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Abstract

With the fast-growing pace of the aging population, there is increasing need
to monitor the elderly health status by continuously tracking their vital signs in
daily life. Conventional vital signs monitoring devices are usually bulky,
expensive and power-hungry, and thus, the usage is limited to within the hospital
and is not suitable for daily use in the home environment.

A miniaturized wearable biomedical signal monitoring system is considered
as a game changing technology to enable remote monitoring and diagnosis for
personalized home healthcare. However, technology features such as the
compatibility of readout circuit with different types of biomedical sensors, low
power consumption for prolonged continuous usage, high signal resolution and
robust performance against environment changes are all key design challenges
that remain to be solved.

In this thesis, time-domain resistive/capacitive sensor readout circuit is
explored as an alternative solution to the conventional voltage/current sensor
readout circuits. The research can be categorized into two parts. Firstly, RC
relaxation oscillators, which are employed as frontends of sensor readout circuit,
are presented. A novel energy efficient swing boosting technique is proposed in
the first oscillator, while a novel voltage-to-delay feedback with switch capacitor
swing boosting technique is proposed in the second oscillator. Experimental
measurements had demonstrated their effectiveness in suppressing output
phase noise while for the second technique, in achieving high output accuracy
too. Secondly, a VCO-based Delta-Sigma Modulator (DSM) readout circuit is
proposed for bio-signal recording. A VCO-based frontend and system feedback
is proposed to replace the conventional amplifier-based frontend with open-loop
structure. It can operate with large input range of up to 100-mVyp, as well as with
wide signal bandwidth, high energy efficiency and high output resolution.

Despite the work done, the challenges lying ahead are still exciting. These
challenges can be viewed in two parts, the integration of proposed frontends
into systems, and the creation of even better readout circuits. Plans to deal with
them are constantly being generated and more contributions to the subject

matter will certainly be made in the near future.
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Chapter 1

Introduction

This chapter provides the background information and motivation on the
proposed research topic, identifies the existing design challenges, specifies the
research objectives and the major contributions of this research, and presents

the organization of this thesis.

1.1 Background and Motivation

With the fast-growing pace of the aging population, there is an increasing
need to monitor the elderly health status continuously. Continuous health
monitoring in daily lives is critical and essential to keep track of the real-time
elderly health conditions and to detect potential emergencies which can be fatal.
According to a recent fact sheet from the World Health Organization (WHO) [1],
noncommunicable disease, which is known as chronic diseases, is accountable
for the annual death up to 41 million. This is equivalent to 71% of total global
death every year. Due to the long-term nature of chronic diseases, it is
impractical to provide life-long hospitalization to all the patients suffering from
such diseases. Wearable health monitoring system provides a convenient way
for continuous health monitoring outside of clinical environment. Therefore,
wearable health monitoring for daily lives is a game changing technology, to
enable remote monitoring and diagnosis for personalized home healthcare.

A wearable health monitoring system generally consists of multiple wearable
biomedical sensor devices, a power supply unit, a data recorder and a wireless
transmission unit. A typical system is shown in Fig. 1 [2]. Different types of vital

signs and body status data are collected by various wearable biomedical
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Fig. 1: An illustration on wearable health monitoring system [2].

sensors attached to the human body. The collected data are transferred to a
central node such as the smart phone or computer for data processing and then
sent to the healthcare providers for status monitoring or diagnosis. As a highly
integrated large-scale system, the wearable health monitoring system has
drawn lots of attentions from multiple disciplines including the integrated circuit
(IC) design community. Instead of focusing on the entire monitoring system, we
would like to narrow down the discussion to one of these subsystems, namely

the biomedical sensor device system.

As an integral part of a wearable health monitoring system, the wearable
biomedical sensor device has inevitably been a popular research topic and
consumer product in recent years. The market revenue is predicted to reach 44
billion for year 2020 [3]. Renowned consumer electronics companies such as
Phillips and Apple also join the field continuously bringing prosperity to the
market. The increase in interests for such devices has not only come from the
aforementioned increase in patients with chronic diseases needing continuous
health monitoring, but also the expanded public awareness in personal health
management. Healthy individuals nowadays are also interested in knowing what
is happening in their body for general health maintenance and early disease
detection. These devices thus provide a convenient way for people to monitor
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Fig. 2: Various wearable biomedical sensor devices: (a) TAGECG wearable ECG
sensor device from Welch Allyn, (b) Blood pressure sensor device, (c) SpO2 blood
oxygen saturation sensor device, (d) Intraocular pressure/temperature sensor, (e)
Body temperature sensor.

their own body conditions, at anytime and anywhere, without being intensively
interfered in their daily activities. The data collected in various daily activities can
also better support the overall body performance evaluation, the disease
diagnosis or the post-disease/injury recovery [4]. Fig. 2 provides some wearable
biomedical sensor devices, such as the electrocardiogram (ECG) sensor in (a),
the blood pressure sensor in (b), the blood oxygen saturation sensor in (c), the
intraocular pressure sensor in (d) and the temperature sensor in (e). The
physical parameters collected by these devices are vital to determine if there
are abnormal health conditions. The collected ECG signals reflect if a person is
having abnormal heart activities such as arrhythmia which indicates the
possibility of having a heart disease. A sudden increase or decrease in body
temperature and/or pressure suggests that a person may have infection or
experiencing extreme environment. The data on blood oxygen saturation

reflects if an unconscious patient is suffering from hypoxia.

The traditional clinical sensor devices for health monitoring, such as Philips
bedside patent monitor series, are usually bulky, expensive, power-hungry, and

hence inconvenient for daily use. However, with the continuous development
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Fig. 3: A general illustration on Sensor System [8] [9].

and innovation in manufacturing process and System-on-Chip (SoC), a
complicated sensor system can now be scaled down and fabricated on a single
or multiple semiconductor chips. The advance in technology and IC design
significantly reduces the size, manufacturing cost, and power consumption as
compared to traditional devices, resulting in the development of miniaturized
wearable biomedical sensor systems for personalized healthcare.

Various miniaturized wearable biomedical sensor systems are continuously
being developed. Some examples of emerging miniaturized wearable sensing
technologies are presented in [5] [6] [7]. Despite the different functions, a
general illustration of the sensor system can be summarized in Fig. 3 [8] [9]. A
sensor array interacts with the sensing target, e.g. parts of human body, and
changes its properties according to the measurand. The changing properties
can be the sensor impedance, the semiconductor device characteristics, the
geometric shape, the heat transfer, the chemical reaction on the sensor surface,
etc., depending on the sensing mechanism and types of sensor employed [8].
The change in the sensor property is perceived as a proportional change in
electrical parameter by the sensor interface circuit or the sensor readout circuit
which generates corresponding digital bitstream as outputs. For some systems
with feedback control, the digital bitstream will be converted back to an analog
signal which modifies the measurand via an actuator. One example with
feedback control is the close-loop neural recording system. This kind of system
is usually implemented with the neural stimulator to collect the potential from the
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tissue under stimulation, so as to adjust stimulator’'s signal strength. This
prevents possible damage to the tissue by large stimulation signal and improves
the treatment outcomes [10].

Many biomedical sensors and sensor systems have been reported in the
literature [11][12] [13] [14] [15]. Due to the different nature of sensors, dedicated
sensor readout circuit usually has to be designed for each type of sensor. For
example, capacitive and resistive sensors traditionally require different sensor
interface architectures, which demands more designing efforts, time and cost.
Furthermore, the outputs of these interfaces can be in the form of voltage or
current, which complicates the backend data collection. All these problems
degrade the robustness of the traditional sensor interface architecture.

The idea of designing a sensor interface compatible to multiple types of
sensor has been rising in the recent years. With the extensive use of capacitive
and resistive sensors in wearable health monitoring devices, designing a unified
sensor interface that is compatible to both types of sensors has become an
interesting topic of research. One approach to achieve this goal is by adopting
the relaxation oscillator-based sensor interface frontend that is able to convert
either capacitance or resistance to frequency output. Previous work such as [6],
[7] and [16] have demonstrated the feasibility of this concept. In [6], a system
which monitors the blood pressure in the prosthetic vascular graft for early failure
detection incorporates the relaxation oscillator as its sensor interface frontend
to successfully convert the resistive sensor resistance into frequency. In [7] and
[16], instead of resistive sensor, the capacitive sensor is adopted for intraocular
pressure sensing [7] and general pressure sensing applications [16]. Both
designs also utilize relaxation oscillator as their sensor interface frontend circuit.
These examples proved that the relaxation oscillator is an ideal candidate for
unified sensor interface frontend, and therefore, it is thoroughly studied in this

thesis.

In addition, for sensor interface designed for sensing bio-signals, its
desirable input bio-signal will be coupled with large-amplitude artifacts
generated from the body tissue movement, electrode offset, and/or stimulation.
Due to the large artifacts amplitude, traditional sensor interface frontends such
as [17] [18] [19] which can only handle inputs amplitude of a few millivolts can
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easily saturate and thus, needing a long time to recover. Therefore, a sensor
interface which can accommodate large input range has become a popular topic
recently. Instead of adopting power hungry wide input range frontend, the more
energy efficient method to achieve this goal is by adopting the voltage-
controlled-oscillator (VCO) -based Delta-Sigma modulator (DSM) as the bio-
signal sensing interface. Since the VCO'’s output phase is in phase domain and
will theoretically not be limited by voltage headroom, the output of Gm-VCO
frontend is inherently resistive to saturation for any given input and therefore
suitable as bio-signal sensing interface, providing the output phase frequency is
well within the phase quantizer’s speed limit. As a result, this architecture is also

studied in this thesis.

1.2 Challenges

The following challenges are identified after reviewing the state-of-the-art in
chapter 2:

1) Designing relaxation oscillators with low output noise and high output
accuracy over supply and temperature variations for sensor interface frontend
application.

2) Attaining a high input range energy-efficient VCO-based DSM as bio-

signal sensing interface.

1.3 Objectives

In accordance with the key challenges identified, the following research
objectives are proposed, encompassing design methodology to circuit block
implementation.

1) System level analysis to explore new sensor readout circuit with low
noise, low power consumption, and compatibility with capacitive and resistive
sensors for general sensing application. Also, new sensor interface with large
input range and energy efficiency for bio-signal recording will be studied.

2) Circuit level design of the key building circuit blocks including but not
limited to the analog frontend and data converter.

3) Circuit implementation in CMOS technology and chip measurement and
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evaluation.

1.4 Major Contribution of Thesis

The major contributions of this thesis are summarized as follows:

1) On the circuit and system level, two novel RC relaxation oscillators are
proposed as sensor interface frontend and one VCO-based DSM sensor
interface is proposed for bio-signal recording application. The two RC relaxation
oscillators achieve excellent noise performance, demonstrating their potential
for high precision sensing. The VCO-based DSM sensor interface circuit is
capable of quantizing a large input signal up to 100mVpp while consuming a low
power, manifesting its ability for low power bio-signal recording application.

2) For the design approach, an energy efficient swing boosting technique is
proposed to achieve optimized trade-off between circuit energy efficiency and
noise performance. Also, a voltage-to-delay (VDF) feedback with switch
capacitor swing boosting (SCSB) architecture is proposed to achieve both low
noise and low frequency inaccuracy over temperature and supply variations.
Furthermore, a VCO-based voltage-to-phase conversion technique with close-
loop configuration is proposed to achieve low power bio-signal recording with
high input range.

3) At the circuit implementation level, various design considerations, such
as the transistor sizes, types, operating regions, have been made for better

circuit performance.

1.5 Organization of the Thesis

Chapter 1—Introduction provides background information on wearable
healthcare monitoring system and general sensor devices. From that, the
advanced miniaturized sensor devices based on SoC are introduced, which
show great potential in replacing the current bulky devices and traditional
medical practices. The research topic of the sensor interface is then formulated.
The challenges of the subject matter are identified, followed by objectives to be
achieved throughout this research. The major contribution of this thesis is
summarized at the end, leading to detailed discussions in following chapters.
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Chapter 2—L.iterature Review provides reviews on relaxation oscillators and
VCO-based DSMs, which are popular architectures for general impedance
sensor interface and bio-signal recording interface, respectively. Detailed
discussions on the designs of both interfaces are provided, including existing
approaches to resolve current problems, advantages and disadvantages of
these approaches, and the enlightenment gained from these literatures.

Chapter 3—Relaxation Oscillator with Low Jitter Energy Efficient Swing
Boosting presents the 15t proposed relaxation oscillator design which aims to
achieve both low output phase noise and high energy efficiency at the same
time. This chapter starts with a brief discussion on previous designs and why
they are not suitable for achieving our target. Two typical designs are analyzed,
from which new ideas are generated, leading to the next phase of discussion on
the proposed design. The system architecture, design techniques proposed,
and circuit block implementation of the proposed design are presented later with
measurement results which verifies the feasibility of the idea and the
functionality of the proposed design.

Chapter 4—Relaxation Oscillator with Voltage-to-Delay Feedback and
Switch Capacitor Swing Boosting presents the 2" proposed relaxation oscillator
which aims to improve the frequency accuracy over supply and temperature
variations while at the same time reducing the output phase noise. The chapter
starts by discussing the cause of frequency inaccuracy over supply and
temperature variations, followed by a brief discussion on previous methods
proposed in reducing the inaccuracy. From there, the new idea is generated,
and the proposed design is presented with system architecture, circuit
implementation and measurement results.

Chapter 5—Wide Input Range Wide Bandwidth VCO-based CT-DSM
Neuro-Recording Interface presents the 3™ proposed design dedicating to bio-
signal recording application. The chapter starts with identifying the existing
problems in the subject matter and setting the design target. Some existing
designs are summarized with their advantages and disadvantages. The
proposed design is presented later in details with simulation results.

Chapter 6—Conclusion summarizes our research work done so far and
suggests the direction and focus of our next stage of research, which forms the
starting point of our future works.
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Chapter 2

Literature Review

Many sensor readout circuit architectures are proposed for general sensing
applications in previous literatures. Two widely researched architectures include
the analog-to-digital converter (ADC) -based, mostly delta sigma modulator
based, capacitance-to-digital converter [20] [21] [22] [23], and oscillator-based
impedance-to-digital converter [24] [16] [25] [26] [27]. In this work, the latter is
chosen for its potential in low power operation yet high resolution, compatibility
to both capacitive and resistive sensors, robustness in scaling under different
technology nodes, and simplicity in circuit implementation. As one of the most
important building blocks of this type of sensor interface, the oscillator, which is
usually the relaxation oscillator, is extensively studied in this thesis because its
noise, energy efficiency and frequency accuracy over the supply and
temperature variations directly affects the interface’s accuracy and resolution in
converting the measured value. On the other hand, a dedicated type of sensor
interface, namely the bio-signal recording interface, is also studied and is still
being studied as an extension of the current research and a beginning to future
work. Due to the precision requirement on the conversion result, the bio-signal
recording interface is commonly built based on analog front-end amplifier
followed by an ADC block [28] [29] [17] [18] [30]. It achieves high to medium
conversion accuracy depending on the actual design but suffers drawbacks
such as limited input range, supply headroom requirement, and complexity in
implementation during process scaling. As a result, the VCO-based neuro-
recording interface has become an extremely popular alternative to the
traditional architecture [31] [32] [33] [34] [35] recently. This architecture consists
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V2

Fig. 4: The trajectory of an oscillator shown in state space with and without a
perturbation Av.
of mostly digital blocks and therefore, easy to be implemented in different
process and supply voltage. It also achieves moderate accuracy which can
accommodate different application requirement. Therefore, in this chapter, a
literature review on the relaxation oscillators is first presented, followed by a

review on the VCO-based neuro-recording interfaces.

2.1 Background Theories

Noise performance is one of the major concerns when designing RC
relaxation oscillator. This is because any noise presented in this autonomous
circuit takes a chance to cause a distortion of the output frequency, surfaced by
the presence of phase noise or timing jitter. This section summarizes oscillator
noise which includes background on the oscillator phase noise, the relationship
between phase noise and jitter, and the two types of Figure of Merit (FOM) that
are commonly adopted for oscillator performance evaluation.

Noise causes both amplitude and phase change in the oscillator output.
However, thanks to the rail-to-rail output of the RC relaxation oscillator, the
amplitude perturbation due to noise will be naturally suppressed. This
phenomenon is graphically explained in Fig. 4 [36]. In Fig. 4, the inner ellipse
illustrates the trajectory of an oscillator without any perturbation while the outer
arc represents one with both amplitude and phase perturbations. Av(t)
represents the vector of change of the oscillator state. It can be seen from the
graph that the change of amplitude is suppressed over time while the change in
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phase accumulates unboundedly. The theoretical explanation is provided in [37]
and [38]. This suggests that the noise performance of the RC relaxation
oscillator is mainly limited by its phase noise.

The power spectrum of the oscillator phase noise is illustrated in Fig. 5.
Previous studies [38] [39] have suggested that the -30dBc/dec region is due to
the frequency modulation of 1/f noise while the -20 dBc/dec region corresponds
to the white noise. Therefore, to reduce the oscillator phase noise, both noises
should be reduced.

Timing jitter refers to the phenomenon in which the transition of a time
domain waveform deviates from its ideal position as a result of the presence of
phase noise. Therefore, it is a time-domain representation of phase noise. For
comparison between oscillators with different frequencies, instead of the
absolute jitter, the relative jitter is commonly used, and is represented by

Normalized jitter = %

(1)
where 0 and y are the standard deviation and mean of the oscillation period
[40].

To evaluate the overall oscillator performance, two FOMs are commonly
adopted. For evaluation of trade-off among oscillator's noise, power and
frequency, the parameter used is
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(2)
where f,4 is the oscillator nominal frequency, Af is the frequency offset from the
oscillator nominal frequency, L(Af) is the oscillator phase noise at a frequency
offset Af, and Py, is the oscillator average power. The other FOM is used for
evaluation of the oscillator’s energy efficiency. Instead of being named as FOM,
it is usually referred as Energy-per-Cycle, which will be discussed in detail in
section 3.3 of chapter 3.

2.2 Previous Designs

2.2.1 Conventional Relaxation Oscillator

The system architecture and corresponding timing diagrams of the
conventional relaxation oscillator is shown in Fig. 6, which was first proposed in
[41]. It consists of two comparators, one SR latch, two timing capacitors C4 and
C,, and a switch network. With initial conditions specified for oscillator outputs,
i.,e. Q = LOW and QB = HI, switch S4 and S3 are closed while Sz and S4 are
opened. As a result, timing capacitor C, is discharged by the constant current
source | and C, is charged to the supply Vpp. These charging and discharging
events are manifested by the decreasing Vp and the step increment of Vpy.

Since the current source | is constant, the Vjp slope is constant and equals to
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the value of I/C4. When Vp drops below the comparator switching threshold
Vsw, Vs will be set to LOW. By the same token, Vr will be set to HI when Vpy
rises to equal to Vgy. As a result, the SR latch toggles, generating output Q =
LOW and QB = HI. These new states of Q and QB will trigger another round of
charging/discharging event for the timing capacitors, which then change the
states of Q and QB. This process iterates itself, giving a rail-to-rail oscillation
output waveform at Q and QB. Assuming negligible circuit delay and all circuit
components are ideal, the theoretically output frequency f.s. is expressed as:

I
fOSC - 2CVSW
(3)

where f,4 is the oscillation frequency, | is the constant current value, C is the
timing capacitance and C=C,=C,, and Vg is the comparator switching
threshold which is usually chosen as 0.5Vpp.

The advantage of this design is that it integrates the SR latch to generate
complementary rail-to-rail outputs which mitigates the output amplitude noise.
Also, the use of a constant current source as the discharging pump linearizes
the capacitor discharging waveform which permits an easier computation and
control of the oscillation frequency.

However, there are also some problems associated with this architecture.
The constant current source, which is usually implemented using single CMOS
transistor, generally contains more noise power as compared to a single passive
resistor, assuming the same voltage (>2kT/q) across both components. This
makes this structure less suitable for low noise application. Moreover, the
current source may shift its operating regions throughout oscillation, which alters
the capacitor voltage slope and causes frequency inaccuracy. Furthermore, two
comparators are needed for this structure which translates to additional power,
larger chip area, and more layout matching effort. More details are provided in
chapter 3, section 3.3.1.

On the other hand, as a non-ideal factor, the circuit delay t4 is inevitable for
all relaxation oscillators. It will be directly added into oscillation period if no
compensation is done. Since its value changes with supply voltage and
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temperature, the frequency accuracy will be undermined. More discussions on

circuit delay will be provided in Chapter 4.

2.2.2 Relaxation Oscillators with Low Phase Noise

As proven by previous researches, all noise existing in relaxation oscillator
circuit will manifest as phase noise at the output frequency. To design relaxation
oscillator for sensor interface application, low phase noise is therefore a target
to be achieved.

Many designs have been proposed to reduce the phase noise. There are
two main approaches: (1) Direct noise reduction; and (2) Deploying
compensation circuit. The direct noise reduction is achieved by either increasing
the capacitor voltage slope at the point where the capacitor voltage crosses the
comparator switching threshold or reducing the noise seen by the timing
capacitor [42] [43] [44]. The compensation method involves designing circuits
which mainly focus on reducing long-time frequency fluctuation due to low
frequency noise [45] [46] [47].

Fig. 7 illustrates the design in [42]. This design employs an inverter-based
comparator together with a chopper which reverses voltages across the RC
branch periodically, charging and discharging the timing capacitor C. Referring

to the timing diagram, when V.4 charges to near the comparator switching
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Fig. 8: Relaxation oscillator from [43].

threshold V14, the comparator toggles and its two outputs are inverted. This
reconfigures the chopper and reconnects V1 to Vpp, boosting V¢4 to Vpp + V14
before discharging. As a result, V¢, discharges from a voltage higher than Vpp
without affecting the oscillation period. This is equivalent to increasing the
capacitor voltage slope and as a result, when V4 crosses V1, which equals to
Vpp/2, the effective slope is boosted, and the phase noise is suppressed.
Similarly, before the charging cycle, V¢4 is pulled to -Vt by the chopper due to
comparator outputs transitions. Therefore, when V., charges to V;4, the
capacitor voltage slope is also boosted. Meanwhile, due to the symmetry
between waveforms V; and V5, the output clock is naturally resilient to the
comparator’s offset voltage Vg, though it is still susceptible to layout mismatch
among the comparator input transistors. Meanwhile, the comparator used in this
design is of inverter-based, which has lower input-referred noise and thus,
reduces the noise seen by capacitor. The reported measured FOM is 162.1
dBc/Hz, which is the highest up to date. The frequency inaccuracy over supply
and temperature is 0.44%/V over 1.4 V to 2 V and 137 ppm/°C over -40°C to
125°C, which are moderate.

This swing boosting technique is also adopted in [43] with comparator offset
cancellation logics added. The circuit and corresponding waveforms are shown
in Fig. 8. Similar to previous design [42], the swing boosting is also achieved by
switching timing capacitors’ terminal voltages. However, other than simply
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relying on the timing signals’ symmetry to achieve comparator offset
cancellation, an offset cancellation logic called self-threshold tracking is
proposed. When there is an offset between two timing signals V., and V,, the
body voltage of inverter-based comparator shown is adjusted, resulting in
adjusted switching threshold for inverter-based comparator shown. This is
equivalent to adjust the output transition point, which in turn regulates and
mitigates the difference between V., and V, since the output transition decides
when V., and V., are charged/discharged. Furthermore, it also claims that due
to the self-threshold tracking, the comparator will always switch at designed
threshold and therefore, the design in inherently resistant to circuit delay. The
frequency inaccuracy over temperatures is compensated by adopting 15t order
temperature compensated timing resistor. And although the offset of dynamic
comparator highlighted in blue will still affect the output frequency, its effect will
be negligible when it is much smaller than Vpp based on the equations derived
in the paper itself.

Another interesting example is shown in Fig. 9. In this design, the anti-jitter
technique, which is similar to [48], is adopted for relaxation oscillator phase
noise reduction. Referring to the timing diagram when V. is charged up and
restricting the discussion within very short period of time when noise voltages
do not change, V. is always charged to a voltage equals to Vg osc+AV, Where
AV denotes the noise voltage added to V.. Taking an example, when AV is

positive, V, becomes higher than the expected value. This allows a larger
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discharging current through M2 and thus, V. is discharging at a faster rate,
causing an earlier crossing with Vi osc. The earlier crossing will reconfigure C,
connection, pulling V, to a voltage of -(Vref,osc+AV), which is lower than the
expected value. Since V., is then charged up by the constant current source M1,
a longer time is necessary for it to return to Vi osc+AV. This longer time
compensates the effect of previous earlier crossing on the output, preventing
the output to fluctuate and therefore, reducing the output jitter or phase noise
and achieving 162 dBc/Hz FOM.

To compensate for the low frequency noise that exists in the comparator and
the constant current source charging timing capacitor, respectively, the study in
[46] implemented a few compensations. To reduce the comparator flicker noise,
which translates to comparator input offset, the proposed comparator offset
cancellation helps. To reduce the flicker noise in the current source, theoretical
derivation in the paper shows that the mismatch between two timing capacitors
will naturally attenuate that noise. Similarly, in another work [47], to reduce
flicker noise, chopper is implemented since it is widely proven to be an effective

solution to flicker noise.

2.2.3 Relaxation Oscillators with Low Frequency Inaccuracy over Supply
and Temperature Variations

Other than output phase noise, the frequency accuracy over supply and
temperature variations is another big concern because the oscillation frequency
should only depend on the measurand and should not vary with other factors.

Many designs have been proposed to reduce frequency inaccuracy over
supply and temperature variations. Existing methods can also be categorized
into two groups: (1) Direct circuit block optimization [49] and (2) System level
regulation [50] [51] [52] [53].

In [49], to remove the frequency dependency on supply, the oscillation
period is designed to be proportional to timing RC constant only. To remove the
frequency dependency on temperature, several circuit design techniques had
been proposed, namely the resistive temperature compensation, the capacitive
temperature compensation, and the comparator gain boosting compensation.
The resistive temperature compensation is based on the structure proposed in
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[54], which consists of series connected resistors with opposite temperature
coefficient so as to achieve a timing resistor with zero temperature coefficient.
The capacitive temperature compensation involves controlling the effective
timing capacitance by adding a variable capacitor in parallel with original timing
capacitor. The variable capacitor value is adjusted internally by the average of
the capacitor voltage such that the capacitance value can compensate the
change in original timing capacitor and maintain a constant effective timing
capacitance. Meanwhile, since comparator gain, which can also be seen as the
comparator propagation delay, reduces at high temperature, a two-stage
comparator is proposed to boost comparator gain across the entire targeted
temperature range. Although circuit delay variation will also cause frequency
inaccuracy, the analysis provided in this work shows that it has negligible impact
on the output frequency, and hence no special circuit delay compensation is
required for this design. The problem on this type of direct circuit block
optimization is that it will largely depend on process variation. Therefore, the
system level regulation is more often adopted.

In [50], a voltage averaging feedback (VAF) technique is proposed to
continuously adjust the comparator switching threshold voltage based on the
integrated value of the timing capacitor voltage. This technique aims to reduce
the output frequency variation with supply due to variation in circuit delay. The
system architecture and corresponding timing diagram is shown in Fig. 10.
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Under nominal condition, the nominal integrator DC output Ve compares with
timing capacitor voltage V2, generating nominal output frequency. The
output period is the sum of capacitor charging time and the nominal circuit delay
ty. When there is a change in circuit delay ty due to supply variation, the timing
capacitor will continue charging for a longer or shorter period of time after Vg1 »
crosses the nominal V¢, resulting in an output period change, i.e. when ty4
increases, output period increases. Since the delay change can also be seen as
a change in the area under the Vs, curve, the integrator will therefore
generate a new V¢ which allows an earlier or later crossing of Vs 2 with V,
so as to compensate the initial period change due to ty. Since the analog
integrator works continuously, the output frequency is always being monitored
and adjusted in real time. However, as the integration is performed over the
entire V41 2 Ccurve, the power consumption can be large. As a result, a gated
integration is proposed in [51].

The system architecture of [51] is illustrated in Fig. 11. Similar to [50], the
capacitor voltage is integrated by the SC feedback circuit and the comparator
switching threshold is being regulated continuously to compensate the circuit
delay that changes with the supply or temperature variation. However, in this
design, instead of performing integration over the entire capacitor voltage
waveform, the integrated error feedback (IEF) only integrates part of it while
achieving similar frequency regulation effect as [50]. Referring to the timing
diagram in Fig. 11, the integrator integrates within the gated period of vspr, and

hold its input values for new vc generation. However, the gated operation

32



ta ahinpa o] Psewieth | vy [T o
ntrolle -D—D- detector
ela Calibration

o Frequency

requs
" output (fou) tanptige
Viers=ls*Ry | —>:/|‘_ H
e
| e | Ca i

CTAT
current bias

Digital compensation i 4
phi |
[ ]
1

>
. >
<+ Reference pulse generation Pulse (Pre) f 1/fou=2(RCH ot taig)

Fig. 12: Relaxation oscillator from [52].

requires integrator with moderate speed and high gain such that the integration
can be done within the designed window. This results in amplifier with high
power consumption (static current of 20 pyA). Also, three comparators are
implemented in this design which add up to the power consumption and
complicates the layout matching process.

To cut down on the power consumption, instead of using analog integrator
as feedback circuit, a digital feedback compensation is proposed in [52] to
compensate for circuit delay variation with supply and temperature. The system
architecture is shown in Fig. 12. The actual output frequency f,, is converted
into digital code and compared with an estimated frequency from a constant
reference pulse P, in digital domain. Since the oscillation period is the sum of
timing capacitor charging period, comparator delay t.,, and designed loop
delay t4iq, when there is a change in the period due to any of these factors, the
digital compensation loop will identify the difference between the actual and
estimated frequency, and regulate ty4 to resume the nominal frequency. This
design effectively reduces the power consumption since the digital
compensation block is purely digital and its turn-on occasion can be controlled.
Also, it supports process scaling better than analog feedback. However, the
drawback is that the feedback resolution is limited by the number of bits
implemented and increasing the number of bits brings mismatching problems
while decreasing the number of bits worsens the feedback accuracy.
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2.3 VCO-based Delta-Sigma Modulator (DSM) for Bio-Signal

Recording Interface

When coming to the field of sensing bio-signals, the aforementioned
relaxation oscillator-based unified impedance sensing interface may not be
adequate. There are two major differences in requirement of these two systems
which result in this conclusion: The first difference is in the nature of signal that
the system is sensing. Relaxation oscillator-based interfaces are for converting
sensor impedance into electrical signal outputs. They are suitable for sensing
body’s physical properties, such as pressure, temperature, etc., regardless of
capacitive or resistive sensors used. DSM based interfaces are able to convert
small and noisy body electrical signals, in voltage or current mode, into readable
and precise electrical signal outputs. Due to the different nature of signals
sensed, different interface architectures shall be chosen. The second difference
is the resolution. Due to oversampling and noise shaping, the DSM can
theoretically realize higher resolution interface as compared to the relaxation
oscillator-based interface. Therefore, for bio-signal sensing interface, the DSM
based architecture is studied.

While it is also possible to employ the conventional frontend architecture
which consists of an instrumentation amplifier (I1A) followed by an analog-to-
digital (ADC), the architecture has some limitations. For example, in [17], a
chopper-stabilized 1A is proposed for neural signal sensing. This frontend
achieves low noise floor while operating under with 2-uW power. However, its
input range is limited to a few mV, which makes it susceptible to large input
artifacts. Also, its signal bandwidth is only up to 100Hz, which is not enough for
bio-signals such as slow local field potential (LFP) spanning 1-200 Hz, not
mention the even faster action potential (AP) which can go up to a few kHz. With
similar IA-ADC architecture, design in [18] doubles the power consumption than
design in [17] and boosts the signal bandwidth to 10kHz. However, its input
range is still limited to a few mV. In contrast, in [565] [56], both of them employ
IA-ADC architecture, achieving 10mV and 28mV input range, respectively.
However, their power consumption is both in tens of mW range, pushing up the
power budget.
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The VCO-based DSM as bio-signal recording interface has been a popular
topic recently to achieve both large input range and high power efficiency. Many
designs with promising results have been proposed. For this application,
specifications such as bandwidth, energy efficiency, input signal range and
output signal-to-noise-and-distortion-ratio (SNDR) are critical.

In [31], the idea of making use of VCO-based ADC frontend for bio-signal
sensing is proposed. Instead of converting the input signal into voltage or current
for quantization, the proposed model suggests a voltage-to-phase conversion.
The advantage is to increase the dynamic range and input voltage range without
causing saturation to the frontend because phase will never saturate. Therefore,
artifacts that can be hundreds of milli-volts will not affect normal operation of the
interface, making the VCO-based ADC suitable for this application.

The block representation of general VCO-based ADC is shown in Fig. 13. It
consists of a VCO which converts the input signal x(t) into output frequency w(t).
The phase of w(t) is counted by the counter whose output is sampled by fg and
differentiated to produce y[n] [57]. The design in [32] implements this idea by
proposing a VCO-based DSM as neuro-recording frontend. The system
architecture is shown in Fig. 14. The frontend G cell converts differential inputs

Vip and V| into currents which define two VCOs’ output phases ®p[2:0] and
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®\[2:0]. The difference in sum of phases from both VCOs is computed by a
counter logic and quantized into digital bits output Dour. Chopping is also
implemented in this design for low-frequency noise elimination. The reported
results show a moderate SNDR of 61.85 dB and low power consumption of only
17 yW. The reason for this low power is due to the highly digital architecture.
The input-referred noise is also minimized by removing the low-frequency noise
using choppers. However, this design only achieves a limited input signal range
of 8 mVpp.

To improve the input signal range, the design in [33] proposed another
architecture with feedback circuit for input signal range enhancement. The
architecture is illustrated in Fig. 15. With similar DSM core as the design in [32],
a feedback path consisting of a thermal-code-controlled capacitive DAC is
added. The thermal code is generated using an IDWA block which minimizes
the mismatch among DAC’s capacitors. The DAC converts output digital bit
stream into corresponding voltage signals to be subtracted from the input signal.
As a result, the input signal range is boosted to +50 mVp as reported.

Previous examples only implement 15t order VCO-based DSM architecture.
In [35], a 2" order VCO-based DSM is proposed with architecture shown in Fig.
16. The 1stintegration is done by CCO+PFD. The CCO converts input voltages
into phases, while the PFD cell integrates the differential outputs of CCO,
generating a pulse-frequency modulation (PFM) signal which controls the
current of second integrator SRO. The SRO outputs are quantized as digital
output bitstream. A DAC feedback path is also adopted to increase the input
signal range. With this 2" order architecture, the design achieves 64.2 dB
SNDR within a wide bandwidth of 2.5 MHz. However, since this design is not
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intended for bio-signal sensing, the power consumption is in milli-Watt range
and its bandwidth is more than enough for neuro-recording application.

To evaluate the frontend performance, parameters such as input signal
range, signal bandwidth, signal-to-noise-distortion ratio (SNDR), FOMs and
FOMw are usually used. The input signal range indicates the maximum input
signal amplitude that the interface can handle before it becomes saturated,
which decides the type of input signal that can be sensed by the interface. The
signal bandwidth refers to the passband of the interface, which also decides
what kind of signal that can be sensed. The SNDR, which measures the ratio of
output signal power to noise-distortion power, evaluates the interface’s noise
performance which directly relates to the resolution or ENOB of the system.
FOMs, which is calculated by FOMs = SNDR + 10log(BW/Power), provides an
overall evaluation on trade-off among noise, bandwidth and power. In addition,
another commonly used FOM is FOMw. It is calculated by Power/(2BWx2ENOB),

which mainly evaluates the system’s energy efficiency.
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Chapter 3

Relaxation Oscillator with Low Jitter
Energy Efficient Swing Boosting

Abstract

This chapter presents a new low-jitter low-power RC relaxation oscillator for
biomedical sensor interface application. A novel switch-capacitor based energy
efficient swing boosting RC network is proposed to effectively improve the
oscillator phase noise and energy efficiency. A low input-referred noise low
power inverter-based comparator with replica biasing is employed to enhance
the phase noise performance and to reduce output frequency inaccuracy over
supply voltage variation. A first-order temperature compensated timing resistor
is designed to reduce the output frequency inaccuracy over temperature
variations. The prototype relaxation oscillator circuit is designed and fabricated
in a commercial 65 nm CMOS process. The measured output frequency is 3
MHz under nominal supply voltage of 1 V, consuming a total power of 17.3 pW.
This design achieves an energy efficiency of 5.7 pJ/cycle, and output phase
noise of —114 dBc/Hz at 100 kHz offset frequency. The measured relative period
jitter is 0.015%. The frequency inaccuracy is £0.15% over a supply range of 1V
to 1.6 V, and +0.6% over a temperature range of 0°C to 90°C. The Figure-of-
Merit (FOM) is computed to be 161 dBc/Hz, which compares favorably with the
benchmark FOM of 162.1 dBc/Hz [42].

Organization of Chapter

This chapter is organized as follows. Section 3.1 provides the background
and state the targets to be achieved. Section 3.2 summarizes the existing
techniques and the corresponding problems. Section 3.3 evaluates the

architectures of conventional relaxation oscillator design and the existing swing
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boosting relaxation oscillator design. Section 3.4 presents the proposed design
in detail, providing the theories behind the design and also highlights the
enhancement made to previous designs in attaining our targets. Section 3.5
presents and discusses the measurement results of the proposed design.
Finally, summary of the work detailed in the chapter is given in Section 3.6.

3.1 Introduction

The relaxation oscillator has been a popular topic for System-On-Chip (SoC)
in recent years. While it can be implemented as an on-chip clock/timing signal
generator [58] [59], it can also be used as the frontend of wearable biomedical
sensor readout circuit [60]. Theoretically, the relaxation oscillator frequency is
directly proportional to its timing RC constant. Therefore, it provides a direct
conversion from sensor’s resistance or capacitance value to frequency for easy
digitization [60]. Relaxation oscillator has unique advantages of good frequency
linearity, wide frequency tuning range and low power consumption. However,
the major drawbacks of a relaxation oscillator is its limited jitter and phase noise
performances [45]. In sensor interface application, the oscillator jitter will
translate to limited sensing resolution. Therefore, improving the jitter or the
phase noise performance is the key concern when deploying relaxation
oscillator in high resolution time-domain sensor interface. On the other hand, a
low power circuit reduces the frequency of battery charging and/or the battery
size, which supports the implementation of miniaturized biomedical devices.
Furthermore, the interface output should solely be depending on the variation of
the sensing parameters. Impact from external factors such as supply voltage
and temperature changes on the output should be minimized for ultimate
sensing accuracy.

Therefore, the relaxation oscillator design challenges in this work can be

summarized as follows:

1) Low output phase noise, or low output jitter, which is essential for high

precision conversion.

2) High energy efficiency, which is desirable for miniaturized biomedical

device application.
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3) Low frequency inaccuracy over supply and temperature variations to
ensure the oscillator output frequency stability over these two external
factors.

3.2 Concerns on Existing Designs

Many relaxation oscillators had been reported to meet design challenges
mentioned in previous section. To improve the oscillator output phase noise
performance, a voltage swing boosting technique is proposed in [42]. However,
as explained in later part of this chapter, this technique consumes additional
power due to the nature of its architecture, which is not desirable for low power
applications. The circuit with anti-jitter technique [45] introduced before also
achieves excellent phase noise performance. However, redundant circuit blocks
increase power consumption. Another innovation in reducing phase noise is the
self-chopping technique as proposed in [61], which employs the oscillator output
as the chopping signal to suppress the comparator noise. This technique is
suitable for kilo-Hz designs, but for mega-Hz and higher frequency, a frequency
divider is required to generate a suitable chopping frequency from the high

frequency output, which consumes additional power.

Meanwhile, both supply voltage and temperature variations alter circuit
delay, which will in turn affect the output frequency. Compensation techniques
include voltage averaging feedback (VAF) [50] and integrated error feedback
(IEF) [51] as introduced in previous section. This kind of feedback method
effectively reduces the frequency variations with supply and temperature
changes. In addition, temperature variation also causes parameter variations in
components such as the RC value, switching matrix, comparator offset and
comparator delay [62], resulting in frequency inaccuracy with temperature. To
compensate this, temperature insensitive MIM capacitor together with
temperature compensated resistor are implemented in [42] [52] [61]. Design in
[62] further proposed an optimized switch matrix and comparator offset
cancellation with constant bandwidth comparator to effectively remove the
temperature dependent factors from output frequency. To compensate for the

even higher order temperature dependency of the timing resistor, the voltage
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ratio adjusting (VRA) technique has been proposed in [63] by tuning the ratio of
resistors with different temperature coefficients. Other than optimizing the
temperature dependency of the RC network to reduce frequency inaccuracy
with temperature, system level compensation such as digital compensation [52]
and dynamic frequency-error compensation [64] are proposed to improve the

overall frequency stability.

Although previous works have demonstrated capabilities in tackling the
aforementioned challenges, a gap remains between the high energy efficiency
and low phase noise output. Designs with excellent phase noise performance
such as [45] [42] suffer from large power consumption, while designs with
extremely high energy efficiency such as [65] [66] [67] demonstrate limited
phase noise performance. To bridge this gap, new design techniques that can
attain both low phase noise and high energy efficiency are researched in this
chapter.

3.3 Architectures of Conventional Design and Swing-Boosted

Design

3.3.1 Conventional Design

Two commonly seen architectures of the relaxation oscillator with their
timing waveforms are shown in Fig. 17(a) and (b). The major difference between
these two architectures is the constant current source. Architecture in Fig. 17(a)
employs a constant current source and timing capacitors (I-C) as the oscillator’s
timing network, while architecture in Fig. 17(b) uses passive resistor and
capacitors (R-C). Otherwise both architectures are similar, which consist of two
comparators and one SR latch.

The basic operation of the architecture of Fig. 17(a) has been described in
Chapter 2, and similar operation applies to the architecture in Fig. 17(b) except
that the capacitor discharging time now depends on the RC time constant
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Fig. 17: Conventional relaxation oscillator with (a) I-C architecture; (b) R-C
architecture.
instead of a constant current I. The advantage of I-C architecture is that the
outputs are inherently resistant to amplitude noise due to its rail-to-rail nature,
and the output frequency is linearly proportional to and can be directly controlled
by the constant current.

However, the constant current source is susceptible to aging, causing the
oscillation frequency to change over time. Also, since this current source is
usually implemented using a single CMOS transistor whose drain is directly
connected to the timing capacitor discharging node, i.e. Vyp and Vpyy in Fig.
17(a), during the capacitor discharging process, the drain voltage drifts
significantly, causing a shift in the transistor operating region which then alters
the current value.

Meanwhile, in [68], the author has compared the current noise power
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associated with a single passive resistor and a MOSFET transistor, and has
proven that current noise power generated by a resistor is less as compared to
by a MOSFET transistor in saturation region, assuming the bias voltage and
current are the same for both cases. It also proved that in order to have lower
current noise power than having the passive resistor, the MOSFET transistor
should satisfy two conditions at the same time: (1) the transistor should operate
in weak inversion region and, (2) when the bias voltage across the resistor is
less than 2kT/q (= 52 mV). While condition (1) is easy to realize in actual design,
condition (2) is less practical because a bias voltage across a resistor in actual
circuit is equivalent to the capacitor voltage as illustrated by V4 or Vs in Fig.
17(b), which should at least attain the comparator switching threshold. By having
the bias voltage across the resistor less than 52 mV and assuming the
comparator switching threshold is half of its supply Vpp, supply Vpp of the
comparator is estimated to be less than 104 mV. This ultra-low Vpp will
complicate the comparator design and worsen the comparator input-referred
noise.

Previous studies such as [69] [70] have also proven that the phase noise is
inversely proportional to the capacitor voltage slope at the comparator crossing
and is directly proportional to the noise source in series with timing capacitor,

i.e.
2
2 . %ave
X 2
(59

(4)
where 03, is variance of the oscillation period error, afrcivc is variance of the
error voltage AV on the timing capacitor C, and dV/dt is the slope of capacitor
voltage V¢ when V¢ crosses the comparator threshold. Therefore, a low o3,
which translates to a low RMS jitter or low phase noise, can be achieved by
decreasing civc and increasing dV¢/dt. For better phase noise performance,
the conventional design in Fig. 5(a) has to implement a larger constant current
for discharging which increases the circuit power consumption.

Due to many demerits of the I-C architecture, we adopt the R-C architecture
instead of the |-C for all designs discussed in this thesis.
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Fig. 18: Swing-boosted relaxation oscillator [42].

3.3.2 Swing-Boosted Design

Swing boosting techniques have been proposed in many designs such as
[42] [44] [71].The key idea behind these techniques is to boost the capacitor
voltage swing within a given period of time such that the capacitor voltage slope
is increased and phase noise is reduced, which are all based on Eq. (4 ). An
example of a swing boosting design [42] together with its waveforms is illustrated
in Fig. 18. Although it achieves excellent phase noise performance and the
benchmarked FOM value, its power consumption is large. The calculated
energy efficiency for this design is as high as 20.9 pJ/cycle, with 70% of its total
power of 219.8 uW consumed by its RC block. This shows that the key challenge
in reducing the overall power consumption resides in the RC block. By reducing
the power consumption of the RC block, the overall energy efficiency can be
improved. Hence, the energy efficiency of the RC block is first to be analyzed
here.

To evaluate the energy efficiency, a parameter called the energy per cycle
Ecyce. is widely adopted in many works such as [59] [62] [64] [44]. It is a
normalized value of the total power drawn from the power supply by the
oscillator to the oscillation frequency (or the capacitor charging frequency),
which ensures that oscillators with different frequencies can be compared fairly.
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It represents the energy drawn from the power supply for each oscillation cycle
to happen, which demonstrates the oscillator's energy efficiency. Ec e can be

expressed as
Energy Pavg

Ecyde™No. of cycles  f,..

(3)
where P,4 is oscillator average power consumption, and f, is the oscillation
frequency.

Referring to the general RC block as shown in Fig. 17(b), the energy drawn
from the power supply in one oscillation cycle is calculated as twice the product
of current drawn from the supply and the supply voltage, integrating over the
capacitor charging period. The multiplier of two is because within one oscillation
cycle, there are two capacitor charging events. To charge up the RC block, the

current drawn from power supply is
dvq(t) Vo -t

it RPRe)

i(Hh)=C

(6)

where C is the timing capacitor, v¢(t) is the capacitor voltage, V, equals Vpp

which is the capacitor final voltage after charging, and R is the resistance in the
charging path.

Therefore, the total energy E drawn from power supply per oscillation cycle

can be expressed as
T TV _t
E=2f |(t)VDDdt =2f —OeXp(—)'VDD dt =20AVQ'VDD=2AQ'VDD
0 o R RC
(7)
where t is the charging period, AV is the difference in capacitor voltage before
and after the charging event, and AQ is the total amount of charges drawn from

power supply by the capacitor in each charging event.
As a result, Eq. ( 5 ) can be re-written as

Ener P E
W T2 oAV Vpp=2AQ-Vpp

Ecyoe™No. of cycles foe 1

(8)
This shows that higher energy efficiency can be achieved by having smaller
AQ, which requires innovation in circuit architecture, or by having lower supply

Vpp. However, by simply reducing Vpp, that may require transistors in the
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Fig. 19: System block diagram of the proposed swing boosting relaxation oscillator
[76].
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Fig. 20: Timing diagram of the proposed oscillator [76].

comparator to work in subthreshold region. This reduces the comparator’s
transconductance gm which can worsen its input-referred noise. While it is
possible to use a separated VDD for comparator, multiple supply generation
requires additional power. Therefore, new RC block architecture is necessary
for energy efficiency improvement.

3.4 The Proposed RC Relaxation Oscillator Architecture

In this chapter, a novel on-chip relaxation oscillator is proposed. The phase
noise performance and energy efficiency are improved via the switch-capacitor
swing boosting technique, while the frequency variation with supply and
temperature is reduced by employing the inverter-based comparator with replica
biasing and 15t order resistive temperature compensation technique.

To improve the performance of the classic design, a new RC relaxation
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oscillator is proposed. The architecture of proposed RC relaxation oscillator and
timing diagram are shown in Fig. 19 and Fig. 20, respectively. The proposed
design consists of a novel energy efficient swing boosting RC circuit, an inverter-
based comparator with replica bias, a SR latch and some logic buffers.

The basic operation of the proposed design is described as follows. Setting
the initial state of V_.=Vpp and V.=GND, the inverter-based comparator and logic
gates give Vs=Vpp and Vg=GND, which triggers the SR latch to output Q=Vpp
and QB=GND. These two complimentary signals set the switch matrix of the RC
charging/discharging block to that shown in Fig. 19. With this switch
configuration, capacitor C44 and C4, are connected in parallel for charging,
pushing V., to Vpp, while capacitor C,4 and C,, are stacked together in series,
pushing V. to 2Vpp as C,1 and C,, are both charged to Vpp before stacking.
The stacked C,4 and C,, are then discharged immediately via resistor R toward
the ground, pulling V. down from 2Vpp.

When V. drops to the comparator switching point Vg, comparator output
Vo starts to increase. Therefore, Vi is set to Vpp while Vg is kept at GND as
V.=Vpp. As a result, the SR latch toggles its outputs Q and QB. The new states
of Q and QB reconfigure the switch matrix in RC charging/discharging block,
stacking C44 and C,, together while re-charging the paralleled C,; and C,, to
Vpp- The waveforms of V,,; and V,, are also shown in Fig. 20 to assist the
calculation of capacitor voltage changes. The whole process iterates, resulting
in a 50%-duty-cycle square wave outputs at Q and QB with a theoretical
oscillation period of

VDD

2
T...=2RCIn (

Ve ) =2RCIn(4)

(9)
where C=(C411C12)/(C41+C42)=(C21C2)/(Co1+Cy,) . As the comparator is
inverter-based, Vg is designed to be 0.5Vpp by selecting proper aspect ratio
for input transistors. Therefore, the period is theoretically independent of Vpp.
However, since comparator delay, offset and logic stage delay are still supply-
dependent, with the comparator delay being the dominant factor based on
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Fig. 21: The proposed switched capacitor RC network configuration during (a)
charging and (b) discharging. [76]

simulation. To compensate this, relatively large comparator current is chosen
for the comparator to minimize the delay effect on T,.. Other than supply,
temperature variation alters the resistance R, resulting in frequency inaccuracy
too. This is compensated by adopting 1%t order resistive temperature
compensation. The proposed architecture has the following advantages. The
stacked capacitors boost the voltage swing and increase the waveform slope at
V., and V. for a better phase noise performance, while at the same time increase
the RC block energy efficiency by drawing less charges for each oscillation
cycle. The inverter-based comparator with replica bias employing current reuse
technique realizes large transconductance gm and thus smaller input-referred
noise. The replica bias also enhances the frequency stability over supply
variations by regulating the comparator switching threshold to always be

0.5Vpp. More details will be provided in circuit implementation section.

3.5 Circuit Implementations

3.5.1 Energy Efficient Swing Boosting RC block

An energy efficient swing boosting RC network is proposed, and as shown
in Fig. 19, with its simplified half circuit given in Fig. 21. During the charging
phase (see Fig. 21(a)), both capacitors C; and C, are charged to Vpp and the
total charging capacitance Cp=C4+C,. During the discharge phase shown in
Fig. 21(b), the total capacitance Cs=(C,C,)/(C,+C;). Vs is 2Vpp at the start of
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discharge phase because of the stacking capacitors. Cg discharges via resistor
R pushing Vg down to comparator’s switching threshold Vg at the end of the
discharging phase.
The charge stored in each capacitor at the start of a charge phase is written
as
{ Q2=V,C,
Q12=(Vs-Vin)Cy
(10)
where V4 and V,, are the capacitor terminal voltages at the end of the previous
discharge phase shown in Fig. 21(b). Since discharging stops when V¢ reaches
comparator Vg, Vs=0.5Vpp is obtained at the end of discharging. Solving Eq. (
10 ) for three possible scenarios where C,>C,, C,>C, and C;=C,, a unified
solution is obtained as
_ (C2-C)Vpp+(Cy)

VS—(15 0.5)V
C1+C2 =(1.9X-U. DD

Vi

(11)
where x=C,/(C1+C,), which is the ratio of C, to the total charging capacitance
(C1+Co).

Without considering the parasitic capacitance, the total amount of charges
drawn by C4 and C, after the completion of one charging event is therefore

derived as
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AQ = C4[Vpp-(Vs-Vi)]+Ca(Vpp-Vim)
=(3x-3x%)CVpp
=(3x-3x%) Qota
(12)
where C=C,+C, and is the total capacitance in the charging cycle, and Qi
represents the maximum amount of charges that C can hold when fully charged
to Vpp. Noted that Q4 is @ constant once CVpp is selected. Fig. 22 shows the
plot of Eq. ( 12 ). The quadratic curve suggests that the lowest AQ, and thus the
lowest energy per cycle, occurs when x value is at its two extreme points.
However, these two cases are not practical for circuit implementation since
when x=0 or 1, there is in fact only one capacitor and the corresponding energy
per cycle will be the same as the conventional architecture in Fig. 17(b).
Moreover, simulations show that when x approaches these two extreme points,
the parasitic capacitance from the comparator input transistors and the passive
resistor R becomes more significant, affecting the oscillation frequency.
Therefore, x=0.9 is chosen in the proposed design as the result of energy
efficiency optimization. The corresponding AQ=0.27CVpp.

Referring to the conventional RC relaxation oscillator shown in Fig. 17(b),
with the waveform for half circuit during charging event highlighted in red, the
charges drawn per charging event is AQ=0.5C,Vpp. Similarly, referring to
previous swing boosted relaxation oscillator in Fig. 18 [42], it is derived that
AQ=CVpp. By using Eq. ( 8 ), the Ecyge Of relaxation oscillators can be
computed. Comparing to both, assuming the same capacitor for charging and
same Vpp, the theoretical Ecy Of the proposed design is only 27% and 54% of
what the swing-boosted relaxation oscillator in [42] and the conventional RC
relaxation oscillator consume, respectively. This demonstrates a significant
improvement in energy efficiency.

On the other hand, the proposed RC block also contribute to lower output
phase noise. Based on Eq. ( 4 ), a low 02,, which translates to a low RMS jitter
or low output phase noise, can be achieved by decreasing civc and increasing
dVc/dt.

The oivc of the proposed oscillator can be derived as
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ORve= fSAVC(f)df f—1+(2 fRC)2d
(13)

where S,y (f) is the power spectral density associated with error voltage AV,
which is the product of discharging time constant RC, and the power spectral
density S, of noise sources appearing at terminals of discharging capacitor C.
The result derived from Eq. ( 13 ) is similar to the that of conventional design
shown in Fig. 17(b) since both designs employs the RC structure. Therefore, the
proposed design does not sacrifice oivc for high energy efficiency.

However, the proposed design demonstrates a larger dV/dt as compared
to the conventional. The expression of dV/dt for the propose design is derived
as

<2VDD)
VSW VDD In4

| Voo " =oRc Vo

(14)
With the same Vpp and oscillation period T, the conventional design can only
achieve dV/dt of Vpp(In2/T,s.), which is 2x less than Eq. ( 14 ). This is because
dVc/dt is proportional to the maximum capacitor voltage swing, which is 2Vpp in
the proposed design but Vpp in the conventional design. This theoretically
proves the ability of the proposed RC block in reducing the output phase noise.

The above discussion shows that comparing to the conventional RC
oscillator or the reported swing boosted architectures, the proposed design
consumes less energy per cycle, while at the same time, achieves better noise
performance. These account for the higher energy efficiency and better FOM of
the proposed design.

In addition, to compensate the output frequency inaccuracy due to
temperature dependent timing resistor, both HR-poly and N+ diffusion resistors
are used. Based on simulation, the resistance variation of HR-poly resistor and
N+ diffusion resistor is -0.037%/°C and 0.123%/°C, respectively, for temperature
range of —45°C to 125°C. The resistive temperature compensation is achieved
by combining them in series to minimize the 15! order temperature dependent

term in the combined resistor.
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3.5.2 The Inverter-based Comparator with Replica Bias

Instead of employing the conventional differential-pair comparator, an
inverter-based comparator with replica biasing, similar to [42], is adopted in this
design as shown in Fig. 19. It consists of a replica biasing circuitry and an
inverter-based comparator core.

The comparator core benefits from its inverter-based current reuse input

pairs which increase the comparator transconductance IMomp at switching

point. Referring to Fig. 19, the comparator gm is approximated to gmg, . +

comp

gmyps = 9gm

NM5 +gm

where gmg,.., M5 » 9Mpye » 9Mye are the

PM6 NMG6

transconductance of PM5, NM5, PM6, NMG6, respectively. Since the bias current

is the same for all input transistors, assuming Vi, = Vi, and NMOS-PMOS

inverter pair is properly sized, the comparator gm can be approximated to

comp

2gm, where gm=gm,,,.=gm

PM5— m

m As compared to the classic

Nms— 9Mpme =9 Myme -
differential comparator shown in Fig. 23, assuming the same bias current for
input transistor and same input transistor size, i.e. M2 in Fig. 23 is identical to

PM5 in Fig. 19, the inverter-based comparator gm is twice as compared to

comp
the classic’s. This larger gm suppressed the comparator input-referred noise

floor, which translates to lower S, in Eq. ( 13 ) and thus, lower phase noise.

In addition, as the comparator core is inverter-based, it only turns on when
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Fig. 24: Chip photo and circuit dimensions.

the input is near the comparator switching point. Therefore, the static power
consumption is minimized which better supports the low power operation. The
nominal comparator bias current is optimized to make comparator delay
negligible as compared to the oscillation period. Under nominal conditions for
this design, the simulated comparator delay is only 2% of the oscillation period,
which ensures that the oscillation period mainly depends on RC constant and
capacitor voltage swing.

The comparator core is biased by its replica circuit as shown in Fig. 19. The
replica circuit formed by PM1-PM3 and NM1-NM3 provides a predicted
comparator’s switching threshold to the amplifier. The amplifier generates an
output voltage which controls comparator biasing current and replica circuit
current, such that the comparator switches at the designed switching threshold.
Any deviation of predicted comparator switching threshold from V¢ will cause a
change in amplifier output voltage, and thus both currents in replica circuit and

comparator, until both voltages are equal. Based on Eq. ( 9 ), the oscillation

period only depends on the ratio of Zolﬂ Therefore, V. is obtained from a
SW

resistor divider and is designed to be a ratio of Vpp, i.e. 0.5Vpp.

3.6 Measurement Results and Analysis

The proposed design has been implemented in a standard 65-nm CMOS

process. The chip photo is shown in Fig. 24, the total active chip area is 0.044
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Fig. 26: Measured oscillator output period jitter.

mm?. The measured oscillation frequency is 3.0 MHz with 17.3 pW power
consumption under 1 V supply. The circuit power breakdown shows that the RC
network consumed 49% of the total power, the compactor consumes 44% and
the logics consumes 7%. The circuit energy efficiency is 5.7 pJ/cycle.

The oscillator startup time is approximately 3.8 us, equivalent to 12 clock
cycles. The oscillator phase noise plot is shown in Fig. 25. The measured phase
noise is -113.94 dBc/Hz at 100 kHz frequency offset. The low phase noise is
largely contributed by the proposed switch capacitor swing boosting circuit and

the low noise inverter-based comparator. Fig. 26 shows the measured statistical
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distribution of the oscillation period over 100k counts. The RMS (1c) period jitter
is 49.8 ps, which translates to 0.015% relative period jitter. The peak-to-peak
period variation is 475.3 ps. The measurement results also show that all counts
fall within 3o region, showing a centralized period distribution.

Fig. 27 and Fig. 28 show the measured frequency stability over supply and
temperature variations. At room temperature of 25°C, the frequency variation
with Vpp is £0.15% over 0.95 V to 1.45 V, which corresponds to £0.3%/V. At a
nominal supply voltage of 1 V, the frequency variation with temperature is £0.6%
over 0°C to 90°C. The oscillator frequency is less sensitive to the supply

55



Table 1: Comparison Table for 1% Design

Phase . Freq. Var.  Freq.Var. Start-
Tech. Freq. Power Ecoce Supply . FOM Period - .
Year noise " with V with Temp. u
(nm) (MHZ) (W) (pJicycle) (V) (S (dBoMz) iter (%) ' \e? ™ (oyaes)
This 114 161 £0.15 £0.6
work | 85 3 173 57 1 GiookHz @100kHz %01% 095_145v o0-g0°c 12
2010[47] 65 6 100 167 125 NA. @1130132 00s 020 0% NA
00 1526 £0.07 £0.82
2013[51] 65 126 84 78 12 ooon iRl NAL SUPL ofEoe NA
2015[65]| 65 26 178 07 035 @110“%_1'2 @1;‘&'32 NA. NA. NA. NA.
1151 162.1 102645 143
2016[42] 180 105 2198 209 14 iinl  IRL 001 (90 ST Na
b
2017[66] 90 513 18 04 08 @?mz NA. 045 SO0 O 150
- f c
2017[73] 180 04449 213 479 18 @11(§’|sz @11502k.|7—|z o047 2003 0T . NA
d
2018[44] 180 0364 136 37 12 NA 1004 0025 NA. o000l NA
9678 139.1 $1539  +0516"
2019172 180 09431 52 55 09 ~o00d  ISEL NA- 02T 0200 NA
92 140 1012 +0.26
2019[74] 350 1 160 160 33 oof  oichoozss GOE 0 FO08.
_ k
2019[75] 180 134 1578 1178 1.2 @11%%%2 @112‘(‘)sz NA. NA T NA
j m
2019[64]| 65 105 69 657 1 NA NA. 0016 0085 - 200050 g

- Converted from reported data of 2137 ppm/°C, ®21.8 ppm/°C, ©169 ppm/°C, 70 ppm/°C, °+0.44%/V, '0.02%/V,
94.73%/V, "93.88 ppm/°C, 235 ppm, 1+0.08%/V, ¥193.15 ppm/°C, '0.17% with LDO, ™2.5 ppm/°C, and P8 us.
variation. This is because the comparator switching threshold is fixed at 0.5Vpp
by the replica bias such that it tracks the variation of supply voltage
automatically. However, a £0.15% variation is still observed due to the supply-
dependent circuit delay variation. On the other hand, the frequency is more
sensitive to the temperature variation because the higher order temperature
dependent terms still exist after the 1St order resistive temperature
compensation. To improve the frequency stability over supply and temperature,
feedback circuit in [47] and [51] can be adopted. To reduce the higher order
temperature dependency of the timing resistor, resistor combination with
different temperature coefficients such as in [63], and dynamic frequency error
compensation in [64] can be considered.

The measurement results are summarized in Table | and compared with
other state-of-the-art relaxation oscillators. The proposed design shows
excellent FOM of 161 dBc/Hz, consuming only 5.7 pJ/cycle energy. The FOM is

calculated using

Af Ptotal
FOM (dBc/Hz)=L(Af)+20log <f—> +10log ( 1 mW)
0SsC

(15)

56



Compared to the reported energy efficient designs [65] [66] [44] [72], this
oscillator achieves the highest FOM and the lowest phase noise and relative
jitter, indicating a better trade-off between energy efficiency and noise
performance. Comparing to [42] which has the highest FOM of 162.1 dBc/Hz,
this design achieved 12.7x reduction in total power and 4x reduction in energy
per cycle, demonstrating significant improvement in power efficiency.
Comparing to [47] [51] [73] [74] [75], this design demonstrates the highest FOM
and lowest energy per cycle. Overall, the proposed design realized both high
energy efficiency and FOM, providing a good trade-off between the energy
efficiency and noise performance.

3.7 Conclusion

In this chapter, a low jitter RC relaxation oscillator with power efficient swing
boosting technique is proposed. The analysis of the new boosting circuit is also
presented. The oscillator oscillates at 3.0 MHz and consumes 17.3 yW of power
under 1 V. This design achieves a FOM of 161 dBc/Hz while consuming merely
5.7 pJ/cycle energy. The frequency variation is £0.6% over a temperature range
of 0 °C to 90°C, and +0.15% over a supply range of 0.95 V to 1.45 V. The
proposed relaxation oscillator demonstrates great potential for sensor interface
applications or on-chip clock reference.
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Chapter 4

Relaxation Oscillator with Voltage-to-
Delay Feedback and Switch Capacitor
Swing Boosting

Abstract

This chapter presents a new low-jitter low frequency inaccuracy RC relaxation
oscillator for biomedical sensor interface application or on-chip clock reference.
A novel relaxation oscillator with voltage-to-delay feedback (VDF) and switch-
capacitor swing boosting (SCSB) RC network is proposed to effectively improve
the oscillator phase noise and frequency accuracy over supply and temperature
variations. The novel VDF keeps track of the circuit delay and regulate the
comparator delay accordingly such that the overall circuit delay remains
unchanged. The SCSB RC network enhances capacitor voltage swing for phase
noise reduction. The first-order resistive temperature compensation is also
employed in this design to reduce output frequency variation over temperature
variations. The prototype relaxation oscillator circuit is designed and fabricated
in a commercial 180-nm CMOS process. The measured output frequency is 1.6
MHz under nominal supply voltage of 1.3 V, consuming a total power of 51.4
uW. The measured output phase noise of —118.6 dBc/Hz at 100 kHz offset
frequency. The measured relative period jitter is 0.01%. The frequency
inaccuracy is £0.15%/V over a supply range of 1.24 V to 1.48 V, and 23.35
ppm/°C over a temperature range of 0°C to 90°C. The Figure-of-Merit (FOM) is
computed to be 155.6 dBc/Hz.

Organization of Chapter

This chapter is organized as follows. Section 4.1 summarizes previous
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works and indicates the new targets to achieve. Section 4.2 presents the
proposed techniques and relaxation oscillator that meets the targets. Section
4.3 presents the circuit block designs. Section 4.4 reported the measurement
results of the proposed relaxation oscillator with discussions. Lastly, section 4.5

summarizes the work done in this chapter.

4.1 Introduction

The fully integrated on-chip relaxation oscillator has attracted significant
research interests in recent years. This is attributed to its great potentials as on-
chip clock reference or sensor interface for [oT and wearable healthcare device.
It is area and cost efficient compared to the bulky off-chip crystal oscillator. It is
also preferred over the ring oscillator for its high frequency stability, control
linearity and wide tuning range [42]. However, many issues remain to be
addressed when designing high performance relaxation oscillator. In Section
3.1, the main challenges of designing a relaxation oscillator for sensor interface
application or on-chip clock reference are identified. They are the low output
phase noise, high energy efficiency and low frequency inaccuracy with supply
and temperature variations. In chapter 3, a novel energy efficient low phase
noise RC relaxation oscillator to address the first two challenges is presented.
As no dedicated technique was proposed to reduce the frequency inaccuracy
over supply and temperature variations, a RC relaxation oscillator with voltage-
to-delay feedback (VDF) and switch-capacitor swing boosting (SCSB) is
proposed to address this problem.

4.1.1 Frequency Variation due to Circuit Delay Variation

It is understood that the supply change alters the oscillator circuit delay. With
a larger voltage headroom, the current flowing through each branch of the circuit
increases, resulting in less circuit delay. Referring to Fig. 29, when taking the
circuit delay into consideration, the oscillation period of design in Fig. 19 is
expressed as

Tosc,realzTosc,ideaI"'th

(16)

where T, igeal 1S the ideal oscillation period as shown by Eq.( 9 ) and t is the
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Fig. 30: Resistance versus temperature of (a) PTAT resistor (b) CTAT resistor.

circuit delay.

The circuit delay is inevitable and cannot be removed because all circuits
need some time to generate outputs in response to input changes, i.e. the
propagation delay always exists. Although circuit delay is a non-ideal factor in
the oscillation period expression, it will have negligible impact on the oscillation
frequency if it is a constant under all situations. However, in reality, the circuit
delay varies with supply and temperature, resulting in oscillation frequency
variation with supply and temperature too. Therefore, to compensate for the
frequency variation, the circuit delay should be regulated carefully.

4.1.2 Frequency Variation due to Resistance Variation

One of the major impacts of temperature variation is the timing resistance

variation, which in turn changes the RC constant and thus the oscillation period.
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Referring to Fig. 30, resistors generally have proportional-to-absolute-
temperature (PTAT) or complimentary-to-absolute-temperature (CTAT)
temperature profiles. Therefore, when temperature changes, due to the change
of resistance, the RC constant in relaxation oscillator varies too, which results in
frequency variation with temperature. Therefore, resistance variation should be
compensated for high frequency stability over temperatures.

4.1.3 Existing Designs

Many circuit design techniques have been reported to improve the frequency
stability over supply and/or temperature variations such as [50] [51] [62] [53]. In
[50], the voltage averaging feedback (VAF) technique is proposed. The
capacitor voltage swing is integrated over half of the oscillation period. The
integrator output voltage regulates the comparator switching threshold which
compensate the circuit delay to achieve constant the oscillation period. In [51],
the feedback mechanism called integrated error feedback (IEF) is proposed to
integrate only the part of capacitor voltage swing due to circuit delay. The
integrator output is also used as the comparator switching threshold. In [52],
instead of employing analog integrator for integration and feedback, a digital
compensation technique is proposed to adjust the delay of a delay cell
implemented in the oscillator. In [53], instead of using digital compensation loop,
Gm-C integrator is implemented to regulate the delay of the delay cell. Previous
works have demonstrated the effectiveness of feedback mechanism in reducing
the frequency inaccuracy over supply and temperature variations. Therefore, in
this design, a new implementation of feedback is proposed which is the VDF.
Meanwhile, for designs discussed previously, they demonstrate limited phase
noise performance, which is not desirable for sensor interface application.
Therefore, other than VDF, the switch-capacitor swing boosting (SCSB)
technique is also employed in this design for phase noise reduction.

In this chapter, a novel on-chip RC relaxation oscillator with VDF and SCSB
technique is proposed to reduce output phase noise and frequency inaccuracy
due to circuit delay variation with supply and temperature. The proposed
relaxation oscillator achieves low phase noise of -118.6 dBc/Hz which is at least
18 dBc/Hz less when compared to [51] [47] which are also of feedback
topologies. Comparing with [42], which has the closest phase noise

61



VDF Loop

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

s2 VDD
s1 Comparator S/H control signal
—| PM1 .
P S/H Gm-C integrator PM2  PM3 I_
[ oy V. I
1 SW1 | SH Vet vcap1 Voutt Veap2 _D:D_ i
. Q |
O ref Vout2 —
SW2 CSII Cin!I !
= = | Q
QB

SCSB RC charging/discharging
Fig. 31: Schematic of proposed relaxation oscillator.

performance, the proposed oscillator achieves a 5.9x as well as a 2.9% reduction

in frequency inaccuracy over temperature and supply variations.

4.2 Proposed Relaxation Oscillator

4.2.1 Architecture of the Proposed Design

Fig. 31 shows the schematic of the proposed RC relaxation oscillator. It
consists of three main building blocks: (1) a voltage-to-delay feedback (VDF)
loop consisting of a sample and hold (S/H) Gm-C integrator and an inverter-
based comparator, (2) a switch-capacitor swing boosting (SCSB) RC charging
and discharging circuit, and (3) a SR latch.

Fig. 32 shows the timing diagram of the proposed oscillator. The first clock
cycle represents the steady-state operation of the system. A new cycle starts
with the state of Q = LOW and QB = HI. These two complimentary signals set
the SCSB block in the configuration shown in Fig. 31. Capacitors C44 and Cy,
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Fig. 32: Timing diagram of proposed oscillator with VDF loop.

are stacked in series and discharged via resistor R, while C,; and C,, are
charged and held at Vpp and Vpp/2, setting Veap1=1.5Vpp and Vzp0=Vpp .
When V4,1 decreases to the comparator switching point Vs, , comparator
output V1 starts to increase. V, is still at LOW since V4, is held at Vpp. As
a result, the SR latch toggles its outputs Q and QB. C4; and C,, are
reconfigured in parallel connection, charged and held at Vpp and Vpp/2, while
C,1 and C,, are stacked in series and discharged via resistor R. Meanwhile, the
increase of V1 also triggers the S/H control circuit to generate a sampling
pulse S1, which closes the switch SW1 to cause voltage V4,1 to be sampled
onto capacitor Cgy. Due to circuit delay, the sampled voltage Vg4 is lower than
the comparator’s Vg . The Gm-C integrator compares Vg4 with a preset
reference voltage V¢ and integrates the difference over half of the clock period.
The integrator output V., controls the gate drive voltage of the comparator
biasing transistor PM+, which then controls the comparator current and delay. In
this design, Vg is of Vpp/2 and under steady state, V| c=V,,=0.4Vpp and V¢

is the lowest peak of V,,1. The nominal output period is represented as:
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(17)
where C=(C11C42)/(C11+C45)=(C51C5,)/(C51+C55) and all capacitors are on-chip

temperature-insensitive MIM capacitors, and V¢ is the highest peak of V 4p1.

4.2.2 Operation of VDF Compensation Loop

Fig. 32 also illustrates the operation of the proposed VDF compensation loop
when there is a change in circuit delay due to either a change in the supply or
temperature. This changed delay is labelled as ty4 in the second clock cycle in
Fig. 32. To illustrate the feedback operation, take for example, with lower supply,
ty1 is longer than the nominal delay ty. There is thus a longer discharging time
for C41 and Cy,, causing V4,1 to drop to beyond its lowest nominal voltage level
V.- The discharging process continues until Q and QB toggle after a delay ty;
with corresponding V,,1=V|c2. The output period is thus increased from T to
Tosc + Aty, Where Aty represents the change in delay. To recover the distorted
period, the S/H circuit samples the voltage V| ¢, onto Cgy as Vgyo, Which is
lower than the Gm-C integrator’s reference voltage V. The integrator output
V. therefore decreases, resulting in an increase in comparator current since
V. is the gate voltage of the current-controlling transistor PM+. A higher
comparator bias current leads to a reduction in comparator delay from ty; to ty,
in the next half clock cycle. The VDF works continuously, adjusting the delay
until the original t4 is restored.

It should be noted that the proposed VDF loop is different from the feedback
systems reported in [51] and [52]. Instead of using multiple comparators and
power consuming integrator as [51], the new S/H control signal generating circuit
and the half-clock-cycle integration window designed in the proposed oscillator
eliminate multiple comparators and relax the speed requirement on the
integrator, thus achieving the low power operation for this design. The digital
delay compensation is proposed in [52]. However, it is a one-time non-
autonomous calibration, whereby the delay change cannot be compensated in

real time.
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Fig. 33: RC network during: (a) discharging phase, and (b) charging phase.

4.3 Circuit Implementation

4.3.1 Switch-Capacitor Swing Boosting (SCSB)

Fig. 33 shows the capacitor configuration in charging and discharging
phases [76]. The switch matrix controls the connection of capacitors. During the
discharging phase, two capacitors are stacked in series as shown in Fig. 33(a)
for instant swing boosting followed by discharging. During the charging phase,
two capacitors are charged to Vpp and Vpp/2, respectively, and in parallel. Such
switch-capacitor swing boosting (SCSB) circuit creates a capacitor discharging
voltage swing of 1.1Vpp, which is higher than the swing of Vpp in [42]. This
further improves the phase noise of this design. Meanwhile, the SCSB circuit
only boosts the capacitor voltage up to 1.5Vpp, which is well within the allowed
electrical stress range of the fabrication process.

4.3.2 The Voltage-to-Delay Feedback (VDF) Loop

The complete voltage-to-delay feedback (VDF) loop is shown in Fig. 31. The
Gm-C integrator circuit is shown in Fig. 34. It consists of the differential inputs
and a single-ended output. The two stages structure is adopted to deliver current
to C;; for the integration of V. The window left for the integration is half that of
the clock cycle, alleviating the speed requirement for this integrator. Also,
compared to [47] and [51] which require integrators with wide output voltage
linear range for generating feedback voltages, the VDF loop makes use of the
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Fig. 35: Die photo of the proposed circuit.

square relationship between PM+ drain current and its gate overdrive voltage.
This relieves the integrator output linear range, reducing its power consumption.
On the other hand, the integrator reference V¢ is designed to be CTAT to
compensate the CTAT resistor R. This is achieved by selecting R2 to be more
PTAT than R1.

The inverter-based comparator circuit is shown in Fig. 31. It contains current
starving biasing transistors and inverter-based differential input pairs. Its current,
and thus the delay, is controlled by the bias voltage V. Due to the large
transconductance g, the inverter-based comparator can have small input-
referred noise to realize a reduction of phase noise. The dynamic nature of this
comparator also helps to lower the power consumption.
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Fig. 37: Statistical distribution of period of the proposed oscillator.

4.4 Measurement Results

The proposed design has been fabricated in a standard 0.18-um CMOS

process. The chip die photo is shown in Fig. 35. To validate the efficacy of the

proposed VDF, the same oscillator core without VDF loop is also fabricated. A

replica bias introduced in [42] and [76] is used as a proper bias to the inverter-

based comparator for fair performance comparison. The active chip area is

0.12mm?. The measured oscillation frequency is 1.6 MHz with 51.4-uW power

consumption under 1.3-V supply.

The measured output phase noise is shown in Fig. 36. It is observed that
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oscillators, both with and without VDF, achieve similar phase noise performance
at 100 kHz frequency offset, namely -118.6 dBc/Hz with VDF and -118.8 dBc/Hz
without VDF. This shows that the VDF does not add significant noise to the
oscillator output, thanks to the large g _, of the inverter-based comparator which
reduces the VDF noise being referred back to the comparator inputs.

Fig. 37 shows the measured statistical distribution of the oscillation period.
The total number of cycles measured is about 652k. The measured period mean
u for these cycles is 625.42 ns, which corresponds to 1.6 MHz in frequency.
With measured standard deviation ¢ of 69.95 ps, the relative period jitter is as
low as 0.01%. Statistically, 69% of the sample falls within 1c offset from the

mean, 98% falls within 2o offset and 100% falls within 3o offset. This shows that
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Fig. 41: Frequency versus temperature for 9 samples of the proposed oscillator.

the oscillation period is very centralized around the mean value and the
deviation from the mean is rather small.

Fig. 38 and Fig. 39 show the measured frequency inaccuracy over supply
and temperature variations, respectively. The oscillator without VDF requires
higher typical voltage for its replica bias circuit. For oscillator with VDF, the
frequency inaccuracy is £0.19%/V and 23.4 ppm/°C across 1.2 V to 1.52 V and
0°C to 90°C, respectively. With a wider temperature range of -10°C to 90°C, the
frequency inaccuracy is 41 ppm/°C. For oscillator without VDF, the frequency
variation is £0.48%/V and 68.5 ppm/°C across 1.34 V t0 1.66 V and 0°C to 90°C,
respectively. Compared to oscillator without VDF, the proposed oscillator with
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Table 2: Performance Comparison for 2" Design

Freq. Var. with

Tech. Power Freq. Supply Freq. Var. with VDD . Phase noise
Year (m)  @W) (MHz) (V) (%IV) with Teimp. (dBc/Hz) FOM (dBc/Hz)
(ppm/°C)

This 234 0-90°C

> 180 514 16 13 019 12-15V — " .1186 @100kHz 156 @100KHz
worl 41 10-90°C
2[2;]6 180 2198 105 14 +044 14-2V 137 -40—125°C -115.1 @100kHz 162.1 @100kHz
2015 12.8° - :
og) 180 Jeg 1277 08 05 06-11V 533 -30-120°C N.A. NA.
2{2;;1 180 166 328 15 £013 15-36V 134 -40-85°C N.A. NA.
2{21;& 65 984 126 12 +018 1.1-15V 205° 0-80°C -100 @100kHz 152.6 @100kHz
2[2;]0 65 100 6 125 +026 1.15-135V 24 -40—125°C -70 @10kHz 137.6 @1kHz
2[82? 130 38 32 14 +04 14-16V 125 20-60°C N.A. 132 @10kHz

a0scillator core only; *With digital calibration; Converted from original reported data of °+ 0.4%, % 0.07%, °+ 0.82%

VDF achieves 2.5x and 2.9x reduction in frequency inaccuracy over supply and
temperature variations, respectively. The frequency variation over supply and
temperature for 9 samples of circuit are illustrated in Fig. 40 and Fig. 41. Across
VDD range of 1.2 V to 1.52 V and temperature range of -10°C to 90°C, the output
frequency of these 9 samples concentrates around 1.6 MHz, with deviation of
1% and 1.1% from nominal 1.6 MHz, respectively. The cross-chip
measurements show a constant trend of frequency variation over supply and
temperature. The deviation from nominal frequency among 9 samples is thus
mainly due to process variation and the parasitic added. Noted that there is no
supply regulation circuit used in both oscillators.

The measured results are summarized in Table 2. Compare with other state-
of-the-art relaxation oscillators, this design shows low frequency inaccuracy to
both supply and temperature variation, while at the same time achieves low
phase noise. The achieved FOM is 156 dBc/Hz, which is the highest among
designs with feedback structures [47] [51].

4.5 Conclusion

In this work, a low phase noise RC relaxation oscillator with improved
resilience to supply and temperature variations is presented. The oscillator
oscillates at 1.6 MHz and consumes 51.4 uW of power under 1.3 V. The

proposed design achieves frequency inaccuracy of 23.4 ppm/°C over 0°C to
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90°C, and £0.19%/V over 1.2V to 1.52 V. The phase noise at 100 kHz frequency
offset is -118.6 dBc/Hz and the corresponding FOM is 156 dBc/Hz. The
proposed RC relaxation oscillator is therefore a good candidate for on-chip clock
reference or high precision sensor interface applications.

As compared to the design in chapter 3, this design demonstrates
outstanding frequency stability over supply and temperature variations while
achieving low phase noise at the same time. However, the energy efficient swing
boosting technique is not implemented in this design, and therefore, the energy
efficiency of this design is lower than that of the previous design. As a result,
another design with both VDF and energy efficient swing boosting is being

fabricated and will be presented in our future publication.
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Chapter 5

Wide Input Range Wide Bandwidth VCO-
based CT-DSM Bio-Signal Recording
Interface

Abstract

This chapter presents a wide input range wide bandwidth bio-potential recording
circuit. An energy efficient voltage-controlled oscillator (VCO) based continuous
time Delta Sigma Modulator (CT-DSM) which is able to handle 100-mVp, 10-
kHz bandwidth (BW) input signal is proposed. The current-reuse fully differential
operational transconductance amplifier (OTA) provides high gain for both
oscillator phase noise and quantization noise attenuation. The VCO converts
time-domain input signals to frequency for quantization, alleviating the supply
constraint on the quantization resolution while at the same time reducing design
complexity with CMOS technology scaling. The digital counter-based phase
quantizer realizes phase quantization of VCO outputs. The feedback structure
increases the input linearity range to avoid frontend saturation under large input
signal swing. The prototype circuit is designed and fabricated in a commercial
40-nm CMOS process. The simulated chip total power consumption is 19.5 uW
under 1.2-V supply voltage for 1kHz-BW 100-mVp, input signal, which
corresponds to a low FOMw of 1.19 pJ/conv. The SNDR is 59 dB for 10-kHz BW
input and 63 dB for a reduced BW of 2 kHz. The large input swing tolerance,
wide signal BW and high energy efficiency make the proposed design suitable
for applications such as wearable vital signs monitoring or closed-loop neural

stimulation system.
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Organization of Chapter

This chapter is organized as follows. Section 5.1 introduces related prior arts
and the target system specifications. Section 5.2 presents the proposed system
architecture and the circuit model. Section 5.3 presents the circuit block design
in detail. Section 5.4 reports the simulation results of the proposed design with

discussions. Section 5.5 summarizes the work done in this chapter.

5.1 Introduction

Different from the relaxation oscillator-based sensor interface circuits
presented in Chapter 3 and 4, this chapter presents another type of interface
circuit — the VCO-based Continuous-Time Delta-Sigma Modulator (CT-DSM).
In this design CT-DSM is adopted as the bio-potential recording front-end of the
closed-loop electrical stimulation system to attain high energy efficiency, wide
input range and high resolution.

Electrical stimulation has been proven to be a safe and effective medical
therapy for various central nerve system (CNS) disorders such as Parkinson'’s
disease, essential tremor and dystonia [77]. Recently, there are increasing
interests to extend the electrical stimulation to the peripheral nerve system
(PNS). By modulating a specific PNS neural pathway with electrical signals,
therapeutic outcomes can be achieved for symptoms such as chronic pain,
hypertension and rheumatoid arthritis [78].

Compared to the conventional open-loop stimulator architecture, a closed-
loop stimulator can adjust the stimulation parameters dynamically based on the
feedback signal. This feedback mechanism is usually based on the recording of
the evoked action potential (EAP) generated by the stimulation signal. This
adaptive stimulation leads to personalized therapy with better treatment
outcomes [79]. However, the EAP signal is generally much smaller compared to
the interferences such as stimulation artifacts and electrode input DC offset. Fig.
42 illustrates the amplitude difference of the EAP signal and other interferences.
The EAP signal usually has an amplitude ranging from a few pV to 1 mV.
However, the stimulation artifacts or electrode offset can reach 100 mV. The
large interferences will cause saturation of the recording analog frontend and
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Fig. 42: Amplitude ranges of signals.

degrade or even disable the recording function. To achieve large input range, a
traditional method is to implement a large input range frontend circuit, i.e.
operational amplifier, which consumes significant amount of power, sacrificing
the circuit energy efficiency. Therefore, in our design, a frontend circuit with large
linear input range while having high energy efficiency is targeted for high fidelity
closed-loop stimulation application.

The VCO-based CT-DSM has been used in various recording interface
circuits [34] [80] [81] [32] [33]. It converts signals from voltage domain to phase
domain for phase quantization. Compared to the traditional voltage integrator
and quantizer, the major advantage of VCO-based CT-DSM is that the
performance is not limited by the voltage headroom constraint, amplifier’s finite
DC gain or process scaling [32]. Many VCO-based CT-DSM designs for neuro-
recording have been reported. In [32], an open-loop architecture with current
control oscillator (CCO) front-end and phase quantizer has been proposed. The
digital-intensive DSM achieved high area efficiency and low noise PSD. The
shortcoming, however, is that its input range is limited by the narrow linear input
range of the front-end. To extend the input signal range, various close-loop
architectures have been proposed. In [80] [33], a capacitively-coupled DAC is
employed as the feedback circuit. This effectively improves the input range as
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compared to [32]. In [34], a digital nonlinearity correction (NLC) circuit is
designed to compensate the nonlinear operation of the DSM under large input
range. Up to 5"-order of nonlinearity can be compensated by NLC. However,
the NLC logic involves polynomial coefficients computation, which increases the
design complexity and occupies a significant die area. In [81], a degeneration
R-DAC feedback is introduced to mitigate the nonlinearity and increase input
linear range. One trade-off of this method is the resistor noise which increases
the noise floor.

In this chapter, a closed-loop VCO-based CT-DSM for bio-potential
recording is proposed. A system feedback loop consisting of data weighted
averaging circuit (DWA) and capacitive DAC is employed to boost the input
linear range. A current-reused OTA frontend is proposed to suppress the overall
input-referred noise. A current-starving ring oscillator as VCO is proposed to
realize the voltage-to-phase conversion. Under a nominal supply voltage of
1.2V, it consumes 19.5 uW of power. It is able to maintain linear operation with
input signal amplitude up to 100 mVpp, achieving a SNDR of 59 dB over a wide
frequency bandwidth of 10 kHz. As compared to [32], the proposed design
improved the input amplitude range by 12.5x with 2x wider bandwidth while
achieving the comparable SNDR. Comparing to [34], the proposed design
achieves the same input range and reduces the feedback design complexity

while achieving 50x wider bandwidth.

5.2 System Architecture and Circuit Model

5.2.1 System Architecture

The system architecture of the proposed VCO-based DSM circuit is given in
Fig. 43. It consists of a current-reuse OTA, VCO-based voltage-to-phase
converters, a counter-based 5-bit quantizer, a 5-t0-32 DWA thermos-code
generator, and the capacitively-coupled DAC feedback circuits. A fully
differential OTA is used as the input Gm stage. The AC coupling capacitor C,,,
DC bias resistor Ry,;;s, and OTA input impedance R;, collectively forms the RC
high pass filter (HPF) at the OTA input to reject input DC offset. Each HPF has
a high pass corner frequency lower than 10 Hz to prevent undesirable neural

75



Vcm fs

Dout[4:0]
Cin Rbias\ VCO | —\—
|
v | y __@_ Counter- 5-t0-32 [
OTA based 5_-bi'r =\ DiNA
_I | Quantizer
bl L) - I
n Rbias VvCO fs S[31:0]] |S_n[31:0]
Vem
!
Cf_OJ_ ------ Cf_31J_
——
€-——————"=% ( \\
Vrepr Vrefn VTEfPI Vrefn ||

Fig. 43: Block diagram of proposed VCO-based CT-DSM.

signal loss and to minimize noise contribution from HPF to the inputs. Previous
studies presented in [34] [82] have shown that

2 fe
Vn,HPFocf_I

(18)
where vﬁ,HPF is the noise generated by HPF, f; is the HPF corner frequency and
f, is the lower bound of signal band. In order to minimize additional noise from
the HPF, the corner frequency f; should be small as compared to f,. This
requires large RC constant which translates to large passive components. For
example, with C;,=10 pF and fj=10 Hz, the corresponding HPF resistor has to
be at least 15.9 GQ such that f./f, = 0.1. Therefore, pseudo-resistor is employed
for both high resistance and area efficiency. On the other hand, the input
common-mode voltage of OTA is provided via Ry,;s. This sets the correct biasing
region for OTA throughout the entire operation. It should be noted that although
the maximum differential input is 100 mVpp, the actual inputs to the OTA only
vary within a small range, i.e. within the linear input range of the OTA, due to
the negative feedback configuration of the system. This structure alleviates the
linearity requirement to the OTA design.

5.2.2 Circuit Model

In this design, a 15t order DSM is implemented. For the analysis of signal

transfer function (STF) and noise transfer function (NTF) of the proposed circuit,
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the single-ended circuit model is illustrated in Fig. 44. The OTA is modelled has

a single pole LPF with a DC gain of A and pole p. The VCO, which generates

S in the

output phase from input voltage, acts as an implicit integrator

system because phase is the time integral of frequency in nature. Because both
OTA and VCO operates in continuous-time (CT), their models are represented
in s-domain as shown. Due to the non-ideality of VCO, distortion and noises
from VCO itself will appear in its phase output as Ep. The phase quantization
will also add another type of noise, namely quantization noise Eq, to the final
digital bit stream. The feedback capacitive DAC is modelled as a zero-order hold
with a gain of B. Since the feedback circuit is merely capacitor deck, B is a
constant denoting in volt/code.

The STF can be derived as

ZHAKVCO

S ZWABcho(1 -e'STS)
(1 + 5) S+ S

STF=

(19)
The STF equation shows that the input signal is low-pass filtered before
reaching the output. This equation also suggests that the signal bandwidth is
defined by the OTA bandwidth. By designing OTA'’s bandwidth, the DSM’s signal
bandwidth is defined.
The NTF due to Ep is denoted as NTF1 and it is derived as
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1
NTF1=

(1-esTs)

s2 (1+%)

From equation ( 20 ), it is seen that the VCO noise and distortion Ep is be

1 +21TABKVCO

(20)

high pass filtered and 15t order shaped within the signal bandwidth.
Similarly, the NTF due to Eq denoted as NTF2 is derived as

1
NTF2=

(1-esTs)

s2 (1+%)

Equation ( 21 ) is identical to ( 20 ) because both noises are essentially

1 +21TABKVCO

(21)

appearing at the same node of the system. It shows that the quantization noise
Eq is also 15t order shaped within the signal band at the system output. Note
that since the OTA and VCO blocks are CT in nature while the DAC is discrete-
time (DT) in nature, the transfer function derivations involves CT-to-DT
conversion [83].

The overall transfer function of the circuit model is therefore written as:

Dout[N]=Vin-STF+Ep-NTF1+Eq-NTF2
(22)

5.3 Circuit Block Implementation

5.3.1 Operational Transconductance Amplifier (OTA)

The schematic of the OTA is shown in Fig. 45. It consists of a replica bias
circuit for the output common-mode regulation and a fully differential current-
reused Gm-stage to provide large transconductance with low power
consumption. The inverter-based differential input pair generates a large
transconductance which approximates to gm

m Assuming that

pms.6 TIMN s 6 -

gm m which can be achieved by adjusting the PMOS and NMOS

pm5,6- IMNMS5,6
sizing, this current-reused structure doubles the transconductance. With larger
Gm transconductance, the noise contribution from the following stage can be

effectively suppressed, leading to smaller input-referred noise.
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Fig. 45: Schematic of current-reused OTA.

5.3.2 Voltage-Controlled-Oscillator (VCO)

The differential outputs of the OTA function as differential control voltages
V¢ of the next stage VCOs shown in Fig. 46. The VCO is implemented using
current-starved ring oscillator structure. The current-starved structure is adopted
for two reasons. Firstly, the current-starving transistor PM1 functions as a
voltage-controlled-current-source, allowing it to control the ring oscillator's
frequency by varying the current via adjusting the control voltage V. Secondly,
PM1 can also limit the current of the ring oscillator for power optimization. The
VCO’s free-running frequency is derived as

P lvco
(23)

where lyco is the oscillator current controlled by V4, N is the number of stages
of ring oscillator, C is the load capacitance of each stage, and V\,¢g is the local
supply voltage of the ring oscillator. From ( 23 ), the K¢ can be calculated as

ko =Mveo_  Alco _ GMvco
VOO AV NCVycoAVyy  NCVyco

(24)
where Gmy¢¢ is the transconductance of PM1 in Fig. 46. In this work, the VCO’s

free-running frequency and Ky g are designed to be 1.5 MHz and 6.1 MHz/V
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Fig. 46: Schematic of ring oscillator based VCO.

respectively. It should be noted that when the OTA voltage gain becomes
excessively large, for a given input voltage change, the change in V4, can be
so large such that Alyco is no longer linearly proportional to A(V5-V), causing
an adverse effect on the linearity of the system output. Therefore, the OTA
voltage gain and the size of PM1 should be optimized carefully as a trade-off
between the OTA input-referred noise and the circuit linearity. In this work, PM1
is sized to operate linearly within a range of 0.6V<V,<0.8V. The OTA'’s voltage
gain is designed such that both outputs are well within the targeted V., range.

The VCO noise will add to the overall output noise. However, since the VCO
used in this work produces rail-to-rail output, phase noise becomes the dominant
noise generated by the VCO. The major contributors to phase noise is the VCO'’s
1/f noise and white noise. To suppress 1/f noise, bigger size inverter pairs is
designed. A sufficiently high |y co is also chosen for noise suppression. The
simulated phase noise plot of the VCO proposed is shown in Fig. 47. Within the
-20 dB/dec region, at 100 kHz offset, the simulated phase noise is as low as -
117 dBc/Hz. Within the -30 dB/dec region, at 1 kHz offset, the simulated phase
noise is as low as -65 dBc/Hz.

To better examine the effect of VCO phase noise to the overall system noise
performance, the VCO input-referred noise is computed from the phase noise

shown in Fig. 47 using ( 25 ) derived in [32]:
f2
Sun(D=Ss(f)—
Kvco

(25)
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Fig. 47: Phase noise plot of VCO.
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Fig. 48: Input-referred noise PSD of the VCO.

where Sy (f) is the input-referred noise PSD of VCO, Sy (f) is the phase noise
PSD. The Syy(f) plot is given in Fig. 48. For an input signal of 1 kHz, the
equivalent input-referred noise PSD of VCO is 50.9 nV/vVHz. As compared to
the VCO in [32] with input-referred noise PSD of 64.7 nV/VHz at 1 kHz, the

proposed VCO achieves 13.8 nV/vHz lower in the input-referred noise PSD.
Together with the OTA, the VCO noise being referred back to the DSM input is
further suppressed. This minimizes the effect of VCO phase noise on the overall

noise performance.
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The two VCOs convert the OTA’s differential outputs into two phase-
modulated (PM) square waveforms. These PM waveforms are integrated by the
digital counters and their difference in phase is quantized into 5-bit digital output
Dout [4:0]. Since the subtraction of input signals is purely performed in phase-
domain, the DSM resolution is no longer limited by the supply voltage. A 5-bit
quantizer is selected to boost the ENOB. Theoretically, quantizer with more bits
improves the DAC feedback signal’s resolution. However, in reality, the process
mismatches among DAC capacitors form the fundamental limit to the feedback
resolution. Therefore, a 5-bit counter is selected in this work. The 5-bit output is
converted to two complimentary 32-bit thermo-codes, S[31:0] and S_n[31:0,] by
the DWA logic with barrel-shifting. The thermo-code decides if DAC capacitors
Ci{31:0] are connected to Vg, Or Viery. Barrel-shifting is employed to mitigate

the mismatch from process variation among DAC capacitors.

5.4 Circuit Simulation Results

The proposed CT-DSM circuit has been designed and implemented in a
commercial 40-nm CMOS process. Fig. 49 shows the chip layout; the chip active

area is 0.25 mm?. It draws a total current of 16.3 pA and a total power
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consumption of 19.5 uW under 1.2-V supply voltage.

Fig. 50 shows the spectrum of the CT-DSM output as a result of 22?-point

FFT with rectangular window. The circuit is simulated with following conditions.

The common-mode voltage V., is 0.6 V and the fully differential sinusoidal input

is of 1 kHz frequency with 100 mVy, amplitude. The oversampling clock is

chosen to be 6.2 MHz. It is observed that the quantization noise has been

shaped away from the signal band to higher frequency as the result of first order
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Table 3: Performance Comparison for 3™ Design

This 2017 2017 2017 2015 2014 2013 | 2012 2012
work [33] (34] [32] [85] [19] [84] [30] [18]
Tec(hn”rz')ogy 40 40 40 40 180 65 130 130 65
Topology VCO-based DSM IA+ADC
Supply (V) 1.2 1.2 1.2 1.2 5/1.8 05 1 1.2 05
FSR(mVys) 100 100 100 8 4pA 1 100 5 3.5
fumpe  6.2MHz 1MHz  3kHz 42MHz 10MHz 1kHz 10MHz | N.A.  20kHz
BW 10kHz 2 kHz 200 SkHz  1.25 500  10kHz | 10kHz  10kHz
SNDR (dB) 59 74.9 74 61.85 73 N.A. 55.5 60.3 45
THD (dB) -70 -82 79 -70.8 N.A. 52 N.A. -80 -40
Power (uW)  19.5 21 7 17 340 2.3 125 68 5.04
FoMs(dB)  147.1 1547 1486 1465 1086 1321  143.4 142 138
(pr/’l\g:V) 1.19 1.16 4.27 168 37300 103 12.8 3.3 1.73

FoMs (dB) = SNDR + 10log(BW/Power)
FoMw (pJ/conv) = Power/(2BWx2ENOB)

noise shaping. The output PSD shows a distinct signal power at 1 kHz. The
noise floor can be calculated by integrating the noise power over targeted
bandwidth. Instead of the DSM output SNR, SNDR is used as a metric to
evaluate the DSM performance because it includes both noise and distortion
information, which is a more comprehensive performance evaluation. The
SNDR over different bandwidth is computed and illustrated in Fig. 51. It is
observed that SNDR improves with reduced bandwidth. Within 10 kHz
bandwidth, the simulated SNDR of the proposed design is 59 dB. With a reduced
bandwidth of 2 kHz, the SNDR improves to 63 dB.

The circuit overall performance is summarized in Table 3 and compared with
other state-of-the-art VCO-based CT-DSM designs. As compared to traditional
neural interface employing amplifier frontends [18] [30] whose maximum input
range is 3.5mV and 5mV, respectively, the proposed design achieves much
larger input signal range of 100mV, which reduces the chance of frontend being
saturated under large input artifacts. Comparing to [34] [32] [33] [19] the
proposed design obtained the highest BW with one of the highest input
amplitudes and moderate SNDR. This demonstrates that the proposed design
is able to operate with both high input range and high speed, while achieving

good noise performance. The proposed design and work in [84] have similar
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input range and bandwidth. However, the proposed design achieves 3.5-dB
improvement in SNDR.

For multi-factor comparison, the general FoMs and FoMw equations are also
adopted. The FoMs includes SNDR, BW and power information, which is used
to evaluate system’s in-band noise performance with corresponding power
consumption. The FoMw includes power, BW and ENOB information, which is
more often used to evaluate the system’s energy efficiency. Comparing to [34],
the proposed design attains about the same FoWs but 3 pJ/conv less FoMw,
showing a higher energy efficiency while maintaining similar noise performance.
Comparing to [32] [85] [19] [84], this design achieves the highest FOMs and the
lowest FoMw, thanks to the careful noise consideration and highly-digital

architecture.

5.5 Conclusion

In this chapter, a VCO-based delta-sigma modulator for bio-potential
recording is presented. A system feedback loop consisting of DWA and
capacitive DAC is employed to boost the input linear range. A current-reused
OTA frontend is proposed to suppress the overall input-referred noise. A current-
starving ring oscillator as VCO is proposed to realize the voltage-to-phase
conversion. Under nominal supply voltage of 1.2 V, the proposed CT-DSM
consumed 19.5 uW of power at a sampling frequency of 6.2 MHz. With 100-
mVpp input signal, it achieves SNDR of 59 dB within a wide bandwidth of 10 kHz.
The corresponding FoMs is 147.1 dB and FoMw is 1.19 pJ/conv, demonstrating
a good noise performance and energy efficiency comparing to prior arts.

The design has been sent out for fabrication in commercial CMOS foundry.
The chip characterization results will be reported in our coming publications.
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Chapter 6

Summary and Future Works

6.1 Summary

In this thesis, circuits for high-resolution sensor interface of wearable health
monitoring are presented. The research focuses on two topics (1) relaxation
oscillator frontends for time-domain sensor interface and (2) VCO-based DSM
sensor interface. Three novel circuit structures have been presented. The

novelty and advantages of each design are summarized as follows.

1) High FOM RC Relaxation Oscillator with Energy Efficient Swing
Boosting

An RC oscillator with energy efficient swing boosting technique is proposed.
Timing capacitors are stacked up during discharging phase to achieve high
swing for low phase noise. Meanwhile, a novel energy efficient technique is
proposed to largely improve the energy efficiency from the traditional swing
boosting implementation. Implemented in 65-nm CMOS process, this 3.0 MHz
oscillator consumes 17.3 uW under 1-V supply, achieving -112 dBc/Hz phase
noise and 160.3 dBc/Hz FOM at 100-kHz offset frequency, which is very near to
benchmark FOM of 162.1 dBc/Hz.

2) Delay-locked RC Oscillator with Voltage-to-Delay Feedback

A novel voltage-to-delay feedback (VDF) technique is proposed for
frequency locking. This technique converts the frequency error due to circuit
delay change into a counteracting comparator delay change, compensating the
frequency error over cycles. Designed in 180-nm CMOS process. The frequency
inaccuracy is as low as 23.4 ppm/°C over 0°C - 90°C and +0.19%/V over 1.24
V — 1.5 V. This 1.6-MHz oscillator achieves -118.6 dBc/Hz phase noise at 100-
kHz offset, which is the much lower than previous relaxation oscillators with
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feedback circuit [47] [51].

3) Wide Input Range Wide Bandwidth VCO-based CT-DSM Bio-Signal
Recording Interface

A VCO-based DSM is proposed for direct conversion of input bio-potential
signal to output digital code without preceding amplifier stage. A feedback
architecture is proposed to increase the input linear range of the system up to
100 mVyp. The input bandwidth is also widened to 10 kHz by employ the OTA
frontend. Implemented in 65-nm CMOS process. The reported SNDR is 59 dB
(at BW=10 kHz) with FOMs of 147.1 dB and FOMw of 1.19 pJ/cycle. This topic
is still being studied and will be further developed for performance improvement

and integration with sensor.

6.2 Future Works

The current and future research focuses are described as below.

1) To integrate the relaxation oscillators with physical sensors to form a
complete sensor system.

The first topic targets to complete the sensor interface system by integrating
proposed current relaxation oscillator with real sensors and data-processing
digital backend. Examples such as [16] [6] are the goal for this task. To achieve
this goal, sensors will be chosen, and digital blocks will be added for output
bitstream generation. At system level, innovation in new system architecture will
be conducted. Notice that in [16], two identical relaxation oscillators are
employed, with one generating the reference clock and the other converting
sensor output into corresponding frequency. This almost doubles the power
consumption as compared to if there is only one relaxation oscillator. This
problem shall be addressed in future research.

2) To continue research on the VCO-based DSM for bio-signal recording.

This forms another important future research task since the VCO-based
DSM has demonstrated high suitability for bio-signal recording interface
applications and has generated promising results in many existing designs. The
design proposed in this thesis shall continue to be improved so as to

accommodate larger input range and to achieve better SNDR and power
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performances. To further improve the input range, one direct approach is to
optimize the current OTA block for higher linearity. As reported in [80], which
adopts similar 1t-stage OTA block and 5-bit feedback circuit as the proposed
design in chapter 5, the input range can be boosted to 360 mVpp,. This shows
the potential of circuit optimization in improving the input range. Another
approach is to utilize the bulk-driven architecture for OTA. Due to the lower bulk
transconductance as compared to the gate transconductance, the bulk driven
differential OTAs are able to handle larger input range while maintaining
linearity. Such OTA designs [86] [87] [88] demonstrate potential to be
implemented as the frontend of bio-signal recording interface. Meanwhile, there
is no compensation or technique proposed to minimize the low frequency
noises, such as flicker noise, in the current proposed design. This results in high
noise floor at low frequency region which degrades the SNDR. To solve this
problem, choppers will be implemented in the next version of the design. Also,
a better common-mode feedback circuit will be employed to minimize the impact
of possible bias drift which can contribute to the output distortion. Furthermore,
the power consumption of the current design can be reduced by adopting low-
voltage low-power amplifiers such as the one proposed in [89] which has
excellent power performance. Moreover, innovations on the phase quantizer,
such as the low-power phase extended quantizer in [90] and double noise
shaping quantizer in [91], will be conducted to further improve the FoMs and
FoMw performances. Other than making improvement on circuit block level, the
system level innovation such as higher order VCO-based DSM for higher SNDR

[92] will also be emphasized in our future research.

3) To further explore relaxation oscillator design for on-chip reference
application.

It is natural to extend the application of relaxation oscillator from sensor
interface to general on-chip clock reference due to its capability in generating
stable frequency under noise, supply and temperature fluctuations. While many
techniques have been proposed to reduce the impact of noise and supply on
the output frequency, the higher order temperature dependence of passive
resistor is still the major contributor to the frequency inaccuracy over
temperature changes. Therefore, the future research focus will involve the
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compensation of resistor's temperature dependence. This has been an
emerging trend in the field of relaxation oscillator research and some recent
works such as [63] [64] have already been reported with promising results. In
[63], a voltage ratio adjusting technique is proposed to compensate up to 2"
order temperature dependence, while in [64], the digital compensation method
is adopted to improve the overall frequency accuracy over temperature
variations. Both works achieve benchmarked frequency accuracy over
temperature variations, allowing them to operate within wide temperature range
which is essential for on-chip clock reference. Our existing designs only employ
18t order temperature compensated timing resistors, whose resistances still vary
with temperature due to higher order temperature dependent terms. Therefore,
this problem shall also be addressed in the future work.

In conclusion, there are plenty of rooms to further improve the sensor
interface circuit performance, from circuit block level to the system architecture
level. The journey of research on various sensor interface circuits design shall

be continued.
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