is only dependent on
the value of CDAC .

Figure A4: Pn,out calculated by Matlab at different Cp values (CDAC=300fF,
Rb=300kΩ and Ron=1kΩ).
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Figure A5: Pn,out calculated by Matlab at different CDAC values (Cp=1pF, Rb=300kΩ
and Ron=1kΩ).
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Summary
Low Power Versatile All-Dynamic
Sensor Interfaces

This PhD thesis aims to develop concepts and implementations of a new generation
of ultra-low power versatile sensor interface circuits for emerging energy constrained
Internet of Things (IoT) applications. A general design philosophy and approach have
been proposed for the envisioned sensor interfaces, and multiple integrated circuit im-
plementations have been made to enable versatile sensing for temperature, capacitive,
and resistive sensors with ultra-low power consumption and state-of-the-art energy
efficiency.

In Chapter 2, a system level analysis was performed and some general considerations
for the targeted ultra-low power versatile sensor interfaces are made. It is shown that
the sensor interface is preferred to consume only dynamic power, such that its sensing
performance can be scaled inherently and efficiently over a large range of speed and
resolution. In this way, the limited available energy in the target energy constrained
IoT applications can be used more efficiently at different user scenarios. Based on
this, a general approach is proposed for the sensor interface architecture, which in-
cludes a fully dynamic and/or duty-cycled static-biased front-end together with an
asynchronous SAR ADC. Besides, a digital correlated double sampling approach has
been applied to reduce ADC offset, flicker noise, and many other circuit non-idealities.

Chapter 3 presents an ultra-low power versatile temperature sensor, based on an
all-dynamic architecture which includes an efficiently duty-cycled Wheatstone bridge
and an asynchronous Successive Approximation Register (SAR) Analog-to-Digital
Converter (ADC). It achieves the lowest reported energy per conversion of 2.43pJ, and
a very low absolute power in off state, down to 0.174nW, with a Figure-of-Merit (FoM)
down to 1.82pJ·◦C2. Thanks to the all-dynamic architecture, its power consumption
scales inherently with the speed and resolution over 3 orders of magnitude, resulting
in high circuit adaptability.

Chapter 4 presents a versatile, energy efficient and low power Capacitance-to-Digital
Converter (CDC) with only dynamic circuits, including a single armed capacitive
bridge and a 10b asynchronous SAR ADC. It combines state-of-the-art power effi-
ciency (down to 18fJ/conv-step) with the lowest reported power (down to 0.1nW)
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and highest versatility, such that a wide variety of capacitive sensors and IoT appli-
cations can be supported optimally.

A low power versatile sensing platform with three sensing modalities is presented
in Chapter 5. It supports temperature/capacitance/resistance sensing with adaptive
power vs speed and resolution, a configurable signal range, and the ability for time-
interleaved multimodal recording. Temperature and capacitance sensing front-ends
are based on the designs presented in Chapter 3 and Chapter 4, respectively. A
duty-cycled current digital-to-analog converter is proposed for the resistance sensing
front-end, such that four-terminal resistance sensing can be fulfilled with only dynamic
power consumption. A 10b asynchronous SAR ADC is shared by these three front-
ends for signal digitization. State-of-the-art FoMs are achieved for all sensing modes,
with a minimum power consumption of 0.34nW and a chip area of 0.084mm2 in 65nm
CMOS. This makes it a suitable candidate as an ultra-low power highly versatile
sensing platform for IoT applications.

In order to further improve the energy efficiency of the CDC proposed in Chapter 4,
a novel method to reuse the charge in the capacitive sensor front-end is proposed in
Chapter 6. Thanks to this charge reuse method in the sensor front-end, the energy
efficiency can be improved by >3 times. Besides, the simple architecture together with
an ultra-small ADC makes it a very compact design which occupies only 6440µm2 of
chip area.

The resistive sensor interface proposed in Chapter 5 shows limited sensing robust-
ness against supply and temperature variations. To tackle these issues, Chapter 7
proposes an updated design using a system-level ratiometric measurement (SRM)
approach. Thanks to this SRM approach, the measurement robustness against sup-
ply and temperature variations is improved by >20 times compared to the previous
design.

Chapter 8 concludes this thesis.

152 Summary



Word of thanks

When I started my PhD study back in 2015, I was told that doing a PhD could be a
tough journey. Luckily, when I’m looking back at the past 4.5 years now, most of the
memories are pleasant. I received so many supports from many people during this
period, and I want to express my gratitude to them.

First of all, I would like to express my special thanks to my first promoter and
supervisor dr. Pieter Harpe. You are the ideal supervisor one can ever dream of,
and I feel so lucky to work under your supervision for both my Master and PhD
studies. Thank you for guiding me into the field of IC design step by step. You
showed me a very high standard of being a researcher, and I am always amazed by
your dedication, professionalism and ability to digest new things. You are always very
patient with my questions. I still remember the very first question that I asked you
(in a Master programme course): What is the LSB of an ADC? I can tell that you
were a bit shocked about this entry-level question. Instead of asking me to simply
search it on-line, you gave me a full page answer including all the details. You are
really a problem solver. Whenever I was stuck somewhere (designing circuits, drawing
layouts, building measurement set-ups, writing papers, etc.), you were always there
to help, which made my life a lot easier. You not only provided me with a lot of
valuable guidance on my research, but also gave me a great level of freedom and
plenty tape-out opportunities. I sincerely thank you for the continuous help during
this period.

I am also truly grateful to my second promoter prof. Eugenio Cantatore. No matter
how busy you are, you will always make time for me. Thank you for guiding me
towards the right research direction and teaching me how to write a decent paper.
Thank you for your countless times of help on my first version papers and on this
thesis.

I would also like to thank the other members of the doctorate committee: prof. Kevin
Williams, prof. Kofi Makinwa, prof. Michael Kraft, prof. Massimo Mischi and prof.
Marian Verhelst for your time, efforts and valuable comments.

I would like to thank prof. Peter Baltus for leading the Phoenix project, which offered
me this great PhD research topic. You have a great sense of humour and having a
discussion with you is always a great pleasure. I would also like to thank prof. Arthur
van Roermund. I was a bit hesitating to do a PhD in the end of my Master graduation

Word of thanks 153



project. You convinced me that doing a PhD is a great choice, and thank you for
doing that.

I would like to thank the whole Phoenix team for the inspiring discussions together.
Many thanks go to Jaro and Martin for the efforts in our co-design tape-outs, and I
really enjoy working with you.

Many thanks go to the members in the IC group. Thank you Rainier, for taking care
of so many nasty issues in the measurements and CAD tools. Thank you Margot,
for the effort on arranging the meetings and travelling, and for always offering us
delicious home made food in our Christmas parties. Thank you Jan, for the great
management work of our project. A big thank you will definitely go to my dear
officemates and colleagues, Xi, Xiao, Yijing, Meiyi, Gönenç, Kevin, Noortje, Corné,
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