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imperfections in integrated circuit process technology because they cause degradations in the
ADC performance. In this thesis, noise-shaping techniques are used to mitigate analog
inaccuracies such as non-linearity and mismatch. These approaches are applied to ΔΣ analogto-digital based systems.
Two systems are presented in this work. The first is an architectural technique to highlight
the benefits of low power, highly digital VCO-based analog-to-digital converters. It overcomes

the limited SFDR due to VCO non-linearity. In this approach, a multi-loop delta-sigma (ΔΣ)
ADC architecture is introduced that has a multi-rated VCO-based ADC in its second stage. A
custom IC prototype of this architecture fabricated in a 130nm 1P8M CMOS process achieves
77.3dB signal-to-noise-ratio (SNR) over a 4MHz signal bandwidth with a power consumption
of 13.8mW.
The second system includes a new dynamic element matching (DEM) algorithm in the
reference generating circuit of a ΔΣ modulator. The most basic DEM algorithm known as data
weighted averaging (DWA) increases in-band noise due to intermodulation between the DEM
tone and quantization error. In the proposed technique, by completing an integer multiple of the
DEM cycles within one ΣΔ cycle, the DEM tone is moved to an integer multiple of the ΣΔ
sample rate. As a result, with no additional circuitry or power consumption, the new DEM
technique prevents any increase in the in-band noise. To prove its effectiveness, the DEM
algorithm is embedded in a temperature-to-digital Converter (TDC) which requires a high
precision reference. This TDC consists of a BJT-based temperature sensor followed by a 2ndorder feed-forward ΔΣ ADC as a readout circuit. It is fabricated in an 180nm 1P5M CMOS
process consuming 5µA current from 1.4V supply voltage achieving resolution of
25mK/Conversion.

©Copyright by Samira Zali Asl
May 1, 2015
All Rights Reserved

Architectural Solutions for Analog Imperfections
in ΔΣ Analog-to-Digital Based Systems

by
Samira Zali Asl

A DISSERTATION

submitted to

Oregon State University

in partial fulfillment of
the requirements for the
degree of

Doctor of Philosophy

Presented May 1 2015
Commencement June 2015

Doctor of Philosophy dissertation of Samira Zali Asl presented on
May 1, 2015.

APPROVED:

Major Professor, representing Electrical and Computer Engineering

Director of the School of Electrical Engineering and Computer Science

Dean of the Graduate School

I understand that my dissertation will become part of the permanent collection of Oregon
State University libraries. My signature below authorizes release of my dissertation to any
reader upon request.

Samira Zali Asl, Author

ACKNOWLEDGEMENTS
The work presented in this thesis could not have happened without the help and support of
many people. It was an honor to be part of OSU’s peaceful campus and SiTime friendly
environment while working on my thesis, especially because of the phenomenal people that I
had the privilege to meet.
I owe my utmost thanks and gratitude to my advisor and friend, Terri Fiez. Terri’s exemplary
leadership established a strong EECS department and her humility, integrity, and grace set an
amazing culture in whole building especially in KEC3040. She believed in me from the
beginning of this effort, and has been a constant source of encouragement throughout its
duration.
I am indeed indebted to EECS Professors’ instructions especially Dr. Karti Mayaram. He was
an honest assessor of my work … always caught me when I opened the “can of worms” in my
early group meeting presentations. He set the bar so high but was very patient with my progress.
His valuable advice and very intuitive grasp of circuit design helped me improve as a designer
as well gain confidence in my abilities. Dr. Pavan Hanumolu has been not only a fantastic and
patient teacher (for ECE520 and ECE599), but also a dedicated mentor. He spent so much time
with me as we were investigating multi-rated VCO based ADC. It was my honor to sit in Dr.
Gabor Temes classes learning the fundamentals while hearing the history of the progress in
delta-sigma modulators. I would like to thank Dr. Arun Natarajan for being member of my
committee and reader of my dissertation.

My colleagues at OSU provided a great deal of technical assistance and enriched my experience
with their friendships. I owe special thanks to Kelley’s earlier students. I always enjoyed my
technical discussion with Napong Panitantum, James Ayers and Omid Rajaee when being a
clueless junior student. Nima Maghari was another great mentor and confidant. Brian Young’s
early efforts in VCO-based ADC design laid a lot of the groundwork for my thesis project, and
played a crucial role in making it a success. Mohsen Nasrollahi guided me a lot to settle down
in Corvallis. In early days, I worked with Ronghau Ni and Mohsen for characterizing James’
RX and Napong’s TX where I learned a lot about lab work and PCB design. Sirikarn
Woracheewan, Amr Elshazly, Saeed Pourbagheri, Saurabh Saxena and Nima became my lifelong friends when we played, laughed and whine (sometimes!) in our graduate life ... Sirikarn
and I walked into Kelley’s corridors at obscene hours, spent innumerable days and nights
working on projects and exams. I will not forget the long-hours of fun! layout work with
Saurabh for our first tape-out. I would like to thank Chao Shi and Ankur Guha Roy to put me
in touch with SiTime CMOS team who played a crucial role for the last chapter of this work.
Fari Assaderaghi had faith in me and pushed me to wrap up my PhD work while working as a
full time designer. Vinod Menon helped me to build the link between OSU and SiTime and
solved many practical matters. Vinod was always there to help in tape-out practical problems
especially with his surprises about Specter and BDA licenses. Jim Salvia bravely accepted his
role as my mentor when I first joined SiTime as an intern. Later, he championed the 32kHz
project and saved the days when implementation obstacles arose. Hae-Chang Lee was a
sounding board for system issues, and helped me avoid pitfalls. Jintae Kim’s thoroughness in

his work was an amazing example that I still strive to replicate. Aaron’s interminable optimism
and fighting spirit toward research boosted my spirit on many occasions when I felt burnt out
from work. He generously and selflessly shared his knowledge about almost every conceivable
topic with me on countless occasions. Kofi Makinwa was a strong influence on my final choice
of TDC architecture and provided insight on practical issues of conventional DEM and a long
with Jim Salvia helped on investigating the proposed DEM algorithm. It was my honor to have
him consulting this work and being a committed advocate of my research. Shouvik Mukherjee
taught me many things about UNIX; he and Kimo Joo shared their knowledge helping me to
design the digital back-end circuitry. I learned how to do a proper layout from Mike Ludwig.
Niveditha Arumugam and Ravindhran Sankar helped me through the difficult task of evaluating
TDC and making TCXO devices for ISSCC paper. Meisam Roshan, Kamran Souri and
Rajkumar Palwai also deserve special recognition for all the help they have given me. Working
with them was an experience that was not only enriching but also lots of fun! Looking back, I
marvel at how well we worked together and supported each other, with volunteering our time
and effort to help each other and make the tape-out deadlines. In one sentence; my association
with SiTimees is something that I am so proud of and will cherish forever.
Ferne Simendinger and Nicole Thompson helped me through many administrative matters in
the EECS department; Mandana Hamidi and Hossein Mirzaei provided assistance in this area
as well while me being off-campus student.
I would like to thank my parents for their unlimited love, support, and encouragement through
many years. I only hope that I can make them proud in everything that I do. My siblings have

been my cheerleaders for as long as I can remember, and always believed in my abilities
whenever I was in doubt. Reza, my cousin (who I met for the first time when I moved to US on
my way to Corvallis) became my best cousin and friend … the highlight of my experience in
the US. He always supported me in the hard days of graduate school. However, if it was for
him, I should have quit pursuing PhD in IC design the very early days and doing a Masters
degree in computer science. :-) And finally, I’m forever thankful to my love and closest friend,
Payam, for his understanding and endless encouragement. He never stopped me from dreaming,
even from the ones which put us temporarily in long distance. Instead he let me fly to grow;
supported and believed in me from the beginning and finally helped in editing this thesis.
Payam, I can not wait until it is your turn to submit your thesis, and I hope I will be as much
help and hope to you as you were to me (although you set the bar pretty high).

CONTRIBUTION OF THE AUTHORS
Regarding the project presented in chapter 1: Samira Zali Asl, Dr. Karti Mayaram and Dr.
Terri Fiez defined the project. Dr. Pavan Hanumolu was involved in the top-level system.
Samira and Saurabh Saxena designed and simulated the circuits. All authors wrote the
manuscript.
Regarding the project presented in chapter 2: Samira Zali Asl, Dr. Jim Salvia and Dr. Terri
Fiez defined the project. Samira Zali Asl, Dr. Jim Salvia, Dr. Kofi Makinwa and Dr. Terri Fiez
designed the top-level system. Samira Zali Asl designed and simulated the circuit. All authors
wrote the manuscript.

TABLE OF CONTENTS
Page
1 Introduction............................................................................................................................ 1
1.1

Non-linearity challenges in modern noise-shaped modulators.................................... 3

1.2

Mismatch challenges in delta-sigma modulators......................................................... 6

2 A 12.5-bit 4MHz 13.8mW MASH ΔΣ Modulator with Multi-rated VCO-based ADC ...... 10
2.1

Introduction ............................................................................................................... 11

2.2

Background ................................................................................................................ 13

2.2.1

Multi-rating in ∆Σ Modulators ........................................................................... 14

2.2.2

VCO-based ADC as a Digitally Implemented ADC .......................................... 17

2.3

Proposed Multi-rate MASH topology ....................................................................... 21

2.4

Circuit Implementation .............................................................................................. 27

2.4.1

Switched capacitor implementation of the first stage ........................................ 29

2.4.2

Second Stage Circuit Implementation ................................................................ 33

2.4.3

Digital cancellation filter .................................................................................... 36

2.5

Measured Performance .............................................................................................. 38

2.6

Summary.................................................................................................................... 42

Bibliography ......................................................................................................................... 43
3 A Micro-Power Temperature-to-Digital Converter for use in a MEMS-based 32kHz
Oscillator.............................................................................................................................. 46
3.1

Introduction ............................................................................................................... 47

3.2

System Level Overview of 32kHz MEMS-based Oscillator..................................... 49

3.3

Temperature Sensor and Read-out Implementation .................................................. 51

3.3.1

Circuit Implementation ...................................................................................... 53

3.4

Proposed Dynamic Element Matching Algorithm .................................................... 58

3.5

Realization and Measurement ................................................................................... 60

3.6

Summary.................................................................................................................... 66

Bibliography ......................................................................................................................... 68
4 Conclusion ........................................................................................................................... 70
Bibliography ............................................................................................................................. 72

LIST OF FIGURES
Figure

Page

Figure 1-1: Block diagram of a typical sensor node. ................................................................. 1
Figure 1-2: Resolution vs. signal bandwidth for various ADC architecture [survey ADC]
overlaid with ADC requirement for different communication standards and sensors. .............. 3
Figure 1-3: (a) The VCO-based ADC. (b) The VCO-based ADC in the back-end of ΔΣ
modulator. .................................................................................................................................. 5
Figure 1-4: The multi-rate VCO-based MASH structure........................................................... 6
Figure 1-5: Progress in size reduction of 32kHz X and XOs. .................................................... 7
Figure 2-1: Block diagram of the conventional multi-rate single loop modulator................... 14
Figure 2-2: Block diagram of the multi-rate MASH structure. ................................................ 17
Figure 2-3: (a) Behavioral model of VCO based ADC, (b) Detail of phase quantizer and
differentiator. ............................................................................................................................ 18
Figure 2-4: The VCO-based ADC in the back-end of ΔΣ modulator. ..................................... 21
Figure 2-5: The multi-rate VCO-based MASH structure......................................................... 23
Figure 2-6: VCO nonlinearity effect in (a) the single loop, and (b) MASH structure. ............ 24
Figure 2-7: Switching between stages in (a) conventional multi-rated MASH, and (b) multirated MASH using VCO based ADC. ...................................................................................... 25
Figure 2-8: The block diagram of the implemented multi-rate structure. ................................ 27
Figure 2-9: Sensitivity of the designed modulator to the mismatch in digital cancellation filter.
.................................................................................................................................................. 28
Figure 2-10: Circuit implementation of the first stage in 1-1 MASH ∆Σ modulator. .............. 29

LIST OF FIGURES (Continued)
Figure

Page

Figure 2-11: Sensitivity of the designed modulator to the DC gain and unity gain bandwidth
of the integrator op-amp. .......................................................................................................... 32
Figure 2-12: The circuit implementation of a unit element of the 4-bit quantizer. .................. 33
Figure 2-13: The second stage schematic in 1-1 MASH ∆Σ modulator. ................................. 35
Figure 2-14: Circuit implementation of (a) The sense amp DFF circuit implementation
(DFF1), and (b) TSPC DFF (DFF2)......................................................................................... 35
Figure 2-15: Die photograph. ................................................................................................... 37
Figure 2-16: The 32k-samples measured output spectrum with input at 515kHz. .................. 38
Figure 2-17: Measured SNR and SNDR versus input amplitude for the modulator................ 40
Figure 2-18: Sensitivity of the measured performance to gain estimation in STF2 (Kvco). ... 40
Figure 3-1: Block diagram of the MEMS-based 32kHz clock generator in XO or TCXO
mode. ........................................................................................................................................ 49
Figure 3-2: Block diagram of PLL and its different configurations in XO, TCXO and low
power mode. ............................................................................................................................. 51
Figure 3-3: Block diagram of the temperature sensor. ............................................................. 51
Figure 3-4: Circuit diagram of the BJT core. ........................................................................... 54
Figure 3-5: Circuit diagram of the read-out circuit and timing diagram. ................................. 56
Figure 3-6: TDC timing diagram in duty-cycled mode............................................................ 57
Figure 3-7: Timing diagram of conventional and proposed DEM schemes. ........................... 59

LIST OF FIGURES (Continued)
Figure

Page

Figure 3-8: Power spectrum density for three cases: 1) DEM off 2) proposed DEM 3)
conventional DEM. As shown proposed DEM has similar noise performance as when DEM is
disabled..................................................................................................................................... 60
Figure 3-9: (a) Die photograph of 524kHz MEMS die and a 180-nm CMOS chip in (b) chip
scale package. ........................................................................................................................... 61
Figure 3-10: Transient current profile of entire chip when TDC conversion rate is
3samples/sec. ............................................................................................................................ 62
Figure 3-11: Energy per conversion versus resolution for different smart temperature sensors
using different sensing principles [39]. .................................................................................... 62
Figure 3-12: Frequency stability in (a) XO and (b) TCXO configurations. ............................ 63
Figure 3-13: TCXO response to temperature ramp. ................................................................. 64
Figure 3-14: Measured long term jitter in 2.5sec time stride for 100 TCXO devices. ............ 65

LIST OF TABLES

Table

Page

Table 2.1: Performance Summary. ........................................................................................... 41
Table 2.2: Performance Comparison. ....................................................................................... 42
Table 3.1: Performance summary of 32kHz TCXO device and comparison table. ................. 66

“If I should have a daughter…
I’m going to paint the solar system on the back of her hands so that she has to learn the entire
universe before she can say “Oh, I know that like the back of my hand”.
...
“And, baby,” I'll tell her,
when your boots will fill with rain, and you'll be up to your knees in disappointment. And those
are the very days you have all the more reasons to say thank you. Because there's nothing more
beautiful than the way the ocean refuses to stop kissing the shoreline, no matter how many times
it's sent away.
...
And yes, on a scale from one to over-trusting, I am pretty damn naive. But I want her to know
that this world is made out of sugar. It can crumble so easily, but don't be afraid to stick your
tongue out and taste it.”

Sarah Kay
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Introduction

Analog to digital converters (ADC) are indispensable building blocks of electronic systems.
They are found in RF receivers, sensor circuits, audio and video systems, medical
instrumentation and industrial solutions. A typical electronic system consists of an analog
frontend circuit followed by an ADC, a digital signal processor (DSP) and an output interface
circuit or memory. As shown in Figure 1-1, depending on the application, the front end
performs one or more combinations of sensing, amplification, filtering and frequency
modulation on the input signal. The ADC then converts the frontend output into digital data
bits. Further digital processing techniques are applied on the digital bits in the DSP and the
output is presented back to the real world through the interface circuit.

Figure 1-1: Block diagram of a typical sensor node.
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Most conventional ADCs, such as the successive approximation (SAR), pipeline, and flash
converter types quantize signals at, or slightly above, the Nyquist rate. Consequently, these
converters are often referred to as Nyquist rate ADCs. From the 1970s, delta-sigma modulation
has become quite popular for achieving high resolution in low to medium signal bandwidth.
One significant advantage of this method is that analog signals are converted using only 1-(or
few) bit ADC and followed by analog signal processing circuits with precision that is typically
much less than the resolution of the overall converters. One main reason that delta-sigma
modulation has gained popularity in the last few decades is that the advances in VLSI
technology has focused towards realizing high speed densely packed digital circuits. This has
made the digital processing of the bit stream possible and economical.
Figure 1-2 demonstrates the bandwidth and resolution tradeoffs of ADC architectures
overlaid with ADC requirements in different applications. The data for this plot is gathered
from the last 15 years of ISSCC and VLSI publications. As is evident from this figure, deltasigma ADCs attain the highest resolution for relatively low signal bandwidths.
This thesis deals with improving two main aspects of linearity and matching in delta-sigma
modulators used in relatively new applications. For each item a new solution is proposed and
its effectiveness has been shown in as part of a large system.
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Figure 1-2: Resolution vs. signal bandwidth for various ADC architectures [1] overlaid with
ADC requirement for different communication standards and sensors.

1.1 Non-linearity challenges in modern noise-shaped modulators
As modern wireless transceivers demand high data rates, the receiver must be capable of
processing wide bandwidth signals with relatively high signal-to-noise-ratio (SNR). In the
receiver baseband, the ADC plays a critical role in obtaining the target bit error rate (BER) and
sensitivity. As mentioned earlier, to achieve high accuracy, noise shaping ΔΣ modulators are
often exploited due to their inherent design flexibility. However, new architectures are needed
to maintain the signal bandwidth with optimum power consumption.
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Thanks to advances in VLSI technology; digitally assisted ADCs have been advanced to
address the new challenges in this area. VCO-based ADCs are an example of modern noiseshaped modulators which use high speed digital techniques [2]–[4]. This approach
demonstrated in recent works shows outstanding features such as first-order noise shaping
without having any op-amp based circuit, small area, and low power [4]. As shown in
Figure 1-3(a), consisting of a ring oscillator (VCO), D-flip flop (DFF) and an XOR gate, the
operating frequency can be much higher than for traditional op-amp based circuits. A primary
issue associated with the VCO is the non-linearity in the voltage-to-frequency conversion [4]–
[6]. In the stand-alone VCO-based ADC, this non-linearity appears at output as the harmonic
distortion. Therefore, this ADC has poor performance in terms of dynamic range. The nonlinearity can also be reduced by using the VCO-based ADC in a feedback configuration as
shown in Figure 1-3(b) or as the back-end of a ΔΣ modulator [4]. In Figure 1-3(b) the nonlinearity introduced by the VCO is high pass filtered and the suppression depends on the loop
filter order. For large input signal amplitudes, the non-linearity from the VCO increases. To
suppress the resulting distortion a prohibitively large loop gain is needed. Finally, in the single
loop architecture (Figure 1-3(b)), the sampling frequency is limited by the bandwidth/power
tradeoff of the loop filter. In other words, an increase in OSR is possible only at the expense
of increased power consumption. Consequently, the VCO-based ADC must be clocked at a
lower frequency which results in a higher in-band quantization error.
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Figure 1-3: (a) The VCO-based ADC. (b) The VCO-based ADC in the back-end of ΔΣ
modulator.
In view of these drawbacks, a multi-rate MASH ADC is realized by combining a
conventional first-order modulator with a VCO-based ADC as the second stage. The proposed
architecture, Figure 1-4 overcomes the limitations of the previous approaches. A low frequency
sampling clock in the first stage can be combined with a high frequency sampling clock in the
second stage without incurring a significant power penalty. In this structure, the quantization
noise error, e q1 , is input to the VCO. The small amplitude and signal independent nature of the
quantization noise error significantly reduces the VCO non-linearity effect. The architectural
details of the proposed structure are the subject of chapter 2.
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Figure 1-4: The multi-rate VCO-based MASH structure.

1.2 Mismatch challenges in delta-sigma modulators
As shown in Figure 1-1, a clock generator is one of the critical blocks in a sensor node to
process data in the digital domain. Timekeeping and low power functions are commonly
maintained by low-frequency oscillators which have historically been 32.768kHz (215 Hz).
Applications for clock generators include timing, smart metering, power conservative
clocking, and sensor interfaces. In mobile and other battery powered devices, 32kHz oscillators
are also employed in duty-cycling high power circuitry to prolong battery life. Key
requirements for this clock are frequency accuracy, PCB area and power consumption.
Generally moderate precision applications use quartz tuning fork crystals (X), or oscillators
(XO) [7]–[9], while high precision applications use temperature compensated tuning fork
oscillators (TCXO). They have a room-temperature accuracy of ±20ppm and show a
downward parabolic frequency curve of ~0.035ppm/C2, which causes a frequency error of
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about -150ppm at low and high temperature extremes. Smart metering and other precision
applications require more accurate reference clocks which can be targeted by temperature
compensated tuning fork crystals trimmed to maintain ±5ppm accuracy over temperature [10]–
[12]. Tuning fork oscillators are available in 3.2mmx1.5mm surface mount ceramic packages,
while TCXOs are larger, commonly constructed with tuning fork crystals embedded in leaded
plastic packages. Figure 1-5 shows the size reduction of 32kHz quartz oscillators over the past
three decades. Their rate of size reduction is likely slowing due to scaling limitations and
packaging/assembling difficulties [7]. However, the growth in portable devices is increasing
the demand for smaller footprint clock references.

Crystal
XO
This Work

Package Size (mm 2)

100

10

1
1980

1990

2000
Calendar Year

Figure 1-5: Progress in size reduction of 32kHz X and XOs.

2010

2015
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In the past decade, several MEMS-based oscillators (both XOs and TCXOs) have been
introduced [13]. They have been shown to match or outperform their quartz crystal
counterparts. This has been enabled by the development of long-term stable MEMS resonators
and temperature compensation circuit architectures [14], [15]. MEMS also have the advantage
of offering solutions in a smaller (specially thinner) form factor and integrated with CMOS.
The standard commercial MEMS resonator frequency varies by -31ppm/C [16]. For a TCXO
device, a temperature-to-digital converter (TDC) is needed to dynamically adjust the MEMS
frequency over temperature. Required resolution for this TDC is high (~15bit) to sense the
temperature variation and calibrate the frequency accordingly. Temperature change in the
environment is a slow process. Therefore, this sensor can have low bandwidth (<1kHz). As
described earlier, delta-sigma modulators can efficiently convert temperature to a digital word.
In addition to resolution, accuracy of this sensor is important to have commercial TCXO with
minimum test time. Therefore, any inaccuracy source must be minimized. One popular
technique to reduce the effect of mismatch in delta-sigma modulators is dynamic element
matching (DEM). However, the use of DEM translates any mismatch into periodic tones
which, when applied to a ΔΣ modulator, can inter-modulate with its bitstream causing the wellknown problem of quantization-noise folding [17], [18]. This, in turn, can significantly
increase the modulator’s in-band noise floor. Chapter 3 tackles the problem of mismatch in the
sensor block of the TDC modulator. A simple yet effective dynamic element matching (DEM)
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algorithm is proposed specific for time-based temperature-to-digital converters (TDC). This
algorithm improves the accuracy of the TDC with no penalty in noise performance.
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Abstract—A novel MASH delta-sigma (∆Σ) ADC architecture is introduced that has a multirated voltage controlled oscillator (VCO)-based ADC in its second stage. The architecture
allows for low power and high speed operation and is insensitive to the VCO linearity. A
prototype consists of a first-order switched-capacitor (SC) modulator operating at 100MHz in
the first stage followed by a second-stage VCO-based ADC operating at 1.2GHz. A custom IC
prototype of this architecture achieves 77.3dB signal-to-noise-ratio (SNR) over a 4MHz signal
bandwidth with a power consumption of 13.8mW from a 1.3V supply. It was fabricated in a
130nm 1P8M CMOS process. The resulting FoM is 298fJ per conversion.

2.1 Introduction
Smaller feature size and supply voltage in modern processes bring higher integration density
and reduced cost, higher speed and lower power consumption for digital circuits [19]. Analog
circuits can also get benefit from technology scaling but several limitations account for
relatively slow improvements over time [20]. The most fundamental reason is that the
simultaneous requirement of high speed, low distortion and low noise in the processing of
analog signals often comes with poor power efficiency. Moreover, the design of highly linear,
high dynamic range analog building blocks is a challenging task with decreasing supply
voltage and reduced intrinsic transistor gain in modern technologies. As the process scaling
boosts the transistor speed, the time accuracy is enhanced. This opened a new chapter in circuit
design to use time based techniques to get the desired performance in the past few years [2],
[3], [21]–[23] . VCO- based ADCs can be an example of using time based circuits in analog to
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digital converters [3]. This approach in recent works shows outstanding features such as first
order noise shaping without having any op-amp based circuit and small area and power. In
addition, both time resolution and speed of this type of converters is improving with technology
scaling. Therefore, VCO-based ADC can be a promising architecture for deep submicron
processors. However, it has limited dynamic range due to VCO non-linear characteristic [4].
[4]–[6], [23] introduced different techniques to reduce this non-linearity effect by using it in
the back-end of delta-sigma modulator or using calibration technique to compensate this nonlinearity. The non-linearity introduced by VCO in the back-end of delta sigma modulator, [4],
is high pass filtered and the suppression depends on the loop filter order. Having 2nd order
shaping by the loop filter in [4] still VCO non linearity is the dominant limitation for
performance.
In this paper, an alternative solution to highlight the benefits of this time based ADC
introduced is to use this type of ADC in the second stage of multi-stage noise shaping structures
(MASH). In MASH structures [24], the second stage is processing only quantization error from
the first stage. Therefore, unlike VCO-based ADC in the single loop [4], in this structure, eq1
is input to the VCO. The small amplitude and signal independent nature of the quantization
noise error significantly reduces the VCO non-linearity effect. In conventional MASH
architecture, the largest contributor to the power consumption is the first integrator since it
must be designed to meet the thermal noise requirements for the desired SNR. In addition,
errors from this stage are not shaped by the loop filter. Therefore, any imperfection in this
integrator severely degrades the performance [25]. An extension to the MASH architecture is
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the multi-rating technique [26]–[31]. This architecture has the advantage of distributing the
total power budget in an optimum way by using a low clock rate for the first stage and higher
clock rates for the later stages. However, the later stages are limited by the power/bandwidth
tradeoff of op-amp based circuits [26], [27].
In the proposed architecture, a multi-rate MASH ADC is combined with a VCO-based ADC
second stage to exploit the high frequency operation of the VCO without the limitation of op
amp based circuits in the same feedback loop and also without limitation on the performance
due to VCO non linearity [32]. The details of the proposed structure are the subject of the next
sections as follows. In Section II, the multi-rated MASH architecture is described and an
overview of the VCO-based ADC is provided. The details of the system level design of the
proposed structure are presented in Section III. In Section IV, the circuit implementation for
the experimental prototype is described. Measured results from the prototype modulator are
shown in Section V followed by conclusions in Section VI.

2.2 Background
The delta-sigma architecture presented in this paper exploits the concept of multiple clock rates
or multi-rate operation combined with a VCO-based ADC. A brief introduction into multi-rate
ADC structures is provided followed by a description of VCO-based ADCs.
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Figure 2-1: Block diagram of the conventional multi-rate single loop modulator.

2.2.1 Multi-rating in ∆Σ Modulators
The multi-rating technique allows for adapting the sampling clock frequency in the ∆Σ
converter, and thus expanding the design space for performance optimization. This technique
can be used in either single loop or MASH ΔΣ converters. In the case of a single loop modulator
as shown in Figure 2-1, the first integrator operates at a frequency (Fclk1) and other integrators
operate at a higher speed (Fclk2=mFclk1). The modulator output (Dout) is down sampled by
m before it is fed to the input of the modulator. This necessitates the use of a digital antialiasing filter, Hdown, and a multi-bit DAC even if a single bit quantizer is used in the feedback
path [27]. This adds complexity to the feedback path. This kind of feedback is not needed in
multi-rated MASH delta-sigma modulator structure as shown in Figure 2-2. Each stage in the
MASH or cascaded architecture operates independently since no inter-stage feedback is
required. This decoupling between stages makes multi-rating in MASH modulators more
attractive than in single loop modulators as the second stage can independently operates at
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difference frequency to get the desired performance for different applications [28]. By
decoupling the stages, it is possible to tailor the power and resolution of the individual stages
to meet the overall system requirements. However, matching the digital cancellation filter with
analog loop filter is critical and in most cases defines the performance.
A multi-rate MASH converter operates essentially the same way as conventional single-rate
MASH structures. The outputs of the individual stages are combined in the digital cancellation
filter so that, in the ideal case, only the last stage quantization error remains. The overall
quantization noise error is shaped by the noise transfer function (NTF) whose order is the sum
of the order of the stages. Examining the general N-stage multi-rated MASH structure, the
overall NTFMR is
𝑁𝑁

NTFMR = � �1 −
1

𝑂𝑂𝑂𝑂𝑂𝑂1 𝑛𝑛𝑖𝑖
−
𝑧𝑧 𝑂𝑂𝑂𝑂𝑂𝑂𝑖𝑖 �

(1)

where N is the number of cascaded stages, and ni and OSRi are the loop filter order and oversampling-ratio (OSR) of the ith stage, respectively. Comparing this expression to the
conventional single-rate MASH structure:

𝑁𝑁

NTFSR = � (1 − 𝑧𝑧 −1 )𝑛𝑛𝑖𝑖
1

reveals that in the multi-rated case the SQNR is improved by

(2)
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𝑖𝑖=𝑁𝑁−1

𝑂𝑂𝑂𝑂𝑂𝑂𝑖𝑖
��
𝑂𝑂𝑂𝑂𝑂𝑂1
𝑖𝑖=1
𝑂𝑂𝑂𝑂𝑂𝑂𝑁𝑁
+ (2𝑛𝑛𝑁𝑁 + 1)10log10 �
�
𝑂𝑂𝑂𝑂𝑂𝑂1

SQNR MR−SR = � �2𝑛𝑛𝑖𝑖 10log10 �

(3)

For a two-stage MASH ΔΣ with a first-, second-, and third-order second stage multi-rated
the SQNR ideally increases by 9dB, 15dB, and 21dB for each doubling in m, respectively.
However, there is a limitation on the performance improvement due to noise leakage from the
first stage.
As shown, increasing the second stage speed improves the performance. However, using
conventional op-amp based circuits in the second stage of the multi-rated modulator places
major limitations on the clocking speed and, therefore, the overall achievable performance of
the modulator. The multi-rating approach has been applied to both discrete-time (DT) [28] and
continuous-time (CT) ΔΣ modulators [29] and, in both cases, the second stage speed is limited
by the power/bandwidth tradeoff of the op-amp based circuits [26]–[29]. Multi-rating technique
has been recently applied to a cascaded hybrid CT/DT ΔΣ modulator where the double sampling
technique is used in the second stage to increase the speed of this stage [30]. The resolution is
improved but the second stage speed is still limited by the gain/bandwidth of the op-amps.
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Figure 2-2: Block diagram of the multi-rate MASH structure.

A VCO-based ADC [3] in the second stage has promising characteristics to overcome these
limitations and next an overview of these structures is provided to show how these two
techniques can be combined to develop a novel architecture.

2.2.2 VCO-based ADC as a Digitally Implemented ADC
The VCO-based ADC is a low power high speed time-based architecture [3]. Unlike
conventional ΔΣ modulators which consist of analog op-amp building blocks, the VCO-based
ADC uses high speed digital techniques consisting of a ring oscillator (VCO), D-flip flops
(DFF) and an XOR gate [4]. The operating frequency can be much higher than for traditional
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op-amp based circuits because digital building blocks take advantage of the process scaling. An
interesting feature of this kind of ADC is that it shapes the quantization noise without using any
op-amp based circuits.
As shown in Figure 2-3(a), the input signal, Vin, applied as a control voltage of the VCO
results in the corresponding frequency output. The digital output, Dout, is the number of stages
in the ring oscillator which toggle within one clock period of sampling frequency. A higher
analog input voltage results in higher operation frequency in the ring and, therefore, more
inverters output toggle in the oscillator producing a higher digital output.

(a)

(b)

Figure 2-3: (a) Behavioral model of VCO based ADC, (b) Detail of phase quantizer and
differentiator.
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To analyze this structure, we assume a sample and hold placed before the VCO and, for the
sake of generality, we consider a multi-phase VCO with N stages where the VCO phase taps
are delayed from one another by π/N. Larger number of toggling phases within the same
sampling clock period enhances the resolution. As shown in Figure 2-3(a), the VCO input
controls the output frequency of the ring. Each stage of ring is then fed into a phase quantizer.
The characteristic of this quantizer is shown in Figure 2-3(b). In each stage, when the inverter
output phase is between [-π, 0), the quantizer output is 0 and for phase between [0, π), it is 1.
For this case, the quantizer is realized using a D-flip flop (DFF). To determine whether the
outputs of the inverters have toggled within a specific clock cycle, the current output and
previous output are compared using an XOR gate. The total number of toggled outputs is the
digital output. The manual of system level simulation of VCO based ADC including all the
non-ideality effects can be found in [33].
Assuming a VCO-based ADC with an N stage ring oscillator and sampled input
of 𝑉𝑉𝑖𝑖𝑖𝑖 [𝑛𝑛𝑛𝑛] = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴(2𝜋𝜋𝑓𝑓𝑖𝑖𝑖𝑖 𝑛𝑛𝑛𝑛), in one clock period (T), the integrated phase (𝜑𝜑ʃ ) is:
𝜑𝜑ʃ [𝑛𝑛] = �

𝑛𝑛𝑛𝑛

(𝑛𝑛−1)𝑇𝑇

2𝜋𝜋(𝐾𝐾𝑉𝑉𝑉𝑉𝑉𝑉 𝑉𝑉𝑖𝑖𝑖𝑖 [𝑛𝑛𝑛𝑛] + 𝑓𝑓0 )𝑑𝑑𝑑𝑑

= 2𝜋𝜋𝐾𝐾𝑉𝑉𝑉𝑉𝑉𝑉 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴(2𝜋𝜋𝑓𝑓𝑖𝑖𝑖𝑖 𝑛𝑛𝑛𝑛)𝑇𝑇

(4)

+ 2𝜋𝜋𝑓𝑓0 𝑇𝑇

where KVCO, T and f0 are the VCO frequency gain factor, clock period and the VCO free
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running frequency, respectively. The residual phase from the previous sample (𝜑𝜑𝑒𝑒𝑒𝑒 [𝑛𝑛 − 1]) is
the initial phase for the next sample. Therefore the quantized VCO phase is:

Dout [n] =

𝑁𝑁
�2𝜋𝜋𝐾𝐾𝑉𝑉𝑉𝑉𝑉𝑉 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴(2𝜋𝜋𝑓𝑓𝑖𝑖𝑖𝑖 𝑛𝑛𝑛𝑛)𝑇𝑇
𝜋𝜋
+ 𝜑𝜑𝑒𝑒𝑒𝑒 [𝑛𝑛 − 1] − 𝜑𝜑𝑒𝑒𝑒𝑒 [𝑛𝑛]�

(5)

where 𝜑𝜑𝑒𝑒𝑒𝑒 [𝑛𝑛] is the phase quantization error of the nth sample. It is noted that the VCO input
is integrated over a clock period and the quantized output is ready on the next positive edge of
the sampling clock. Therefore, there is a delay in the signal path in VCO based ADC.
Considering this delay and combining (4) and (5) and examining its Z transform, the signal
transfer function is

STF =

𝐷𝐷𝑜𝑜𝑜𝑜𝑜𝑜 (𝑧𝑧)
= 2𝑁𝑁𝐾𝐾𝑉𝑉𝑉𝑉𝑉𝑉 𝑇𝑇𝑧𝑧 −1
𝑉𝑉𝑖𝑖𝑖𝑖 (𝑧𝑧)

(6)

A primary issue associated with the VCO is the non-linearity in the voltage-to-frequency
conversion [4]. In the stand-alone VCO-based ADC, this non-linearity appears at the output as
harmonic distortion. Therefore, this ADC architecture has poor performance in terms of
dynamic range. This limitation can be partially solved by significantly increasing the power
[9], [2], [10], [11].
The VCO-based ADC in a feedback configuration or as the back-end of a ΔΣ modulator as
shown in Figure 2-4 [4]. In Figure 2-4, the non-linearity introduced by the VCO is high pass
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filtered and the suppression depends on the loop filter order. For large input signal amplitudes,
the non-linearity generated from the VCO increases. To suppress the resulting distortion, a
prohibitively large loop gain is needed. However, at high input signal frequencies the loop
filter gain is reduced which leads to less suppression of the VCO non-linearity. Therefore, the
signal-to-noise-distortion-ratio (SNDR) of this ADC is input frequency dependent. Finally, in
the single loop architecture (Figure 2-4), the sampling frequency is limited by the
bandwidth/power tradeoff of the loop filter. In other words, an increase in OSR is possible only
at the expense of increased power consumption in the front end of this ADC. Consequently,
the VCO-based ADC must be clocked at a lower frequency which results in a higher in-band
quantization error and reduced SNR.

Figure 2-4: The VCO-based ADC in the back-end of ΔΣ modulator.

2.3 Proposed Multi-rate MASH topology
In view of the drawbacks of the previous approaches, a multi-rate MASH ADC is realized by
cascading a conventional delta-sigma modulator with a VCO-based ADC in the second stage
[32]. The proposed architecture shown in Figure 2-5, uses a low frequency sampling clock,
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Fclk1, in the first stage followed by a VCO-based ADC operating at a high frequency sampling
clock, Fclk2=mFclk1. The digital outputs of both the stages are combined in a digital
cancellation filter. Here, the output of the first stage is up-sampled by m and then filtered by
the signal transfer function of the second stage (STF2). The second stage digital output is
filtered by the first stage noise transfer function (NTF1). The excess delay introduced by the
VCO-based ADC is compensated in the digital cancellation filter. Finally, the overall
quantization noise shaping is determined by the order of the first stage loop filter plus the firstorder noise shaping of the second-stage VCO-based ADC.
In the proposed architecture, even though the second stage is operating at a much higher
clock frequency, the power requirements are very low because a digital VCO-based ADC is
employed. Additionally, using a VCO-based ADC in the second stage of the multi-rated MASH
structure overcomes the limited speed of this stage while providing first-order noise shaping
[32]. In the only fabricated multi-rated ADC presented in [28], the second stage speed is limited
to 320MHz with maximum multi-rating ratio of 4 whereas in the proposed architecture this
speed can go well beyond 1GHz.
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Figure 2-5: The multi-rate VCO-based MASH structure.
Unlike the conventional VCO-based ADC which processes the full input signal amplitude,
in this structure the input to the VCO is the quantization error from the first stage, eq1, shown
in Figure 2-5. The random nature of the quantization error prevents the non-linearity of the
VCO from causing harmonic distortion at its output. However, it will cause imperfect
cancellation of the first stage quantization error in the digital cancellation filter. The linearity
requirement of the VCO is further reduced if a multi-bit quantizer proceeds the VCO since it
reduces the input voltage range of the VCO. A behavioral simulation compares the nonlinearity effect of the VCO in two cases: one where the VCO-based ADC is used as the
quantizer in a single loop first order ΔΣ modulator operating at 1GHz and one where it is used
in the second stage of the MASH structure which is multi-rated by 5 times and operates at
1GHz. In the first case shown in Figure 2-6(a), the VCO non-linearity causes harmonic
distortion at the output and its effect reduces depending on the loop filter order and input signal
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frequency. In the MASH modulator case, Figure 2-6(b), the VCO non-linearity effect causes
imperfect cancellation of the quantization error of the first stage. The linearity requirement for
the VCO in the MASH structure is reduced to a smaller voltage range depending on the number
of bits in the first stage quantizer. Conversely, the conventional single loop ΔΣ modulator with
a VCO has a linearity requirement over the full input range.
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Figure 2-6: VCO nonlinearity effect in (a) the single loop, and (b) MASH structure.

Another interesting feature of using VCO-based ADC in the second stage MASH is
eliminating the up-sampler block between the stages. Multi-rating a switched capacitor
implementation in the second stage needs to have an up-sampler block between stages as
shown in Figure 2-2 [28]. This interpolates the first stage quantization error, eq1, by m times
where m is the multi-rating ratio. As depicted in Figure 2-7(a), eq1 is sampled on m parallel
capacitors at φ𝑢𝑢𝑢𝑢 . The samples are processed sequentially in m different phases of the clock
(φ𝑢𝑢𝑢𝑢1 − φ𝑢𝑢𝑢𝑢𝑢𝑢 ) shown in Figure 2-7(a). This block increases the loading on the first stage
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integrator and it needs to settle in an m times smaller sampling time which increases the
required gain-bandwidth and slew rate specifications of the first stage. This block also
constrains speed of the integrator and quantizer design in the first stage [28]. Also, the need
for different phases of clk1 complicates the clock generator design. In the proposed
architecture, eq1 is sampled as shown in Figure 2-7(b). The voltage across the sampling
capacitor is applied to the gate of the transistor to control the VCO frequency. This capacitor
holds the charge till the integrator output is settled and in the next rising edge of clk1 this
capacitor charge is updated to new value. The VCO continuously integrates the quantization
noise error, and therefore, unlike the conventional multi-rate MASH [28], no up-sampler block
is needed in the second stage input.

Figure 2-7: Switching between stages in (a) conventional multi-rated MASH, and (b) multirated MASH using VCO based ADC.
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One effective method to improve the SQNR in MASH architectures is to use an inter-stage
gain. The inter-stage gain, k, scales the first stage quantization error and later it can be
compensated in the digital cancellation filter. Using this, the SQNR of the system is improved
by 20log(k). However, this increases the output swing requirements for the second stage. In
the VCO-based ADC, applying the inter-stage gain in the voltage domain increases the required
linear working range of the VCO. Alternatively, this gain scaling can be accomplished by
scaling the VCO frequency gain factor.
In the stand-alone VCO-based ADC, the SQNRVCO can be derived assuming a front end
ADC with a sample and hold by [34]

where

SQNR VCO = 6.02𝑀𝑀𝑞𝑞 − 3.14 + 30 log(𝑂𝑂𝑂𝑂𝑂𝑂)

𝐾𝐾𝑉𝑉𝑉𝑉𝑉𝑉 2𝐴𝐴𝐴𝐴
𝑀𝑀𝑞𝑞 = log 2 �
�
𝑓𝑓𝑠𝑠

(7)

(8)

and fs is the sampling frequency, KVCO is the VCO frequency gain factor, A is the input signal
amplitude and N is the number of the stages in the VCO. Doubling the OSR in the conventional
first order ΔΣ modulator gives 9dB improvement in SQNR. While, as it can be determined in
(7), in the VCO-based ADC, keeping the KVCO fixed and doubling the OSR improves SQNR
by only 3dB. Therefore, to keep the performance same, KVCO needs to be doubled. However,
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the gain factor of 2KVCO/fs in (8) provides another degree of freedom in this ADC to improve
the SQNR.
With all mentioned benefits, this architecture still suffers from conventional multi-rate
MASH noise leakage problem. Depends on the desired performance the tolerance for this noise
leakage changes which will be discussed in the next section.

Figure 2-8: The block diagram of the implemented multi-rate structure.

2.4 Circuit Implementation
To illustrate the features of the multi-rate MASH with a VCO-based ADC in the second stage,
a very simple 1-1 multi-rated MASH ΔΣ modulator with multi-rating ratio of 12 has been
designed and implemented. Other combinations of a higher order first stage with varying the
multi-rating ratio were considered but the objective was to achieve greater than 80dB SNR in
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Figure 2-9: Sensitivity of the designed modulator to the mismatch in digital cancellation filter.

a 4MHz bandwidth with the simplest architecture possible. The block diagram of this prototype
is shown in Figure 2-8. The first stage consists of a discrete-time switched capacitor integrator
and an adder followed by a 4-bit quantizer. The feedback signal passes through a dynamic
element matching block to improve the linearity of the DAC. To meet the performance target,
the second stage consists of a 9-stage ring oscillator clocked at 1.2GHz while the first stage is
clocked at 100MHz. The details of the digital noise cancellation filter are shown in the shaded
area of Figure 2-8. To obtain the desired performance in the MASH structure, the analog filters
need to be matched with the digital cancellation filters. Any mismatch between these two filters
causes leakage of the quantization error of the first stage. Using the multi-rating technique
increases the sensitivity to this matching. Therefore, the first stage requires careful design.
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However, this matching requirement depends on the desired performance. A system level
simulation result is shown in Figure 2-9. In this simulation, the thermal noise power is limited
to -86dB in signal BW. As shown, to achieve SNR > 80dB in 4MHz signal BW the matching
requirement between analog and digital filters is +-3.5%. Next, the implementation details of
the circuitry of each stage are described.

Figure 2-10: Circuit implementation of the first stage in 1-1 MASH ∆Σ modulator.

2.4.1 Switched capacitor implementation of the first stage
The simplified single-ended SC-circuit schematic of the first stage is shown in Figure 2-10.
Low-distortion feedforward architecture [35] is used in this stage for two purposes. In this
structure, the integrator does not process the input signal and this reduces the required output
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signal swing of the integrator significantly. Another feature of this topology is that the delayed
version of the quantization error is available at the integrator output eliminating the need for an
extra DAC and subtraction operation where it still needs an extra op-amp. The adder block
swing can limit the amplitude of the applied input signal to the modulator, and consequently,
the achievable dynamic range. To overcome this, the gain scaling technique of [36] is used to
attenuate the adder output signal by a factor of 1/a as shown in Figure 2-10. This reduces the
swing requirement for the op-amp in the adder block. In addition, the feedback factor of this
block is improved and therefore reduces the power consumption. The achievable dynamic range
of the modulator is improved by a factor of a. To compensate for the gain factor of a at the
quantizer input, the quantizer references are scaled by 1/a. This technique relaxes the adder
block design but puts limitations on the quantizer input referred offset.
����𝑥𝑥 . During ����
Φ𝑥𝑥 ,
In Figure 2-10, the input is sampled when Φ𝑥𝑥 is high and integrated during Φ

the adder block performs the summation and resets on Φ𝑥𝑥 . The flash ADC makes the final

����𝑥𝑥 . The switch sizes are chosen to reduce the on-resistance
output decision at the end of phase Φ
thus providing enough settling accuracy within the operating phases. The bootstrapped switch

[37], specified as B-switch in Figure 2-10, assures the linearity in the input sampling over a
wide range of input amplitudes. Transmission gates (TG-switches) are used to implement the
16-level switched capacitor DAC. TG switches are also used for the adder block as the linearity
requirement here is more relaxed than the front end of the ADC. Considering the thermal noise
constraint, the input sampling capacitance of 1.5pF and a total of 1.5pF for the DAC sampling
capacitors are chosen. The input and DAC capacitors are separated to avoid signal dependent
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leakage to the DAC output voltages. As the thermal noise from the switching network in the
adder block is a smaller portion of the total thermal noise budget, the capacitor sizes in its
network are scaled down. Next, the circuit details of the main building blocks of this stage are
discussed.
The swing requirement for the op-amp in the integrator is relaxed due to the feed-forward
path and use of a multi-bit quantizer. A double cascode telescopic op-amp with switched
capacitor common mode feedback is chosen for the first amplifier in the first stage [38]. The
peak-to-peak single-ended output swing is 0.4V. As shown in Figure 2-11, for the desired
performance with some margin, the required open loop DC gain and unity gain bandwidth of
the first op-amp in all the PVT corners should be above 60dB and 400MHz. However, the opamp for this prototype is unnecessarily over-designed for an open loop dc gain of 65dB and
1.2GHz unity gain bandwidth over process corners while consuming 3.5mW with 1.3V supply
voltage. High swing and low gain op-amp requirements in the adder block are obtained with
the telescopic architecture with single set of cascode transistors consuming 2.4mW with the
same supply.
The 4-bit flash quantizer relaxes the linearity requirement of the VCO in the second stage.
The references of the quantizer are scaled down by a factor of a. Thus, the LSB size of this
quantizer can be derived by

LSB = (𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟+ − 𝑉𝑉𝑟𝑟𝑟𝑟𝑟𝑟− )⁄�𝑎𝑎(24 − 1)�

(9)
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Figure 2-11: Sensitivity of the designed modulator to the DC gain and unity gain bandwidth of
the integrator op-amp.

where (V ref+ - V ref- ) maps the full scale range of the quantizer. The values of V ref+ and V ref- are
1.4V and ground respectively which are implemented off-chip. Reducing the LSB while
keeping the 4-bit resolution requires reduced comparator input offset. A pre-amplifier and zero
offset cancellation technique are used to reduce the offset from latch stage and the pre-amplifier.
Simulations with the sampling circuit show that the overall input-referred offset of the
comparator in the worst case is less than quarter an LSB. Figure 2-12 depicts one unit of the
quantizer block. The offset cancellation block samples the reference minus offset voltage of the
pre-amplifier during Φ𝑥𝑥 .It amplifies its input during �����
Φ𝑥𝑥 and at the end of this phase, the
comparator output is latched. The capacitor, C OC , is sized by considering the pre-amplifier input
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capacitance, the time constant introduced by C OC , and the resistors in the resistive ladder. The
DAC mismatch errors are reduced using data weighted averaging [39], [40].

Figure 2-12: The circuit implementation of a unit element of the 4-bit quantizer.

2.4.2 Second Stage Circuit Implementation
The second stage of the modulator consists of an op-amp controlled 9-stage current starved
inverter-based ring oscillator and digital blocks as shown in Figure 2-13. The inverter-based
VCO has the advantage of being very compact with high switching speed and it is easy to
implement more bits by increasing the number of inverters in the oscillator. The second stage
is realized as a single-ended topology to reduce the power consumption. A four-input op-amp
configuration in the VCO translates the differential signal from the first stage to a single-ended
output signal. The VCO voltage-to-frequency characteristic is 7.2-bit linear across process
corners. The linearity of the VCO is evaluated in simulation by applying a sine-wave input with
100mV amplitude and frequency of 1MHz. In this implementation of the VCO-based ADC
where the number of toggled inverter outputs determines the digital output, the VCO oscillation
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frequency must be less than half of the sampling frequency (F clk2 ) [4]. For test purposes, the
V DDT and I T of the VCO are controlled off-chip as shown in Figure 2-13. This provides the
option during testing of running the second stage slower and characterizing its effect. To avoid
loading the oscillator output, a buffer has been added to each phase of the oscillator. A 3-bit
phase quantizer, consisting of nine sense-amplifiers shown as DFF1 in Figure 2-13, samples
the phase of the VCO stages at the rising edge of the clk 2 . The DFF1 shown in Figure 2-13
quantizes the VCO output phase and as its input is asynchronous with the sampling clock, the
sense-amplifier D-flip flop is used to reduce meta-stability problem. Its circuit implementation
is shown in Figure 2-14(a). The DFF2 and XOR gate realize the differentiator block in the
VCO-based ADC structure [4]. Unlike DFF1, DFF2 has a synchronized input and therefore the
TSPC DFF structure is used in its design shown in Figure 2-14(b). In the VCO-based ADC, the
gain factor (K VCO ) corresponding when its input voltage is translated to frequency can be set in
a way that the full range of its quantizer is used. In this prototype, the designed K VCO is
2.3GHz/V.
The digital output of the second stage is the number of toggled inverter outputs in the ring
which is a thermometer code. The thermometer coded output of the VCO-based ADC is
converted to a binary code by a thermometer-to-binary decoder, which is implemented with
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Figure 2-13: The second stage schematic in 1-1 MASH ∆Σ modulator.

(a)

(b)

Figure 2-14: Circuit implementation of (a) The sense amp DFF circuit implementation (DFF1),
and (b) TSPC DFF (DFF2).
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ones-counter approach [41]. In this design, we use a tree of full adders (FAs) that reduces the 9
inputs to 4 outputs. Each signal passes through the same number of full adders, where each
input has approximately the same propagation delay to the output. However, the speed of the
input bits is 1.2GHz. To control the propagation delay of this decoder, each stage of the decoder
is pipelined with DFFs so that each stage operates in one clock cycle. So for three stage decoder,
the propagation delay is three delay clock cycles. These delays should be cancelled in the digital
cancellation filter.

2.4.3 Digital cancellation filter
For the prototype design, the digital outputs of the two stages are combined off chip to cancel
out the first stage quantization noise error. The first stage digital output is delayed by one clock
period corresponding to the delay introduced to the feedforward quantization noise as shown in
Figure 2-8. Next the first stage digital output is up-sampled by the multi-rating ratio 12, delayed
by three cycles of the second stage clock to account for the second stage decoder delay, and
then filtered by the STF derived in (6) for the VCO-based ADC. In this prototype, the STF of
the second stage VCO based ADC is manually tuned. Other researchers have demonstrated
integrated approaches for estimating the VCO gain that can be used for implementations
targeted to high volume manufacturing [42].
The second stage digital output is filtered by the NTF of the first stage, (1-z-1), shown in

37

Figure 2-8. Since this filter is running at the higher clock rate, F s2 , the power consumption of
the second stage filter will be higher than in single clock MASH ADCs. However, this
architecture introduces a new family of delta sigma modulators that relies more on digital circuit
performance and as a result it is well suited to integration in deep submicron processes.

Figure 2-15: Die photograph.

38

2.5 Measured Performance
The prototype chip was fabricated in a 130nm 1P8M CMOS process. Figure 2-15 shows the
die photograph which has a size of 2.1mm x 1.8mm. The total active area is about 0.7mm2. As
shown in Figure 2-15, the area of the second stage is much smaller than the individual blocks
of
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Figure 2-16: The 32k-samples measured output spectrum with input at 515kHz.

the first stage. The total power consumption is 13.8mW excluding the output buffers. The
sampling clock frequency at the output is 1.2GHz for both stages while the first and second
stages operate at 100MHz and 1.2GHz, respectively. The digital output samples are captured
using a logic analyzer. The 32k-samples measured output spectrum using a Hann window with
-4.45dBFS (full scale of 1.4V) input signal at 515KHz is shown in Figure 2-16. The measured
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SNDR is 77dB for a 4MHz signal bandwidth. Here, the notches at n.F clk1 , n = {1, 2, 3,...,6},
result from the up-sampling of the first stage digital output by twelve times. It is observed that
the harmonics are approximately 91dB below the fundamental. Figure 2-17 shows the measured
SNR and SNDR of this modulator with respect to the input amplitude where the best
performance is achieved with input of -4.45dBFS amplitude. The coefficient of STF 2 in the
digital cancellation filter is tuned manually for the maximum SNR. Figure 2-18 shows the
sensitivity of the performance to this coefficient. The total power dissipated in the first and
second stages is 12.7mW and 1.1mW, respectively. These numbers include first stage loop
filter, 4-bit quantizer and DAC, the adder block, clock generator and VCO based ADC. The
digital cancellation filter as mentioned before is implemented off-chip. Table 2.1 summarizes
the measured performance of the prototype ADC. This results in an ENOB of 12.5bits and the
Power

figure of merit �FoM = 2BW.2ENOB � of 298fJ per conversion. Table 2.2 compares this design
with state-of-the art delta sigma modulators.
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Figure 2-17: Measured SNR and SNDR versus input amplitude for the modulator.

Figure 2-18: Sensitivity of the measured performance to gain estimation in STF2 (Kvco).
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Technology
Sampling Frequency
Signal Bandwidth
Input Signal
Peak SNR/SNDR/SFDR
Chip/Active Area
V DD
1st / 2nd stage Power
FoM
Table 2.1: Performance Summary.

IBM 130nm CMOS
100MHz / 1200MHz
4MHz
-4.45dBFS @ 515kHz
77.3dB / 77dB / 91.6dB
3.8mm2 / 0.7mm2
1.3V
12.7mW / 1.1mW
298fJ/Conversion
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Reference

[23]

[4]

[5]

[6]

[28]

[43]

[44]

[45]

This work

SNDR(dB)

72

72

78.1

77.8

65

73.7

78.2

81

77

BW(MHz)

2

10

20

4.5

2

5.33

1.04

4.2

4

Power(mW)

2.6

40

87

17

6.83

13.9

2.9

15

13.8

Fs(MHz)

128

950

900

1150

-

64

50

60

100/1200

Area(mm2)

0.4

0.42

0.45

0.07

-

1.3

0.44

3.67

0.7

Process(nm)

90

130

180

65

90

180

180

180

130

FOM(pJ/conv.)

0.28

0.614

0.331

0.297

1.17

0.329

2.09

0.194

0.298

Structure

VCO

∆ΣCTVCO

∆ΣCTVCO

VCO

∆ΣSCmultrating

∆Σpipeline

∆Σ

∆Σ -TI

∆ΣSCmultirating

Table 2.2: Performance Comparison.

2.6 Summary
In the proposed architecture, a multi-rate VCO-based MASH structure is presented. Employing
a VCO-based ADC in the second stage of the MASH significantly reduces the power of the
modulator without compromising the performance. This architecture overcomes the speed
limitations of prior multi-rating techniques. The reduced amplitude and signal independent
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nature of the VCO input minimize the VCO non-linearity and the overall harmonic distortion.
The 1-1 MASH architecture is implemented in a 130nm CMOS process and achieves 77dB
SNDR in a 4MHz signal BW with 100MHz and 1.2GHz sampling frequencies in the first and
second stages, respectively. It consumes a total power of 13.8mW from 1.3V supply voltage.
This results in a FoM of 298fJ/conv. The high SNR achieved in this work points to the strength
of the VCO-based ADC architecture, which provides efficient reduction in the quantization
noise through its high speed operation.
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Abstract_This paper describes the design of a low-power energy-efficient temperature-todigital converter (TDC) intended for the temperature compensation of a 32kHz MEMS-based
oscillator (TCXO). The compensation scheme enables a frequency stability of ±3ppm over
temperatures ranging from -40 to 85°C. The TDC consists of a NPN-based temperature sensing
element and a 15-bit 2nd order ΔΣ modulator. A novel dynamic element matching (DEM)
scheme ensures that DEM tones do not inter-modulate with the modulator’s bit-stream, thus
improving the TDC’s accuracy without impacting its resolution. The TDC occupies 0.085mm2
in a 180nm CMOS process, draws less than 4.5µA from a 1.5 V to 3.3V supply, and achieves
a resolution of 25mK in a conversion time of 6msec. This corresponds to a figure of merit of
24pJ°C2.

3.1 Introduction
Low power systems such as mobile and wearable devices often use micro power 32.768kHz
oscillators to track time of day and duty-cycle higher power circuitry. Key specifications for
such oscillators are their PCB foot-print, frequency accuracy and power consumption.
These functions have previously been based on 32kHz quartz-crystal tuning fork resonators.
Further reducing the size of the crystals is challenging [7], while improving the frequency
stability has significantly increased the required PCB area and power consumption [10], [11].
A promising alternative is the use of 32kHz oscillators (XOs) based on MEMS resonators [46],
which offer a small foot-print (1.55mmx0.85mm) together with moderate frequency stability
(100ppm from -40°C to 85°C).
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To address smart metering and other precision applications, greater stability can be achieved
with the help of temperature compensation engine. In a previous implementations of such a
temperature-compensated oscillator (TCXO), however, the temperature compensation scheme
was the most power hungry part of the system [10], [15]. As a result, they had to be heavily
duty-cycled (1sample/min [10], 1sample/10sec [15]) to reduce their average current
consumption, at the expense of limiting their ability to track rapid changes in ambient
temperature.
In this paper, we describe the design of a temperature compensation engine used in a 32kHz
MEMS-based oscillator. It is optimized for small size, high stability and low power. By low
power consumption, it can be operated at 3samples/sec, thus dramatically improving the
temperature tracking capability compared to previous works.
The temperature compensation engine consists of a temperature-to-digital converter (TDC),
whose output is used to digitally scale the oscillator’s output frequency via a 3rd order
polynomial function. The TDC employs a BJT-based sensing element and a 2nd order deltasigma (ΔΣ) modulator which together produce a digitized representation of temperature. To
improve its accuracy and stability, the TDC employs several dynamic correction techniques.
These include correlated double sampling (CDS) in the modulator’s first integrator, chopping
at the system-level and dynamic element matching (DEM) of the BJT-biasing current sources.
Section 2 describes the top-level architecture of the 32kHz MEMS-based oscillator. Section
3 discusses the implementation of the temperature sensor, while Section 4 describes the
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proposed DEM algorithm. Measurement results are shown in Section 5, followed by
conclusions.

Figure 3-1: Block diagram of the MEMS-based 32kHz clock generator in XO or TCXO mode.

3.2 System Level Overview of 32kHz MEMS-based Oscillator
A simplified block diagram of the sub-μA MEMS-based oscillator is shown in Figure 3-1. A
524kHz MEMS resonator and sustaining amplifier provide a frequency reference to a
programmable fractional-N synthesizer, which in turn generates an accurate 32kHz output. This
architecture addresses two challenges: (a) initial frequency offset due to process variations in
the MEMS resonator, and (b) frequency variation of the resonator over temperature. In XO
mode, a fractional-N synthesizer compensates frequency offset using a digital ΔΣ modulator
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(DSM), while in TCXO mode, the compensation engine corrects for the MEMS oscillator’s
temperature drift.
Figure 3-2 shows a detailed block diagram of the fractional-N PLL and the compensation path.
In XO mode, the target frequency of 32.768kHz is achieved by appropriately setting the
fractional value of the 2nd order digital ΔΣ modulator (DSM) during factory calibration. The
following integer-N PLL then low-pass filters the quantization noise produced by the
modulator. In TCXO mode, TDC and 3rd order polynomial additionally compensate for
frequency variation over temperature. The polynomial coefficients are determined during
factory calibration and are stored in an on-chip non-volatile memory (NVM).
This fractional-N PLL differs from the classical ΔΣ fractional-N PLL in two specific points.
First, the multi-modulus frequency division, under the control of a digital ΔΣ modulator, is
performed in a pre-driver rather than in the PLL feedback path. Second, the output is tapped
from the integer divider in the feedback path rather than from the VCO itself. Performing the
fractional division in the reference path means that the pre-divider output is 32.768kHz which
allows the PLL to be disabled and bypassed in XO mode to reduce current consumption in low
power mode. The output of the pre-divider is at the target frequency but it carries the ΔΣ
modulator’s quantization noise. This noise is not detrimental in applications that count pulses,
e.g. 32,768 pulses to define one second. In applications where the jitter needs to be low and
where a moderate power increase is acceptable, then integer-N PLL can be turned on to filter
out this noise. As shown in Figure 3-2, the integer-N PLL is a charge-pump based type II PLL
[47] optimized for low power consumption.
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Figure 3-2: Block diagram of PLL and its different configurations in XO, TCXO and low power
mode.
In the described TCXO system, TDC noise is the dominant source of low frequency jitter.
For some RF applications, the TDC noise must be below 50mK/Conversion to keep long term
jitter of 32kHz output clock below a specified 2µsec in 2.5sec time period.

Figure 3-3: Block diagram of the temperature sensor.

3.3 Temperature Sensor and Read-out Implementation
To achieve TCXO frequency stability, a low-power energy-efficient TDC is required. For this,
a NPN BJT-based front end is combined with a switched capacitor (SC) ΔΣ modulator as shown
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in Figure 3-3. Such TDCs are known to achieve the best combination of accuracy and energy
efficiency [48]. Inaccuracies of less than ±0.25°C have been achieved from -55°C to 125°C,
while dissipating less than 10µW [49], [50].
As illustrated in Figure 3-3, the heart of the TDC consists of two identical NPNs biased at
a collector current ratio of p. The resulting base-emitter voltage, V BE , has a negative
temperature coefficient of approximately -2mV/°C and can be expressed as follows:
I
VBE = η. �kT�q�. ln( C�I )
S

where 𝜂𝜂 is a process dependent non-ideality factor (≈1), k is the Boltzmann constant, q is the

electron charge, T is the temperature in Kelvin, I C and IS are the collector current and the NPN’s

saturation current, respectively. The difference between the two BJT’s base-emitter voltages is
proportional-to-absolute temperature (PTAT):
ΔVBE = VBE2 − VBE1 = η. �kT�q�. ln(ρ)

The linear combination of VBE (CTAT) and ΔVBE (PTAT) generates a band-gap voltage of
where α is a fixed gain factor.

VBG = VBE1 + α. ΔVBE

As in [51], both VBE and ΔVBE can then be applied to a charge-balancing 2nd order ΔΣ

modulator, which generates a bit-stream whose average value is proportional to (α.ΔVBE)/V BG .

To save power, the modulator is operated in incremental mode, i.e. the integrators are initially
reset and then the modulator is clocked for a fixed number of cycles. In this design, the
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following decimation filter produces a temperature reading with a resolution of 25mK from 192
samples of the modulator’s bit-stream. A 1Hz digital filter is implemented at final stage to filter
TDC noise further.
To achieve the best possible energy efficiency, the contributions of BJT-core, kT/C and
quantization noise sources to the TDC’s noise were carefully balanced with the help of the
CppSim system-level simulator [33].

3.3.1 Circuit Implementation
Figure 3-4 shows sensor’s front-end. It consists of two identical NPNs biased at a 1:6 current
ratio. NPNs were used instead of PNPs for two reasons. First, because their forward current
gain is higher in the chosen process, which reduces errors due to voltage drops across their base
resistances. Second, because their collector currents can be accurately defined, which translates
into lower spread [49]. The bias circuit uses two NPN transistors, again biased at the same
current ratio, to force the resulting ΔV BE across a resistor (R E ), and thus generate an accurate
PTAT current IBias with value of 10nA at room temperature. Since the bias currents directly
set the NPNs’ collector currents, the temperature dependence of I Bias doesn’t impact the
accuracy of ΔV BE . However, it does impact the curvature of V BE , and hence the sensor’s nonlinearity. Compared to the use of a temperature-independent bias current, the use of a PTAT
current results in lower non-linearity [51].
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Figure 3-4: Circuit diagram of the BJT core.
The TDC is based on a single-bit feed-forward 2nd order switched-capacitor (SC) ΔΣ
modulator. As shown in Figure 3-5, its main components are two SC integrators and a 1-bit
quantizer. Both integrators are based on folded-cascode OTAs, with the first OTA gainboosted to improve its DC gain. Depending on the quantizer’s output (Bit out ), the modulator’s
next input is either -V BE 1 (Bit out =1) or α.ΔV BE (Bit out =0) [51]. This charge-balancing scheme
ensures that the average value of Bit out is equal to the desired ratio (α.ΔV BE )/(V BE +α.ΔV BE ).
As shown, -V BE is integrated during a single clock cycle, while ΔV BE is integrated over α clock
cycles [52]. In other words, each ΔΣ cycle takes either 1 or α clock cycles, when Bit out is 1 or
0, respectively. This scheme only requires one unit sampling capacitor (Cs), which avoids the
extra area and mismatch errors associated with implementing α with multiple sampling
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capacitors [51]. It also ensures that the first integrator’s closed-loop gain is fixed, irrespective
of the modulator’s state.
Several dynamic techniques are used to improve the TDC’s accuracy. Mismatch in the
current sources impacts the accuracy of ΔV BE . Even with careful layout, a relative current ratio
mismatch in the order of 0.1% can be expected, which leads to an error of more than 100mK
at room temperature [53]. Therefore, dynamic element matching of the seven current sources
in the bipolar core (see Figure 3-4) is essential to mitigate their mismatch for an accurate ΔV BE .
The first integrator’s offset and flicker noise are mitigated by employing correlated double
sampling (CDS) [54]. To mitigate charge injection errors, the 1st integrator employs a fully
differential structure using minimum size switches. Any residual offset is then removed by
system-level chopping, which is implemented by separating a full TDC conversion into two
half conversions with requisite polarity inversions in the BJT core and at the quantizer output
[50]. To provide a differential input to the first integrator, the positions of the current sources
are swapped during the two phases of each ΔΣ clock cycle. This simultaneously averages out
the mismatch between the two BJTs [49].
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Figure 3-5: Circuit diagram of the read-out circuit and timing diagram.

The TDC’s overall timing diagram is shown in Figure 3-6. The integrators of the modulator
are reset at the start of each incremental ΔΣ conversion. To implement system level chopping,
the TDC performs two consecutive conversions and averages the results. For each conversion,
the modulator runs for 192 cycles, producing Bit out which is fed into the decimation filter.
The total current consumption of the implemented TDC is 4.5µA operating at a 262kHz
sampling clock. Of this, 1.5µA is consumed by the front-end, 1.7µA is dissipated by the loop
filter and 0.8µA is used by the decimation filter, the digital filter, and the clock generator. One
full TDC conversion requires 6ms at room temperature. The TDC achieves a resolution of
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25mK(rms) leading to a figure of merit (Energy/ConversionxResolution2) of 24pJ°C2. This
compares favorably with the state of the art [48].
To meet the 1µA total-current-consumption target for TCXO part, the TDC is duty-cycled
to reduce its average current consumption. However, the use of duty-cycling leads to a tradeoff between temperature tracking accuracy and power consumption. Applications require a
frequency error of < 1ppm in the presence of temperature ramps of ±1°C/sec. To meet this, the
TDC’s update rate is set to 3samples/sec as shown in Figure 3-6. This results in an average
current of 150nA. As shown in Figure 3-6, clock gating is used to prevent power dissipation in
digital circuits when the TDC is not being used.

Figure 3-6: TDC timing diagram in duty-cycled mode.
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3.4 Proposed Dynamic Element Matching Algorithm
Applying DEM to the front-end current sources significantly improves the effective matching.
However, the use of DEM translates any mismatch into periodic tones which, when applied to
a ΔΣ modulator, can inter-modulate with its bitstream causing the well-known problem of
quantization-noise folding [17], [18], [55]. This, in turn, can significantly increase the
modulator’s in-band noise floor. Previous designs mitigated this effect by randomization [55]
or by the use of bitstream-controlled DEM [17]. However, these techniques do not guarantee
that each conversion corresponds to a full DEM cycle and so suffer from residual mismatch
error [53]. In this work, these shortcomings are addressed by a novel DEM implementation.
The associated timing is illustrated in Figure 3-7, which compares the timing of the proposed
and traditional DEM schemes for the case when the current ratio p=6. Since a complete DEM
cycle requires (p+1) clock cycles, it can be combined with the α clock cycles required to
integrate ΔV BE . Choosing α = n.(p+1), where n=1,2,3,…, insures n full DEM cycles can be
completed during exactly one ΔΣ cycle, thus avoiding any quantization-noise fold-back.
Additionally, in one TDC conversion, there is no residual mismatch error since in such errors
are averaged out during each ΔV BE cycle.
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Figure 3-7: Timing diagram of conventional and proposed DEM schemes.

To demonstrate the effectiveness of the proposed DEM algorithm, a 1% random mismatch
was intentionally added to the current sources in simulation. A transient noise simulation
showed that with a conventional DEM scheme, the TDC’s in-band noise increased to
150mK(rms), whereas with the proposed scheme the in-band noise was restored to 25mK(rms).
This is further highlighted in Figure 3-8, in which the standard deviation of the random
mismatch was set to 10% for three cases: (1) DEM disabled, (2) according to the proposed
algorithm and (3) a conventional DEM scheme. It can be seen that compared to the situation
without DEM and the situation with the proposed scheme, which were at essentially the same
level, the conventional DEM scheme increased the noise floor by 20dB.
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Figure 3-8: Power spectrum density for three cases: 1) DEM off 2) proposed DEM 3) Data
weighted averaging DEM. As shown proposed DEM has similar noise performance as when
DEM is disabled.

3.5 Realization and Measurement
Figure 3-9(a) shows the 180-nm CMOS die with an area of 1.2mm2, and the MEMS die with
an area of 0.17mm2. On the CMOS chip, the PLL, TDC and OSC consume 0.3 mm2, while the
digital including the 3rd order polynomial correction logic occupies 0.5mm2. To minimize the
package size, the MEMS resonator is flip-chip bonded to the CMOS die in a 1.55mmx0.85mm
chip-scale package (CSP), as shown in Figure 3-9 (b). In this packaging, epoxy under-fill is
applied between two dies to fully insulate the MEMS-CMOS interconnections, leaving the
complete package fully compatible with standard lead-free PCB assembly processes.
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Figure 3-9: (a) Die photograph of 524kHz MEMS die and a 180-nm CMOS chip in (b) chip
scale package.

With a 3.3V supply voltage, the measured average current of the chip is 1.0µA with a 32kHz
output and no external load, of which the temperature compensation consumes less than 150nA
on average. Figure 3-10 displays the chip’s dynamic current consumption, which can be seen
to have a peak value of 5.5µA. The implemented TDC consumes 4.5µA operating at a 262kHz
sampling clock. During each conversion, it takes 1ms for the BJT core and modulator to
initialize, 6ms for two half-conversions at 25°C, and 2msec to evaluate the polynomial. After
each conversion, the TDC and compensation engine sleep and are turned on every 330ms
(3samples/sec) by a low power wake-up circuit that runs continuously. The TDC achieves a
resolution of 25mK (rms) leading to a figure of merit (Energy/ConversionxResolution2) of
24pJ°C2. Figure 3-11 compares the sensor’s performance in terms of energy/conversion and
resolution with several other smart temperature sensors [48]. The FoM is improved a lot
compared to last NPN design [49].
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Figure 3-10: Transient current profile of entire chip when TDC conversion rate is 3samples/sec.

Figure 3-11: Energy per conversion versus resolution for different smart temperature sensors
using different sensing principles [48].
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As shown in Figure 3-12 (a), the measured frequency stability over temperatures ranging
from -40°C to 85°C is better than ±100ppm for 28,000 XO devices. With only room temperature
calibration, the initial accuracy of the XO devices is within ±3ppm. From Figure 3-12 (a), it can
also be seen that the resonator frequency spread can be more than 50ppm at the temperature
extremes. This means that to realize a TCXO with a stability of a few ppm, each device should
be individually trimmed at factory level. As shown in Figure 3-12 (b), the measured frequency
accuracy improves to ±3ppm for 28,000 TCXO devices after individual trimming at five
temperature points at wafer level. It should be noted that trimming will not compensate for the
effects of ageing and the mechanical stress due to packaging. These are mitigated by the use of
dynamic correction techniques such as DEM, CDS and chopping in the TDC. With these
techniques in place, the oscillator’s solder-down shift is less than ±1.5ppm over the temperature
range of -40°C to 85°C, despite the use of chip-scale packaging.

Figure 3-12: Frequency stability in (a) XO and (b) TCXO configurations.
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Figure 3-13 shows the temperature tracking performance in TCXO mode where a
temperature transient with a slope as high as 1.5°C/sec is applied and the measured normalized
frequency error is plotted. An evident from the figure, a TDC conversion rate of 3samples/sec
is sufficient to maintain the resulting frequency changes within ±3ppm over temperature.

Figure 3-13: TCXO response to temperature ramp.

Noise performance of a 32kHz clock is critical when it is used in wake-up circuitry for
phones. The overall noise performance applicable for this application is shown in Figure 3-14
which demonstrates the wake-up time accuracy. It is the measured peak-to-peak long term jitter
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(LTJ) at stride of 2.5sec for 100 devices with a mean value of 0.7µsec. As shown, it is well
below noise limit for this application.

Figure 3-14: Measured long term jitter in 2.5sec time stride for 100 TCXO devices.
Table 3.1 summarizes the measured performance and compares it with existing quartzbased 32kHz TCXO devices [10]–[12]. As shown, the described 32kHz MEMS-based oscillator
outperforms quartz crystal-based solutions in several aspects but most notably in current
consumption (at least 2x less) and package area (at least 6x smaller package) while
demonstrating ±3ppm frequency stability over the industrial temperature range.
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Table 3.1: Performance summary of 32kHz TCXO device and comparison table.

3.6 Summary
This paper presents a 32kHz temperature-compensated MEMS-based programmable oscillator
with footprint of 1.55mmx0.85mm which is at least 6x smaller than previous works. In this
system, the MEMS resonator and the CMOS circuitry are realized on separate dies and stacked
together in a chip-scale package (CSP). It achieves frequency stability of 3ppm from -40°C to
85°C and long term jitter of less than 1.5µsec in 2.5sec time stride. Its overall current
consumption is 1μA. It is able to track temperature transient with a slope as high as 1.5°C/sec.
Such performance is achieved by combining a temperature insensitive MEMS resonator with a
stable energy-efficient temperature-to-digital converter and a low power fractional-N PLL, and
by the extensive use of duty-cycling and clock gating techniques.
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The temperature to digital converter uses NPN-based temperature-sensing elements
followed by a 2nd order SC delta-sigma modulator. It draws 4.5µA current from 1.5V supply
voltage. It achieves a resolution of 25mK in a conversion time of 6msec which corresponds to
a figure of merit of 24pJ°C2. Optimized design and the extensive use of dynamic techniques
such as chopping, correlated-double-sampling (CDS) and dynamic element matching (DEM)
enables this level of stability and energy efficiency compared to last NPN-based designs.
A novel DEM algorithm introduces no tonal behavior. It effectively reduces current-source
mismatch without increasing the modulator’s noise floor due to quantization noise folding. It
insures full DEM cycles to be completed during one ΔΣ cycle, thus avoiding residual error and
noise folding.
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4

Conclusion

The advances in technology especially in portable computing devices demand small footprint
and low-power analog-to-digital converters to sense the analog signals around us and
converting it to digital words for information extraction. Among various different ADC
structures, ΔΣ modulators are the most suitable ADCs for low-frequency, high-resolution
applications primarily due to their oversampling and noise shaping properties. However, in deep
submicron CMOS processes, there are many new challenges that require both system level and
circuit level considerations. The main objective of this thesis was to understand the effect of
non-linearity and mismatch non-idealities in two specific delta-sigma modulators.
In the first proposed architecture, a multi-rate VCO-based MASH structure is presented.
Employing a VCO-based ADC in the second stage of the MASH significantly reduces the
power of the modulator without compromising the performance. This architecture overcomes
the speed limitations of prior multi-rating techniques. The reduced amplitude and signal
independent nature of the VCO input minimizes the VCO non-linearity and the overall
harmonic distortion. The implemented 1-1 MASH architecture achieves 77dB SNDR in a
4MHz signal BW consuming a total power of 13.8mW. This results in a FoM of 298fJ/conv.
The second system includes a new dynamic element matching (DEM) algorithm in the
reference generating circuit of a ΔΣ modulator. In the proposed technique, by completing an
integer multiple of the DEM cycles within one ΣΔ cycle, the DEM tones are moved to integer
multiples of the ΣΔ sample rate. As a result, with no additional circuitry or power consumption,
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the new DEM technique prevents increases in the in-band noise due to intermodulation between
the DEM tone and quantization error. To prove its effectiveness, the DEM algorithm is
embedded in a temperature-to-digital converter (TDC) which requires a high precision
reference. This TDC consists of a NPN-based temperature sensor followed by a 2nd-order feedforward ΔΣ ADC as a readout circuit. It is fabricated in an 180nm 1P5M CMOS process
consuming 5µA current from 1.4V supply voltage achieving resolution of 25mK/Conversion.
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