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Chapter 1

Introduction

This chapter starts with an introduction of IoT applications. An overview of popular
wireless standards and the required radios for IoT applications is given. Besides,
several challenges and opportunities of the IoT radio as well as the approaches are
briefly elaborated. After that, the aim and scope of this thesis are motivated. Finally,
the setup of the thesis is shown.

1.1 Background

Figure 1.1: Illustration of sensor nodes in IoT applications.

Today, persons and devices are rapidly becoming connected by the latest wireless
technology driven in the new era of the Internet-of-things (IoT). Generally speak-
ing, IoT refers to the networked interconnection of daily objects (e.g., smart devices,
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buildings), which are equipped with electronics, software, sensors and network con-
nectivity that allow these objects to collect and exchange data (Fig. 1.1). Each
year, as a key component of IoT, numerous sensors (e.g., sensors for smart homes,
medical devices, wearables and automobiles) go into the market, leading to a highly
distributed network of devices communicating with human beings as well as other
devices.

Thanks to the ubiquitously distributed sensors, the mutual communication between
human beings and the daily objects has been greatly increased, leading to a significant
improvement of the quality of our lives. E.g, sensors in a smart home can monitor
environmental conditions (e.g., temperature, humidity) and control the corresponding
devices to adjust the environmental conditions to a comfortable level. In addition,
the distributed sensors of a smart home allows a more efficient usage of the utilities
(e.g., gas, water, electricity), leading to a more economical life. In biomedical appli-
cations, thanks to advanced sensing technology, sensors for medical applications can
continuously monitor people’s health conditions in a more friendly and pleasant way.
This not only gives a comfortable treatment, but also allows early diagnosis and alert
of a sudden disease (e.g., heart attack), greatly increasing the survival rate under
these circumstances. Research group Gartner predicts that the number of connected
devices will be more than 10 billion by 2020 [1].

Meanwhile, the requirements of one IoT application are different to another (e.g.,
data-rate, maximum communication distance). As a result, the radios in IoT applica-
tions conform to many different wireless standards to achieve the desired performance.
An overview of popular wireless technologies/standards for IoT applications is given
in Fig. 1.2. There are already many well-known communication technologies which
are widely used in various IoT applications, e.g., Bluetooth, BLE, Zigbee, WiFi. In
addition, new standards have emerged to cater for the new chances and challenges
in IoT applications. E.g., IEEE802.15.4g and IEEE802.11ah for smart home applica-
tions, Sigfox and LoRa for long distance communications inside and outside the cities,
which is so-called low-power-wide-area (LPWA). Overall, the standards are very di-
verse from each other (e.g, frequency band, data-rate, communication distance). This
results in different requirements for the radios front-end circuits as well as the ADCs
(e.g., bandwidth, dynamic range).

Figure 1.2: Popular wireless standards for IoT applications.
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Given the trends of sensor development, this gives new challenges for sensor nodes
with respect to cost, which is going to be discussed in the next section.

1.2 Problem statement

As mentioned, the rapidly increasing number of Wireless-Sensor-Nodes (WSNs) rises
new challenges and opportunities for IoT radios. There are a several important re-
quirements of IoT radios. E.g., low-cost, robust performance, and security. Mini-
mizing the cost of an IoT radio is very important to allow large deployment in order
to achieve the ubiquitous connection. Besides low-cost, the communication among
radios has to be robust against environmental variation and the existence of interfer-
ence signals. Furthermore, the exchanged information should only be accessible by
the desired objects, as required for secure communication. Among those key features,
the goal of this thesis is to investigate concepts/methods to reduce the radio cost
without sacrificing performance robustness. Security is often tackled at higher level
and out of the scope of this thesis.

Figure 1.3: Challenges and solutions for IoT radios.

Cost of an IoT radio includes energy cost, design cost, and production cost (Fig. 1.3).
Energy cost refers to the cost related to batteries, which supply the IoT radios, and
to the related operational costs (e.g, replacement of batteries). A long life time is
desired for IoT radios. Using higher-capacity batteries and/or replacing or recharging
batteries helps to some extent, but they all increase the cost. To prolong radio
life time, a low-power radio is essential. A low-power design approach has been
widely adopted for many years to reduce the power consumption of the circuits.
Alternatively, duty-cycling can be a promising approach to further reduce the overall
system power consumption.

In addition, the diversity of the wireless applications (Fig. 1.2) results in different
radio requirements, and hence different specifications for the circuits. In order to
achieve optimum performance for a radio, each circuit is customized manually. This
gives a lot of design effort and requires significant man power, thus increasing the
design cost. To reduce the design cost, the circuit design can be automated to reduce
the design time. Alternatively, the circuit can be made versatile enough to be used
in different applications.

1. Introduction 13



Furthermore, production cost refers to the cost for chip area, technology (e.g., CMOS),
external components and overhead due to calibrations. Design for versatility ap-
proaches also helps to reduce this cost.

Unfortunately, reducing cost could degrade the performance of IoT radios, which is
not desired. E.g., a radio supplied by a cheap and small-capacity battery has shorter
life time, lower-power circuits can have higher noise or require calibrations, and an
automated design could lead to worse performance. This all rises a challenge for IoT
radios: reducing cost of IoT radios without sacrificing performance, which is the focus
of this thesis.

1.3 Aim of the thesis

Among all the aforementioned challenges for the circuit design of IoT radios, this
thesis aims to reduce the energy cost, the design cost and the production cost of IoT
radios without sacrificing performance.

In particular, this thesis will address ultra low power design and duty-cycling to re-
duce the energy cost of a radio. This thesis will also address design automation and
versatile design concepts to minimize circuit design time and therefore design cost.
While reducing cost, the performance of the circuits should not be sacrificed. The
performance will be evaluated with several critical parameters, e.g., power consump-
tion and Figure-of-Merit (FoM). Low production cost in relation with versatile design
will be taken into consideration while achieving the aforementioned aims.

Several important aspects will be addressed to achieve these aims as shown below:

• An analysis of the costs of IoT radios.

• Implementation and evaluation to verify the proposed concepts.

1.4 Scope of the thesis

Some limitations on the scope of the thesis are briefly mentioned and motivated below:

• The duty-cycling concept is applied to a wakeup timer and a frequency reference
(∼MHz). Regardless of a great diversity of radios for various IoT applications,
these two blocks are the frequency reference for the sleep mode and active mode
respectively in IoT radios. The impact of the performance of wakeup timer
and a frequency reference on the total radio energy will be addressed. The
implementation of these two circuits is addressed, but the whole transceiver is
beyond the scope of this thesis.
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• As regards design automation, we narrow down the scope to the design au-
tomation for Analog-to-Digital Converters (ADCs). ADCs convert data from
analog to digital, and are therefore crucial in data exchange among IoT radios.
In addition, ADCs are important for robust operation against interferences for
IoT radio. Moreover, ADCs consist of both analog and digital circuits, and thus
are a good candidate to show the feasibility of design automation.

• Further, the choice of technology is narrowed down to CMOS technology only,
which favors low production cost and is in line with academic and industrial
preference.

1.5 Original contributions

• Cost analysis of IoT radios.

• A low-power start-up approach for crystal oscillators, and optimization analysis
for both start-up time and start-up energy.

• Implementation and experimental evaluation of a fast start-up crystal oscillator.

• A digital-intensive architecture for low supply voltage ultra-low-power wakeup
timers.

• Implementation and experimental evaluation of an ultra-low-power wakeup timer.

• Automation method for SAR ADCs that reduces the design time while main-
taining performance of SAR ADCs.

• Implementation and experimental evaluation of two SAR ADCs using the pro-
posed method, verifying its feasibility.

1.6 Outline of the thesis

The setup of the thesis is depicted in figure 1.4.

Chapter 1 gives a generic introduction to IoT applications. Besides, the problems
associated with the design of the radio for IoT applications as well as the approaches
are defined.

In chapter 2 an overview of the costs of IoT radios and the challenges to reduce these
cost are presented. Apart from the challenges, it is also shown that new opportunities
are promising to achieve the goal from two aspects: energy cost and design cost. A
cost-effective design concept is introduced to solve the anticipated problems.
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Figure 1.4: Setup of the thesis.

Chapter 3 will provide the requirements for the wakeup timer and the system clock
for a duty-cycled IoT radio. It will also show the trade-offs between the performance
of the wakeup timer and system clock and the overall power consumption of the radio.
Moreover, it also analyzes the possible circuit architecture for the wakeup timer and
the system clock.

Chapter 4 will dive into the circuit analysis and design for the critical duty-cycling
block: the wakeup timer. Firstly, prior-art will be surveyed and the architectures will
be compared. Besides, analysis on the application requirements and circuit perfor-
mance (e.g., long-term jitter, short-term jitter, stability) will be conducted. Next,
a few design guidelines will be concluded, instructing optimization methodology for
different applications. Furthermore, a specific circuit design, for proof of concept, will
be presented with the measurement results.

Chapter 5 will focus on the second critical circuit for the duty-cycling technique: the
frequency reference. This chapter will start with the impact of the circuit performance
on the overall power consumption. Also, the design trade-offs and challenges of
frequency reference for IoT applications will be elaborated in detail, e.g., frequency
choice, start-up time, power, package size and cost. A versatility and low-power design
design methodology will also be proposed. Finally, a load versatile and power-efficient
technique for frequency reference design will be presented to prove the concept.

Chapter 6 will focus on a design automation methodology for IoT radios, in par-
ticular focusing on the ADC design automation. A prior-art survey will firstly be
performed and the requirements for the ADC are summarized. The choice for the
ADC architecture will be motivated. After that, the proposed automation method
will be presented in detail. Finally, an ADC design using the proposed method will
be presented and verified by measurements.

Chapter 7 will conclude the thesis and give suggestions for future work.

16 1. Introduction



Chapter 2

Cost analysis of IoT radios

This chapter studies trends and expected performance requirements for radios in IoT
applications. An overview of the costs for the radios in IoT applications is given.
Problems and opportunities are identified. Concepts are introduced to solve the antic-
ipated problems.

2.1 Introduction

IoT is a broad concept, including a great variety of applications, and the informa-
tion/signals in those applications are quite different (e.g., audio, video, medical sig-
nals). Despite of the big diversity, the essence of IoT is the same, which is to allow
objects to exchange data and information through the internet, which includes trans-
mitting and receiving data. This leads to the need for a radio, which comprises a
transmitter and or a receiver to perform the aforementioned two functions. There are
numerous types of networking among sensor nodes, which can be roughly divided into
two categories: synchronous networks and asynchronous networks. Two examples of
popular communication schemes between the two IoT nodes are shown in Fig. 2.1.
In the first scenario (Fig. 2.1(a).), the master node and the slave node both include a
transmitter and a receiver. The master node is sending a request command through
a certain frequency channel. Once the slave node receives the request for communi-
cation, it will collect the requested data and send it back to the master node. In the
other scenario, the master node and the slave node are not synchronized. The slave
node only includes a transmitter, which only broadcasts information over a specified
frequency channel. The master node includes only a receiver, and it does not reply
to the slave node after receiving the information. Please note that the focus of the
thesis is not limited to the aforementioned two scenarios.

2. Cost analysis of IoT radios 17
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Send information

Master Node

(a)

Slave Node
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receive and 

   no reply 

Master Node
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Figure 2.1: Two examples of communication between two sensor nodes in IoT appli-
cations: synchronous (a) and asynchronous (b).

In reality, instead of only two nodes, larger amounts of sensor nodes are distributed
everywhere, and the communication network can be more complicated. This urges
the necessity of reducing the cost of each sensor node. To achieve this goal, this thesis
will focus on reducing the cost of IoT radios.

2.2 Overview of cost types in IoT radios

An overview of the cost types in an IoT radio is listed below:

• Energy cost: energy cost refers to the cost to extend the battery life time, which
includes the cost of batteries and the associated replacement/maintenance cost.

• Design cost: design cost refers to the cost of manpower during circuit design.
High complexity circuits design, and/or redesign for a different technology or a
different application requires a lot of man power, thus increasing design cost.
Versatility might further reduce the amount of designs and the design cost.

• Production cost: production cost refers to technology node, chip area, external
components, packaging cost, PCB cost, integration level, cost of calibrations.

• Other costs: other costs refer to the maintenance of the operation of IoT radios
(e.g., installation costs, software/firmware maintenance, regular calibrations).

The main focus of this thesis is energy cost and design cost of IoT radios. The pro-
duction cost will be considered in this thesis. E.g., CMOS is chosen as the technology

18 2. Cost analysis of IoT radios



and optimization for small area will be considered in the design. Among all the above
costs, the cost related to maintenance is beyond the scope of this work.

2.3 Energy cost

The transmitter and receiver in sensor nodes have to be active in order to exchange
data, thus have to consume power. In some applications, the power can be provided
from a powerline (e.g., 230V powerline), e.g., some sensors in a smart home or city
infrastructure. Then, power consumption is relatively less problematic. However, in
other applications, e.g. health care, where the sensors have to be portable, batteries
have to be used. In this case, power consumption becomes critical. In addition, in
some applications where it is not convenient or not possible to replace batteries, e.g.,
chemical applications and implantable applications, the requirement for battery life
time can be as long as a few years. This introduces a great challenge for battery
design as well as ultra-low power sensor nodes design.

2.3.1 Battery capacity and radio power

Figure 2.2: Comparison of popular batteries of various capacities from Duracell [2].
*The batteries’ prices are normalized to AAA battery price.

An ideal battery for portable devices in IoT applications is expected to have a large
capacity, small size, and low price. In reality, to increase the capacity for a certain
battery, the size of the battery has to be increased as shown in Fig. 2.2. However,
small battery size is preferred for many IoT applications. Usually, batteries with a
larger capacity to size ratio are more expensive. Coin cell batteries are popular for
its small size, but note that they also have small capacity and higher price. Zinc
air batteries have even higher capacity density compared to other batteries, but they
suffer from leakage and cannot last too long. This is not desired, because it increases
the overall cost of a sensor node. Therefore, reducing the power consumption of sensor
nodes is necessary.

Countless efforts have been spent in the past to reduce the power consumption of the
radio in order to extend the battery life time. For example, as shown in Fig. 2.3,
the power consumption of the receiver and transmitter for BT/IEEE802.15.4/BLE
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(a)

(b)

Figure 2.3: Power consumption of IoT radios (BT/IEEE802.15.4/BLE) in the past
16 years: receiver (a) and transmitter (b).

has been reduced significantly from above 100mW to a few mW during the past
16 years [3–16], thanks to technology node scaling according to Moore’s law as well
as advanced low-power circuits. However, beyond 7nm, severe physical limitations
are looming [17, 18]. Besides, up to some extent, the device size for analog circuits
cannot be scaled further without sacrificing the required analog performance (e.g.,
noise, matching). The room for further power reduction for the radio itself becomes
small, and to a certain extent power consumption will have to be traded-off with
other specifications (e.g., sensitivity, linearity).

2.3.2 Duty-cycled radio

In many IoT applications, data only needs to be updated with a relatively low rate.
For example, for water quality monitoring sensors, data only needs to be communi-
cated once every few minutes. Besides, the actual communication duration between
two radios is often very short, namely hundreds of µs up to a few ms. Therefore, the
radio can be switched off most of the time between the two communication events,
and only switched on during a communication event. In this way, the overall system
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Figure 2.4: Power consumption profile of a duty-cycled IoT radio.

power consumption can be reduced significantly without sacrificing the performance
of the radio [19–22].
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Figure 2.5: Simplified block diagram of a IoT radio.

Fig. 2.5 illustrates a simplified block diagram of an IoT radio with a receiver, trans-
mitter, a clock generation circuits, which consists of a system clock and a wakeup
timer. There is an RF oscillator, which is often implemented as Voltage-Controlled
Oscillator (VCO) or Digitally-Controlled Oscillator (DCO), but it is beyond the scope
of this thesis. As shown in Fig. 2.4, the time duration between two communication
events can be roughly divided into three modes: sleep mode, start-up mode and ac-
tive mode. In the sleep mode, mainly the wakeup timer is active. In the start-up
mode, the system clock will be enabled and start up. In the active mode, the radio
will transmit or receive signals. The power distribution of these modes can vary ac-
cording to different regulations in different applications. As shown in Fig. 2.4, for
highly duty-cycled IoT radios, the sleep mode is most relevant. As a result, a low-
power wakeup timer is desired since it is always on. As shown later in chapter 3, the
energy consumption due to the wakeup timer can exceed 70% of the total energy for
a highly duty-cycled sensor node. For nodes that show a higher activity, the power
consumption of the sleep mode becomes negligible, and the power consumption of
the start-up phase, which can not be avoided, becomes critical. In that scenario, it is
beneficial to reduce the start-up time and start-up power in the critical blocks (e.g.,
crystal oscillator). Therefore, to achieve overall system power reduction, the power
consumption in both the sleep mode and the start-up mode should be minimized.
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2.4 Design cost

Another important cost for IoT radios is the design cost during the development,
which refers to the man power that is spent in designing the circuits. The consumer
market demands a relatively short R&D time for the IoT radios. Considering the
whole development cycle from design to test, the time left for the circuit design is
usually very limited. This is only possible if more designers are involved. This is
not desired because it increases the cost at the same time. Besides, increasing the
number of designers only helps to some extent. Reducing the man power for circuit
design time becomes necessary and urgent. Therefore, design automation methods
are desired for all the circuits of IoT radios.

For digital circuits, there are very mature commercial tools from design to verification.
However, for analog/mixed-signal (AMS) circuits, the automation level of design and
verification is far behind. At the moment, the analog design experts still need to spend
a lot of effort manually in both design and layout for a good circuit performance.

Design automation started with relatively simple analog cells, e.g., Operational Am-
plifiers (OP-AMP) [23]. However, the design automation for ADCs is cumbersome
due to its more complicated architecture, larger scale circuitry as well as more so-
phisticated signal processing between analog and digital domain. Prior-art tried to
apply one single automation method to the whole ADC. Reference [24] replaces the
traditional analog circuitry with pure digital gates so that the whole ADC can be inte-
grated in the digital synthesis flow. However, the resolution and the performance are
limited due to the architecture. Reference [25] synthesizes a Σ∆ ADC using a library-
based approach and standard P&R for layout. Although all the analog components
are still manually designed, the power efficiency is yet behind state-of-the-art. Among
the numerous ADC architectures, the SAR ADC is very popular for WSNs thanks
to its excellent power efficiency [26]. Reference [27] introduced a compile method for
the layout generation of the SAR ADC. Reference [28] introduces a systematic design
method on schematic level for a SAR ADC, but large differences between simulation
and measurement results are observed (>10×).

Alternatively, instead of pursuing a full automation approach for all the circuits of
an ADC, a well-balanced hybrid design automation approach for SAR ADCs is intro-
duced in this work, employing different automation approach for different blocks of an
ADC. The proposed approach aims to reduce the labor-intensive and time-consuming
effort in the ADC design flow. Although some parts of the design (e.g., design itera-
tions, optimizations and verification) is still manual, the overall design time is reduced
significantly. In this way, through balancing automation level and customization, the
design time is reduced while maintaining the ADC performance. One of the goals
of this thesis is: to reduce the design time by automating the labor-intensive work
without sacrificing the ADC performance.
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2.5 Production cost

Besides energy cost and design cost, production cost is also important. The circuits or
methods will be developed primarily with design cost and energy cost in mind, how-
ever, at the same time keeping acceptable chip area in CMOS technology, integration
level, and BOM factor.

2.6 Conclusions

In this chapter, it was shown that IoT applications rise a challenge for the radio: cost-
effectiveness. It is also shown that there are opportunities to reduce the energy cost
and the design cost. In the rest of the thesis, concepts/methods will be introduced,
elaborated and verified, to solve the anticipated problems. In particular, chapter 3
will give a high level analysis for the clock generations for the duty-cycled radio in
IoT applications for lower energy cost. In chapter 4, a wakeup timer will be presented
to address the energy cost. In chapter 5, a system clock will be presented to address
the energy cost. In chapter 6, ADC design automation will be presented to address
the design cost.
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Chapter 3

Clock generations for duty-cycled
IoT radios

This chapter studies trends and expected performance requirements for the clock gen-
eration circuits of IoT radios. It gives an overview and comparison of the candidates
for the clock generation circuits: the system clock and the wakeup timer. A high level
analysis of the circuit requirements from system perspective is also provided.

3.1 Introduction

As mentioned in the previous chapter, the key to enable a long life time of IoT sensor
nodes is a large battery capacity and an ultra-low-power radio. For the battery, small
batteries (e.g., coin cell) are popular in IoT applications, thanks to their physical
size although they have a relatively smaller capacity (Fig. 3.1(a)). As a result, it
is crucial to achieve low-power consumption for the radio. E.g., for a coin cell with
100mAh capacity, the overall power consumption of a radio has to be as low as a few
µW to enable a 10-year life time as shown in Fig. 3.1(b). Considering that the power
consumption of a typical wireless radio is still in the order of mW, this indicates that
aggressive duty-cycling as mentioned in chapter 2 is needed to reduce the average
power consumption by more than 1000 times.

To enable the duty-cycling concept, the clock generation circuits are crucial, as they
provide the frequency reference and time reference for synchronization. In this chap-
ter, the requirements of the clock generation circuits will be discussed to enable the
duty-cycling technique. Meanwhile, the possible candidates for the clock genera-
tion circuits are also provided and discussed. Moreover, a few examples are shown
to investigate the impact of the clock generation performance on the overall power
consumption of the IoT radio.
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(a)

(b)

Figure 3.1: Popular batteries for IoT (a) and the relationship between power con-
sumption and life time for a 100mAh coin cell (b).

3.2 Requirements for clock generation circuits for

IoT

As mentioned in chapter 2, the focus of this work is the two clock generation circuits
of a wireless radio in IoT applications: a system clock, a wakeup timer. The system
clock requires an accurate frequency reference (∼MHz), which generates a stable
reference clock for the Phase-Locked-Loop (PLL) to synthesize a carrier (Fig. 3.2(a))
and to derive clocks for all other parts of the transceiver SoC, e.g., ADC and the
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digital baseband. The wakeup timer is continuously running, and provides timing
control and switches the radio between sleep state and active state.

3.2.1 Design considerations for the system clock
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Figure 3.2: Traditional PLL with system clock (a) and the phase noise distribution
of the PLL (b).

To meet the requirements of IoT radios, high performance is desired for the PLL, and
thus also the system clock. To meet the requirement of adjacent channel interference
and also transmission modulation quality, low-phase noise is required. As shown in
Fig. 3.3, when there is an strong interference at a certain frequency offset ∆f to the
desired signal, the product of the interference and the phase noise at ∆f will be down-
converted to DC, which can not be distinguished from the down-converted desired
signal at DC. This degrades the signal quality, and thus the performance of the radio.
To quantitatively analyze the impact, the phase noise at ∆f can be calculated as:

PNpll,∆f =
Psig

Pint ·BW · SNR
. (3.1)

where SNR, Psig, Pint, BW, PNpll,∆f are the required Signal-to-Noise Ratio, the signal
power, the interference power, the signal bandwidth and the phase noise at the offset
frequency ∆f respectively. For example, in BLE, the required Adjacent-Channel-
Rejection (ACR) ratio, which is the ratio between the interference power and the
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signal power, is 20dB and 30dB at the 2nd and 3rd frequency channel respectively. As
a result, with 10dB rule-of-thumb margin included to assure that the SNR degradation
due to the phase noise is negligible, the required phase noise levels are -103dBc/Hz
and -113dBc/Hz at 2MHz and 3MHz offset frequency respectively.
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Figure 3.3: Example of a direct-conversion radio with SNR degradation due to the
PLL phase noise.

In a PLL, the phase noise of the system clock is up-converted and contributes to the
total phase noise of the PLL (Fig. 3.2(b)). The out-of-band phase noise of the PLL
is usually dominated by the VCO, because the phase noise of the system clock at this
frequencies is greatly attenuated. However, the in-band phase noise of the PLL can
be dominated by the system clock because it cannot be attenuated. The contribution
of the PLL phase noise due to the system clock can be described by equation 3.2,
in which PNpll,∆f and PNref,∆f are the PLL and reference phase noise at frequency
offset ∆f respectively, and N is the ratio between the PLL frequency and reference
frequency.

PNpll,in−band = PNref,in−band + 20log10(N) (3.2)

The larger the N is, the more the system clock phase noise will be up-converted. For
a 2.4GHz BLE radio, with a 20MHz crystal oscillator, the resulted N is 120. This
indicates that the in-band phase noise of the system clock should be at least more
than 42dB better than the PLL phase noise, which is critical. For this reason, the
frequency of the system clock is usually higher than 1MHz.

In addition, the jitter of the system clock has to be sufficient to meet the requirement
for the ADC sampling. The jitter of the system clock is calculated as the root-
mean-square (rms) of the integrated phase noise. As shown in Fig. 3.4, the jitter of
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the ADC sampling clock results in a sampled voltage error, and thus an error at the
ADC output. This results in ADC performance degradation and thus communication
quality degradation. The impact of the system clock jitter on the ADC SNR can be
described as:

SNRadc = −20log10(2πfinσjitter) (3.3)

where SNRadc is the ADC dynamic range, fin is the frequency of the ADC input
signal, and σjitter is the jitter of the system clock. Fig. 3.5 shows the required jitter
for the system clock for ADCs with different performance. For a 80dB dynamic range
ADC with 1MHz bandwidth, the required jitter for the sampling clock should be
smaller than 10ps. In many applications, this requirement can be achieved and is not
a problem.

Figure 3.4: The impact of system clock jitter on the ADC performance.

Besides the phase noise and jitter requirement of the system clock, the frequency
offset error of the system clock is also important. A frequency offset error in the
system clock results in a frequency error of the PLL. This is harmful because the
transmitter and the receiver are expected to communicate on the same frequency
channel. In BLE, it requires that the transmission frequency error should be within
±41ppm of the desired frequency [29]. Thus, this frequency offset error should be
small and stable over environmental variations, assuring a robust communication.

Above all, the key requirements for the system clock are: low-noise, stability and
small frequency error. In addition, other merits are also preferred (e.g., small area,
low-power).

Besides the power dissipation of the wakeup timer, the system clock’s power consump-
tion can be significant in a duty-cycled radio. As mentioned, in a duty-cycled radio,
the transceiver is only activated when transmitting or receiving, and disabled to save
power when not needed. In this way, the overall system power is reduced without
degrading the performance of the radio. But this requires swift start-up behavior
for the whole transceiver. This is not a problem for the transmitter/receiver, the
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Figure 3.5: The required system clock jitter for ADCs with different performance.

Phase-Locked-Loop (PLL), and the Power-Management-Unit (PMU), whose start-up
times are up to a few µs [11]. But this can be a problem for the system clock, which
often uses a crystal oscillator because of the high performance required. Due to the
high quality factor of the quartz crystal, the start-up time of the crystal oscillator
is relatively long (namely ∼ms). In a duty-cycled application where the sleep time
interval is similar to XO start-up time, the XO can therefore not be switched on and
off in time. Thus, it has to be always active, thereby increasing the off-state power
of the whole system significantly. In some duty-cycled applications, the XO can be
switched on and off, but the extra power due to the start-up process cannot be ne-
glected. E.g., in a duty-cycled radio with a relatively short packet length, e.g., the
packet length can be as short as 128µs in BLE, the power overhead due to the XO
start-up process can go beyond 25% [30]. Therefore, a reduction of the start-up time
of the XO is necessary, and at the same time, the energy overhead to enable a fast
start-up should be minimized in order to reduce the overall energy consumption.

To investigate the impact of the start up time of a crystal oscillator, similarly as the
wakeup timer, the power consumption analysis in a popular scenario (BLE advertis-
ing) is provided. As mentioned, for a single broadcasting event, the radio broadcasts
three packets over three channels CH37, CH38, and CH39 consecutively, which are
located at the frequencies of 2402MHz, 2426MHz, and 2480MHz respectively (Fig.
3.6(a)). Each packet has a short format of 128µs to 376µs. The event interval be-
tween two consecutive advertising events is between 20ms to 10.24s, during which
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(a)

(b)

Figure 3.6: Illustration of typical BLE advertising (a) and the fast start-up facilitated
BLE advertising (b).

the BLE transceiver has sufficient time to be switched off and on to save power (Fig.
3.8). However, within each advertising event, the interval between each packet is no
more than 10ms, which is in the same order as the typical start-up time of crystal
oscillators (Fig. 3.6(a)). For this reason, the XO can not be switched off and has to
be kept on, consuming power while the BLE transceiver is in off-state. As a result,
the power consumption of the crystal oscillator can exceed 30% of the total power.
To minimize the power consumption, the time interval between two packets needs
to be kept short. However, this increases the chance that two or three packets will
collide with one interference.

Alternatively, if the XO start-up time can be reduced to a negligible level in a power-
efficient way (e.g., 100∼200µs), the XO can also be switched off between two adver-
tising packets (Fig. 3.6(b)). For examples, if the XO star-up time is reduced from
2ms to 0.2ms without increasing the power consumption, the power consumption of
the XO can be reduced with a factor of more than 10×, leading to significant over-
all power consumption reduction. Moreover, thanks to the small XO start-up time,
the interval between two advertising packets can be increased without introducing
power overhead of the XO. In this way, the chance that all the three advertising
packets collide with a strong interference is reduced significantly, leading to a better
communication quality.
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Prior-art managed to reduce the start-up time successfully [30, 31], but with a sig-
nificant overhead in power consumption and complexity. The design challenge of
the crystal oscillator start-up process is to reduce the start-up time while keeping
the overhead in power, area and complexity low. This is important to enable the
proposed BLE advertising with low-power.

3.2.2 Design considerations for the wakeup timer
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Figure 3.7: Illustration of a duty-cycled transceiver without guard time (a) and with
guard time (b).

As discussed in chapter 2, in many duty-cycled IoT radios, a wakeup timer is used to
be always on to synchronize the burst of transmitting and receiving (Fig. 3.7(a)). The
frequency of the wakeup timer is in kHz range since the sleep time is usually in the
order of hundreds of ms or even higher, and the power consumption has to be in nW
range (sub-µW) to enable the long life time (Fig. 3.1(b)). The main radio is disabled
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to save power when no data is transmitting, and only active when receiving the wakeup
signal generated by the wakeup timer. In this case, it is important that the receiver
and the transmitter are well synchronized, otherwise the transmitted information can
be lost. In practice, any clock generation circuit, including the wakeup timer, has
frequency errors. A constant frequency errors are relatively easy to correct. However,
frequency errors due to jitter, or induced frequency variations require more effort to
tackle. As a result of the frequency error of the wakeup timer, the wakeup signal
might be generated too early or too late. Consequently, the receiver will be switched
on too early or too late. If the receiver is switched on too late, then the packet will not
be received. To avoid this situation, the receiver has to be activated for a longer time
(so-called guard time), assuring that the transmitted packet can be received (Fig.
3.7(b)). This, however, degrades the overall power efficiency. The system average
power consumption can be estimated as:

Pavg =
PslpTslp + PON(TON + TGT)

Tslp + TON + TGT

, (3.4)

where Pslp and PON are the power consumption in sleep state and active state, and
Tslp, TON and TGT are the sleep time duration, transmitting/receiving duration,
and the guard time duration respectively. To minimize the overall average power
consumption, the sleep power consumption should be reduced, without a relevant
increase in the guard time.

The key requirements for the wakeup timer is: ultra-low-power (sub-µW) and fre-
quency stability. The more accurate the wakeup timer is, the shorter the guard time
will be.

Time

sleep 

   

   

BLE packet One advertising event

CH37 CH38 CH39

... ... ...

20ms~10.24s

<10ms

Figure 3.8: One advertising event of a BLE radio.

To have a better overview of the impact of the sleep time power consumption, the
power distribution analysis of a popular BLE radio for IoT applications is provided.
In a typical BLE advertising scenario, one master sensor node is broadcasting as
shown in Fig. 3.8, and the other slave nodes are listening to the master node without
acknowledgement. The time interval between two consecutive advertising events is
between 20ms to 10.24s, where the main radio is switched off to save power. The main
radio is only switched on during each advertising event, where the advertising packet
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is transmitted three times over three advertising channels respectively. In sleep mode,
the total power consumption of the RF transceiver comes from the wakeup timer’s
power and the leakage of the whole chip. Noting that the leakage of the chip can be
accommodated down to a negligible level using techniques (e.g., power-gating) [32],
the wakeup timer’s power can be the biggest contributor in the sleep state.

Figure 3.9: The overall power consumption of a duty-cycled BLE radio [11] as function
of the wakeup timer accuracy for various duty-cycling ratios.

As shown in Fig. 3.9, the system average power consumption can be reduced pro-
portionally with the duty-cycling ratio up to a certain extent (0.01%). When the
duty-cycling ratio further reduces below 0.01%, the reduction of the average system
power consumption becomes slower. If the wakeup timer’s inaccuracy is sufficiently
low, with a very low duty-cycling ratio (0.0001%), the system average power con-
sumption will saturate to the total power consumption of the chip in the always on
domain, which consists of the wakeup timer and the leakage of the chip. In prac-
tice, a guard time is required due to the wakeup timer’s frequency inaccuracy (Fig.
3.7(b)). As a result, the transceiver has to be active for a longer time, degrading the
power efficiency of a duty-cycled radio. Therefore, a small frequency error and a small
guard time is crucial to reduce the overall power consumption as shown in Fig. 3.9.
To reduce the overall power consumption down to µW level, the typical duty-cycling
ratio is lower than 0.1%, and the frequency accuracy of the wakeup timer should be
at least below 1000ppm. This requirement is easy for a quartz crystal based wakeup
timer, however, it is challenging for a fully integrated on-chip oscillator.
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Table 3.1: The typical performance for the system clock and the wakeup timer.

3.3 Candidates for clock generation

The typical performance of the system clock and the wakeup timer is shown in Table
3.1. The frequency of the system clock is in MHz range, with high performance, and
also relatively higher power consumption. It is duty-cycled, and the start-up time of
the system clock should be minimized to µs level. The frequency of the wakeup timer
is in kHz range, with nW level power consumption, with relaxed performance. It is
always active.

Figure 3.10: The popular architectures for clock generation circuits. (*TD for thermal
diffusivity)

Once the requirements for the system clock and the wakeup timer are clear, their
circuit implementation should be chosen. The popular candidates for clock gen-
eration circuits are summarized in Fig. 3.10. Overall, they can be divided into
6 categories: LC-based, TD-based (Thermal-Diffusivity), RC-based, ring oscillator
based, MEMS-based (Microelectromechanical systems) and XO-based, which will be
discussed below.

LC-based oscillators are widely used in RF circuits with GHz frequency, e.g., PLLs
[10]. They consist of an on-chip LC resonator tank, which defines the resonance
frequency, and an amplifying circuit, which compensates the loss in the LC tank and
assures the oscillation. The typical frequency of LC-based oscillators is between few
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hundreds of MHz and few GHz. When implemented for lower frequency oscillators,
the inductor size will be too large to be acceptable. Moreover, the quality factor of an
on-chip inductor is usually small (∼10) compared to that of a quartz crystal (tens of
thousands). Consequently, the resulting phase noise is relatively poor. This is not a
problem if it is used as the RF oscillator in a PLL, because its noise is greatly reduced
by the closed-loop of the PLL and is usually not dominant as shown in Fig. 3.2(b).
However, if it is used as the system clock, it will degrade the jitter performance of
a PLL, because the in-band noise of the reference clock cannot be reduced at all.
Therefore, it is not suitable for the system clock, and neither is it for the wakeup
timer.

TD-based oscillators utilize the effect of the thermal diffusivity of IC grade silicon
to generate a well-defined frequency [33], where an FLL locks the frequency of the
oscillator to a process-insensitive phase shift of an electrothermal filter. The TD
oscillator frequency is in the MHz range with an acceptable chip area. However,
it usually consumes more than 1mW of power and has a poor jitter performance
(∼hundreds of ps), which is too high for a wireless radio. Therefore, it is also not
preferred for the system clock nor the wakeup timer.

RC-based oscillators can be implemented as fully integrated on-chip. The frequency
of the oscillator is determined by the product of the resistor R and capacitor C
value. The frequency range can vary from kHz to MHz range, with a corresponding
power consumption from nW to mW. The disadvantage of this oscillator is that the
noise performance is poor. As mentioned, the system clock requires low-noise and
high-stability. This leads to a great challenge for on-chip RC oscillators, of which the
frequency performance is several orders worse [34] compared to that of a crystal based
oscillator [31]. To improve the performance, significant more power consumption
(∼mW) has to be put [35], which is too much for an IoT radio [11]. Therefore, an
RC-based oscillator is not a good candidate for the system clock. However, it can be
a candidate for the wakeup timer, which has a relatively relaxed noise performance
requirement.

Ring oscillator (RO) can be integrated on-chip, and has relatively worse performance.
Its frequency can range from Hz to GHz. Therefore, it can be a candidate for wakeup
timer [36], but not for system clock.

MEMS-based oscillators [37–39] show better performance than the aforementioned
oscillators because they adopt an off-chip MEMS resonator with a high quality fac-
tor (>10000). As a wakeup timer, the MEMS-based oscillators manage to achieve
comparable frequency stability performance to crystal based oscillator [37, 39], while
consuming few µW power. As a system clock, the phase noise of the MEMS-based
oscillators is much better than the aforementioned oscillators [38], but still lower than
that of a crystal based oscillator [31]. Therefore, a MEMS-based oscillator is suit-
able to be used as a wakeup timer clock if the system allows to integrate an off-chip
MEMS device. It can be used as a system clock in applications where the phase noise
requirement is less critical.
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XO-based oscillators [31,40] have better noise performance compared to MEMS-based
oscillators. This makes them the best candidate for the system clock, which requires
low noise performance. The frequency range can vary from kHz to MHz, with a scaled
power consumption from nW to hundreds of µW. This makes them possible for both
the system clock and the wakeup timer. At the moment, XO-based oscillators are the
most popular choice for the system clock in an IoT radio as it is most mature and
easily accessible. It can also used as a wakeup timer because of its good performance,
if the system allows to integrate an additional off-chip quartz crystal.

For many IoT sensor nodes, it is preferred not to have two quartz crystals as it
increases the cost. Therefore, the system clock will use a crystal-based oscillator to
assure sufficient noise performance for the communication [31, 40], while the wakeup
timer uses a fully-integrated RC-based oscillator with a relaxed performance. Only
for the high precision timing applications, the crystal-based or MEMS-based oscillator
will be used as the wakeup timer.

3.4 Conclusions

In this section, the motivation and the requirements for the clock generation circuits
in a duty-cycled radio are introduced. An example of a duty-cycled IoT radio is also
provided to analyze the challenges of the clock generation circuits. The possible archi-
tectures to implement the clock generation circuits are also discussed. In conclusion,
the system clock will use a crystal oscillator for high performance. The wakeup timer
in relaxed precision applications will use a fully-integrated oscillator to reduce the
cost, and tries to reduce its power consumption, and improve its frequency perfor-
mance to minimize the guard time to reduce the system average power consumption.
In chapter 4, a fully integrated wakeup timer will be presented. And in chapter 5, a
low-power system clock will be presented.
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Chapter 4

Wakeup timer for duty-cycled IoT
radios

In this chapter, a low supply voltage ultra-low-power oscillator as the wakeup timer
for IoT radios is presented. A survey on wakeup timers is first provided. After that, a
digital-intensive frequency locked loop architecture is proposed for the wakeup timer for
low supply voltage and low power. The analysis of noise and frequency inaccuracy of
this architecture is also provided. Finally, an oscillator is implemented and measured.
The content of this chapter is published in [41, 42].

4.1 Introduction

As mentioned in chapter 2, to enable long battery life time of remote wireless sen-
sor nodes in Internet-of-Things (IoT) applications, duty-cycling has been used to
achieve extremely low average power consumption. This approach requires an ac-
curate wakeup timer to turn on the sensor node when required. In addition, since
the wakeup timer is continuously running, its energy efficiency is vitally important,
thus requiring a sub-µW power consumption. As shown in chapter 3, many of the
oscillators either have high power consumption (LC-based and TD-based), or are
not compatible with standard CMOS processes and expensive (quartz crystal based
and MEMS based), or suffer from large temperature variations (RO). However, the
timer’s power consumption, cost and module size, are critical for many IoT appli-
cations. As a result, fully-integrated RC oscillators are usually preferred for those
applications [32, 33, 43–53]. In this chapter, the RC-oscillator based wakeup timer
will be studied, implemented and measured.

The rest of the chapter is organized as follows: the prior-art survey is provided in
section 4.2. The specification of the timer is given in section 4.3. The proposed
architecture is introduced in section 4.4. The high level analysis of the timer in terms
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of noise and accuracy is provided in section 4.5. The circuit implementation details
are described in section 4.6. Finally, experiment results are presented in section 4.7
and conclusions are drawn in section 4.8.

4.2 Prior-art survey

In this section, the two most popular architectures of RC-oscillator based wakeup
timers are introduced: relaxation oscillators and analog FLL oscillators. The advan-
tages and disadvantages of these two architectures will be described. To overcome
the problems, motivations for a new architecture will be given.

4.2.1 Relaxation oscillators

Figure 4.1 shows the block diagram of a conventional relaxation oscillator. It consists
of a current bias (Ib1=Ib2=Ib), an RC network, and a continuous-time comparator
with hysteresis (Schmitt trigger) , and it works as follows: The current source Ib2
constantly charges the capacitor and produces an analog voltage ramp signal. This
voltage Vn is continuously compared to a reference voltage Vp, which is set by the
resistor R and a second bias current Ib1. Once Vn exceeds Vp, the capacitor C will
be reset by the comparator. A periodic square wave is generated at the comparator
output based on the capacitor charging and reset iteration. The frequency of this
clock can be expressed as (assuming the reset time is negligible):

frel =
1

RC + 2td + VosC/Ib
, (4.1)

where td is the delay of the continuous-time comparator and Vos is the offset of the
comparator (Vos is defined here at the negative input).

The continuous comparator gives rise to three problems. Firstly, its delay (two times)
and offset voltage will be added to the total period of the clock, which requires cal-
ibrations. Secondly, its delay and offset voltage are vulnerable to PVT variations,
which makes the calibration practically insufficient and therefore degrades the oscil-
lator’s frequency accuracy. Thirdly, the flicker noise of the comparator negatively
impacts the long-term stability of the oscillator [32].

To improve the performance of the relaxation oscillator, a chopping technique can be
used to address the offset and flicker noise of the comparator [32]. However, the varia-
tions in comparator delay can not be solved by chopping. [54] introduced a technique
to generate a frequency that is independent from the comparator delay, however, it
requires temperature stable bias currents. Alternatively, to minimize the frequency
error due to the comparator delay variations, a high speed comparator can be used
which consumes higher power. A duty-cycling technique is introduced to reduce the
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Figure 4.1: Block diagram of a relaxation oscillator and an illustration of its internal
waveforms.

average comparator power [44]. However, it still suffers from the disadvantages caused
by the comparator delay variations. A feed-forward frequency control scheme reduces
the frequency errors due to the comparator delay variation by using a replica of the
oscillator as a reference [50], but this increases the power consumption and the area
of the oscillator.

The extra bias generation circuit must also be stable against PVT. This increases
the overhead for the oscillator. [49] avoids the current reference by using a capacitive
discharging process as a relative voltage reference. However, the comparator delay
problem is not solved.

4.2.2 Frequency-locked loop oscillators

To circumvent the problem caused by comparator delay in relaxation oscillators,
oscillators based on frequency-locked loops (FLL) have been employed [33, 45–47].
A simplified block diagram of such an oscillator is depicted in Fig. 4.2. Instead
of using a comparator, the FLL locks the output frequency of a VCO to a target
frequency fref . fref is set by the resistor value Rref and capacitor value Cref of the
frequency-to-voltage converter (FVC). The FVC detects the frequency error between
the reference frequency and the feedback frequency from the VCO, and converts the
frequency error into a voltage value Vr. The analog loop filter integrates the voltage
Vr and generates a voltage to regulate the VCO. In the steady state of the FLL, the
reference frequency equals the VCO frequency and Vr becomes zero.
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Figure 4.2: Simplified block diagram of an FLL RC oscillator.

The VCO frequency fV CO in the steady state can be expressed as [45]:

fV CO =
1

(1 + 1
(AVKV CO)

)RrefCref + VosCref/Ib
, (4.2)

where AV and Vos are the gain and offset of the amplifier inside the analog loop filter,
KV CO is the gain of the VCO, Rref and Cref are the resistor and capacitor value
inside the FVC, and Ib is the reference current of the FVC. Theoretically, the VCO
frequency depends only on the resistor value Rref and capacitor value Cref . However,
any offset of the amplifier Vos within the analog loop filter will cause an error of the
VCO frequency. In addition, the finite gain of the amplifier AV also gives an error of
the VCO frequency.

Compared to relaxation oscillators, a larger chip area is needed due to the higher
circuit complexity. Besides, FLL oscillators heavily rely on analog-intensive circuits,
which require significant power, area and a high supply voltage. Hence, FLL oscil-
lators are not friendly to technology scaling in terms of area and required supply
voltage.

Operating the RF front-end and analog baseband for wireless radios at a lower supply
voltage has been recently investigated [55, 56], since a low supply voltage can reduce
power consumption, extend battery life time, comply with a wide range of energy
sources (e.g., button batteries and energy scavengers) and simplify power manage-
ment by avoiding a boost converter. To operate also the wakeup timer at a low supply
voltage, a bang-bang Digital-intensive FLL (DFLL) architecture is introduced in this
work [41, 42]. This digital-intensive architecture fully exploits the advantages of ad-
vanced CMOS processes, thus allowing low area, low power and low supply voltage.

4.3 Specifications

The target specifications of the wakeup timer are shown in Table 4.1. A 40-nm
technology is chosen from a system point of view. The frequency of the wakeup
timer is set to kHz range. In addition, the supply voltage is set to no more than
0.8V, which is the same as the rest of the radio. As a low-power design, the timer
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should consume less than 1 µW. In addition, to be comparable to the state-of-the-
art [32, 33, 43–53], the temperature coefficient is set to be no more than 100ppm/oC
and the Allan deviation floor is set to be no more than 20 ppm. According to the
estimation in chapter 3, the system average power consumption of a BLE radio can
be reduced to 30µW if 100ppm/oC TC for the timer can be achieved (Fig. 3.9). This
can extend the life time to about 5 months for a 100mAh coin cell battery (Fig. 3.1).
More than one year battery life time can be achieved if the TC of the timer can be
reduced to 30ppm/oC. The energy efficiency is set to no more than 1pJ/cycle, which
is better than the state-of-the-art. The area is not the first priority, but we would
like to keep it low.

Table 4.1: Specifications for the timer.

4.4 Proposed DFLL architecture

The block diagram of the proposed DFLL and the related timing diagram are shown
in Fig. 4.3 and Fig. 4.4. The timer consists of an RC-based Frequency Detector (FD),
a dynamic comparator, a Digital Loop Filter (DLF), a Digitally-Controlled-Oscillator
(DCO) and divider-based clock generation circuits. Similar to conventional analog
FLL based oscillators [45–47], the output frequency of the DCO fosc is locked to a
reference frequency, fref, which is defined by the resistor and capacitor value in the
FD. After being compared to fref, the error (fref-fosc/(2N)) is directly converted into
a single digital bit by the comparator, while conventional analog-FLL-based designs
use an analog loop filter to process this error. The 1b signal from the comparator is
integrated by the DLF and a multi-bit Frequency Control Word (FCW) is generated
for the DCO, which adapts its frequency fosc accordingly until the FLL reaches its
steady state.

The frequency detector is similar as in [46] and works as follows: When Φ1 is high,
Cref is reset to Vud+ − Vud− = −VDD. During Φ2, Cref is charged through the two
resistors Rref towards VDD. With 50% duty-cycle for Φ2, the voltage Vud on Cref at
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Figure 4.3: Block diagram of the proposed Digital FLL.
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Figure 4.4: Timing diagram of the DFLL and its frequency locking behavior.

the end of Φ2 can be expressed as:

Vud = Vud+ − Vud− = VDD ·
[
1− 2 · e−

1
(4RrefCref fclk)

]
(4.3)

where fclk = fosc/(2N). After Φ2, the voltage on Cref is frozen and represents the
frequency error between the timer output frequency and the reference frequency. The
capacitor is then connected to the comparator when Φ3 is high, so that the error
signal Vud is quantized. The output signal of the comparator is processed by the DLF
and drives the DCO such that, in average, Vud = 0. Thus, in the steady state, in the
ideal situation with a sufficiently high DCO resolution, the average oscillator output
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frequency fosc,avg is given by

fosc,avg = 2NfRC,nom =
N

2 ln(2)RrefCref
, (4.4)

Thanks to the feedback loop, no active components other than switches are used to
determine the average oscillation frequency fosc,avg, which only depends on resistor
and capacitor values, unlike conventional designs that involve the performance limi-
tations of analog intensive blocks, e.g., comparator delay [32] or amplifier gain [45].
In addition, the digital-intensive architecture exploits the energy efficiency of digital
circuits and their operation at a low supply voltage and it is amenable to CMOS pro-
cess scaling. By exploiting these advantages, as will be elaborated later, an energy
efficiency better than 1pJ/cycle can be achieved, while still keeping on-par long-term
stability (<20ppm Allan deviation floor) and temperature stability (100ppm/◦C). The
disadvantage of this architecture is that it requires larger chip area for the resistor
and capacitor because the RC network operates at a lower frequency. It also requires
a high DCO resolution as discussed later.

4.5 High-level analysis

As mentioned in chapter 3, a timing error in a wakeup timer causes extra active time
for sensor nodes, increasing the power consumption overhead. To minimize the extra
active time for sensor nodes, the wakeup timer has to be very accurate. In this section,
a high level analysis of the DFL is provided and design considerations for the wakeup
timer in terms of noise and accuracy are discussed. The DFLL is analyzed from
three aspects: noise and long-term stability, temperature coefficient and frequency
offset. An s-domain model is proposed to predict the effect of noise on the long-term
stability. In addition, a time-domain behavioral model is built in MATLAB to verify
the prediction of the s-domain model and to simulate the performance of the timer
with non-idealities included.

4.5.1 Noise and long-term stability

Three types of noise contributions of the DFLL are discussed in this subsection:
thermal noise, flicker noise, and quantization noise. They come from the RC network,
the comparator and the DCO.

A linearized small signal model is shown in Fig. 4.5; the chopping is not taken into
account yet; that will be done later. The frequency detector (except for the conversion
of RrefCref to fref , which is taken into account by taking fref as input) is modelled
with a gain KRC and an additive noise source Sn,RC , where S refers to noise-power
spectral density. The comparator is modeled by an additive noise source Sn,CMP equal
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to the input-referred device noise of the comparator, a quantization noise SQ,CMP and
a gain g. Note that in the linearized model of the comparator, the gain g depends on
the power of the overall signal (including the noise components) applied at the input
of the comparator, as typically happens in the modelling of Sigma-Delta Modulators
(SDM) [57]. A 1st-order DLF is assumed, which is approximated as an integrator
with transfer function KDLF · fDLF/s assuming the clock frequency is much higher
than the frequencies of interest, where KDLF is the gain of the DLF and fDLF/s is
the integrated frequency. The DCO is controlled by a digital frequency control word
with limited length. The related truncation of the output of the DLF is modeled
by SQ,DCO. The DCO model is characterized by a gain factor KDCO. The factors
2π/s and s/2π are used to convert the DCO output from the frequency to the phase
domain and vice versa and thus enable the addition of the DCO phase noise Sφ,DCO.
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Figure 4.5: A linear model of the proposed Digital FLL.

Since a wakeup timer is usually continuously running in the background and the sleep
time is typically in the order of hundreds of milliseconds or more, long-term stability
is the relevant noise parameter for wakeup timers. Allan deviation [58] is usually used
to evaluate the long-term stability of a wakeup timer (Fig. 4.6) for a specific gate
time τ , over which the frequency deviation is evaluated. For thermal noise, the Allan
deviation is proportional to τ−1/2, because the added phase uncertainty due to a next
clock period within gate time decreases with the number of periods already passed.
For 1/f noise this effect is compensated by the increasing correlation between the
phase uncertainties with closer transitions (which gives this noise its 1/f character).
For 1/f noise, the Allan deviation is therefore constant over τ . Combined this means
that the Allan deviation is dominated by thermal noise for shorter gate time τ , and
constant for longer gate time τ .

4.5.1.1 Thermal noise and flicker noise

Neglecting the noise of the divider and excluding the quantization noise which will be
discussed later, there are three main random noise sources in the proposed oscillator:
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Figure 4.6: Allan deviation illustration.

Sn,RC , Sn,CMP and Sφ,DCO. Using the model, the transfer functions from each of these
sources to the output fractional frequency fluctuation Sy can be calculated as:

Sy
Sn,RC

=
Sy

Sn,cmp
=
( gNKDLFKDCOfDLF
Ns+ gKRCKDLFKDCOfDLF

)2

; (4.5)

Sy
Sφ,DCO

=
( Ns2

2π(Ns+ gKRCKDLFKDCOfDLF )

)2

. (4.6)

The plots of the transfer functions 4.5 and 4.6 in Fig. 4.7 show that, for frequencies
that are higher than the loop bandwidth fp, Sn,RC and Sn,CMP are first-order low
pass filtered, whereas Sφ,DCO is first-order high-pass filtered. For frequencies that are
lower than the loop bandwidth fp, Sn,RC and Sn,CMP are not filtered, whereas Sφ,DCO
is second-order high-pass filtered. The bandwidth of the loop is set by the gain of the
DLF, which can be programmed to different values. Long-term stability is typically
consequently dominated by the low-frequency noise of Sn,RC and Sn,CMP , such as 1/f
noise, in the power spectral density of the output frequency. The short-term stability
can still be influenced by Sφ,DCO.

The noise of a switched-capacitor network as the one in the frequency detector is
white and is given by:

Sn,RC =
kT

Cref
, (4.7)

and it does not contribute to the flicker noise. Usually, the flicker noise that deter-
mines the long-term stability comes from the comparator and the DCO. Since the
DCO flicker noise is high-pass filtered by the DFLL loop itself, the comparator flicker

4. Wakeup timer for a duty-cycled IoT radios 47



dB

Sy

Sn

   Sy

SΦ,DCO
-20dB/dec

40
dB

/d
ec

20dB/dec

fp

f

Figure 4.7: Illustration of the transfer function of the thermal noise and flicker noise
from the RC network, the comparator and the DCO.

noise needs to be designed such that it will not dominate the long-term stability,
whereas the DCO noise must be designed to be negligible for short term stability.

4.5.1.2 Quantization

Besides device noise, the quantization noise may also affect the Allan deviation from
two aspects: firstly, quantization adds an error signal, which is pseudo white-noise
like, and hence can influence the Allan deviation in a direct way; secondly, like in
e.g. a one-bit SDM, the quantization noise can cause limit cycles of the system and
deteriorate the timer’s long-term stability as explained later.

There are two quantization noises in this system: comparator quantization noise
SQ,CMP and DCO quantization noise SQ,DCO. Comparator quantization noise is due
to the one-bit Analog-to-Digital conversion operation of the comparator, while DCO
quantization noise is due to the bit truncation of the DLF output. Using the model,
the transfer functions from each of the two noises to the output fractional frequency
fluctuation Sy can be calculated as:

Sy
SQ,CMP

=
( NKDLFKDCOfDLF
Ns+ gKRCKDLFKDCOfDLF

)2

; (4.8)

Sy
SQ,DCO

=
( NsKDCO

Ns+ gKRCKDLFKDCOfDLF

)2

. (4.9)

It can be seen that the comparator quantization noise is first-order low-pass filtered
and the DCO quantization noise is first-order high-pass filtered. Considering the

48 4. Wakeup timer for a duty-cycled IoT radios



dB

Sy

SQ,CMP

   Sy

SQ,DCO

-20dB/dec

20dB/dec

fp

f

Figure 4.8: Illustration of the transfer function of the quantization noise.

loop bandwidth of the system is relatively small compared to its operation frequency,
most of the comparator quantization noise is filtered out while most of the DCO
quantization noise is passed to the output frequency of the DFLL and to the input
stage of the comparator.

4.5.1.3 Quantitative noise analysis

Since the comparator is an extremely non-linear component, a time-domain behavioral
model for the DFLL has been implemented in Matlab to more accurately simulate
the impact of the different noise sources in addition to the linearized model. All
noise sources, including the comparator quantization noise and the DCO quantization
noise, are included in this model. The event-driven method described in [59] has
been employed in the simulation to model the phase noise. The key parameters
of the DFLL stay the same in the behavioral simulation, including Rref=5.5 MΩ,
Cref=4 pF, KDLF=1/8, KDCO=250 Hz, N=16, and the choices of noise values of the
comparator and DCO are based on the simulated values. For the comparator, the
flicker noise is modeled with 2.5 µVrms/

√
Hz at 10Hz and the thermal noise floor is

1 µVrms/
√
Hz. For the DCO, the phase noise is modeled with -50dBc/

√
Hz at 2kHz

frequency offset and -100dBc/
√
Hz phase noise floor. The comparator quantization

noise SQ,CMP is included in the model, but can not be modified manually. The actual
value of SQ,CMP is not an input parameter, but a result/outcome of the loop operation
and thus can be controlled indirectly only. The DCO quantization noise is related to
the DCO step size, and therefore can be changed manually by using different LSB
size of the DCO.

Firstly, to analyze the impact of the quantization noise, all the other noises including
comparator flicker/thermal noise, RC noise and DCO phase noise are disabled. As
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mentioned, the comparator quantization always exists, while the DCO quantization is
due to the bit truncation operation of the DLF output. The stronger the truncation
(less bits remaining), the higher the DCO quantization noise is. As shown in Fig.
4.9(a), the FCW waveform in time domain has higher variations with stronger trun-
cation. This DCO quantization noise due to FCW truncation is integrated into the
DCO phase noise. As a result, the phase noise of the DFLL increases with stronger
truncation, as shown in Fig. 4.9.

(a) (b)

(c)

Figure 4.9: Simulated FCW in time domain (a), the FCW spectrum (b) and and
the phase noise of the DFLL (c), with respect to different FCW truncation. The
comparator thermal/flicker noise is off, RC noise is off, DCO phase noise is off.

As shown in Fig. 4.9(a), besides the high frequency toggling, FCW also has low-
frequency patterns in its time-domain waveform. The proposed DFLL operates as
a one-bit sigma delta modulator. Without any noise, limit cycles can occur in such
systems [60]. The limit cycles are due to the bang-bang operation of the DFLL,
essentially due to the comparator quantization noise and DCO quantization noise.
This is easier to be seen in a white-noise-free environment. Without noise, the FCW
toggles among a few values in the steady-state (Fig. 4.9(a)). When DCO quantization
noise is added, the power of the low frequency components increases, which can be
easier observed in the spectrum of the FCW as shown in Fig. 4.9(c). Note that the
slope of the phase noise is -30dB/dec due to the low-frequency pattern of the limit
cycle.

In the real system, other noise sources exists and they interfere with the quantization
noise. With thermal noise of the RC network added, the low frequency pattern of the
limit cycle can be decorrelated and FCW toggling in the steady state is randomized,
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as shown in Fig. 4.10(a). In the frequency domain of the FCW, the energy of the
large spurs is spread out over more spurs, so the energy of the individual spurs is
now reduced, as shown in Fig. 4.10(b). The reduction of the spurs can be better
seen in the spectrum of the DFLL output as shown in Fig. 4.10(c). The energy of
the large spurs is averaged over a wider frequency range, resulting in a more smooth
spectrum. Thanks to the decorrelation of the low frequency patterns, the phase noise
of the DFLL is also improved as shown in Fig. 4.10(d). The slope of the phase noise
plot changes from -30dB/dec to -20dB/dec with thermal noise added, because the
low-frequency pattern of the limit cycle is now decorrelated by the thermal noise.
Noting that the thermal noises from the RC network and the comparator are low-
pass filtered (4.5), most of the thermal noise is eventually filtered out and does not
contribute to the long-term stability of the timer.

(a) (b)

(c) (d)

Figure 4.10: Simulated FCW in time domain (a), the FCW spectrum (b), the spec-
trum of the DFLL output (c) and the DFLL phase noise, with respect to RC noise.
The comparator thermal/flicker noise is off, DCO phase noise is off. The FCW wave-
form (a) is shifted on the y-axis for the second situation, for better visual comparison.
DCO quantization ON means truncation at 3 FCW bits.

Besides thermal noise, flicker noise also interferes with the quantization noise. A
simulation is performed with RC thermal noise on. As shown in Fig. 4.11(a), with
comparator thermal and flicker noise added, the noise level of FCW is increased, for
both the high frequency noise and the low frequency noise. The increased noise is
easier to be observed in the DFLL output spectrum as shown in Fig. 4.11(b) and
DFLL phase noise in Fig. 4.11(c), where the noise power at low frequencies is clearly
higher. As a result, the long-term stability, which is determined by the low frequency
noise, is also degraded, as shown in the Allan deviation plot (Fig. 4.11(d)).
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(a) (b)
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Figure 4.11: Simulated FCW spectrum (a), the spectrum of the DFLL output (b),
phase noise (c) and the DFLL Allan deviation (d), with respect to comparator noise
(thermal and flicker). The RC thermal noise is on, DCO phase noise is off. DCO
quantization ON means truncation at 3 FCW bits.

Similar to the thermal noise, the DCO phase noise decorrelates the quantization
noise. As shown in Fig. 4.12, when DCO phase noise is added, it decorrelates the
quantization noise and improves the phase noise and Allan deviation floor. However,
from a certain level on, the DCO phase noise will start degrading the phase noise and
Allan deviation (4.6).

Summarizing, due to the quantization effect in this one-bit sigma delta system, fixed
patterns can occur and degrade the timer’s phase noise and Allan deviation. For-
tunately, this fixed pattern can be decorrelated by the thermal noise and the DCO
phase noise of the system. The comparator flicker noise will degrade the phase noise
and Allan deviation of the DFLL.

4.5.2 Temperature coefficient

The frequency of the timer is mainly determined by the R and C values in the FD (Eq.
4.4). Process variations of the resistors and the capacitors can be easily compensated
by a one-time trimming to remove the static frequency offset error of the DFLL. How-
ever, the temperature coefficient of the resistors and the capacitors would result in
a residual temperature-dependent frequency error. When using a metal-oxide-metal
(MOM) capacitor for Cref , the temperature coefficient (TC) of the capacitor can be
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Figure 4.12: Simulated FCW in time domain (a), the FCW spectrum (b), the phase
noise of the DFLL output (c) and the DFLL Allan deviation, with respect to DCO
phase noise. The comparator thermal/flicker noise is on, the RC thermal noise is
on, DCO phase noise is on, the DCO quantization noise is on. The FCW waveform
(a) is shifted on the y-axis for the second and the third situation, for better visual
comparison. DCO quantization ON means truncation at 3 FCW bits.

neglected in comparison to that of the resistor [61]. A popular 1st-order temperature
compensated resistor topology can be used to partially cancel the resistor TC. It is
usually implemented by putting two types of resistors with opposite TC in series with
a ratio α between their resistance. For example, when using an N-poly resistor Rnp

with a TC of 187ppm/oC together with a P-poly resistor Rpp with a TC of -69ppm/oC
for a 1st-order temperature compensation, the TC of the total resistance can be min-
imized down to 27ppm/oC as shown in Fig. 4.13. The residual 27ppm/oC TC of
the compensated resistor is dominated by its higher-order temperature dependencies.
The process spread can degrade the accuracy of α and therefore the TC of the com-
pensated resistor. This is investigated by Monte Carlo simulations. The standard
variation of the TC error after one-point temperature compensation is 0.42ppm/oC
(3σ). Besides, for the switches in the FD, they should have a small on-resistance
compared to the resistance value of the RC network to minimize their impact on the
overall TC of the FD. Taking into account those effects, a residual TC of 100 ppm/oC,
see Table 4.1, can be easily achieved [61].
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Figure 4.13: Temperature dependencies of N-poly, p-poly and compensated resistors.

4.5.3 Frequency offset

There are mainly three sources for the frequency offset of the DFLL: resistor and
capacitor error, comparator offset, and DCO resolution. The methods to trim the
resistor and capacitor error are straightforward, e.g., factory laser trimming or imple-
menting a programmable resistor and/or capacitor on-chip. The frequency error due
to comparator offset and DCO resolution requires more effort to compensate. They
are discussed in this subsection.

4.5.3.1 Comparator offset

Without the chopper, the temperature-dependent comparator offset error Vos would
degrade the frequency stability of the oscillator. Since Vos is directly added to Vud,
the original zero-crossing time of the differential voltage Vud time will deviate. As a
result, a DC frequency offset will be present on the nominal output frequency fosc,avg.
The resulting fractional frequency offset fosc,offset can be calculated as

∆f

fosc,avg
=
fosc,offset − fosc,avg

fosc,avg
=

ln(1 + Vos
VDD

)

ln(1 + Vos
VDD

)− ln(2)
. (4.10)

For VDD=0.7 V, an offset of 2 mV will cause a fractional frequency offset of 0.41%
on fosc,avg. This result agrees with the simulation result generated by the Matlab
behavioral model shown in Fig. 4.14. To tackle the effect of comparator offset,
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Figure 4.14: The relation between comparator offset and timer’s frequency offset.

chopping is used for the comparator, as shown in Fig. 4.3. By using chopping, both
offset and flicker noise are up-modulated to the chopping frequency and then low-pass
filtered by the DFLL closed-loop response. As a result, the frequency error due to
Vos is suppressed to a negligible level according to behavioral level simulations (Fig.
4.14).

4.5.3.2 DCO resolution

Due to the bang-bang operation of the DFLL, the DCO output frequency will con-
tinuously toggle in the steady state. If the random noise in the loop is neglected, the
DCO control word will toggle between two consecutive values corresponding to the
frequencies fosc1 and fosc2 that straddle fosc,avg, as shown in Fig. 4.15. Since such a
locking condition is satisfied for any fnom between fosc1 and fosc2, this results in a
worst-case frequency offset |fos| < fosc1−fosc2

2
= fres

2
, where fres is the DCO resolution.

Although this source of inaccuracy is partially mitigated by the dithering effect of
random noise, a sufficiently high DCO resolution was taken such that is does not
degrade the timer accuracy.

4.5.4 System performance

The system performance of the timer is simulated with the circuit non-idealities (e.g.,
offset and noise) and the chopper included. Since the comparator is an extremely
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Figure 4.15: Illustration of the frequency error due to the DCO finite resolution.

non-linear component, a time-domain behavioral model for the DFLL has been im-
plemented in Matlab to verify the system performance. All noise sources that are
mentioned in section 4.5.1.2 are included in this model.

The chopper is added to remove the comparator offset as explained in subsection
4.5.3.1. At the same time, it removes the comparator low frequency noise such as
flicker noise. As shown in Fig. 4.16, the Allan deviation floor would be dominated
by the comparator flicker noise if chopping is disabled. With the chopping technique
enabled, the comparator flicker noise is reduced. As a result, the Allan deviation floor
is reduced below 20ppm. The temperature stability is mainly limited by the TC of
the resistor network, which is accommodated by the resistor compensation network
as explained in subsection 4.5.2.

Figure 4.16: Simulated Allan deviation due to comparator noise with the chopping
technique on and off (Comparator flicker noise is modeled with 2.5 µVrms/

√
Hz at

10Hz and the thermal noise floor is 1 µVrms/
√
Hz), DCO phase noise is -50dBc/Hz

at 2kHz.
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4.6 Circuit implementation

The detailed architecture of the proposed DFLL is shown in Fig. 4.17. The differential
frequency detector (FD) is driven at a clock frequency fclk=fosc/32 derived from the
output frequency of the DCO fosc. The division factor 32 is chosen to trade off
between power consumption and chip area of resistor and capacitor network. At the
end of Φ2, the output of the FD Vud is processed by the comparator and its sign is
detected and further processed by the DLF at a rate fosc/32. The 11-bit Frequency
Control Word (FCW) from the DLF drives the DCO in a negative feedback to ensure
that, on average, Vud = 0 and, hence, fosc/32 = fRC,nom. The length of the FCW is
chosen based on behavioral simulations as shown later. A SDM is used in the DCO
to achieve the 250Hz tuning step (11bit) within the very limited power budget, as
discussed later. The DCO output frequency is fed into a multi-phase clock divider to
provide all the clocks required in this self-clocked FLL. The large adopted frequency
division factor N=32 is advantageous: Φ2 and, consequently, the output frequency
(fosc) can be accurately set thanks to the availability of multiple phases; moreover,
most of the circuits in Fig. 4.17 run at a much lower frequency, thus saving power.
For example, a fixed and relatively long comparator delay (≈ 4.8 µs) can be allowed
compared to the ∼ns delay of continuous-time comparators [32], thus enabling the
comparator to be optimized for power instead of speed. A longer comparator delay
is allowed in this architecture, since fosc only depends on the duration of Φ2. The
main drawback of running the loop filter at a lower frequency is an increase in the
loop settling time.
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Figure 4.17: Implemented architecture of the proposed DFLL wakeup timer.
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4.6.1 Frequency detector

The DFLL output frequency is set to fosc,avg = 32fRC,nom = 8/(RrefCref ln 2) ≈
417 kHz with Rref = 6.9 MΩ and Cref = 4 pF chosen for minimum die area. The
resistor Rref is implemented by a series combination of non-silicided p-poly and n-
poly resistors with opposite temperature coefficients (TC) to provide a first-order
compensation of the TC of fosc (Fig. 4.18). Both Rref and Cref are implemented
as switchable arrays that can be digitally tuned to compensate for process spread.
For the capacitor bank, a Metal-Oxide-Metal (MOM) capacitor is used to implement
the 3.25pF fixed capacitance and a customized finger capacitor is used to implement
the 10 bit tunable capacitor bank. It is worthwhile to note that the on-resistance of
switch SW2 (Fig. 4.18) is added to Rref and therefore the on-resistance of SW2 has
to be sized small (58kΩ).

SW1

SW1

SW4

SW4
SW2

SW2
 

Rref with 4-bit binary trimming

0.75pF 10-bit binary Cbank 

SW3

SW3

 

SW2

3.25pF

1.2MΩ 

  Rnp

5.1MΩ 

  Rpp

1.2MΩ

trimming 

 

Figure 4.18: Reconfigurable RC network. (blue stands for p-poly and red for n-poly)

4.6.2 Chopped dynamic comparator

Unlike traditional RC relaxation oscillators requiring continuous-time comparators,
the comparator is implemented as a two-stage dynamic structure (Fig. 4.19) and
works as follows: Firstly, when CLK is low, the first stage’s outputs AP and AN
are charged to Vdd, while the second stage’s output OUTP and OUTN are reset to
ground, thus preparing the comparator for the next comparison. Secondly, when
CLK goes high, AP and AN will discharge with different rates according to the
difference between INP and INN and the cross-coupled latch will make a decision
accordingly [26].

In conventional RC relaxation oscillators, the delay of the continuous-time comparator
contributes to the oscillation period. Since such a delay is sensitive to PVT (Process,
Voltage and Temperature) variations, the comparator delay must be minimized down
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Figure 4.19: Dynamic comparator with a hybrid chopper.

to ∼ns for good frequency stability [32]. However, this requires non-negligible power
in the comparator. A long comparator delay up to 2/fosc (≈ 4.8 µs) is allowed in
this architecture, thanks to the bang-bang Digital-intensive FLL architecture, thus
allowing the design of a comparator with a simulated power consumption of only
10nW at fosc/32. The simulated 1/f corner of the comparator is 10Hz.

To suppress the effects of both offset and flicker noise, the dynamic comparator is
chopped by means of an analog and a digital chopper at the comparator input and
output, respectively (Fig. 4.19). In this way, the input offset and flicker noise are
up-converted to higher frequencies and filtered out by the cascaded DLF, while the
input signal stays at DC. The chopping frequency is set to fosc/128 to assure that
the remaining effect of the up-converted offset and noise is properly reduced; a fur-
ther increase in chopping frequency would unnecessarily increase the extra power
consumption due to the chopping.

4.6.3 Digital loop filter

The digital loop filter (Fig. 4.20) comprises a configurable gain (KDLF in Fig. 4.17)
and a digital accumulator which, thanks to the comparator output being single-bit,
are implemented in a compact and low-power form by a bit-shifter and an up/down
counter, respectively. The accumulator is 18-bit long while the DLF gain is made
configurable. By changing the digital filter gain, the overall bandwidth of the DFLL
can be easily configured and more reliably predicted than in conventional analog
FLLs, which are more vulnerable to PVT variations. This feature allows the DFLL
to flexibly trade-off bandwidth and noise for different IoT scenarios. For example,
applications dealing with fast temperature or supply changes prefer a higher loop
gain, which results in wider loop bandwidth; instead, applications requiring a lower
noise need a lower loop gain.

4. Wakeup timer for a duty-cycled IoT radios 59



CMP_OUT

adder/subtracterKDLF[17:0] 
overflow/underflow

clipping
D Q

INT

B2T
decoder

3rd-order
SDM

DLF

fSDM

dout[17:0]

dout[17:0]

dout[17:10]

dout[9:7]

dout[6:0]

d[17:0]

o[17:0]

o[18]

255

7

To DCO

262

dout[9:7]
FCW_frac = dout[9:7]

FCW_int = dout[17:10]

Figure 4.20: Implementation of the digital loop filter and the control logic for the
DCO.

4.6.4 SDM DCO

As shown in section 4.4, the resolution fres of the DCO has to be better than 250 Hz
in order to keep the Allan deviation floor below 20 ppm and to keep the frequency
accuracy below 300ppm. At the same time, sufficient tuning range (500kHz) for the
DCO is required to tackle its frequency drift over PVT. Therefore, an 11-bit DCO
is required, which is challenging with the very limited power budget in the wakeup
timer (�1µW). To address this challenge, a SDM DAC is introduced to improve the
DCO resolution (Fig. 4.21).

The self-clocked SDM DAC consists of 255+7=262 unary-coded elements driven by
an 8-b integer thermometric DAC clocked at fosc/32 and a 3-b fractional DAC pro-
cessed by a 3rd-order digital SDM. Thanks to the feedback loop, no strict linearity
requirements are required for the DAC other than the monotonicity necessary for
loop stability. Monotonicity is ensured by the unary nature of the DAC. The SDM
is clocked at fosc/2 (16× oversampling ratio) to further improve the DCO resolution
from 2 kHz to below 250 Hz. Fig. 4.22 shows the MATLAB simulation results of
the DFLL Allan deviation with three configurations: without SDM and with an 8bit
DCO, without SDM and with an 11bit DCO, with SDM and with an 8bit DCO. It
shows that with the SDM added, a similar Allan deviation can be achieved by using
an 8bit DCO compared to that of an 11bit DCO. In this way, the design requirement
for the DCO is much relaxed for a nW DCO. The modulator used in this design is a
3rd order multi-stage noise shaping (MASH) modulator (Fig. 4.23) [62]. It consists
of three accumulators, three logic delays and one logic combiner to generate the ther-
mometer code for the fractional DAC. The DCO intrinsic phase noise is small enough
to meet the Allan deviation specifications.

60 4. Wakeup timer for a duty-cycled IoT radios



SDM

fSDM

+

-
+

-
+

-
+

-

+

-

+

-

+

-

+

-

.

D1 D2

D3 D4

 

Vbiasp

Vbiasn
B2T

3

8
255

7

Subthreshold
PTAT Bias

DAC

Vbias

Leakage-based VCO

5x smaller

DCO Temp. Stability

25°C

f/f
target

1

Temp.

w/o PTAT bias
w/   PTAT biasVbias

start-up

4nA
4nA

Subthreshold PTAT Bias

262x

Integer

Fract.

Figure 4.21: Implementation of the self-biased SDM DCO.

Figure 4.22: Impact of DCO resolution on the Allan deviation.

A 4-stage differential ring oscillator employing an ultra-low-power leakage-based delay
cell is adopted to keep the oscillator power below 60 nW (Fig. 4.21) [47]. In addition,
a subthreshold local proportional-to-absolute-temperature (PTAT) current bias is
used to lower the DCO temperature drift while exploiting a nW oscillator topology.
This effectively reduces the oscillator temperature drift by 5×, thus relaxing the
DAC design (Fig. 4.21). All the transistors in the PTAT circuits operate in deep
subthreshold region, consuming only 8 nA in total. A start-up circuit is added to
ensure the successful start-up over all corners.
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4.7 Measurements

Figure 4.24: Chip micrograph.

The 0.07-mm2 wakeup timer was fabricated in a standard 40-nm CMOS process
(Fig. 4.24) and draws 259 nA from a single 0.7-V supply (power breakdown: 32%
FD/comparator, 38% digital, 30% DCO). This corresponds to a state-of-the-art en-
ergy efficiency of 0.43 pJ/cycle at a frequency of 417kHz.

Once enabled, due to the bang-bang operation, the frequency of the DFLL increments
or decrements towards the steady-state frequency (Fig. 4.25(a)). The locking of the
FLL can be observed in Fig. 4.25(b), in which the DCO output frequency in open-
loop and closed-loop configuration are compared. As shown in Fig. 4.26, large spurs
due to the limit cycles are observed in the DFLL output spectrum when the Σ∆
modulator is disabled, but they are reduced when enabling the Σ∆ modulator.

Thanks to the self-clocked SDM and the chopped comparator, the long-term stability
(Allan deviation floor) improves by 10× down to 12 ppm beyond 100s integration
time (Fig. 4.7). The long-term stability is relatively stable against temperature and
supply voltage variations (Fig. 4.28).

The temperature sensitivity of the output frequency improves from 134 ppm/oC
to 106 ppm/oC when activating the chopping and the SDM, thanks to smaller er-
rors due to a smaller DCO step and the mitigation of the offset of the comparator
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(a)

(b)

Figure 4.25: Measured DFLL settling (KDLF=1/8) (a) and open/closed loop perfor-
mance (b).

Figure 4.26: DFLL output spectrum with SDM on and off.
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Figure 4.27: Measured long-term stability (a).

Figure 4.28: Measured long-term stability against temperature and supply voltage
variation.

(Fig. 4.29). The timer operates over a 0.65-0.8-V supply range with a deviation of
±0.6% (Fig. 4.29). In addition, the temperature stability measurements are repeated
over three chips with the same chip settings except the resistor trimming setting.
With the resistor trimmed, they show similar temperature stability: 106ppm/oC,
123ppm/oC, 177ppm/oC, for a supply voltage of 0.7 volt, (Fig. 4.30). Such tempera-
ture and supply sensitivity are sufficient for typical IoT applications and are on par
with state-of-the-art designs (see Table 4.2). They are assumed to be limited by the
on-resistance of the FD switches at the low supply voltage used. This suspicion is
also confirmed by the temperature measurement with the supply voltage increased
to 0.8V. The TC is improved by 3× to 5× down to 33ppm/oC to 48ppm/oC. To fur-
ther improve the temperature coefficient, temperature compensation techniques can
be employed in a new design to minimize the TC of the resistors in the frequency
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Figure 4.29: Measured frequency stability against temperature and supply voltage
variation.

Figure 4.30: Frequency stability measurement over three samples.

detector.

The performance is summarized and compared with other sub-µW state-of-the-art de-
signs in Table 4.2. This work proposes for the first time a digital-intensive frequency-
locked-loop based wakeup timer according to the author’s knowledge. It operates
at a supply down to 0.7V. It achieves better TC than the relaxation oscillators
[32,44,50,53] at 0.8V. It achieves a similar TC compared to analog FLL based wakeup
timers [45, 47, 52] but with much better energy efficiency and smaller chip area. Be-
ing integrated in the most advanced CMOS process (40 nm) among nW timers to
show its scaling advantages, the presented timer achieves the best power efficiency
(energy/cycle) with a relatively low operating supply voltage among state-of-the-art
sub-µW timing references.
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Table 4.2: Performance summary and comparison

4.8 Conclusions

An ultra-low-power wakeup timer employing a bang-bang digital-intensive frequency-
locked loop has been integrated in a 40-nm CMOS process. Thanks to the highly
digital closed-loop DFLL architecture, this timer achieves the best power efficiency
(0.43 pJ/cycle) at a relatively low supply voltage and in a low area, while keeping on-
par long-term stability and on-par stability over supply and temperature variations.
The temperature coefficient of the timer is limited by the TC of the resistance, which
can be improved in future work, by integrating a temperature calibration for the
resistors [63]. This demonstrates that the proposed architecture is suitable for IoT
applications requiring accurate ultra-low-power timers integrated in advanced CMOS
processes.

66 4. Wakeup timer for a duty-cycled IoT radios



Chapter 5

System clock for duty-cycled IoT
radios

In this chapter, the design of a crystal oscillator as the system clock for IoT ra-
dios is presented. The critical parameters for start-up time and start-up energy are
identified. A prior-art survey for fast start-up crystal oscillators is provided. Then,
an energy-efficient and versatile fast start-up technique for crystal oscillators is pre-
sented, analyzed, implemented and validated by measurements. The content of this
chapter is published in the [64, 65].

5.1 Introduction

As mentioned in chapter 3, IoT radios require a high performance system clock, to
meet the requirements of adjacent channel interference and transmission modulation
quality. This leads to a great challenge for on-chip CMOS oscillators, of which the
frequency performance is several orders worse [34] compared to that of crystal oscil-
lators, as mentioned in chapter 3. To improve the performance, the oscillator has
to consume significantly more power (∼mW) [35], which is too much for an IoT ra-
dio [11]. As a result, crystal oscillators (XO) have been widely used as the frequency
reference in IoT radios thanks to their high quality factors (tens of thousands), which
enables high performance [40,66–78].

In addition, as mentioned in chapter 3, IoT radios rely on heavy duty-cycling to
reduce the system average power consumption. This requires swift start-up behavior
for the whole transceiver. This is relatively easy for the transmitter/receiver, the
Phase-Locked-Loop (PLL), and the Power-Management-Unit (PMU), whose start-up
time is up to a few µs [11]. Due to the high quality factor, the typical start-up time
(Ts) of an XO is, however, relatively long (∼ms) [39, 66–68, 79–81]. In applications
with a short off-time, the XO can therefore not be switched off and on in time. Thus,
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it has to be always active, thereby increasing the off-state power of the whole system
significantly. In applications with a long off-time, the XO can be switched on and off,
but the extra power due to the start-up process can not be neglected. In a duty-cycled
radio with a relatively short packet format (for instance the packet length can be as
short as 128µs in BLE), the power overhead due to the XO start-up process can go
beyond 25% [30]. Therefore, a reduction of the XO start-up time is necessary, and at
the same time, the energy overhead to enable a fast start-up should be minimized in
order to reduce the overall energy consumption.

5.2 Prior-art survey

Cm

Rm

Lm

Cp

C1

Xtal
C2

   

Figure 5.1: A simplified crystal oscillator with a lumped model for the quartz crystal.

The start-up time of the crystal oscillator (Ts) is determined by many factors, among
which the quality factor of the crystal oscillator is an important one. As shown in
Fig. 5.1, the crystal quartz can be modeled with lumped Lm, Cm, Rm and Cp as the
motional inductor, capacitor, resistor and parallel parasitic capacitor. The quality
factor of a quartz crystal can be estimated as ωoscLm/Rm, where ωosc is the angular
resonance frequency of the quartz crystal. Besides the quality factor of the crystal
oscillator, there are a few more factors that can influence the start-up time of a
crystal oscillator as shown in Fig. 5.2. Some of them are fixed by the system (ωosc

and CL) or the technology (VDD), where CL is the load capacitance, which equals
to C1C2/(C1 + C2), while others are not fixed, and can be optimized for a shorter
start-up time. In [31,82], the start-up time of a crystal oscillator was calculated as:
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Ts =
2Lm

|RN| − Rm

ln(
0.9ωosc(CL + Cp)VDD

|iM(0)|
), (5.1)

where RN is the negative resistance and iM(0) is the initial state current that flows
into the quartz crystal at the beginning of the start-up. Ts is the time to reach
steady-state, and 2Lm

|RN |−Rm
equals the time constant, τ , of the exponential amplitude

growth [82]. Over the past decades, efforts have been put from two aspects to reduce
the start-up time of a crystal oscillator: higher |RN|, and increasing iM(0). In the
next subsection, we are going to discuss these two methods respectively.

Figure 5.2: The factors that can influence the start-up time of a crystal oscillator.

5.2.1 gm boosting

Figure 5.3: Illustration of start-up time reduction techniques: increasing gm.

The absolute value of negative resistance RN of a popular Pierce crystal oscillator can
be calculated as [83]:
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|RN| =
gmC1C2

(gmCp)2 + ω2(C1C2 + C2Cp + C1Cp)2
. (5.2)

where gm is the trans-conductance of the NMOS. To increase |RN|, increasing gm

has been widely used [73, 84]. Higher gm can be achieved in two ways: using more
bias current for the NMOS, or reducing the gate length of the NMOS device. Since
reducing the gate length of the NMOS will increase the flicker noise, applying more
bias current has been more popularly used. However, a higher bias current increases
the current consumption at the same time. As a result, although the start-up time
is reduced, the start-up energy, which is the product of start-up time and power
consumption, remains similar (Fig. 5.3). Furthermore, at reduced supply voltages
in deep sub-micron technologies, to obtain the same gm, larger bias current or large
W/L is needed, which is not desired.

5.2.2 Frequency injection

Figure 5.4: Illustration of start-up time reduction techniques: increasing iM(0).

To increase iM(0), frequency injection has been used. It injects certain energy into
the quartz crystal at the beginning of the start-up by adopting a separate oscillator
(Fig. 5.4). This method is only effective when the frequency of the injection oscillator
is close enough to the frequency of the crystal oscillator. This is difficult because the
injection oscillator is usually vulnerable to PVT variations. To accommodate the PVT
induced frequency variations, an accurate frequency calibration is often required.

5.2.2.1 Constant-Frequency Injection (CFI)

Constant-frequency injection (CFI) has been proven to effectively reduce the start-up
time in [85]. It introduces an ring oscillator to inject certain energy into the quartz
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Figure 5.5: Illustration of constant-frequency injection technique for start-up time
reduction.

crystal at the beginning of the start-up as shown in Fig. 5.5. The frequency of the ring
oscillator is calibrated within the required accuracy using the crystal oscillator clock.
This is not convenient for many applications since frequent calibration is needed to
cope with the time-varying temperature-induced frequency drift.

5.2.2.2 Dithered-Frequency Injection (DFI)

To relax the frequency calibration requirement for the injection oscillator, a dithered-
frequency injection method is introduced [30]. Instead of injecting a single-tone, it
dithers the injection frequency around the crystal oscillator frequency by changing
the duty-cycle of the LSB (Fig. 5.6). In this way, as long as the crystal oscillator
frequency is within the dithered frequency window, the start-up time can be reduced.
This is more robust against PVT variations compared to CFI. However, once the
frequency variation exceeds the dithered frequency range, it can not recover, and
calibration for the injection oscillator is needed again.

5.2.2.3 Precisely-Timed Injection (PTI)

To make the frequency injection method effective, not only the frequency of the
injection oscillator has to be accurate, the injection time duration also has to be
accurately controlled [86]. If the injection time duration is too short or too long,
the start-up time can not be optimally reduced. The work in [86] uses a constant-
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Figure 5.6: Illustration of dithered-frequency injection technique for start-up time
reduction.

frequency injection method with a precisely controlled injection time. It is able to
overcome most issues and can tolerate ±0.7% frequency offset error, but requires
a very good PVT-compensated design in order to guarantee the performance. A
one-time calibration for process spread is required.

5.2.2.4 Chirp Injection (CI)

Amp.

Chirp generator

Xtal
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XP XP

ENinj

ENxo

f

t

Figure 5.7: Illustration of chirp-injection technique for start-up time reduction.

To further relax the frequency calibration requirement of the injection oscillator to
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Table 5.1: Comparison of fast start-up techniques for crystal oscillators.

make it more robust against PVT variations, a chirp injection method was reported
in [73,78]. It adopts a voltage-controlled oscillator (VCO) as the injection oscillator,
of which the frequency is swept with an even larger range compared to that of the
DFI [30], at the beginning of the start-up through tuning the control voltage of the
VCO 5.7. In this way, it is much more robust against temperature and supply voltage
variations compared to the three above-mentioned frequency injection techniques.
However, when using CI only, the reduction of the start-up time is very limited (2×).
Moreover, due to the power hungry injection circuits, although the start-up time is
reduced, the start-up energy is increased.

To summarize, the desired start-up method is a method that not only reduces the
start-up time, but minimizes at the same time the overhead in power and calibra-
tion to achieve the overall system power reduction; moreover, it should be robust
to variations (see Table 5.1, where the number of emoticons indicates the relative
performance within a column).

5.3 Dynamically-adjusted load method for fast

start-up

For a crystal oscillator in a duty-cycled wireless sensor node, once enabled, the process
can be roughly divided into two phases: start-up phase and stable phase, Fig. 5.8(a).
In the start-up phase, the amplitude of the oscillator ramps up and reaches a stable
value in the stable state, in which the crystal oscillator clock can be used by other
building blocks of the chip. In the stable phase, the performance of the crystal
oscillator should be sufficient for the RF blocks. In addition, the overhead of the
start-up method in energy, area and system complexity should be minimized.

Fig. 5.8(b) shows the simplified block diagram of the popular Pierce crystal oscillator
that was shown in Fig. 5.3. The crystal quartz can be lumped with Lm, Cm, Rm and
Cp as the motional inductor, capacitor, resistor and parallel parasitic capacitor. In
order for a crystal oscillator to start-up, the loss of a quartz crystal Rm should be
compensated by a negative resistance RN as shown in Eq. 5.2. In the start-up phase,
the key to reduce the start-up time is to increase |RN| as much as possible. For a
crystal oscillator, C1(2)�Cp, and RN can be approximated by − gm

(2ωCL)2
, where ω is
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Figure 5.8: Start-up behavior illustration (a) and simplified block diagram of a Pierce
crystal oscillator with lumped model (b).

the oscillation angular frequency and load capacitance CL equals 0.5C1(2). It can be
seen that RN is approximately quadratic to 1/CL, so reducing CL is very effective to
obtain a higher |RN| at start-up. Considering that gm can be limited by the voltage
headroom of the analog circuits [84], reducing CL can overcome the bottleneck of
voltage headroom to boost RN. This gives an additional advantage for low supply
voltage designs in modern CMOS technologies. In addition, the required minimum gm

for a crystal oscillator to start-up is proportional to Rm(2ωCL)2 [83], indicating that
less power is needed for crystal oscillators with smaller CL for start-up. Therefore, in
the start-up phase, a smaller CL is desired to reduce both start-up time and power
consumption.

In the stable phase, the frequency pulling factor (∼ Cm

2Cp+2CL
) [83] indicates the differ-

ence between the real oscillation frequency and the intrinsic resonant frequency of a
quartz crystal. Consequently, in the stable phase a large CL is preferred for a quartz
crystal as it results in a small frequency pulling factor and thus a small frequency
error, which is desired for a radio. In addition, a large CL also improves stability over
environmental variations.

Reference [76] proposes to increase RN by isolating the parasitic shunt capacitor Cp of
the quartz crystal during start-up. [77] proposes to increase RN by programming the
load capacitance to one small value and to another large value after a delay, but did
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not provide insight how to optimize start-up time and energy and lacks the feedback
loop to automatically increment the load capacitor CL. In practice, the relation
between RN and gm is more complicated than given by eq. 5.2, which is illustrated in
Fig. 5.9. The required gm of a crystal oscillator is proportional to (ωCL)2 [83]. For
example, for a crystal oscillator with 10pF load capacitance, gm has to be relatively
high for fast start-up. As opposed to the gm method, a dynamically-adjusted load
(DAL) method is proposed here that does not require such relatively high gm. The
DAL method temporarily sets the load capacitance to a smaller value during start-up,
such that a much smaller gm is sufficient to achieve the same |RN|. In this way, the
DAL method is more energy-efficient compared to the gm method. For each load CL,
|RN| increases with gm within a certain range. However, if the gm is larger than its
value where |RN| is optimal, |RN| will decrease due to the gm-boosted effect on Cp,
which is not desired (Fig. 5.9). It is worthwhile to mention that a larger CL leads
to a larger theoretical peak RN (Fig. 5.10), but at the cost of much higher power as
mentioned before.

Figure 5.9: Comparison of gm method and DAL method.

In addition, to quantitatively analyze the start-up time Ts and start-up energy Es for a
given crystal oscillator, they are computed and simulated versus the transconductance
gm and load capacitance CL in Matlab.

The start-up time for a given crystal oscillator can be calculated as Eq. 5.1. The
relationship between the start-up time Ts and gm and CL is calculated and shown in
Fig. 5.11. For each load capacitance CL, there is an optimum gm,opt that results in a
minimum start-up time Ts. This is because |RN | is maximal at gm,opt. Ts increases at
a smaller or larger gm due to the decrease of |RN |. When |RN | approaches Rm, see
Fig. 5.11, Ts goes up rapidly. Once |RN | drops below Rm, the crystal oscillator will
fail to start up. The optimum value for gm, gm,opt, is expressed as [83]:

gm,opt = ω(C1 + C2 +
C1C2

Cp
). (5.3)
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Figure 5.10: Simulated |RN| versus gm and load capacitance CL.

The equation shows that gm,opt is proportional to its load capacitance C1(2). Therefore,
for crystal oscillators with smaller load capacitance CL, a smaller gm is needed. The
start-up time at gm,opt can be expressed as:

Ts,opt =
2Lm

1/(2ωCp(1 + (C1+C2)
C1C2

Cp))−Rm

ln(
0.9ωCTVDD
|IM(0)|

). (5.4)

The theoretical maximum |RN | for crystal oscillators with smaller CL is lower than
that with higher CL (Fig. 5.9 and Fig. 5.10). As a result, the Ts,opt for crystal
oscillators with smaller CL is larger than that with larger CL (Fig. 5.11). The
measured start-up time of this realized crystal oscillator (measurement points for two
gm settings are shown in Fig. 5.11, and discussed later) is close to the calculated
optimum point for CL=2pF.

With the calculated start-up time, the total energy during the start-up is further
calculated as follows:

Es = VDD · Id · Ts

=
VDDLm
VOV

gm
|RN | −Rm

ln(
0.9ωCTVDD
|IM(0)|

),
(5.5)

where VOV is the overdrive voltage of the transistor that generates the negative re-
sistance and Id is the current consumption of the crystal oscillator, which can be
estimated as gmVOV /2 assuming VOV is constant. As shown in Fig. 5.12, for each
load capacitance CL, there is an optimum range for gm that results in a minimum
start-up energy. Within this range, as gm increases, start-up time Ts decreases, but
the start-up energy remains the same. When combining Fig. 5.11 and Fig. 5.12, it
can be observed that if the circuit is optimized for startup-time Ts, this leads directly
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Figure 5.11: Simulated start-up time Ts versus gm and load capacitance CL. Lm =
5.8mH, Rm = 20Ω, ω = 2π·24M rad/s, VDD = 1V, IM(0) = 5nA.

to a near-optimal start-up energy Es. However, a circuit optimized for start-up en-
ergy Es is not necessarily achieving the optimum start-up time Ts. As gm further
increases, due to the |RN | degradation, see Fig. 5.9, the start-up time will increase,
and thus the start-up energy will increase. The minimum start-up energy for a crystal
oscillator with CL=2pF is approximately 200× lower than that with CL=50pF. This
gives an indication that start-up with smaller CL can save energy significantly, which
is also shown in Fig. 5.12.

To optimize both the start-up performance and the frequency stability of the sta-
ble state, in this work, an XO with a dynamically-adjusted load (DAL) technique is
proposed, minimizing the CL in the start-up phase at first for fast start-up and there-
after incrementing CL for stable operation in the stable phase. As a result, both the
start-up time and start-up energy can be reduced. In the stable phase, the operation
condition (e.g, load capacitance) of the crystal oscillator is correctly configured, and
the performance in the stable phase is not sacrificed as shown later.

In the proposed method, the load capacitance at the start-up remains similar regard-
less of the CL used in the stable phase of different quartz crystals (Fig. 5.13(a)).
This allows a larger CL to be employed to improve the tolerance to parasitics without
increasing the start-up time. In addition, the proposed method is less sensitive to fre-
quency variations than the frequency-injection method where the injection oscillator
has to be re-designed to remain effective in reducing the start-up time (Fig. 5.13(b)).
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Figure 5.12: Simulated start-up energy Es versus gm and load capacitance CL. Lm =
5.8mH, Rm = 20Ω, ω = 2π·24M rad/s, VDD = 1V, IM(0) = 5nA.

5.4 Implementation of the crystal oscillator

Fig. 5.14 shows the block diagram of the fast start-up XO with the proposed DAL,
as well as an illustration of its start-up behavior in the time domain. It consists of
a Pierce oscillator as its core, a reconfigurable bias current circuitry, two switched

(a) (b)

Figure 5.13: Comparison of various start-up approaches with respect to load capaci-
tance (a) and XO frequency (b).
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Figure 5.14: Block diagram of the crystal oscillator with autonomous dynamically-
adjusted load (DAL) (a) and a waveform illustration (b), where fxo is the oscillator
frequency in the stable phase.

capacitor banks (C1a(2a)), and a feedback loop to implement the DAL. The proposed
dynamically-adjusted load method is implemented through the feedback loop, which
works as follows (Fig. 5.14(b)): C1a(2a) is reduced to minimum to boost the negative
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resistance RN, facilitating a fast start-up. Therefore, the amplitude of the oscillator is
able to ramp up in a short time. A clock detector in the feedback loop is continuously
monitoring the amplitude of the oscillator, and will decide if the crystal oscillator has
a sufficient output swing to provide a clock for the digital circuit. If so, a finite state
machine (FSM) will automatically increase C1a(2a) stepwise to the targeted value.
During the start-up, the frequency of the crystal oscillator deviates from the nominal
frequency (maximum hundreds of ppm (parts per million) as shown later) because
of the frequency pulling effect due to the varying capacitor value (C1a(2a)). This
frequency offset error is not a problem because the frequency is still accurate enough
for the operation of the digital circuits in the feedback loop. Besides, once C1a(2a)

is set, the oscillator frequency settles to the correct value automatically after a few
µs delay. After this latency the RF circuits can be switched on, as the oscillator is
fully settled then. Note that the whole start-up process is fully autonomous without
requiring an extra oscillator or sequence. This makes it possible to implement the
DAL method with only an enable signal, which is very convenient for many IoT
applications. In addition, it is worthwhile to mention that, thanks to the switched
capacitor bank, the frequency of the oscillator can be trimmed by configuring the
switched capacitor banks. In this way, the proposed DAL is compatible with the
implementation of a digitally-controlled XO (DCXO), which is desired for many WSN
[37]. In those applications, cheap quartz crystals are preferred, however, they usually
have larger frequency variations and require frequency trimming.

5.4.1 Oscillator core

6b decoder

DT<5:0>

250fF

EN

15.5μm

1
2
 μ

m

Figure 5.15: The 6b thermometer-encoded capacitor bank.

The Pierce oscillator core uses an NMOS transistor to implement the negative gm for
negative resistance. The bias current circuit provides a reconfigurable current for the
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oscillator from a 20µA bias current input to compensate the variations due to process
spread, environmental fluctuation, or different quartz crystals. Since the noise of the
crystal oscillator will be up-converted when it is used as the reference clock for a
PLL, the noise of the crystal oscillator should be optimized. The ratio of the current
mirror is minimized to reduce the noise contribution from the current mirror devices.
The resistor Rb is set to 40kΩ to bias the NMOS while avoiding loading the crystal
quartz. The trip-point of the inverter-based buffer is optimized to equal the DC level
of the crystal core, so that the gain of the inverter is maximized. As a result, it can
amplify the signal of the oscillator core to rail-to-rail so that the input-referred noise
of the inverter is minimized.

The load capacitors C1(2), equal to 2CL, consist of two parts: on-chip switched ca-
pacitor banks C1a(2a) and the parasitics C1b(2b) due to on-chip routing, bonding and
packaging, and PCB routing. C1a(2a) is programmable up to 16pF, and is imple-
mented with a 6b switched capacitor bank (Fig. 5.15). C1b(2b) is about 4pF, resulting
in a maximum (16pF+4pF)/2=10pF load capacitance. At start-up, the capacitor
bank is switched dynamically, which disturbs the oscillation amplitude of the crystal
oscillator. Assuming the charge on the capacitor stays the same when switching a
capacitor, the voltage variation ∆V at nodes XOP and XON due to switching of the
capacitor can be estimated as:

∆V =
V0

1 + C0/Cu
, (5.6)

where V0 and C0 are the voltage and capacitance of the capacitor before switching the
capacitor, and Cu is the added capacitance. Depending on the switching moment, C0

can be any value between 4pF and 20pF, while V0 should be around 0.5VDD because
the capacitor is switched at the edge of the clock. The switching induced voltage vari-
ation ∆V starts with a relatively larger value ( V0

1+(C1b+C2b)/Cu
) at the beginning and

then gradually reduces to a smaller value ( V0
1+(C1a+C2a+C1b+C2b)/Cu

) at the later stage
of the start-up. Theoretically the unit capacitor should be as small as possible to
minimize the voltage variation. However, this increases the complexity of the capaci-
tor bank and therefore the parasitics. Therefore, in this work, a 6b capacitor bank is
chosen and this results in a 250fF LSB size. In addition, the capacitors are switched
at the zero crossing point of XOP and XON when the differential charge in the load
capacitors is (theoretically) zero as shown in Fig. 5.16, so that the differential switch-
ing induced voltage variation is also reduced. The unit capacitor cell is implemented
using a MIM (Metal-Insulator-Metal) capacitor in series with a complementary switch
(Fig. 5.15).

The switches of the capacitor bank are carefully sized to trade-off between the quality
factor of the capacitor bank and the induced parasitics. In this work, the switches
are sized relatively large (15µm/0.1µm) to assure sufficient quality factor (700). This
is at the cost of an increase of the off-state parasitic capacitance (1.26pF in total).
Each time at start-up, by configuring the final settled value of C1(2), the frequency of
the oscillator in the stable phase is trimmed automatically. The tuning accuracy in
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Figure 5.16: Illustration of the timing of switching the capacitor bank. At switching
moment ’a’ there is no charge in the capacitances.

this work is <7ppm with a tuning range larger than ±50ppm, which is sufficient for
many IoT applications, for example, BLE or IEEE802.15.4.

5.4.2 Dynamically-Adjusted Load circuits

A feedback loop, which controls the dynamically-adjusted load method, see Fig.
5.14(a), performs the detection function to monitor the oscillator amplitude and de-
termines the moment to increase the load capacitance. It consists of a clock detector
circuit and an FSM (Fig. 5.14(a)). The clock detection circuit includes two parts
(Fig. 5.17): an amplitude detector which is composed of an envelope detector (ED)
in series with a comparator, and a digital clock detector. The envelope detector and
the comparator are continuously monitoring the amplitude of the crystal oscillator,
by comparing with a reference voltage. Once the oscillator amplitude exceeds this
threshold, the comparator output will trigger the FSM to generate a 6b tuning code
that gradually ramps up the switched capacitor bank to the final value.

The envelope detector extracts the amplitude information of the sinewave of the
crystal oscillator. It uses a pseudo-differential architecture as shown in Fig. 5.17(a)
to suppress the common-mode variations. The resistor Re and the capacitor Ce are
set to 55kΩ and 2pF respectively, resulting in a 700kHz bandwidth, which effectively
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Figure 5.17: The amplitude detection circuitry (a) and the digital detection circuitry
(b).

attenuates the high frequency components. This generates a relatively smooth output
of the envelope detector, with an acceptable delay in the DAL loop (a few µs).

The comparator is continuously comparing the ED output with a reference voltage. It
consists of a three-stage op-amp and a latch. The input stage consumes only 1µA, and
the second stage 0.5µA. The bandwidth is set as 4MHz, resulting in a negligible delay
compared to that of the envelope detector. The third stage is an inverter, providing
a rail-to-rail output. The voltage Vedo at the comparator input has ripples due to the
limited high frequency attenuation of the envelope detector, resulting in glitches at
the comparator output, which is not desired. In order to overcome this issue, a digital
Schmidtt trigger is implemented using a cross-coupled latch (Fig. 5.17(a)) [32]. The
hysteresis of the latch is designed to be higher than the ripple at the ED output to
avoid oscillation at the comparator output. The reference voltage of the comparator
uses a resistor-ladder based voltage divider from the bias circuits.

After the comparator indicates sufficient oscillation amplitude, a digital clock detec-
tion circuit is further used to ensure that the clock quality is sufficient before the load
adaptation is initiated (Fig. 5.17(b)). The logic filters out accidental errors of the
comparator, and will only proceed if M correct cycles are counted. The counter oper-
ates at a lower frequency (divided by 4), resulting in an acceptable delay (∼1µs). Once
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the RDY becomes active, the FSM starts to function. It generates a 6-bit tuning code
DT which increments from 0 to the desired value, to control the capacitor banks. The
operation frequency of the FSM is kept relatively low (divided by 4), slowing down the
switching transient meanwhile with an acceptable delay (maximum 10µs). Moreover,
the capacitor bank is thermometer-encoded instead of binary-encoded. In this way,
the voltage fluctuations of the crystal oscillator during this transient are minimized,
avoiding as much as possible clock glitches. In a dual-mode crystal oscillator [40], a
long transition time (130µs) is used during switching between two modes. This is to
assure that no glitches will happen because the clock has to be proper in both modes.
In this work, at the start-up of the oscillator, a relative short transient time (∼10µs)
is used to compromise between delay and possibility of glitches. After the start-up
of the oscillator, the crystal oscillator clock will be used for the other circuits of the
chip.

In practice, the circuits that are used for fast start-up (including the ED, the compara-
tor, and the reference voltage) can be disabled once the output of the FSM increments
to the expected value. This is not implemented in this chip.

5.5 Measurements

To verify the functionality of the proposed DAL method, a prototype of the test chip is
implemented in 90nm LP CMOS as shown in Fig. 5.18. The core area is 0.072mm2,
including the load capacitor (84%) and the feedback loop to implement the DAL
method (10%). A 24MHz quartz crystal, of which the estimated quality factor is
54800, is used to verify the functionality of the chip. At 1V, the chip consumes 95µW
in the steady state and the circuits to implement the DAL method consume 9µW
extra at the start-up.

The start-up time is measured as follows: the CLK−OUT is measured utilizing the
amplitude/frequency demodulation feature of the FSV Rohde&Schwarz signal ana-
lyzer, because it is not desired to measure the amplitude of the oscillator directly
by probing due to the large capacitive load (namely tens of pF). In this way, the
amplitude and frequency of the output clock can be measured without disturbing the
load capacitance of the crystal oscillator. Fig. 5.19 shows the measured amplitude
(left part) and frequency (right part) of the XO output CLK−OUT during the start-
up, which comprises three phases. Before the oscillator starts up, the amplitude of
CLK−OUT is low and the demodulated frequency is very noisy. Once the XO starts
up, CLK−OUT will be detected but its frequency is not yet accurate and stable. After
the load capacitor C1(2) is correctly settled, the frequency will be stable. The start-up
time is defined as the duration for the frequency to settle within ±20ppm from the
target frequency, which is well within the requirement of many IoT standards, e.g.
BLE (±41ppm) and IEEE802.15.4 (±40ppm) [29]. Without any start-up technique,
the oscillator takes 2.66ms to start up. With the DAL technique only, see the first
measurement point in Fig. 5.11, the frequency can settle within 375µs, resulting in a
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Figure 5.18: Chip photo.

7× Ts reduction. By slightly increasing the gm to 1mS by increasing the power from
95µW to 146µW 1, the frequency can settle in 200µs, resulting in 13.3× Ts reduction.
If only the gm were increased to 1mS without the DAL applied, roughly 2× start-up
time reduction would be achieved. The gm can not be pushed further by putting more
power consumption in this design.

As shown in Fig. 5.20, a temporary hang-up of the output clock CLK−OUT occurs
during the startup of the oscillator. This is caused by the switching of the capacitor
bank, which produces a temporary internal common mode voltage drop on nodes
XOP and XON as shown in Fig. 5.21. The oscillator core is still running correctly,
but the common-mode shift moves the single-sided oscillator signal XON temporarily
out of the trip-point of the inverter buffer, thus resulting in a hang-up of the output
clock CLK−OUT for approximately 6 cycles. This is not a problem because this only
happens at the start-up when switching capacitors. After that, the capacitor digital
control bits are static and no hang-up will occur.

In addition, the start-up time measurements are repeated with temperature varia-
tions, supply voltage variations and load variations (Fig. 5.22). With the temperature
swept from -40oC to 90oC, the measured start-up time variation is 13% and 26.6%
without/with DAL. No frequency trimming is performed and the frequency drift is
less than 20ppm. With a swept supply voltage from 0.9V to 1.2V, the measured
start-up time variation is 66% with DAL, which is mainly due to the gm variation.
The lower figure shows that with the large load capacitance varying from 5pF to

1As a side-effect, the current for the DAL circuit also increases from 9µW to 16µW due to the
DC-coupling of XOP(N) to the envelope detector.
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(a)

(b)

Figure 5.19: Measured start-up behavior in two scenarios: without start-up boosting
(a) and with DAL (b).

Figure 5.20: Measured hang-up of the output clock during startup.

10pF, a very stable start-up performance (3%) is achieved with the DAL method,
while the start-up time is varying strongly with the load capacitance without DAL.
This matches with the expected behavior as shown in Fig. 5.13(a).

To measure the energy during the start-up process, the real-time current profile of the
supply voltage is captured using Keysight current analyzer N6705B LXI, as shown
Fig. 5.23. The measured total energy is calculated based on the measured real-time
current. With DAL enabled, the measured total start-up energy is reduced from
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Figure 5.21: Illustration of the hang-up of the output clock.

Figure 5.22: Measured start-up time with respect to temperature, supply voltage and
load capacitance variations.

255nJ to 38nJ. Thanks to the low-power circuit for start-up, the energy overhead is
minimized, leading to an approximately 6.7× start-up energy reduction with a 7×
start-up time reduction. When increasing gm and DAL are both applied at start-up,
the start-up time reduction is further reduced to 13×, but at the cost of a power
increase from 104µW to 162µW. But, as mentioned before, increasing only the gm

reduces the start-up time, but at the cost of a higher power consumption. And
consequently, no start-up energy reduction is achieved (see Fig. 5.11 and Fig. 5.12).
The energy of the voltage reference generation is not included because it is located in
a separate power domain with a separate supply voltage. With it included, the total
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start-up energy increases by only 1.5nJ and 0.8nJ in the scenario with DAL only and
with both DAL and gm.

(a)

(b)

Figure 5.23: Measured current profile without boosting technique (a), and with DAL
(b).

The frequency tuning range is measured using the Agilent 53230A frequency counter.
Each frequency is averaged over 1000 measurements. The measured frequency tuning
range is roughly [-48ppm, +440ppm] (Fig. 5.24), among which [-48ppm, +102ppm] is
suggested to be used for frequency trimming, because further reducing the (maximum
level of the) load capacitance will degrade the performance of the XO. The averaged
frequency trimming accuracy is 5ppm, which is sufficient for many IoT applications,
such as BLE or IEEE802.15.4. This corresponds to achieves −141dBc/Hz phase noise
at 100kHz frequency offset, which is good enough for most IoT applications, such as
BLE or IEEE802.15.4.

To verify the validity of the proposed method, the measurement is repeated using
three different quartz crystals with different package size, frequency or quality factor
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Figure 5.24: Measured frequency trimming performance.

as shown in Table 5.2 2. The proposed DAL method can effectively reduce the start-
up time for all the three crystal oscillators, and with both DAL and gm applied, the
start-up time can be further reduced. In addition, the start-up time measurements
against temperature variations are also repeated for all three crystal oscillator as
shown in Fig. 5.25. It can be seen that for all crystals the measured start-up time is
also stable over temperature variations.

Table 5.2: Start-up measurements using three different quartz crystals.

The performance of this work is summarized in Table 5.3. Note that the absolute
start-up time/energy can be influenced by many factors such as the crystal quality
factor and package size. In any case, the proposed method can improve both the start-
up time and start-up energy. In addition, the start-up circuits are fully autonomously
operated and insensitive to crystal oscillator frequency, making them suitable for
future IoT applications.

5.6 Conclusions

A fast start-up crystal oscillator with a dynamically-adjusted load in 90nm CMOS
is demonstrated. The proposed method features fully autonomous operation, and
has negligible overhead in power. Thanks to the DAL method, this work improves
both the start-up time and start-up energy, which is very attractive for future IoT
applications.

2Quartz crystals with different package size have different quality factors.
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Figure 5.25: Measured crystal oscillator start-up variations over temperature for three
different crystal devices.

Table 5.3: Performance summary and comparison with state-of-the-art.
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Chapter 6

Design automation for IoT radios

This chapter focuses on the study to reduce the design cost for low-power circuits in
IoT. A prior-art survey for circuit design automation is firstly provided. A hybrid
design automation approach is proposed to reduce the design time while maintaining
circuit performance. The approach is applied to a SAR ADC in this work. The
prototype is implemented and verified. The content of this chapter is published in [87].

6.1 Introduction

As mentioned in chapter 2, energy cost and design cost need to be reduced to lower
the overall cost for IoT applications. From chapter 3 to chapter 5, approaches to
lower the energy cost for IoT applications have been presented. In this chapter, the
focus is on the reduction of the design cost for IoT radios.

In IoT applications, it often requires short Time-To-Market. Besides, before the final
production, a proof-of-concept demo chip is usually required as an evidence to prove
that there is no technology limitation for a commercial success. All together this
results in very short research and design cycle and very limited time to implement
the chip. In addition, the scale and complexity of an IoT system makes a difference.
For applications with higher system complexity and functions, the required chip is
often larger and more design effort is necessary. To obtain both a smaller Time-To-
Market and a lower man power cost, the circuit design should be automated to reduce
the design time and the design cost.

6.2 Introduction to analog design automation

Today, many System-on-Chips (SoCs) in Internet-of–Things (IoT) applications con-
sist of both digital and analog circuitry for a high integration level and low cost.
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The highly integrated chips usually consist of millions or billions of devices, and this
results in huge circuit design effort. The digital circuit design has already been auto-
mated by many mature commercialized tools and flows, from behavior description to
layout generation. The analog circuits are often manually designed for both schematic
and layout. As a result, although the analog circuit area in a SoC is usually small
compared to that of the digital part, the design time for analog circuits is still long.
Therefore, design automation is urged to reduce the design time, and thus the design
cost for analog circuits.

The design automation for analog and mixed-signal circuits includes roughly two
steps: front-end synthesis and back-end generation. Front-end synthesis can include
architecture selection, translation of functional specification to sub-circuit specifica-
tion, device sizing, and back-end generation can include layout generation of sub-
blocks as well as floor planning and routing.

The approaches for front-end synthesis can be roughly divided into five categories
as shown in Table 6.1: library-based approach, knowledge-based approach, equation-
based approach, simulation-based approach, and artificial-intelligence-based approach.
A library-based approach requires a large effort to create a new library for each block
in each technology. This may be acceptable for a single simple cell, but not for a
complicated system, which includes many blocks. The knowledge-based approach en-
codes specific heuristic design knowledge from experts into a design plan that is used
during the synthesis of the analog circuit [88–91]. Specification inputs will be trans-
lated to the topology selection and the unique solution of the circuit sizing following
the design plan. However, a content-independent design plan is difficult to make,
which limits the use of this approach. The equation-based approach uses a simplified
analytic equation to formulate the performance of the circuit [23,92–95]. Constrained
optimization algorithms instead of a specific design plan are performed using these
equations for optimization of the circuit. Although this approach is more general,
the accuracy of the result is limited especially in an advanced process because the
design equation has to be derived and simplified so that the optimization algorithm
can be executed. To obtain higher accuracy, a full-SPICE simulation-based approach
is introduced in the optimization loop [96–98]. The main problem of this approach
is the long run time, especially if the initial search space is not well-defined. In [99],
an artificial intelligence based approach uses the idea of evolution to automate the
synthesis of analog circuits. However, large amounts of well-designed examples are
required for training the neural network.

For the back-end automation, four methods have been used: library-based, script-
based, template-based, and standard digital flow. In the library-based method, the
layouts of the required components are manually designed beforehand and put to-
gether in a library, which can be directly reused later on. The layout can be precisely
optimized, but it takes a long design time. The script-based method [27] describes the
transistors’ location and inter-connection by programming instead of manual place
and route. The template-based method uses a template for a design, and can main-
tain the layout shape irrespective of different sizes [100]. The standard digital flow is
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very mature for digital circuit place and route, but is used less often for customized
analog layout [25].

Table 6.1: Summary of the automation methods for front-end synthesis.

6.3 Prior-art of ADC design automation

While more and more functions are moved from analog domain to digital domain,
analog-to-digital converters (ADCs) as an interface between analog domain and dig-
ital domain are still required. Many Wireless Sensor Nodes (WSN) in IoT/IoE ap-
plications (e.g., Bluetooth-Low-Energy (BLE) and IEEE 802.15.4) require low-power
Analog-to-Digital Converters (ADCs) with varying resolution (8∼12bit) and speed
(∼MS/s). To achieve an optimum performance, each ADC has to be customized, in-
creasing the design cost and time. To overcome this issue, circuit design automation
is desired for ADCs to minimize design cost while still maintaining performance.

Prior-art ADC design automation is focusing on either behavior-level [101,102], front-
end synthesis [28], or back-end synthesis [27,103]. In the context of SAR ADCs, [101]
proposed a MATLAB tool that allows statistical simulation of capacitor mismatches
and parasitics in the DAC, and a behavioral SAR ADC model is proposed in [102]
that allows fast simulation. However, while these tools support with sizing of the com-
ponents and by reducing simulation time, they do not output a finalized schematic
or layout of an entire SAR ADC, which is the purpose of this work. The design
automation for complete ADCs is more cumbersome due to its complicated architec-
ture, larger-scale circuitry and more sophisticated signal processing between analog
and digital domain. Prior-art tries to synthesize a whole ADC using a single syn-
thesis flow, chosen for a specific architecture. For a stochastic flash ADC [24] the
traditional analog circuitry is replaced by pure digital gates so that the whole ADC
can be integrated in the digital synthesis flow. However, the resolution and the per-
formance are limited due to the stochastic flash architecture. For a Σ∆ ADC [25]
a library-based approach and standard P&R for layout generation have been used.
Although all the analog components are still manually designed, the power efficiency
is yet behind state-of-the-art. [27] introduces a compile method for the Successive
Approximation Register (SAR) ADC, but is limited to layout generation only. [28]
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introduces a systematic design method on schematic level for a SAR ADC, but large
differences between simulation and measurement results are observed (>10×).

Alternatively, instead of synthesizing all the circuits using an identical approach,
a design tool based on a hybrid automation approach is introduced in this work,
allowing different automation approaches for the individual sub-circuits [104]. Both
circuit and layout level are included. With the assistance of this tool, the designer
can better balance automation and customization, and reduce the design time due
to repetitive labor work while maintaining the ADC performance. This approach
is elaborated for a SAR ADC, as the SAR ADC is popular for WSNs thanks to
its excellent power efficiency [26]. The design automation approach is verified by
generating two prototype ADCs. The measurements show good agreement with the
simulation results.

The remainder of the chapter is organized as follows: Section 6.4 introduces the
proposed hybrid automation approach applied to the SAR ADC. The specification
translation of the automation approach is shown in section 6.5. The implementation
details of the automation tool and the circuits are presented in section 6.6. The
measurement results are shown in section 6.7 and the conclusions are drawn in section
6.9.

6.4 Hybrid design automation applied to a SAR

ADC

A conventional N-bit SAR ADC usually includes 4 main blocks as shown Fig. 6.1:
Sample&Hold (S&H), comparator, control logic and Digital-to-Analog Converter (DAC).
In each SAR conversion, the S&H samples the analog input voltage and stores it on
the capacitor arrays of the DAC. The DAC output will approximate the sampled in-
put voltage in N comparisons through a Successive-Approximation algorithm. This is
performed by the feedback loop which consists of the comparator and the SAR logic.
In a synchronous SAR ADC, a high frequency clock (N×fs) is needed, but this can
cause significant overhead in power consumption. Therefore, asynchronous operation
is used in this work [26]. Thanks to the dynamic operation of all the ADC build-
ing blocks, the power consumption is inherently scalable with the sampling frequency.
Further, the topologies of the S&H, comparator and DAC are fixed to a bootstrapped
sampling switch [105], a dynamic comparator [106], and a top-sampling fully binary-
weighted C-DAC with a monotonic switching scheme [107,108], as it has been shown
that such topologies can already cover a large performance range in terms of speed
and resolution. Note that the monotonic switching scheme is not the most energy-
efficient one, but thanks to the small capacitors used in the proposed DAC layout,
the power consumption of the DAC is nonetheless relatively insignificant compared
to that of the ADC (<10%). While the tool currently only implements the above
topologies, it could be expanded with other topologies in a similar way.
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Figure 6.1: The block diagram of a SAR ADC.

As mentioned, to ensure the performance of the ADC, manual design is usually applied
to all the 4 blocks, which is very time consuming (Table 6.2). In particular, for the
SAR logic, both the front-end and back-end design time are in the order of days,
thus both need to reduce. For the DAC design, the design time for the back-end is
much more than for the front-end, and therefore reducing the back-end design time
improves the total design time more. For the S&H, the front-end design and the
back-end design consume similar design time. For the comparator, most of the design
time is spent in finding the proper sizes for the devices, and reducing the back-end
design time helps less. For the ADC top-level, most design time is required for the
back-end, as a large number of analog and digital connections has to be made in the
layout.

Table 6.2: Design time analysis of a SAR ADC.

To define the best design approach, the 4 basic blocks of a SAR ADC are analyzed
first from two aspects: analog/digital-oriented and manual/automated (Fig. 6.2).
Analog-oriented implies that the circuit is physically constrained (by noise, mismatch)
and expertise is needed to properly optimize the circuit, which may require manual
effort. Digital-oriented implies that the circuit is less physically constrained and can
be abstracted and synthesized more easily without losing performance. In this work,
different approaches are adopted for the front-end and back-end design, comprising
the 4 basic blocks, and the top-level design of a SAR ADC as follows (Table 6.3):
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Figure 6.2: Automation feasibility illustration of SAR ADC sub-blocks.

• SAR logic: Both the front-end and the back-end of the control logic can
be synthesized using a standard synthesis flow. This has the advantage of
flexibility in reconfiguring the number of bits, the operation speed, and the
timing of the control signals. The design time is much shorter, up to a few
hours, compared to that of manual design, and when redesigned, only a few key
parameters need to be tuned. The redesign time, including front-end, back-end,
and simulation, can be reduced to less than one hour. Besides, it features the
possibility to integrate digital calibration logic in the future as will be discussed
later. While the power efficiency of manually designed dynamic logic [26] is still
better than synthesized logic, a standard synthesis flow is adopted here thanks
to its advantages in design time and re-usability.

• DAC: The front-end design of the DAC capacitor array can be automated as
follows. The DAC capacitance value is computed automatically according to the
noise and matching requirements through an equation-based method as shown
later. The DAC driver is simply an inverter, and therefore uses a library-based
approach. Compared to the front-end, the DAC back-end design usually takes
much longer due to the strict requirements, e.g., symmetry and optimization of
parasitics at aF level. Fortunately, thanks to the regularity of the DAC layout,
its design can be automated through template-based programming as shown
later, which reduces the majority of the DAC design time.

• S&H: The S&H circuit, together with the ADC input capacitances, influences
the ADC bandwidth. This effect can be easily checked by simulating the
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Spurious-Free-Dynamic-Range (SFDR). Considering the short simulation time,
a simulation-based approach is introduced for the front-end design. In addi-
tion, to further optimize the S&H circuit while minimizing the manual effort, a
knowledge-based approach is used by tuning only the critical devices as shown
later. For the back-end, a template-based layout generation through program-
ming is used to reduce the re-layout time during optimization or redesign.

• Comparator: The ADC performance is very sensitive to comparator non-
idealities (e.g. offset error, noise, layout asymmetry), and therefore the com-
parator design needs more attention. In the elaborated design, the comparator
design is library-based for both the front-end and the back-end.

• ADC top level: For the front-end, the ADC top level design uses equations
to translate the top-level specifications into sub-circuit requirements at the be-
ginning of the design, and a simulation-based approach to assure that the per-
formance is met. For the back-end, thanks to the regular layout geometry of a
SAR ADC, template-based layout generation is introduced, which reduces the
layout time from days to minutes.

Table 6.3: Summary of the proposed hybrid automation methods.

The discussed design steps are embedded in a design flow to automate a SAR ADC
design in 6 steps (Fig. 6.3). The flow first takes the ADC specifications as input, then
translates the input into parameters for the sub-blocks. After that, each sub-block is
generated automatically using their corresponding method. Finally, the layout of all
the sub-blocks will be assembled automatically and the performance of the generated
ADC is verified through simulations using an extracted view. The design process will
stop when the simulated ADC performance reaches the design target. Otherwise,
further optimization is still possible by fine tuning the parameters of sub-blocks. In
this work, the steps 1 to 4 in Fig. 6.3 are automated, while the simulation and
performance check are manual.
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Figure 6.3: Design flow of the proposed method.

6.5 Specification translation

The translation of the overall ADC specifications into the sub-block parameters is
automated through an equation-based method, in step 2 of Fig. 6.3. The equations
are divided into two categories: noise-related and speed-related, as shown in Fig.
6.4. The input resolution N determines Signal-to-Quantization-Noise-Ratio (SQNR),
which leads to the ADC quantization noise floor Pqn (Fig. 6.4), based on a provided
input signal range Vfs. The noise requirements of the sub-blocks (the sampling noise
Psh and the comparator noise Pcmp) are computed based on this quantization noise as
shown in Fig. 6.4. As a result, the Signal-to-Noise-Ratio (SNR) degradation due to
the extra circuit noise is 10log10(1+α+β) dB. For instance, with α=β=1

2
, 3dB SNR

degradation (equivalently 0.5bit ENOB loss) will occur due to the noise from sampling
and comparator, but other choices are possible dependent on the user preference.

After that, the derived noise requirements are used to compute the circuit parameters
for each sub-block. In particular, the total input capacitance Cs of the ADC can be
computed from the sampling noise Psh requirement. At the same time, according to
the equations to calculate the input signal range of the ADC (2VDD·CDAC/Cs), the
DAC capacitance CDAC and the attenuation capacitance Ch are computed. From this,
assuming a monotonic DAC switching scheme, the minimum unit capacitance Cu of
the DAC can be computed based on the noise constraint. The mismatch constraint of
the capacitors is not considered as it is expected to be tackled by mismatch calibration
as in [109] as discussed later. For the S&H, the required SFDR should be M dB higher
than the targeted SNR, where M is typically set to 10dB, but can be overruled by the
user. For the comparator, the calculated noise requirement Pcmp will decide which
comparator is selected from the library.
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Meanwhile, the operation speed of the comparator, DAC and logic is related to the
overall ADC operation speed fs (Fig. 6.4). The total time of the S&H, the comparator,
the DAC and the logic should be no more than the period of the sampling clock Ts.
By default, half of the period is used for the S&H to track the analog input signal,
and the other half is used for the conversion, which consists of N× operation of the
comparator, the DAC and the SAR logic. In this work, the logic and DAC are first
designed and simulated, and the remaining time is for the comparator.

Cs,SFDRCu,Ch Pcmp

Input (N,VDD,fs,Vfs,Cmin, α, β)

Logic S&H  

Noise-related

DAC Comp.  

TDACTdig Tsh TcmpSpeed-related

Cs = CDAC+Ch+Cp

Psh = 2kT/Cs

Vfs = 2VDD×CDAC/Cs

SQNR=6.02N+1.76=10log10(0.125Vfs
2/Pqn)

Cu >= Cmin

CDAC = 2N-1Cu

Psh = 2kT/Cs

SFDR >= SNR+M

Pcmp

Ts = 1/fs >= Tsh + N(TDAC+Tdig+Tcmp)

Logic DAC S&H  Comp.  

Psh=αPqn;Pcmp=βPqn;

N

SNR=10log10(0.125Vfs
2/Pqn(1+α+β))

N

Figure 6.4: Translating from ADC specifications to block parameters.

6.6 Block implementations and top-level layout

As discussed, the requirements of the sub-blocks are derived from the equations in
Fig. 6.4, and will be used for the design of each sub-block respectively and for the
top-level layout generation.

6.6.1 Fully-synthesized control logic

The digital control logic of the asynchronous SAR ADC performs the binary-search
algorithm and also generates an internal clock for the asynchronous ADC. In par-
ticular, a monotonic switching scheme [107] is implemented to improve the power
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efficiency of the ADC. Thanks to the well-developed digital synthesis flow, most of
the design effort is now taken over by the digital design tools. For example, when
redesigning for a different speed, the designer only has to change the timing con-
straint parameter of the synthesis flow. The delay of the digital control logic will be
optimized automatically by the synthesis flow, to meet the required operation speed.
This is more convenient and faster compared to the iterative manual optimization
method.

6.6.2 Hybrid DAC design

The charge-redistribution DAC is often chosen for SAR ADCs thanks to its good
power efficiency. It consists of DAC drivers and DAC capacitors, which are de-
signed automatically through a script-based automation flow combining a mix of
equation-based, library-based, and template-based design (Fig. 6.5). An equation-
based method is firstly adopted to size the unit capacitor Cu based on the noise
constraint as shown in Fig. 6.4. On the other hand, when the ADC resolution goes
beyond 10b, Cu tends to be limited by the capacitor mismatch and thus has to be
sized relatively large, degrading power efficiency. Alternatively, to save power, Cu can
be sized to just meet the kT/C noise, and calibration can be employed to compensate
the capacitor mismatch errors [109]. Calibration is not yet present in the current
tool, but can be easily integrated into the digital circuit synthesis. In case mismatch
is dominant while calibration is not used, the sizing process of Cu becomes more dif-
ficult. In that case, an assistance tool such as [101] could be inserted to determine
appropriate sizing.

It can be calculated that for medium and low resolution ADCs with a rail-to-rail input
range, the noise-constrained Cu is unpractically small. For example, Cu for an 8bit
ADC can be as small as 40aF based on noise requirements, which will be much smaller
than the parasitics. This is undesired since it will reduce the input signal range and
make the input signal range more vulnerable to parasitics. To avoid this, the designer
can optionally set a lower boundary (Cmin) for Cu, e.g., 600aF. After selecting Cu,
the DAC driver needs to guarantee that the DAC output can settle in time TDAC.
The selection is made from a library of drivers with various strengths, matching the
selected Cu and the required operation speed fs. The DAC driver inputs are the load
of the digital control logic. When using larger size DAC drivers, the loading of the
corresponding digital control bit should be adapted for the synthesis.

The DAC layout is very structured with a repetitive geometry, and therefore can
be automated efficiently to save layout design time. In this work, a programmable
cell (Pcell) is used for the DAC design automation and its layout generation. By
programming the key parameters of the DAC, this tool enables users to provide the
specification, automate the device sizing and generate the layout accordingly. Cu is
a customized finger capacitor as shown in Fig. 6.5. This allows the employment of a
small unit capacitance (sub-fF), and to reduce the DAC area and power consumption
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Figure 6.5: The DAC design automation flow.

at the same time. In addition, the unit capacitance can be approximated as linearly
proportional to the overlapping length L between the top plate and bottom plate of
the capacitor. Therefore, the unit capacitance can be precisely controlled by simply
programming the unit capacitor length L dependent on the required value of Cu (Fig.
6.5). As can be seen in Fig. 6.6, the unit capacitor value Cu changes the length
L, which is in vertical direction, while the resolution N changes the total number of
capacitors placed besides each other in the horizontal direction. As such, L and N can
be independently modified without significantly changing the overall DAC floorplan.
The DAC layout is automatically generated from the Pcell, which is described in
SKILL language.

6.6.3 Hybrid S&H design

For a given DAC capacitance, the on-resistance Ron of the sampling switch determines
the bandwidth of the S&H. In modern CMOS technologies, the supply voltage drops
below 1V, making it difficult to reach the desired bandwidth (∼MHz) for the ADCs in
WSNs if directly-controlled switches are used. Therefore, a bootstrapped circuit [105]
is used in this work as shown in Fig. 6.7. As mentioned, a simulation based approach
is introduced for the S&H circuit thanks to the short simulation time for SFDR.
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Figure 6.6: A generated DAC layout example for an 8 bit ADC.

However, noting that there are multiple devices in the S&H circuit (Fig. 6.7), the
optimization time for the sizing would be too long to be acceptable.
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Figure 6.7: The sampler of the S&H circuit.

To reduce the optimization time while still maintaining good performance for the
S&H, a knowledge-based approach is added as follows. The circuit can be roughly
divided into two parts: the devices for sampling (performance critical) and for the
voltage shifter (performance less-critical). A voltage multiplier (M1∼M9) performs
the function of boosting the gate voltage of the sampling switch M10. These devices
are relatively less critical as long as the function of voltage boosting can be achieved.
Therefore, the size of the non-critical devices is fixed for all designs in this automation
tool. M10∼M12 are critical for the sample and hold performance, and therefore need
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to be carefully treated.

Therefore, a hybrid design approach, consisting of a simulation and knowledge based
approach, is proposed for the front-end design of the S&H circuit (Fig. 6.8). One S&H
is implemented at first (including layout) and re-used as a template when redesigned
for a different specification. When re-designed, the less critical devices are fixed,
while the critical devices are tuned for optimization. As a result, the total number
of iterations needed to reach the optimum point is significantly reduced, enabling the
employment of a simulation-based look-up-table (LUT) approach for the S&H circuit.
The LUT can be constructed based on the simulation results for various device sizes
as shown in Fig. 6.9. In this way, in a next design, an approximately optimized
device size can be directly selected from the LUT. It is crucial to choose the device
dimension properly from the LUT according to the required SFDR and the ADC
sampling rate. Larger devices do not always result in better SFDR, but can degrade
the SFDR for low speed ADCs due to device leakage. Moreover, further optimization
is still possible by further fine tuning the critical devices. To save optimization time,
rather than optimizing the three critical devices (M10∼M12) independently, only one
parameter is optimized, which is a scaling factor that is applied to the widths of
the three devices. Furthermore, it is worthwhile to mention that the ADC input
capacitance Cs influences the SFDR of the S&H circuit. The bandwidth of the S&H
is determined by an RC constant, where R is determined by the size of the sampling
transistor M10 and C is Cs. This impact of Cs is accommodated indirectly by scaling
the R in an opposite direction to maintain a constant RC value. For the back-end
design, considering that most of the devices are fixed and only three transistors are
variable, a template-based layout generation through SKILL is introduced for the
S&H, similarly as for the DAC, which further reduces the layout redesign time.

6.6.4 Library-based comparator design

In wireless sensor nodes, the comparator performance is crucial for SAR ADCs, as
it can either dominate the overall ADC power consumption, or degrade the ADC
Effective-Number-Of-Bits (ENOB). Therefore, even for an experienced ADC designer,
it usually takes days to optimize the speed, noise and power efficiency of the com-
parator. However, it is not straightforward to correlate the comparator performance
with the device sizing due to its relatively complex circuitry, non-linear operation and
sensitivity to layout imperfections. Therefore, a library-based approach is introduced,
in which comparators with different performance combinations can be selected by the
computer-aided design tool when users input the specifications. The comparators in
the library will have a two-dimensional index: input-referred noise and comparison
time. The probability of metastability can be controlled by assigning a more conser-
vative comparison time to build in some extra buffer time. According to these two
requirements, a proper device in the table will be selected (Table 6.4). In this work, a
dynamic comparator is used thanks to its efficiency and frequency scalability [26,106],
which is shown in Fig. 6.10. The comparator works as follows: Firstly, when CLK is
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Figure 6.8: The S&H design automation method.

low, first stage’s output AP and AN are charged to VDD, while second stage’s out-
put OUTP and OUTN are reset to ground. The comparator is prepared for the next
comparison. Secondly, when the CLK goes high, the next comparison starts. AP and
AN will discharge with different rates according to the difference between INP and
INN. In the output stage, both output OUTP and OUTN will be charged for a short
time until they reach the threshold voltage of the NMOS. With the positive feedback
formed by the cross-coupled latch, and one of the outputs will rise to VDD while the
other one will be discharged to ground level.

Table 6.4: Illustration of library based method for comparator.

6.6.5 Top-layout generation

The traditional Place&Route (P&R) in the standard digital flow minimizes the man-
ual layout effort for digital circuits by automatic P&R [25]. However, this can cause
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Figure 6.9: Simulated SFDR of S&H with various device sizes for relatively high (a)
and low (b) sampling frequency respectively.
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Figure 6.10: Schematic of the comparator.

problems for analog circuits, which are sensitive to layout non-idealities (e.g., par-
asitics, asymmetries, and IR drops), and thus may degrade the ADC performance.
Alternatively, template-based layout generation is introduced [110]. This layout gen-
eration is used for well-understood designs with sufficient regularity or geometric
templates. It only adapts the size for devices that are critical to optimization, while
the remaining devices are relatively fixed. The interconnections between the devices
are adapted automatically.

The aforementioned tool for the design of the sub-blocks is developed using SKILL
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language and the Pcell tool in Cadence. The layout generations of the ADC top are
automated using a geometrical template-based method. This method allocates each
sub-block according to a template, and connects the pins between each block through
scripting (Fig. 6.11). The geometrical coordinates of all sub-blocks are parameterized
and the pin locations of each block are automatically adapted accordingly. This
greatly saves design time for layout, and as a result, it takes only a few seconds for
the program to integrate into a DRC and LVS clean compact layout (Fig. 6.12).
After that, simulations based on an extracted view can be executed to verify the
performance of the ADC. Note that it is still possible to fine tune each sub-block
individually to optimize the overall ADC performance using the implemented design
flow.
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Figure 6.12: The generated ADC layouts using the proposed flow.
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6.7 Verification with prototypes

To verify the proposed design flow, two prototype chips with different specifications
for speed and resolution have been implemented in 40nm CMOS: an 8b 32MS/s and a
12b 1MS/s SAR ADC (Fig. 6.13). The compact layout leads to a small core area of the
two ADCs (Fig. 6.12) of 0.011mm2 and 0.016mm2 respectively. Including decoupling
capacitors, they occupy 0.031mm2 and 0.056mm2. The measurement results of both
ADCs are described next.
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Figure 6.13: Die photo of the prototype ADCs in 40nm CMOS.

The 8b ADC consumes 187µW at 32MSps and 1V supply, and achieves 47.4dB
SNDR up to Nyquist frequency (Fig. 6.14). This leads to a 30.7fJ/conversion-
step Figure-of-Merit (FoM) as defined in equation 6.1, which is comparable to the
simulated 25.1fJ/conversion-step, considering that simulation results did not include
non-idealities (e.g., noise and mismatches).

FoM =
Power

2ENOBmin(fs, 2ERBW)
(6.1)

The 12b ADC consumes 61.1µW at 1MSps and 1V, which is close to the simula-
tion results. Considering that the DAC capacitors are sized for kT/C noise instead
of mismatch, large INL/DNL errors are measured as shown in Fig. 6.15, thus lim-
iting the ADC performance. However, this error is assumed to be solved by DAC
mismatch calibration [109]. The measured input-referred noise of the 12b ADC is
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0.47LSBrms. This indicates that the noise-limited ADC SNDR is above 11b once the
DAC mismatch induced error is corrected.

In addition, both ADCs achieve stable SNDR/SFDR up to the Nyquist frequency
(Fig. 6.14 and 6.16), indicating a sufficient performance for the S&H circuits. Overall,
the measured power consumption and speed match with the simulated numbers. We
should note that the simulated numbers are not estimated by the proposed tool, but
by post-layout simulation of the layout that is generated by the tool. The measured
FoM for the 8b ADC is close to expectation (Table 6.6). For the 12b ADC, the
FoM correspondence is worse compared to the 8b ADC due to the mismatch induced
errors. However, the correspondence is better than prior art.

Figure 6.14: The dynamic performance of the two ADCs.

Figure 6.15: The measured INL/DNL of the two ADCs.

The automated design flow successfully reduces the total ADC design time down to
minutes level (Table 6.5), after initial construction of the libraries, templates and
code. In particular, both the front-end and back-end design time of the SAR logic
are reduced significantly from days to minutes level. The time to prepare the digital
design flow is at minutes level. For the DAC, the design time is reduced down to
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Figure 6.16: Measured spectrum of the two ADCs with a near-Nyquist tone.

Figure 6.17: Benchmark with the state-of-the-art.

minutes level thank to the automated layout generation. For the S&H circuit, it
takes around 3 iterations for the front-end design through the LUT and fine tuning,
and the layout can be generated automatically. The layout template preparation time
for the DAC and the S&H is a few hours. The comparator library preparation time is
still in days since it needs to be manually designed, but this has to be done only once.
The ADC top integration is reduced from days to seconds. Overall, thanks to the
automated generation of all the sub-circuits, the design time needed for one iteration
is greatly reduced. In this way, it speeds up the design time considerably, even
for a designer with less expertise. At the same time, the performance of the ADC
is maintained (Fig. 6.17), showing a good balance between design time and ADC
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performance compared to the state-of-the-art [111]. Compared to other synthesized
ADC approaches (Table 6.6), this work is one of the few to automate both schematic
and layout design, while it achieves good power-efficiencies and the best matching
between predicted performance and measured results.

Table 6.5: ADC design time of the proposed flow.

Table 6.6: Performance summary of the two ADCs.

6.8 Discussion of the scope

At present, the proposed tool aims for design assistance of SAR ADCs at medium
speed and resolution. In the future, capacitor mismatch calibration as in [109] can be
integrated so that higher resolution ADCs can be generated. For high-speed ADCs,
probably more attention is required to obtain a high-speed layout, the logic may
need to be custom designed, and other circuit topologies might be required. Beyond
SAR ADCs, the hybrid automation method could also be applied to other ADCs
architectures, but it is most useful to relatively digital-intensive architectures. The
most time consuming part will be to build the layout templates, and the component
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library where applicable. The more complex analog blocks are required, the less likely
it is to benefit from the proposed tool.

Besides ADC, other blocks in a IoT radio can also benefit from the proposed hybrid
automation approach. For example, the blocks that are more digitally-intensive will
benefit most, e.g., Digital Phase-Locked-Loop (DPLL) as most of the sub-blocks of a
DPLL are very digital-intensive, e.g., Time-to-Digital Converter (TDC), Digital-to-
Time Converter (DTC), digital loop filter, Digitally-Controlled Oscillator (DCO) and
frequency divider. They could be either synthesized by the standard digital design
flow (e.g., digital loop filter), or some of the layout could be automated because of
high regularity (e.g., TDC, DTC, DCO). The more analog-intensive and RF blocks,
e.g., Low-Noise Amplifier (LNA), Mixer, will benefit less from the current approach
because they are more sensitive to other effects such as parasitics and coupling. Sub-
fF level parasitic capacitance or coupling capacitance can degrade the RF performance
significantly. They have to be taken into consideration and estimated accurately in
order to achieve an optimum RF performance.

6.9 Conclusions

In this chapter, a circuit-design-driven tool with a hybrid automation approach for
SAR ADCs is proposed. Compared to prior-art, instead of simplifying/modifying the
circuit architecture to enable synthesis, our hybrid performance-selective approach
allows the employment of appropriate circuits for performance, and automation for
design-time reduction. In this way, the design time is reduced without compro-
mising performance, meanwhile still keeping the possibility to control performance-
critical devices through programming, enabling a balance between automation and
customization. The implemented prototypes achieve a performance that is sufficiently
competitive with full-manual designs, while strongly reducing design time, and while
having accurate control over the performance goal.

6. Design automation for IoT radios 111





Chapter 7

Conclusions and future work

7.1 Conclusions

To enable ubiquitous connection, low cost wireless sensor nodes are desired for future
IoT applications. This thesis focuses on reducing the energy cost, design cost and
production cost of IoT radios without sacrificing their performance.

A duty-cycling approach can be used to achieve ultra-low power consumption for
IoT radios. This maximizes battery life time and reduces energy cost. Two clock
generation circuits are of vital importance to enable the duty-cycling approach: a
system clock as frequency reference and a wakeup timer as time reference.

For the system clock, crystal oscillators or MEMS oscillators are still often used to
meet the strict requirements of IoT radios. System level calculations show that its
start-up time and start-up energy can not be neglected for a duty-cycled IoT radio.
The large start-up time and start-up energy are due to the high quality factor of
the off-chip quartz crystal or MEMS resonator. Mathematical analysis shows that
a small load capacitor is preferred to reduce the start-up time and start-up energy
while a large capacitor is preferred in the steady state for performance. Therefore,
a fast start-up technique is proposed which allows dynamic adjusted load capacitors
for the system clock for both the start-up phase and the steady phase. It has been
shown theoretically, and verified via a full integration, that the proposed method
can reduce both the start-up time (13×) and the start-up energy (7×). In addition,
the start-up circuits are fully autonomously operated and insensitive to the crystal
oscillator frequency, making them suitable for future IoT applications.

For the wakeup timer, system level calculations show that critical requirements are
ultra-low power consumption and good frequency stability. On-chip RC-based oscil-
lators are often preferred because they have sufficient performance and do not require
any expensive off-chip components. This also reduces the production cost and size
of IoT sensor nodes. A digital-intensive architecture has been proposed that can
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achieve at the same time operation at very low supply voltage, ultra-low power con-
sumption and good frequency stability. This has been verified by elaboration and
full implementation of this architecture. This wakeup timer achieves the best power
efficiency (0.43 pJ/cycle) at a relatively low supply voltage and with low chip area,
while keeping on-par long-term stability and on-par stability over supply and temper-
ature variations. The frequency stability of the wakeup timer for the present design
is limited by the temperature characteristics of the on-chip resistors, but this can be
easily improved in a redesign.

A hybrid design automation approach that can be used to reduce the design cost of IoT
radios is proposed and elaborated. It allows the employment of appropriate circuits
for performance, and automation for design-time reduction. It has been shown, and
verified on the basis of 2 fully implemented prototype SAR ADCs, that this method
can be used to reduce the design time of IoT radios, without compromising circuit per-
formance. It still keeps the possibility to control performance-critical devices through
programming, enabling a balance between automation and customization.

7.2 Future work

This thesis covers different topics from clock generation circuits to design automation
for analog circuits to enable low-cost IoT radios. Not all topics are fully covered.
Possible future research directions are:

• For the proposed fast start-up method of the system clock, the load capaci-
tors are dynamically tuned during the start-up. This causes internal voltage
variations and gives a temporary hang-up for the output clock. This is not
detrimental, but further optimizations can be done for the load capacitor bank
design and its tuning method to prevent these disturbances.

• For a duty-cycled IoT radio that is using an on-chip wakeup timer, the duty-
cycling ratio is restricted by the frequency stability of the on-chip wakeup timer.
This limits the achieved averaged power consumption of an IoT radio. Cur-
rently, the timer’s frequency stability is usually dominated by the temperature
induced frequency errors. For an RC-based timer, the frequency dependency is
ultimately limited by the reference resistor’s temperature dependency. Calibrat-
ing/compensating the resistor’s temperature dependency will greatly improve
the frequency stability. This minimizes the guard time of a duty-cycled radio,
which in turn reduces the average system power consumption, and thus prolongs
battery life time.

• The design automation approach for analog circuits is demonstrated for a SAR
ADC in this work because it is the most popular ADC architecture in IoT
radios. However, there are other types of ADCs in IoT applications which
use different architectures and circuits. The design automation method can be
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extended to include those ADCs so that architecture selection will be an option
for the proposed method. In addition, besides the ADC, other blocks in an
IoT radio can also benefit from the proposed hybrid automation approach. The
blocks that are more digitally-intensive will benefit most, e.g., the Digital Phase-
Locked-Loop (DPLL), as most of the sub-blocks of a DPLL are very digital-
intensive, like the Time-to-Digital Converter (TDC), Digital-to-Time Converter
(DTC), digital loop filter, Digitally-Controlled Oscillator (DCO) and frequency
divider. They could be either synthesized by the standard digital design flow
(e.g., digital loop filter), or some of the layout could be automated because of
high regularity (e.g., TDC, DTC, DCO). The more analog-intensive and RF
blocks, e.g., Low-Noise Amplifier (LNA) and Mixer, will benefit less from the
current approach because they are more sensitive to parasitic effects such as
parasitic node and coupling capacitance. Sub-fF level parasitic capacitances
can degrade the RF performance significantly. They have to be taken into
consideration and estimated accurately in order to achieve an optimum RF
performance.
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Summary
Mixed-signal Design Technology
for IoT radios

This thesis studies the ‘low-cost concept‘ for radios in IoT applications. The low-cost
concept has two main aims: to reduce energy cost by prolonging battery life time
through heavily duty-cycling the IoT radio operation to reduce the average power
consumption, and to reduce design cost by automating the circuit design to reduce
its design time.

Chapter 2 provides a cost overview for IoT radios. For the energy cost and design cost,
concepts/methods are introduced to solve the anticipated problems. In particular,
duty-cycling operation is introduced to reduce the energy cost, and design automation
is introduced to reduce the design cost.

Chapter 3 identifies two important clock generation circuits for the duty-cycling op-
eration of IoT radios: wakeup timer and system clock. The requirements for the two
clock generation circuits are studied to support the duty-cycling operation. Based on
the power consumption calculations, the key specifications for the two clock genera-
tion circuits are identified. In addition, the possible architectures to implement the
two clock generation circuits are also discussed. These provide design guidance for
chapter 4 and 5.

Chapter 4 introduces an architecture for a wakeup timer of a duty-cycled radio.
Prior-art survey, system level modeling and simulations are provided to show how it
overcomes the challenge and improves the wakeup timer’s performance in terms of
operation supply voltage, power consumption and frequency stability. In addition, a
prototype chip is implemented using the proposed architecture, and measured.

Chapter 5 introduces a power efficient start-up method for a crystal oscillator as the
system clock to further exploit the advantage of duty-cycling operation. Calculations
are provided to show how the start-up time and start-up energy can be optimized
using the proposed method. In addition, the proposed method is implemented in a
crystal oscillator and verified through measurements. The measurements show that
the proposed method can reduce both the start-up time and start-up energy and is
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robust with respect to different quartz crystals and PVT variations.

Chapter 6 studies design automation to reduce the design cost for IoT radios. A
hybrid design automation method is proposed to balance between automation and
customization, and reduces the design time while maintaining performance. The
proposed method is applied to a SAR ADC and implemented and verified through
measurements.

Chapter 7 concludes this thesis.
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