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Abstract

This dissertation presents one chip-scale ultralow-power atomic clock (ULPAC) in the
microwave frequency region. Highly stable frequency standard is essential for high-
performance networks such as smart power grids, accurate and robust navigation, self-
clocked long-time data logging, scientific metrology, and sensing applications. Wide-
ly deployed electro-mechanical oscillators such as the quartz crystal and micro-electro-
mechanical systems (MEMS) resonators suffer from large frequency shifts due to the high
sensitivity of the resonance frequency to external or internal factors. The typical long-
term stability of such electro-mechanical oscillators is well below the parts-per-billion
level (107%).

For decades, atomic oscillators have been the sole choice in applications requiring
ultra-high precision clocks. The superior frequency stability of atomic clocks can be
attributed to the fact that the frequency is determined by the transition of energy level-
s of atoms. However, adopting the conventional atomic clocks for portable and mobile
applications, such as the low-earth-orbit (LEO) small satellite (smallsat) constellations,
presents numerous challenges due to the requirements for compact and power-efficient
implementation for probing the atomic resonance and preserving the coherence of atoms.

The demonstration of the ULPAC prototype provides one compact, transportable and
low-cost frequency standard with atomic grade frequency stability performance, which
will enhance or enable various portable and mobile applications. One new suspended
compact quantum package architecture along with a fully integrated frequency probing
and locking loop implemented in CMOS technology results in a small form-factor pack-
age and ultralow-power consumption. In addition, dedicated low-noise magnetic field
and temperature control loops are incorporated for isolating and mitigating the internal
and external factors affecting the frequency stability. The output frequency of a crystal
oscillator is continuously compensated and stabilized by locking to the peak of a coherent
population trapping signal, thereby inheriting the superior frequency stability of the atom-
ic clock. The proposed ULPAC system achieves a frequency stability of 2.2 x 1072 at
an averaging time of 10° s, while consuming 59.9 mW. The frequency probing and lock-

ing circuit implemented in a standard 65-nm CMOS process node occupies an area of
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2.55 mm?. The prototype of this atomic clock occupies a volume of 15 cm?.

This thesis gives detailed information about the implementation of ULPAC as well
as the quantum physical principle behind the tiny atomic clock. Various internal or ex-
ternal perturbations to the frequency stability are analyzed along with the trade-offs of
various potential solutions. A throughout characterization of the ULPAC is provided,
indicating the robustness, low power and high-frequency stability performance of this
work. Besides, ultralow-power circuits such as highly power-efficient CMOS oscilla-
tor and injection-locked PLL are proposed to develop next-generation ULPAC target-
ing power consumption below 25 mW. Finally, potential promising quantum technologies
for compact atomic clocks such as laser cooling and optical transition are introduced to

achieve better frequency stability performance in the near future.
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Chapter 1
Introduction

Time, as a fourth dimension, plays a ubiquitous role in the physical world and has been
an essential subject of study in almost every aspect of human being’s activities. In ancient
times, the calendar is closely related to agriculture activities. The beginning of the cal-
endar could data back to 6,000 years ago when the moon was used to reckon time [14].
Since then, more accurate and stable methods for measuring and keeping track of time
have been discovered or invented such as the sundial, pendulums, crystal oscillator and so
on to meet the requirements of new applications or enhance the performance of existing
applications.

The brief history of clock development progress of the past 400 years is shown in Fig.
1.1. The pendulum clock was invented in 1656 by the Dutch scientist and inventor Chris-
tiaan Huygens. He was inspired by investigations of pendulums done by Galileo Galilei.
Galileo discovered that the period of swing of a pendulum is approximately the same for
different sized swings [15]. The invention of Harrison chronometer was a milestone for
voyage navigation. In the year of 1714, the British government started a contest with
financial rewards to seek the solution for determining the longitude at sea [16], where
the pendulum can not be used due to the high-frequency sensitivity caused by the tem-
perature and mechanical variations. John Harrison came up with one idea to compensate
for the temperature-induced frequency shift by interweaving two materials with opposite
temperature coefficients. With estimated time error around 350 ms per day, the Harri-
son chronometer was accurate enough to reduce navigation errors to acceptable levels for
navigation at sea. The Shortt clock was a complex precision electromechanical pendu-
lum clock invented in 1921 by William Hamilton Shortt in collaboration with horologist
Frank Hope-Jones. The Shortt clock was the most accurate pendulum clock ever commer-
cially produced and became the highest standard for timekeeping between the 1920s and

the 1940s, after which mechanical clocks were superseded by quartz time standards [17].
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Figure 1.1: History of clock development progress [1].

Quartz crystal oscillators operate based on the piezoelectric effect, whereby mechanical
deformation of the crystal induces charge accumulation on the crystal surface. The cou-
pling between crystal strain and electric field results in electromechanical resonance at
a frequency determined by the crystal dimensions. Quartz crystal oscillators have been
widely used as a reference source in modern electronics due to low cost, relatively small
size and high-quality factor compared with on-chip LC-oscillator. However, the long-term
frequency stability of crystal oscillators suffers from temperature dependence, aging, and
sensitivity to mechanical vibrations. Various package and isolation techniques have been
proposed and designed for crystal oscillators to overcome the poor long-term frequency
stability performance, such as oven compensated crystal oscillator (OCXO), microcom-
puter compensated crystal oscillator (MCXO) and temperature compensated crystal os-
cillator (TCXO) [18]. Until the mid of the last century, the first atomic clock was finally
introduced. The operation of the atomic clock is based on transitions between two energy
levels of a particular atom. At present, there is no experimental evidence indicating that
the properties of atoms change with the variation of space and time (except for relativistic
effects). Therefore, the energy transition, as well as the frequency relating to the energy
transition, is assumed to be constant [6]. The most stable primary frequency standards so
far in the world are atomic clocks, which have been reported to achieve frequency uncer-
tainty as low as 1.4 x 1078 [19].
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Figure 1.2: Illustration of navigation error for global positioning system.

Along with the development progress of clock technologies, the advancement of sci-
ence and technology has been driven, in part, by improvements in timekeeping devices.
The new timekeeping technologies with better frequency stability and higher accuracy
could always enable or enhance various applications. One example is the global navi-
gation satellite system (GNSS). Nowadays, the world is increasingly dependent on the
GNSS to provide accurate and stable positioning, navigation and timing services and
enable related applications such as autonomous vehicles. The accuracy or precision of
GNSS such as the global positioning system (GPS) critically relies on the timing accura-
cy of the onboard clock, as illustrated by Fig. 1.2. Even if the clock used in the GPS only
has a timing error of 1 us, the estimated navigation uncertainty would be approximately
300 m. The ever-increasing of data rates of the next-generation wireless communication
system also demands an ultra-high purity clock source for accurate and tight timing/phase
synchronization [20]. And large-scale high-performance networks such as smart power
grids or unmanned-aerial-vehicle base stations (UAV-BS) require a strict hold-over time
performance [21]. Besides, the highly stable clock is essential for scientific research facil-
ities as well such as particle accelerators and gravitational-wave interferometers [22,23].
Scientists have become very interested in being able to observe the dynamics of a simple
quantum system in most elemental form, which could indicate that the evolution may not
be as originally expected. Such kind experiments could indicate and lead to new physic-
s [24-27]. Comparing resonance frequencies of different atoms or molecules may make
such effects observable [28]. Thus, the science and technology of timekeeping have been
under a long history of consistent pursuit of human beings.

The essential key of timekeeping or timing measure is to obtain a dynamic object or

in more precise words, a resonator, based on which the time is tracked by counting the
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number of the repeats of the periodic dynamics or the resonating cycles. Thus, a more
stable and accurate resonator could lead to a better timing keeping device. Widely used
crystal oscillator is accurate enough for various electronic systems. But it displays a large
frequency shift due to internal or external factors and fails to serve as a long-time stable
clock source for high-performance applications, such as GPS. For decades, atomic os-
cillators have been the sole choice in applications requiring ultra-high precision clocks.
However, adopting the conventional atomic clocks for portable and mobile applications
presents numerous challenges due to the requirements for compact and power-efficient
implementation for probing the atomic resonance and preserving the coherence of atoms.
Thus, the new clock technology for high-speed communication, long hold-over network-
s, and small satellite (smallsat) constellations should embrace a low power and compact
package of crystal oscillator, while inheriting the frequency stability of atomic resonator.
Recent developments in the photonics and micro-electro-mechanical systems (MEMS)
processes show the potential to realize low power consumption and small volume quan-
tum physical package of the atomic clock. Such kind pursuit was first initiated around
two decades ago by the National Institute of Standards and Technology (NIST) and active
research is still kept going on to fulfill the concept and target of chip-scale atomic clock.

This chapter explains why the atomic clock could demonstrate a superior frequency
stability performance as compared with other types of resonators such as electromechan-
ical oscillators. Regarding the implementation complexity and field deployments, the
research motivation and perspective of chip-scale ultralow-power atomic clock (ULPAC)
are introduced with a summary of the state-of-arts of chip-scale atomic clock or chip-
scale molecular clock. The scopes and innovations of ULPAC presented in this thesis are
briefly introduced.

1.1 Motivation and Perspective

1.1.1 On-board clock for smallsat constellations

The motivation of this work is to develop a new clock technology for the smallsat con-
stellation, which requires low power, small volume and atomic grade frequency stability
clock performance.

Since the beginning of this century, many industrial efforts have been made to deploy
the low-earth-orbit (LEO) satellites constellation, as shown in Fig. 1.3. For example,
the OneWeb satellite constellation is an initial 650-satellite constellation currently being
built out to provide global satellite Internet broadband services. And the Starlink project
underway by SpaceX already launched the first 60 operational satellite just in the year of
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Figure 1.3: Low-earth-orbit (LEO) small satellite (smallsat) constellation and geosyn-
chronous (GEO) satellite constellation

2019 with a plan of 12000 satellites by the mid of 2020s. Compared with the geosyn-
chronous (GEO) satellites, the LEO satellite constellation is much closer to the earth. It
can provide the following benefits as compared with the GEO satellite constellation. First,
it can easily provide global service such as the Internet or communications because it is
not stationary to the earth. Also, it can provide on-demand high-speed communication
due to small path delays or enhance the performance of the GNSS like GPS. In the near
future, the services provided by such constellations will become increasingly ubiquitous
in our society.

The so-called smallsats are adopted in this system for economical and quick deploy-
ment considerations. This puts very strict requirements on the board clock. First, the
clock should consume very low power consumption. This is because the solar energy
obtained by such satellites is quite limited due to the short time exposed to the sun. The
volume should be as small as possible because the payload is a very precious resource for
such kind small satellite. Last but not least is that excellent frequency stability should be
maintained for accurate timing synchronization. For the services like accurate navigation,
even 1 us time error will lead to around 300 m navigation uncertainty. If translating this
time error into frequency stability averaged at one day, it is approximately 107! [29].

The strict timing synchronization requirement of the LEO smallsat constellation limits
the choice of clock to be only the atomic clock. The most common commercial compact
atomic clock is the Rb frequency standard based on optical pumping [30]. In such a

system, a discharge lamp is used, which typically consumes approximately 1 W. An ex-
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ternal cavity diode laser (ECDL) can be used instead of the discharge lamp to improve
the frequency stability, but the clock still suffers from large power consumption [31]. The
microwave cavity used for coupling the radio frequency (RF) signal to the atom ensem-
ble has a minimum size requirement of approximately 0.1 L [32], limiting the volume of
such a frequency standard ranging from 155 cm? to 755 cm®. The requirements for on-
board clocks for an LEO smallsat are not satisfied by the Rb frequency standard. Thus,
innovations on the architecture of compact quantum physical package and ultralow-power
frequency probing and locking loop are mandatory to minimize the volume and reduce
the power consumption for the clock technology of the LEO smallsat.

The ULPAC presented in this thesis aims to develop one such a clock technology to
fulfill the strict requirement of the LEO smallsat with a long-term frequency stability in

the level of 107! and a volume of 15 cm?®, while consuming less 100 mW.

1.1.2 Perspective for ULPAC technology

This miniaturized low power clock technology with an atomic grade performance could
be adopted in many existing portable and mobile applications to enhance the system per-

formance, while it can also enable various new applications.

Holdover time of high performance network

It can be used to improve the holdover performance of large-scale high-performance net-
works, like the power substation local area networks (LANs), wireless network, profes-
sional mobile radio, data center, and high-frequency trading [33,34]. In such networks,
strict phase/time synchronization is required with holdover time typically longer than 24
hours. For 1 us phase/time synchronization requirement, even the OCXO can only main-
tain within tens of minutes, while the ULPAC could extend the holdover time to several
days. For the base stations in the 5G systems, the required time synchronization is as
small as 130 ns [35]. The beamforming and multiple-input and multiple-output (MIMO)
architectures for supporting high data rates also require very stringent time synchroniza-
tion and distributions, otherwise the performance will degrade or complicated phase/time
mismatch calibration is required. Even though the base station clock can be disciplined
by a GPS signal, the jamming concerns, coverage issues, and indoor layout limit the prac-
ticality of this solution. An alternative approach would be to build a dedicated precision
time protocol networks for distributing time synchronization signals from a primary ref-

erence such as ULPAC presented in this thesis.
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Figure 1.4: Navigation with less than four satellites.

Time stamp for GPS denied environments

An accurate timestamp is required for long-time data logging of large sensor arrays, e-
specially where the GPS signal is not available. This is the case for the ocean bottom
seismographs or remote area monitoring sensors. One example will be the oil exploration
by deploying a large array of sensors [36]. By correlating the time-stamped reflection data
of acoustic pulses, a map of the ocean floor including predicted oil fields can be recon-
structed. Since such sensors are deployed for long periods, the clocks should have good
long-term frequency stability to provide accurate time stamp for the required accuracy for

the reconstructed seafloor map.

Navigation

It could be further adopted to enhance the different aspects of navigation performance
beyond the GPS, like the enhanced receivers and navigation from LEO. One example will
be the non-civilian GNSS receiver for quick locking. The non-civilian P(Y) code is en-
coded at a 10 MHz frequency, while the civilian (C/A) code is encoded at a low frequency.
Thus, the non-civilian code is more robust for the jamming. However, the P(Y) code is
a pseudo-random code with a long repeat cycle of one week. Thus, without accurate
timing information, it typically consumes considerable computing power to acquire the

P(Y) code via a cross-correlation computation. Timing accuracy within 1 ms is needed
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for fast acquisition of the P(Y) code and could save a lot of power. Because of an ex-
cellent frequency stability performance, an atomic clock can maintain this 1 ms timing
error requirement for several days after synchronization, which is considerably longer
than that of the quartz oscillator usually found in GPS receiver [37,38]. Also with an
enhanced receiver, the navigation with less than 4 satellites is feasible, as shown in Fig.
1.4. In a GNSS, at least four satellites are required to provide 4 dimensions (X, y, z, t)
for a complete navigation solution when the receiver time is unknown. With a stable time
base provided by the ULPAC on the receiver part, the required number of satellites can be
reduced to be less than four [39—41]. Besides, the low power and compact atomic clock
also enables the integrated inertial navigation and underwater navigation, where the GPS
signal is typically too much attenuated to be acquired [37,42,43]. One more important ap-
plication of ULPAC in the navigation would be the LEO satellite navigation, which could
increase GNSS resilience and enhance navigation performance. The three-dimensional
(3D) positioning error is determined by the geometry of the satellite constellation, which
is quantified by the user range error (oygrg) and position dilution of precision (PDOP). An
LEO smallsat constellation like OneWeb could have a oygg three times worse but give a

comparable positioning performance as the GPS.

Geodesy and metrology

In physics, time is a link between velocity and distance. The distance is typically mea-
sured by the time of flight (ToF) between the instant when the laser pulse is sent and the
instant when the laser pulse is received. An accurate portable clock improves the accuracy
of the distance measurement as well as the related parameters such as the velocity. Fore-
seeing the popularity of auto-vehicles and unmanned-aerial-vehicles, the accurate and
quick ranging detection for such systems becomes the key challenge for the maximum
speed and safety. The accurate clock technology could improve the accuracy of range de-
tection, thus relax the limit on the safety distance between objects and improve the safety
for the passengers as well.

1.2 Atomic Clock Technology and Its Characteristics

1.2.1 Superiority of atomic clock

The frequency stability and accuracy of timekeeping were dramatically improved as the
invention of electro-mechanical oscillators such as the quartz crystal and MEMS resonator
since the resonating frequencies are less affected by environmental variations [44, 45].

Such kind of small form-factor and stable oscillators have been widely adopted in various
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Figure 1.5: Allan deviation and time error of a typical TCXO and a typical compact
atomic clock, assuming an initial frequency error of 10 and 10~'2, respectively.

electronics systems or networks such as wristwatches or computers.

However, as the ever-increasing demands of data rates for wireless communication
and developments of global scaled networks, the frequency stability requirement on the
clock or resonator becomes more and more strict. The typical long-term frequency stabil-
ity of electro-mechanical oscillators is well below the parts-per-billion level (107°).

The resonance frequency of the atomic clock is based on the transitions between two
energy levels of a particular atom. The frequency of such a transition is given by:

E\ - E,
V= ——

(1.1)
where E| and E, are the energy of the two levels involved and % is Planck’s constant.
The energy separation (E-E») is assumed to be independent of time and space and v is
essentially a constant, characteristic of the two levels 1 and 2 chosen in the energy scheme
of a given atom [46,47].

It seems that the atomic resonance is very attractive and promising for frequency ref-
erence. However, many design and implementation difficulties and challenges exist for
probing the atomic resonance. One major issue is that the energy levels may be shift-
ed due to various external perturbations. As a result, the resonance frequency is shifted
from its nominal value. With the advancement of knowledge about quantum mechanical
physics and implementation technology, the atomic clock finally came true in the middle

of the last century and the performance of frequency stability keeps improving over the
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past decades.

The superiority of the atomic clock over the electro-mechanical oscillator based clock
is illustrated in Fig. 1.5. One detailed comparison between the atomic clock and the
pendulum is listed in terms of temperature sensitivity and reproducibility as follows to
validate the superiority of atomic clock [29]:

Pendulum:

1) Temperature sensitivity:

f=1g/01"*/(2n) (1.2)
ot = La(oT) (1.3)
of/fo =—1/2a(6T) (1.4)

where ¢ is the length of the pendulum, and « is the coefficient of thermal expansion
with a typical value of 1078/°C. Thus, the frequency sensitivity is:

5f/f, = -5x107°/°C (1.5)

i1) Reproducibility:
The pendulum length ¢ depends on the manufacture variations.
The gravitational acceleration value changes geographically.

Aging or wear issue is severe.

Atomic clock:
1) Temperature sensitivity (relativistic time dilation):
(fo(T) = foT = 0D/ fo = =1/2 < (ufe)® >= ~1.4 x 107 T/M(u) (1.6)

where v is the speed of atom and M is the atomic mass. For '*3*Cs, M equals to 133 u.

Thus, the frequency sensitivity is:
5flfo=—-1x10"5/°C (1.7)
i1) Reproducibility:

Atoms of a particular kind are identical.

Atoms don’t wear out.
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Thus, theoretically, the frequency sensitivity of the atomic clock due to temperature
variation is six orders in magnitude better than that of a mechanical clock. Meanwhile, the
excellent reproducibility of the atomic clock ensures the accuracy of the time for different
clocks built from the same atom as well the aging performance. With the superior frequen-
cy stability obtained by the quantum mechanical resonance, the time unit of "second" in
the International System of Units (SI) was defined by the unperturbed ground-state hyper-
fine transition frequency of '*Cs atom. Atomic clock marks a new era for timing transfer
and synchronization. The atomic clock has already been the sole choice in applications
requiring ultra-high precision clocks, like the GPS. Besides the navigation function, the
GPS also has proven itself to be an important and valuable utility for the timekeeping
community. In the GPS based timing transfer system, each satellite is equipped with 4
atomic clocks on-board acting like a portable clock above the earth and providing timing
information for the receiver with a theoretical accuracy around 14 ns [48,49]. The GPS
also offers a method for clock comparisons that provides the data for the calculation of
International Atomic Clock (TAI), as shown in Fig. 1.6. Since 1972, the Coordinated
Universal Time (UTC) is calculated by subtracting the accumulated leap seconds from
(TAI), which is a coordinate time scale tracking notional proper time on the rotating sur-
face of the Earth (the geoid). As with TAI, UTC is only known with the highest precision
in retrospect. Users who require an approximation in real time must obtain it from a time
laboratory, which disseminates an approximation using techniques such as GPS or radio

time signals. Such approximations are designated UTC(k), where k is an abbreviation for
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1.2.2 Characterization of atomic clock

All kinds of clocks are made of a resonator and a counter, as shown in Fig. 1.7. The
counter simply registers the number of periods of resonances and tells the accumulated
passing time from an initial point. The characteristics of the resonator determine the key
performance of the clock. As stated above, the reason why the atomic clock is superior
to an electro-mechanical oscillator based clock is because the atomic resonance is much
less affected by internal or external factors.

However, for a practical implementation, statistical errors and errors from the system-
atic effect corrections that used to probe frequencies exist [28]. The frequency stability
and accuracy are the two key parameters for evaluating the performance of a resonator.
They are closely related but indicate different aspects of clock performance. The accuracy
indicates how much the resonance frequency deviates from the ideal resonance frequency,
while the frequency stability tells how stable the resonance frequency can be kept as time
goes by. Figure 1.8 shows one resonance signal in the dash line and one discriminator
signal of the resonance signal in the black line. Two types of noise exist in probing the
center of the resonance signal. Type I noise affects the detected signal amplitude, which
affects short-term frequency stability performance. The type II noise affects the accuracy
when locking to the center of the resonance signal. The dc value of type II mainly caus-
es a fixed frequency shift, while other noise contributors may also affect the frequency

stability in the long-term. Thus, the observed reference frequency could be written as:

Vobserved = V0 X (1 +e+ y(t)) (18)

where € represents the fractional frequency offset and y(7) represents the fractional fre-
quency fluctuations. The accuracy is the overall uncertainty on £ and the frequency sta-
bility is the statistical properties of y(¢). Four types of oscillators could exist with different
accuracy and stability performance combinations. The ideal oscillator would be the one

demonstrating both stable and accurate resonating frequency. The clock based on such an
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Figure 1.8: Two types of noise affect the different aspects of locking to the resonance
frequency.

oscillator is referred to as a master clock. However, this kind type of clock is extremely
difficult to obtain and be maintained. In most cases, the frequency stability performance
is preferred over the accuracy since the inaccuracy can be mathematical compensated if
the resonator demonstrates a stable frequency shift. Thus, for the general purpose appli-
cations, frequency stability is the most important performance parameter.

For the frequency stability performance of atomic clock, it is typically divided into
short-term, medium-term and long-term stability depending on the averaging time. For
the very short-term stability, the qualify factor Q, defined as the ratio of the atomic res-
onance frequency to the full width at half maximum (FWHM) of the resonance line, is
commonly used to indicate the performance. In passive atomic clock, the Q is of great
importance, because a narrow line will remove some burden on the electronic system used
to detect its center.

For the medium-term and long-term stability, Allan deviation is typically used to eval-
uate the frequency stability performance because it can converge well for a long averaging
time [51,52]. Allan deviation is a statistical measure of fractional frequency inaccuracy
at different averaging times. The Allan variance is defined as:

1 M-1 )
O = 5ar= 2 [0 - 0] (1.9)

i=1
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where (y(7)), is the i-th measurement of the averaged fractional frequency difference over

duration 7 and the fractional frequency difference y is defined as:

y= (=Rl (1.10)

where f. is the measured clock frequency, f; represents an ideal clock whose value is
close to f. and f, is the ideal reference frequency (f. may be shifted from f;).

One more efficient method to use the measured data is the "overlapping" Allan vari-
ance, which improves the statistical confidence of the calculated result . This and other
more sophisticated methods, which can treat various power-law noise types different-
ly, conveniently allow to identify different noise type and estimate the strength of each
noise [53,54]. The identification of different noise types is important for the system-level
analysis, the result of which could be used to further improve the performance by miti-
gating all kinds of noise contributors. Many stationary sources of noise are well behaved
for a longer averaging time, which improve the precision of measured frequency and fre-
quency stability. However, other noise contributors, such as long-term frequency shifts,

will cause Allan deviation to level off or even increase with increased averaging time.

1.2.3 Survey of atomic clock technologies

Depending on the implementation loop, atomic clocks are divided into active and passive
atomic clocks.

A passive atomic clock is the most common type, as shown in Fig. 1.9 (a). In this
system, a frequency generated by a crystal oscillator or other frequency source is used to
trigger or excite an atomic resonance (discriminator) that produces a correct signal in a
feedback frequency control loop to lock and stabilize the oscillator to the atomic refer-
ence [54]. The crystal oscillator provides a stable output frequency. Depending on the
probing frequency range, the passive atomic clock can be further divided into microwave
and optical atomic clock. Also depending on the physical package types, passive atomic
clocks are categorized as:

¢ Rubidium Gas Cell

e Cesium Beam Tube

¢ Passive Hydrogen Maser

e Trapped Mercury Ion

¢ Cs or Rb Fountain

e Optical Standard (Several Species)

e Coherent Population Trapping (CPT)
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Figure 1.9: (a) Simplified block diagram of a passive atomic clock. (b) Simplified block
diagram of an active atomic clock.

The simplified block diagram of the active atomic clock is shown in Fig. 1.9 (b).
The active atomic clock is an actual atomic oscillator. Compared with the passive atom-
ic clock, the active atomic clock is based on a phase-locked loop. The active hydrogen
maser is the most common implementation, which excels as a frequency source having
the best short-term stability.

Passive atomic clocks are preferred as primary (absolute) standards (particularly the
beam and fountain devices) because of the ability to evaluate and reduce their bias cor-
rections and accuracy limitations. For example, the Cs fountain clock shown in Fig. 1.10
(a) used as a primary frequency standard demonstrates a significantly high accuracy and
frequency stability [2,55,56]. The gas-cell based passive atomic clock is also popular as
a commercial compact frequency standard, as shown in Fig. 1.10 (b). The typical long-
term frequency stability performance of such frequency standards is in the range of 10~!!
to 10713 [30,57].

The general procedure for implementing an atomic clock involves four steps: 1) con-
finement; 2) preparation/state selection; 3) interrogation; 4) detection. The confinements
of the atomic beam and laser cooling typically result in a bulky implementation. Also,
the cavity limits the quantum physical package dimension beyond the wavelength of the
microwave radiation. The microwave cavity interrogation demands relatively large power
consumption. The CPT method indicates an all-optical implementation, which is impor-
tant for a small form-factor implementation and low cost. The performance of atomic

clock has not changed for several decades. Active hydrogen maser is used in small num-
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Figure 1.10: (a) Cs fountain clock NMIJ F2 [2]. (b) Commercial compact Rb frequency
standard.

bers for their superior stability. Among the passive atomic frequency technologies, the Cs
beam and Rb gas cell are the most common. In recent years, Rb frequency standards have

found widespread use in commercial telecom applications.

1.3 Transportable Atomic Clock Technology

The technology development directions of atomic clocks can be divided into two general
categories: 1). Relative accuracy; 2). Compact and low power. The main purposes be-
hind the different development directions are the different application requirements. The
extremely low relative accuracy atomic clock aims to serve as a master clock for global
timing transfer systems like the UTC. While the compact and low power atomic clock
aims for various portable and mobile applications, where the frequency stability require-
ment can only be met by the atomic clock. Figure .1.11 shows the development history
of high accuracy atomic clock. The atomic clock uses a hyperfine transition frequency in
the microwave range and optical atomic clocks are the two major high-performance clock
for accuracy. In 2013, the optical atomic clock demonstrates the frequency stability in
the region of 1078 [58,59] in a lab environment, which is the most accurate measured
atomic clock performance. But the applications of such atomic clock technologies are
limited due to the large power consumption and bulky implementation. For example, the
fountain clock NIST-F1 consumes 500 W and occupies a volume of approximately 3 m>.
Even the compact Rb frequency standard consumes around several to tens of watts with
a volume ranging from 155 to 755 cm?. For mobile or portable applications, the power
consumption should be below 100 mW and the volume should be below 20 cm® for SoC
integration. The quartz crystal oscillators easily meet these requirements. But their fre-
quency stability performance is far from the timing synchronization requirement of high

performance and large scale networks, such as LEO smallsat constellation.
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Figure 1.11: Accuracy of the high-performance atomic clocks.

The concept of chip-scale atomic clock (CSAC) was first proposed by the NIST at the
beginning of this century, whose design goals include short-term stability, o, (=1 hour),
of 1 x 107! with a total power consumption of 30 mW and an overall device volume
of 1cm® [60]. With almost two decades of development progress, the pioneering and
notable work from NIST and Microsemi has already demonstrated the feasibility of this
concept. The realized CSAC consumes 120 mW with a volume of 16 cm?. Another inter-
esting work based on chip-scale molecular clock [61] done by MIT features low power
consumption, low cost, high reliability, and system simplicity because of the absence of
lasers. However, due to insufficient systematic study of buffer gas, the quality factor of
the molecular clock is degraded, which is entirely limited by the Doppler broadening at
present. Besides, the high probing frequency, which is set to be approximately several
hundred gigahertz, presents numerous design challenges, especially for complementary
metal-oxide-semiconductor (CMOS) implementation [62]. The difficulty of probing ter-
ahertz frequency is solved by adopting an optical comb in the optical atomic, which of-
fers a promising solution for high-frequency stability chip-scale atomic clock if a micro-
fabricated optical comb is available [63].

The present work continues the CPT approach as already adopted in the CSAC and
demonstrates recent advancements in reaching ultralow-power operation and excellen-
t long-term frequency stability by featuring an efficient vertical-cavity surface-emitting
laser (VCSEL), a robust quantum physical package, and low noise probing and locking
circuits [64]. The present work achieves an optimum balance between the power con-
sumption and frequency stability among chip-scale atomic/molecular clocks [8, 60, 61,

65—-69]. The performance comparison of this work with other types of compact or chip-
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Figure 1.12: Allan deviation and power consumption performance for compact atomic
clocks and various crystal oscillators.

scale clocks is shown in Fig. 1.12.

1.4 Thesis Organization

As shown in Fig. 1.12, this thesis focuses on achieving ultralow-power and excellent
long-term frequency stability performance of the atomic clock. To achieve the low power
consumption operation, a full CMOS frequency probing and locking loop is implement-
ed with power-efficient circuit design techniques. Meanwhile, the short-term frequency
stability is maintained by low noise circuit design techniques and loop bandwidth opti-
mization. In addition, a dedicated stable magnetic field, optimization of the operation
condition of the VCSEL and temperature control loop are incorporated for isolating and
mitigating the internal and external factors affecting the long-term frequency stability.
This thesis introduces the implementation details of frequency probing and locking loop
together with other control loops. Besides, system-level modeling and analysis are pro-
vided for performance optimization and evaluating the atomic clock performance.
Chapter 2 of this thesis starts with an introduction to the physical principle of UL-
PAC. It explains the concept of CPT. The superiority of the CPT approach for realizing
a compact atomic clock is illustrated with a comparison of electromagnetically induced
transparency (EIT) method. Chapter 3 gives the implementation details of ULPAC re-
garding the quantum physical package, frequency probing and locking loop as well as
other control loops like the magnetic, temperature loops. Chapter 4 includes the eval-

uations and characterizations of the ULPAC performance. One thorough performance
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analysis is carried out for diagnosing the short-term noise contributor and major frequen-
cy shift. Chapter 5 focuses on the low power circuit design techniques for next-generation
20 mW ULPAC. One novel power-efficient CMOS oscillator with low phase noise perfor-
mance and one ultralow-power injection-locked phase-locked loop (PLL) are introduced.
Chapter 6 introduces promising potential quantum technologies that can be adopted in the
future to improve frequency stability performance. Conclusions are also included in this

final chapter.
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Chapter 2

CPT Interrogated Atomic Clock
Operating Principle

Conventional atomic clocks demonstrate superior frequency stability and accuracy over
electro-mechanical oscillator based clock. But due to the complicated confinement and
interrogation methods, huge power consumption and bulky design are needed, which
severely limit the applications of such atomic clocks for the mobile or portable appli-
cations.

The most common commercial compact frequency standard is based on the Rb gas
cell, as shown in Fig. 2.1 (a). It adopts the double-resonance method and EIT, in which
the Rb gas cell is placed inside a microwave cavity [70,71]. In order to make the mi-
crowave field modes resonate, the cavity dimension must be equal to the wavelength of
the microwave radiation, which is around several centimeters for Rb. Further miniatur-
ization of these conventional designs appear challenging. Besides a discharge lamp is
required for the optical pumping, whose power consumption is typically larger than 1 W.
So far, the applications of such frequency standards are still quite limited.

As mentioned in Chapter 1, the CPT method allows an all-optical implementation
with a vapor atom cell, which enables a small form-factor design. The architecture of CP-
T based atomic clock is shown in Fig. 2.1 (b). As compared with the double-resonance
method, this architecture adopts a low power VCSEL instead of a discharge lamp. The
microwave cavity is not required for the implementation. Probing the atomic reference
with the light eliminates the need for a bulky microwave cavity and allows a dramatic
size reduction of quantum physical package over the clocks based on EIT. This chapter
introduces the CPT interrogation method and the atomic clock architecture based on this

principle.
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Figure 2.1: (a) Commercial compact Rb frequency standard. (b) ULPAC based on coher-
ent population trapping (CPT) principle.

2.1 Selection of Atoms and Optical Line

The selection of atoms and optical line determines the probing and locking frequency, the
signal contrast ncpr (defined as the signal level of the CPT resonance over the back-ground
dc level), the laser wavelength, the circuit design complexity and power consumption, et
al. Some performance trade-offs also exist, which require system-level optimization and
understanding.

2.1.1 Atom selection

Hydrogen, certain ions, and alkali atoms are typically adopted for implementing the
atomic clocks since they share many similar physical properties like the symmetry of
the unpaired-electron wave-function. The hydrogen atom has been used for building the
most stable atomic clock, hydrogen maser. And certain ions like Hg* and Ba* are typi-
cally used for a single trapped ion atomic clock with laser cooling method. For a small
gas-vapor cell-based atomic clock, the alkali atoms are typically selected because of their
comparatively simple energy structures [9]. And the probing frequencies of alkali atom-
s happen to be approximately several gigahertz, which is design-friendly for low-power
CMOS circuits. Rb atoms are commonly used in most commercial frequency standards
for mature laser technologies with the Rb optical pumping wavelength. The '**Cs atom is
adopted in this work partly because it is also used to define the time unit of "second" in
the SI.

2.1.2 Fine structure and optical line selection

The spin-orbit interactive causes one particular energy levels of alkali atoms to split into

two sub-levels, noted as 6°P; 2 and 6°P, s» for Cs atom, as shown in Fig. 2.2. Therefore,
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Figure 2.2: Energy levels of the valence electron in a Cs atom.

two possible optically excited states can be used in the alkali atoms, corresponding to
lines D1 and D2 [72-75]. The difference arises from the sub-level numbers in these two
excited states in the hyperfine structure. Experiments show that the contrast ncpr using
line D1 is much stronger than that using line D2, which could result in a better frequency
stability performance [60]. In the case of Cs atom, the 6°P; ;2 has only 2 sub-levels,
while 6°P3), has 4 sub-levels. The laser light in a vapor atom cell is typically Doppler
broadened to several hundred megahertz. The F=4 and F=3 levels in both the 6°P, 2 and
62P5), are not well resolved in such case. Both F=4 and F=3 levels contribute to the CPT
signal. However, the F=2 and F=5 levels in the 6°P; 2 provide additional loss channels
for the ground-state coherence, which contributes to the width of the CPT signal and
also introduces background absorption. However, it is quite challenging and difficult to
acquire a robust and high-performance VCSEL with a wavelength of 894.6 nm for **Cs
line D1 absorption [76]. Following the VCSEL development history of CSAC for Cs line
D1 absorption [77], a custom-designed low power VCSEL is presented as well in this

work.
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2.2 Hyperfine Structure and Coherent Population Trap-
ping

The proton and the electron possess a magnetic moment and interact through magnetic
forces. This creates, in the energy levels, a splitting that we call hyperfine splitting. For
the alkali atoms like the Cs, the ground energy level is further splitting into two sub-
ground levels (state |1) and state |2)) for the hyperfine structure as shown in Fig. 2.2 [78].
The frequency difference between these two sub-ground states is called hyperfine frequen-
cy Ans, whose value is exactly equal to 9.192631770 GHz, corresponding to the definition
of the one second.

The CPT phenomenon is first qualitatively explained here together with the double-
resonance phenomenon. As shown in Fig. 2.3 (a), the atom ensemble is illuminated by
an optical source, resonant with the transition between one of the hyperfine ground states
(state |2) here) and an excited state. The electron jumps either from state |1) or state |2) to
state |3). The transmitted light intensity is detected by a photodetector (PD). The electron
in the excited state can decay into either state |1) or state |2). Eventually, a large fraction
of atoms will accumulate in the state |1) due to optical pumping [79]. When the RF signal
is absent, the ground state |2) will thus be depleted limiting the absorption. When the RF
radiation is applied, resonant with the ground state hyperfine splitting, the atoms can be
repumped from state |1) to state |2). The impact of the RF on the optical transmission, as
a function of RF detuning, is indicated in Fig. 2.3 (a) as well.

The CPT interrogation technique is illustrated in Fig. 2.3 (b). In this approach, a
pair of collinear, circularly-polarized laser lights are simultaneously applied to the atom
ensemble. If these two lights are tuned so as that each couples one of the ground hy-
perfine states to the same excited state, a coherence is generated in the atom ensemble.
It is assumed as one destructive quantum interference, which largely reduces the jump-
ing probabilities from both ground states to the excited state for the atom, so it appears
dark [80-83].

The simple three-level model shown in Fig. 2.4 lends an easy quantitative analysis of
the CPT [4]. Two light fields E, and E, with frequencies w; and w, and phase ¢, and ¢,
can couple the electric dipole transitions |1) <> |3) and |2) < |3). In the thermal equilib-
rium state, it is assumed that both ground states have equal populations. If the frequency
difference between the two light fields w; —w; is equal to the hyperfine frequency Ay, then
the atoms will be pumped into a coherent state [NC), which is referred to as "dark state".

Instead of using the energy eigenstates |1) and |2), a new basis pair of linear combinations
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Figure 2.4: Three-level A model for quantitative analysis [4].
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1
INC) = —(gi1l1) — £212)) (2.2)
8A

where the Rabi frequencies g; is defined by the transition dipole moment:

g1 = —dy E/h (2.3)

g = —dynkEs/h (2.4)

gn = Vlgil* + g2l (2.5)
dy; = —e(3|rli),i =1,2. (2.6)

for Ay¢ # O the new states are nonenergy eigenstates but develop in time:

1 . .
C) (1) = (g 1) + ¢ g3 2) 2.7)

1. .
INC) (1) = g—Ae_‘Q‘t(gl 1) — e g, 2)) (2.8)

In the rotating wave approximation, the electric dipole operator coupling ground and ex-

cited states is:

h
Viio :%exp(—iwlt —ig) BY(1] +c.c
" (2.9)
+ %exp(—iwzt —igy) 13) (2] + c.c

So that with A¢ = ¢; — ¢», the transition dipole matrix elements into the excited state are:

h
(3|VaipC) :z_exp[_i(gi +w)f —i¢]
gn (2.10)

X (Ig1° + g2’ explidrt + iAg])

h
8182 o xp[—i(Q: + w))1 — i ]
28a (2.11)

X (1 — exp(iort + 1Ag))

(3|V4ipINC) =

When the frequency difference of the two light fields equls to the ground state splitting
and og = 0 condistion is met at proper relative phase (A¢ = 0), only one transition is

possible:

h
(3IV4iplC) = Z—CXP[—i(Qi +w)f —i¢] (2.12)
8A
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Figure 2.5: Simplified system diagram of ULPAC based on CPT principle.

(3|VpINC) = 0 (2.13)

where [NC) is called the coherent dark state. Thus, the population that is optically pumped
out of state |C) becomes trapped in [NC).

The three-level model provides an effective easy understanding and explanation for
the CPT phenomenon. However, some non-ideal effects are missing from this model, like
the Zeeman effect as will be explained in Section 2.4.2 and reduced signal contrast. The
Zeeman effect introduces additional incoherent trapping states, which make the A scheme
not closed anymore. Consequently, it is necessary to use a four-level system including a

trap for the theoretical analysis [84].

2.3 Miniaturized Ultra-low-power Atomic Clock

The architecture for ULPAC using CPT interrogation method is disclosed in this section.
The ULPAC is based on the Cs atom D1 absorption line. The simplified ULPAC archi-
tecture is shown in Fig. 2.5. It mainly consists of three parts: 1) a quantum physical setup
for the CPT atomic resonance; ii) a laser wavelength locking loop; iii) an RF modulation
frequency locking loop. The quantum physical setup is the main setup for the CPT res-
onance, which mainly includes one VCSEL as a light source, one vapor cell containing
Cs atom ensemble, and one PD to detect the light absorption and converts the signal from
light domain to current domain. The RF-signal modulated VCSEL is used to produce the
bichromatic light for the atom cell containing the Cs atoms. The interference light trig-
gers the CPT resonance in the vapor cell, which provides an atomic frequency reference

signal. The resonance signal detected by a PD is then used for correcting and stabilizing
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the voltage-controlled crystal oscillator (VCXO) frequency. One current-source bank is
used to lock the wavelength of the VCSEL to 894.6 nm for Cs D1 line absorption, and one
PLL is used to lock the frequency of the modulation RF signal to half of the hyperfine fre-
quency by applying a multiplication operation to the crystal oscillator frequency. When
the dip of the CPT resonance signal is detected and locked by these feedback loops, the
10-MHz output from the VCXO inherits the frequency stability of the CPT resonance of

the 133Cs atom.

2.4 Frequency Stability Analysis

The quantum mechanical resonance is known to be independent of its position in the
universe and will remain the same as long as the particle itself exists except for the rel-
ativistic effects [46,47]. However, noise arising from the frequency probing and locking
loop could affect the frequency stability of the system. In addition, the natural resonance
frequency of the atoms can be shifted from the unperturbed values by many environmen-
tal effects. The former noise contributors mainly affect the short-term frequency stability,
while the latter frequency shift contributors impact the frequency stability in the long
averaging time. For the systematic frequency shift contributors, it is common to divide
them into those resulting from environmental variations and those which referred to as
observational shifts [28].

2.4.1 Short-term frequency stability analysis

The definitions of short term, medium term, long term are not well clarified in previous
papers. The analysis of stability in this section mainly applies to the case, in which the
averaging time 7 is less than 100 s for the short-term stability.

The linear model of the frequency servo loop of ULPAC is shown in Fig. 1.9 (a). Be-
cause the spectral densities of most stationary noise sources drop with increasing Fourier
frequencies, a modulation-demodulation method technique is adopted in this work instead
of a pure dc detection for the CPT resonance signal [4]. A small frequency f,, is used to
modulate the frequency control word (FCW) of the PLL. Then, the modulated RF signal
frr 1s used to excite the CPT resonance. A discriminator signal detected by a lock-in am-
plifier is then demodulated with the same frequency f;,, and used to correct and stabilize
the VCXO frequency by always locking to the dip of the CPT resonance signal.

Note that there are two major noise contributors for this system: i) the CPT resonance
detection noise, which affects the spectrum of the detected fcpr signal, and ii) the noise
of the VCXO, which affects the output frequency spectrum directly. Following the linear
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Figure 2.7: (a) Lorentzian profile of CPT resonance. (b) Discriminator signal of CPT
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model of the frequency servo loop, the frequency noise model is shown in Fig. 2.6 [85].

The noise in the detection loop is referred to as the ncpr. The Kp,, represents the frequen-

cy discriminator sensitivity of the CPT resonance signal coupled to the photo-detector.

Kvcexo represents the VCXO frequency coeflicient. The transfer function of the loop filter

is F(s), and N(Multi.) is the frequency multiplication ratio of the PLL.

Previous frequency-stability studies on the microwave resonance signal of passive

atomic clock can be applied to the case of CPT resonance signal with a minor mod-



30 CPT Interrogated Atomic Clock Operating Principle

ification because these implementations share a similar signal excitation and detection
principle [86,87]. Fig. 2.7 (a) shows a Lorentzian profile of the CPT resonance signal.
Note that the center frequency of the CPT resonance (fcpr) in the present study equals
1/2Ay¢ because the VCSEL is RF signal modulated and the two first sidebands of the
VCSEL outputs are used as the interference light for the CPT resonance. In order to lock
to the peak of the CPT resonance signal, a small frequency-modulated (FM) RF signal is
adopted, as mentioned previously, and a sensitive discriminator signal dS/df is extracted
by a lock-in amplifier, as shown in Fig. 2.7 (b). Assuming a signal fluctuation 6S caused
by the noise in the detection loop, the corresponding frequency shift ¢ f that is detected is
given by:
oS

of = m (2.14)

The fractional frequency errors 0y, during one measurement period is given by (assuming

the averaging frequency during the measurement time is equal to the nominal resonance

frequency, fcpr) [28]:

of oS
Oye = = 2.15
g (fCPT )e Jepr(dS /df) (2.15)

In order to minimize the dy., the discriminator sensitivity dS/df should be maximized,

while the 6§ itself should be minimized. Equation (2.15) can be rewritten as:

1
(S/N)Q

where (S/N) = (§/6S) is the signal-to-noise ratio, Q = fcpr/Af is the quality factor of the
resonance signal (Af is the FWHM of the CPT resonance signal), and ks = (dS/df)Af/S
is a parameter related to the line shape of the CPT resonance signal.

5ye = ks (2.16)

The CPT resonance is mostly affected by the shot noise from the PD, the intensity and
frequency fluctuations of the VCSEL. The latter includes the phase noise of the RF signal
used to modulate the VCSEL, current noise of the dc biasing circuit and the amplitude-
modulated (AM) and phase-modulated (PM) noise of VCSEL.

Shot noise is a quantum noise effect, related to the discreteness of photons and elec-
trons. The short-term frequency stability due to the shot noise can be given approximately
by [87-89]:

__X ilT—l/Z
4fcer \ Iy Q

(2.17)



2.4 Frequency Stability Analysis

31

108
e
o n
c10° = f =0.02Hz
2 f =0.002Hz
]
>
3
c 10-10
8
<

10"

10° 1072 10' 102 10°
Averaging Time, 1[s]

108 T ==
= — 9, vexol®
;>- — 0, cpr(T)

- -9 %, out(®
§10 f £20Hz
® f =0.2Hz
5 L fn = 0.02Hz
'g 10-10 f =0.002Hz
©
<

10-11 \

103 102 10° 102 103

Averaging Time, t[s]

Figure 2.8: Calculated oy o for case (a) an excellent oy cpr in conventional highly ac-
curate and stable atomic clock and case (b) a degraded oy cpr in a compact or chip-scale

atomic clock.

where y is a parameter related to the shape of the CPT resonance signal, e is the electron

charge, Iy, is the background current of PD.

If only white frequency noise is assumed, the frequency stability of the detected CPT

signal oy cpr 1s given as follows [28,90]:

Oy cpT = MTT

(2.18)
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Thus, for the short-term frequency stability of the detected CPT signal, the S/N ratio
and Q factor are the two major factors. More specifically, the phase noise at the harmonics
of the modulation frequency f,, the noise of lock-in amplifier, the shot noise of the PD,
and the fluctuation of the laser output power affect the S /N of the detected CPT resonance
signal, among which the latter two are the dominant contributors.

The detected CPT stability oy cpr is transferred to the stability of the crystal oscillator
through the frequency servo loop. The equations describing the servo loop for the fre-
quency fluctuations can be derived from the frequency domain model shown in Fig. 2.6
(b) [85,91,92]:

(f /1)’

Sy ou(f) = T+ (/1)

Sy vexo(f) + Sy _cprr(f) (2.19)

1
L+ (f/f)?

where Sy ou, Sy_vexo and Sy cpr are power spectral density of fractional frequency fluc-
tuations of output port, VCXO and physical package, respectively. The open-loop unity-
gain bandwidth f, is defined as:

_ NKpet Kvcxo

I = ""0rRe (220

where a first-order low-pass loop filter is assumed with a transfer function of F(s) =

(1/RC's). Then, the two-sample time-domain stability oy o, can be calculated by [93]:

00 4
L sin" wft
O-yiou[ - 2 f(; Sy_OU[(f) (ﬂ'f‘[')z

1
(L+ f/fe)

df 2.21)

where f is the cutoff frequency of the one-pole filter assumed to be present at the input of
the time-domain measurement system. Figure 2.8 shows the calculated oy o, results for
two cases. In Fig. 2.8 (a), the oy_cpr is always better than oy vcxo. Under such a situation,
the loop bandwidth f; should be designed large enough to suppress the noise contributor
from the VCXO. In Fig. 2.8 (b), the oy cpr is worse than oy vcxo for some ranges.
In this situation, an optimal loop bandwidth f;, exists, which should be large enough to
suppress the noise contributor from VCXO for the long averaging time and small enough
to suppress the noise contributor from CPT for the very short averaging time. The former
case is a typical case for conventional highly accurate and stable atomic clock and the
latter is the common case for the compact or chip-scale atomic clock, especially when
high-performance VCXO is adopted. Thus, it is important to optimize the loop bandwidth
for the compact atomic clock for better overall frequency stability performance.
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2.4.2 Frequency shift contributors

Based on the stability analysis in the previous section, the stability of the atomic clock will

1

follow the intrinsic stability of the CPT resonance signal as 7~ !/> when the averaging time

is increased, which is not realistic in most implementations of the atomic clock. When
the averaging time becomes large, the Allan deviation indeed will first decrease with 7!/2
because most stationary noise is well averaged and will then level off or increase due to
environmental or internal perturbations. The natural atomic resonance frequencies can be
shifted from their unperturbed values by many systematic frequency shifts contributors
like the magnetic field, light field, and buffer gas, as shown in Fig. 2.9. The frequen-
cy shifts do not cause a major problem for the compact atomic clock, which is not used
as a master clock. The characteristics of such frequency shifts are typically adopted to
build high sensitivity sensors [32,94]. However, the instability of these frequency shifts
typically affect the long-term frequency stability. Detailed physical mechanisms and ex-
planations of these frequency shifts can be found in [4, 4, 6, 28, 38, 95-98]. Here, only
important and necessary physical information related to the implementation is provided.
As mentioned before, the systematic frequency shift contributors are divided into t-
wo types: 1) Environmental induced perturbations like the electric or magnetic fields; ii)
Observational shifts like the instrumental effect and Doppler shift [28]. From the effects
on the resonance signal, the frequency-shifting effects can also be distinguished into t-
wo categories [4]. The first category refers to the shift of the resonance center, which
leads to a shift of the locking point. The second category refers to the line broadening
the resonance signal, which also results in a shift of the lock point. In this part, we will

focus on the first category of frequency shift contributors and leave the second category
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to the following part of this section. We will analyze different types of frequency shifts
for the case of vapor-cell based CPT atomic clock and the effects on the resonance signal,
which in turn help us to identify the specific frequency shift during characterization. This
process also helps to track the limiting factor during a specific averaging time range for

frequency stability performance.

Zeeman effect

One magnetic field is needed to provide an axis of quantization for the system and a
reference axis for laser radiation polarization for an atomic clock. However, an undesired
effect, referred to as the Zeeman effect, happens for the energy level of the atom. A
constant dc magnetic field, applied to alkali atoms, splits the energy levels, as shown in
Fig. 2.2, which is called the Zeeman effect. Thus, instead of having just two ground
states, there are 41 + 2 (I is the nuclear spin quantum number, / = 7/2 in Cs atom) energy
sub-levels, allowing the formation of several A systems, depending on field direction and
laser polarizations. This subject is extremely important to the atomic clock since the
ground levels are displaced by the magnetic field. The Ay is shifted from its nominal
value, which means the accuracy of the atomic clock degrades. In order to compensate
for the inaccuracy, a knowledge of the local magnetic field should be obtained. Also,
the fluctuation of the magnetic field degrades the long-term stability performance of the
atomic clock. The frequency shift A fy; from the unperturbed resonance frequency fepr,
caused by the magnetic field has the following form [28]:

fepr = forro = Afu = CvuB + CynB* + Cys B + ., (2.22)

where fcpr, 1S the resonance frequency when there is no external magnetic field, and Cyy,
Cwmz, and Cyy3 are the coefficients of different orders. Fortunately, for the resonance fre-
quency of A system with Am = 0 (referred as (O — 0) resonance), Cyy; is equal to 0, and
Afu = CypB? when the magnetic field is small. For the case of Cs atom, Cyy, is equal to
427.45 x 108 Hz/T?.

Thus, an ideal magnetic field should be large enough to select the narrow (0 —0) reso-
nance signal and small enough to reduce the second-order effect on the (0 — 0) resonance
frequency. Moreover, the direction of magnetic field should be well controlled because
the amplitude of the CPT resonance signal is proportional to cos?(#), where 6 is the angle
between the direction of laser propagation and the magnetic field [4].

The other Zeeman sub-levels may play a role in the evolution of the system. Decay
from the excited state takes place to all ground-state Zeeman sublevels due to spontaneous

emission and atomic collisions when the buffer gas is used. Consequently, atoms may find
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a path to a Zeeman sublevel not involved in the A scheme. In such a case, the system is no
longer closed and atoms may be trapped in a level like mg = +4 or mg = —4 for Cs atom
as shown in Fig. 2.2, depending on the polarization used. Consequently, it is necessary
to use a four-level system including a trap to explain some of the results obtained, like

reduced signal contrast [84].

Stark effect, light shift

An electric field applied to an atom also produces a frequency shift of atomic resonance
frequency. This is called the Stark effect [99]. The light field not only induces optical
transitions but also shifts the relative energy levels of the two states through the AC Stark
effect [96]. Compared to optically pumped atomic clocks, light shifts are reduced in
CPT atomic clock, because of a more symmetric system. The theory of the CPT maser
developed in [97] shows that the residual light shift caused by the difference of intensity

of the radiation field involved in A scheme excitation is given by:

Awrs = _411((1“"/2?—;+A(2))[wm — wr] (2.23)
where it is assumed that the frequencies of the two light fields w; and w, are detuned from
w31 and ws; by the same quantity A,, wir and w,g are the Rabi frequency of these two
light fields, I'* is the decay rate from the excited state to the ground-state levels.

The laser radiation, at each of the transitions of the A scheme interacts with the other
transition and is out of resonance for that particular transition. Further, sidebands of
the modulating RF signal and the carrier are non-resonant with the various transitions as
illustrated in Fig. 2.4. A more comprehensive calculation for the light shift has been done
in [5]:

Awys = (22 )2{®(m) ; g(m)(j—]i)z} (2.24)

Whf

where wgy is the Rabi frequency of the laser radiation without frequency modulation, m

is the modulation index, ®(m) and &(m) are defined as:

s 2

1 p
Om) = Jg(m) + 2 Jp(m) - 2,1:;‘,,/2 Jf,(m)m (2.25)
1 S 1212 + p?
E(m) = 4J3(m) + §J§/z(m) -8 Z Jﬁ(’ﬂ)ﬁp4 (2.26)

n=1,n#p/2
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Figure 2.10: Graphical representation of the power light shift coefficient in the CPT atom-
ic clock [5].

where J is the angular momentum operator, p is the frequency division of hyperfine fre-
quency and modulation frequency (is equal to 2 in ULPAC). The ®(m) and &(m) represent
the power light shift and quadratic light shift, respectively. The power light shift is inde-
pendent of laser tuning, while the quadratic light shift depends on the square of frequency
tuning of the laser. These contributions can be explained qualitatively by means of a sim-
ple three-level model. The light shift originates from the combined effects of the residual
carrier and the sidebands on the optical transitions that are part of the CPT A scheme. It
was found that both contributions may be made to vanish with a proper modulation index
m. From Fig. 2.10, it is obvious that when the modulation index of the laser is around
2.4, the power light shift coeflicient is close to zero.

A strategy to reduce the signal fluctuation due to the light shift is one of the key issues
for improving long-term stability. A method to stabilize the light shift, different from the
previous report [100], is considered as an optimization of driving condition for VCSEL,
and it is applied for ULPAC.

Doppler effect

The Doppler effect is illustrated in Fig. 2.11, where a source emits a wave propagating
at speed c. When the source is at still, the wavelength and frequency observed obey the

relation:

/101/0 =C (227)
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with the period given by:
To=1/vo (2.28)

If the source is moving in the direction of wave propagation with a speed of v, then the

wavelength becomes:
A= —vT (2.29)
From Egs. (2.27), (2.28) and (2.29), we obtain:
A=2(1-v/c) (2.30)
and
Yo

V= s =~ yo(1 + v/c) (2.31)

where it has been assumed that v/c < 1. The above simple classical approach shows the

observed frequency has a first-order relationship with the source speed, as indicated by



38 CPT Interrogated Atomic Clock Operating Principle

the term vyv/c in Eq. (2.31). By the rigorous relativistic approach, higher-order Doppler
shifts can be theoretically calculated as well [28,46]:

f = fy(l _ U?'/') (2.32)

where f is the nominal probing frequency, f” is the frequency observed in a moving

frame, y = [1 — (V' /c)*]7'/?

, V' is the velocity of atom relative to the laboratory frame,
v, is the velocity of atom along the probing laser beam direction. The frequency servo
loop ensures that the probing frequency equals the atomic resonance frequency fj; that is,
(f’Y = fo, where the angle brackets denote the appropriate average over the laser probe
duration. If assuming that f is constant over this duration, then {f) = f, and we have:
f=f _ & )

— -+

h " e 2@ ta YOwo (239

The first term in Eq. (2.33) represents the first-order Doppler shift. The next two terms
in Eq. (2.33) represents the second-order Doppler shifts, which can be largest systematic
uncertainty in the case of ion optical clocks [28]. Thus, for the atomic clock where an

ensemble of atoms are adopted, the Doppler shifts should be considered.

Buffer gas shift

One technique for reducing the Doppler effect is to restrict the motion of atoms while they
are in interaction with the radiation [101]. This is typically realized by inserting buffer gas
into the vapor atom cell. In the vapor cell based atomic clock, the spin depolarization of
atoms caused by collisions between the atoms and untreated glass cell walls also broadens
the line width of the CPT. The addition of the inert buffer gas mitigates the collision effect
as well. Gases such as N, Ar and He interact only very weakly with the spin of alkali
atoms and hence the atoms can undergo many collisions with the buffer gas before spin
depolarizes.

However, the collisions between the atoms and buffer gas still produce frequency shift.
This shift is proportional to the buffer-gas density or to atom cell pressure P. Furthermore,
this shift is affected by temperature variations. The shift caused by the buffer gas is given
as [6]:

Ang = Po[ﬁo +06o(T = T,) + 70(T - To)z] (234)

where P, is the buffer gas pressure, 3, is the pressure-shift coefficient, J, and 7y, are the

first- and second-order temperature coefficients, respectively, T is the temperature of the
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Figure 2.12: (a) Illustration of collisions between the atoms. (b) Illustration of collisions
between the atom and buffer gas.

atom cell, and T, is the reference temperature at which the coefficients are measured.
The cell pressure variation is solved by using a mixture of two or several types of buffer
gases, such as Ar and N, because they have opposite temperature-dependent pressure
characteristics. When the ratio of these two gases is 2.55, then the pressure can be kept

relatively flat in the typical operation temperature range.

2.4.3 Line broadening mechanisms

The narrow CPT resonance width is the one key characteristic for the superiority of the
atomic clock over an electro-mechanical based clock, which also determines the quali-
ty factor. Every excited quantum state has an intrinsic lifetime before it spontaneously
decays to a lower energy state. The natural width of the spectral line is decided by the
uncertainty principle. The energy level above the ground state with energy E and lifetime

At has uncertainty in energy:

AEAt ~ h (2.35)
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A photon emitted in a transition from this level to the ground state thus has a range of

frequencies:

AE 1
Ay ~ — ~ —— 2.36
" T aan (230
This is referred to as natural broadening. The lifetime Af determines the natural linewidth.

The natural line profile is a Lorentzian line sharp:

4 2
b(v) = y/Am

T =P+ (y/4n)? 237

where 7y is the spontaneous decay rate. The signal width of the atomic resonance signal
is inversely proportional to the lifetime of the coherent state. Since the ground hyperfine
states have equal parity, the dominant radiative decay process is the magnetic dipole tran-
sition connection between these two states with a spontaneous lifetime of several thousand
years [4]. Thus, decoherence is determined by all kinds of line broadening mechanisms.
The line broadening affects the signal amplitude, contrast and qualify factor, degrading
the short-term frequency stability performance. Furthermore, the perturbations that cause
the line broadening are very often the cause of important frequency shifts. The broadening
mechanisms can be divided into two major types: i) energy levels are not infinitely sharp;
2) atoms are moving relative to the observer. The former includes the natural broadening,
power broadening and pressure broadening for the vapor-cell based atomic clock, while
the latter mainly refers to the Doppler broadening.

Pressure broadening

One of the major contributions for the resonance linewidth is collisions between the atoms
and the cell walls. To mitigate this effect, additional buffer gas is inserted into the atom
cell, which slows down the averaging velocity of the thermal atoms and increases the
time to reach the cell wall. The buffer gas has an additional benefit for eliminating the
Doppler broadening through Lamb-Dicke narrowing [6, 101]. The insertion of buffer gas
introduces a diffusive motion for the alkali atoms in the cell. Thus, two effects exist for the
linewidth. One is the diffusion of the atoms and the other is the buffer gas collision, which
is affected by the buffer gas pressure [9]. Because the relaxation from the walls is inversely
proportional to buffer gas pressure, while the relaxation from buffer gas collisions has a
proportional relationship with the buffer gas pressure. Thus, there is an optimal pressure

value for the relaxation rate, which plays an important role in signal amplitude. The
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relaxation rate for a diffusion mode v is then given by [79]:

P Dy (760T orr
- 70(760T0rr) i A_‘z,( P ) 2.38)

where 6, and D, are the relaxation rate and diffusion constant of alkali atoms at 7607 orr,
and A, is the diffusion length for the mode v. Because of other order diffusions decay too
rapidly, typically only the lowest-order diffusion mode is considered, for which A, ~ L,
where L is the length of the atom cell. For a cylindrical cell of radius a and length L, the
diffusion length of the lowest-order is given by [6]:

2 2
1 _[(2.405) n] 239

A} a? L?

From Eq. (2.38), the relaxation rate of the lowest-order diffusion mode exhibits a mini-

mum broadening near a pressure of:

Do 1
Popt = 1| ——(760T orr) (2.40)
Yo Ao

VYo0Do

Ao and the broadened transition linewidth is

for which the relaxation rate is I'j = 2
given by:

2 NyoDo 2.41)

A = —
VBG T Ay

The buffer gas also causes considerable depolarization for the excited state, which is typ-
ically around several hundred megahertz [102]. The broadening of the excited states
should be kept less than the ground-state hyperfine frequency, beyond which the signal
contrast of the atomic resonance is drastically reduced [98, 103, 104].

Power broadening

The line profile of CPT resonance may also be affected by the radiation intensity, referred
to as power broadening. For any wavelength detuning, an increase of laser intensity causes
more population to visit the excited state, and so increases the signal. The line width is
determined by the range of detuning for which the excited state acquires an appreciable
transient population during excitation pulse; because this detuning range increases with
the excitation intensity, such observations display power broadening [105]. Thus, the laser

output power should be carefully controlled to minimize the power broadening for the
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resonance CPT signal. A linear relation between the FWHM and g7 is expected [4, 98]:
FWHM = 2Ty, + g3 /(71 + 72) (2.42)

where '}, is the dephasing of the ground state coherence, v, and y, are the population
decay rates from the excited state into ground states |1) and |2), respectively. However,
the linear relationship of Eq. (2.42) is assuming that the intensity of the laser is below the

coherence saturation intensity:
I. = 4rthcl /32 (2.43)

where A is the wavelength of the laser output light.

Doppler broadening

The Doppler effect not only shifts the frequency of the CPT resonance signal but also
broadens the linewidth since the motion of the individual atoms is random. This ef-
fect depends on the mass of the atom, the frequency of the line and the temperature.
Doppler broadening largely determines the shape of the lines in most stratospheres where
the low-pressure limits pressure broadening and the high temperatures increase the effect
of Doppler broadening. The width at the half the height is given by [6]:

12
2kgT
Avp = 2y0( ol 2) (2.44)

The buffer gas used to mitigate the Doppler shift also effectively narrows the Doppler
broadening.

All of the frequency shift contributors and line broadening mechanisms mentioned in
this section should be carefully mitigated to obtain excellent frequency stability and are

well addressed in the implementation of ULPAC.



Chapter 3
Atomic Clock Implementation

For a chip-scale size, a novel and compact architecture is required for the quantum phys-
ical package, while maintaining robust and long-term operation. Frequency probing and
locking circuits implemented in CMOS technology achieve low power consumption. Be-
sides low noise circuit design techniques and long-term frequency shift control loops are
incorporated to reach the frequency stability specifications of LEO smallsat constellation-
S.

The complete detailed system diagram is shown in Fig. 3.1. It mainly consists of
three parts: 1) quantum physical package; 2) frequency shift control loops; 3) probing
and locking circuits. This chapter gives the details of the implementation of the whole
system.

3.1 Quantum Physical Package

As the core component of the compact atomic clock, the performance of the quantum
physical package is of great importance for the system performance. The interior part of
the quantum physical package is the main physical setup for the excitation of atomic CPT
resonance, as shown in Fig. 3.2.

The size of the quantum physical package typically determines the volume of the
atomic clock, which is dominant by the size of the vapor atom cell. Even though there
is no fundamental limit on the atom cells for the CPT based atomic clock as compared
with that of the optical pumping based atomic clock, the size of the vapor cell in CPT is
still limited by some practical implementation factors. One major consideration is the line
broadening caused by the collisions between alkali atoms. There is a trade-off between
the cell size and alkali atom density for maintaining the constant resonance signal ampli-

tude. Besides the gas leakage and mechanical robustness become serious issues when the
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Figure 3.1: Complete system diagram of ULPAC.

atom cell becomes relatively small. These affect the long-term frequency stability and ag-
ing performance. The manufacturing yield becomes low if the vapor atom cell is reduced
to be very small, which adds the cost considerably.

The size of the atom cell also sets a lower bound for the power consumption of the
quantum physical package since most of the power budget is used to heat and maintain Cs
atoms in the gas phase. In order to increase power efficiency, special design techniques
are applied to the quantum physical package.

Figure 3.3 (a) shows the top-down view of the integration of a heater, a VCSEL, and a
thermistor as a temperature sensor on the same base. The VCSEL is located in the center
of the base. The thermistor layouts close to the VCSEL and is used to detect the internal
temperature. Since the temperature affects the wavelength of VCSEL and various per-
formance of the atom cell, the internal temperature should be monitored and controlled
with high accuracy. The heater pattern is circular around the VCSEL and tries to heat the
VCSEL and the atom cell equally. The light of the VCSEL is circularly polarized by a
A/4 plate for the (0 — 0) resonance, and the intensity is adjusted by a neutral density (ND)
filter. The light is then used to trigger the atomic resonance in the atom cell. Finally, the
CPT resonance signal is detected by a PD.
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Figure 3.2: Compact quantum physical package architecture for ULPAC.

The vapor cell filled with Cs atoms is entirely composed of silica glass. Cs vapor
is introduced into the silica glass container through a distillation process, and then it is
preserved by glass fusion sealing.

The VCSEL is a key component of the quantum physical package. The requirements
of the atomic clock on the VCSEL are quite demanding, as compared with those of da-
ta communication applications. First, the VCSEL should have a single-mode operating
at a wavelength of 894.6nm. Mode competition in a conventional VCSEL can cause
amplitude noise in light power [106, 107]. In addition, due to the high-temperature sensi-
tivity (around 19 GHz/K), the wavelength of the VCSEL should be accurate to be within
+0.5 nm for a typical temperature control accuracy. The linewidth of the VCSEL should
be less than 100 MHz for better short-term stability of the atomic clock. The frequency
noise of the VCSEL light will affect the signal amplitude of the optical pumping, thus
degrading the S /N ratio of the CPT.

The schematic of the VCSEL is shown in Fig. 3.4. A bottom-distributed Bragg reflec-
tor (DBR), quantum wells and a top-DBR are grown on a GaAs substrate. The bottom-
DBR is designed with n-doped 4/4 layers and the top-DBR is designed with p-doped
layers. The reflectivity of the bottom-DBR is higher than that of the top-DBR for light
efficiency. The quantum wells formed in the active region provide an optical gain near
894.6 nm within about 10 nm full width at a temperature of 80°C, which is the oper-

ating temperature of the quantum physical package. A mesa structure is formed by the
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Figure 3.3: (a) Top-down view of integration base. (b) Photograph of interior design of
the quantum physical package. (c) Photograph of the sealed quantum physical package.

dry etching technique. An oxide aperture in the top-DBR is formed to limit the current
to the center of the mesa structure and also for lateral optical confinement. A polyimide
layer is embedded around the mesa structure in order to reduce the parasitic capacitance
for high-frequency tuning.

For the low power consumption, a new suspended architecture of the interior setup
is designed. A coating of Au is adopted in order to improve the thermal isolation, and a
vacuum package is realized using a hermetic seal to reduce the heat conversion. By these
techniques, the heater consumes only 9.1 mW power to maintain the temperature at 80 °C.

Figure 3.3 (b) shows the interior design of the quantum physical package with a size
of only 2mm X 2 mm X 4 mm, and Fig. 3.3(c) shows the sealed quantum physical pack-
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Figure 3.4: VCSEL cross-sectional schematic diagram.

age with a volume of only 10.6 mm X 10.6 mm X 6.3 mm.
Further miniaturization of this quantum physical package using MEMS technology

(to a promising size of less than 1 cm?) is also under development [68, 108, 109].

3.2 Additional Control Loops

For a high-performance atomic clock, additional control loops and design considerations
are needed to address the internal or external frequency perturbation factors.

1) Temperature control loop: Constant temperature is needed to minimize buffer gas
shift, maintain the constant wavelength of VCSEL and the pressure of atom cell. Due
to the high-frequency stability requirement of the atomic clock, the temperature control
accuracy should be below +1 mK. A heater is used to heat both the VCSEL and the
atom cell and to maintain a constant temperature in conjunction with a thermistor. The
temperature accuracy is controlled within +1 mK by a microcontroller unit (MCU) with a
16-bit DAC. In this way, both the wavelength of the VCSEL and the pressure of the atom
cell are kept constant in order to mitigate the frequency shift caused by the light shift and
buffer gas.

i1) The magnetic field has twofold effects on the CPT resonance. On one side, a
small magnetic field is required to select (O — 0) resonance, whose resonance frequency

is almost first-order independent of the magnetic field. One the other hand, large external
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Figure 3.5: Methods of generating two phase coherent light fields: (a) two lasers method
and (b) RF modulated single laser method.

magnetic field such as the earth magnetic field should be well shielded to reduce the
second-order effect on the resonance frequency. The magnetic field is carefully controlled
for the quantum physical package. First, a 10 uT unidirectional magnetic field required by
the detection of the (O — 0) CPT resonance signal is produced by controlling the current
driving the coil in the quantum physical package. The external environmental magnetic
field (particularly, the earth magnetic field) is shielded by the magnetic shield package.
The supporting materials inside the package are also chosen to be less magnetic in order
to further reduce the variations.

iii) The coherence loss due to the collision between the atoms and the cell wall is
mitigated by inserting additional buffer gas into the atom cell. The cell pressure variation
is solved by inserting a mixture of Ar and N, because these two buffer gases have opposite
temperature-dependent pressure characteristics. If the ratio of these two gases is 2.55,
then the pressure can be kept relatively flat in the typical operating temperature range.

3.3 Probing and Locking Circuits

Instead of using two lasers to produce two phase coherent light fields as shown in Fig.
3.5 (a), a RF modulated single laser is adopted to generate the required light fields for the
CPT resonance, as shown in Fig. 3.5 (b). Thus, the laser wavelength should be locked to
894 nm and the RF modulation signal should be locked to half of the hyperfine frequency.
The circuit implemented in a standard CMOS 65 nm is shown in Fig. 3.6.

3.3.1 Laser wavelength locking loop

In order to lock the wavelength of the VCSEL to 894.6 nm, a modulated dc current source
is used. The wavelength of the VCSEL has an almost linear relationship with the driving
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Figure 3.7: (a) Modulation dc current source for the wavelength loop. (b) Modulation RF

signal for the frequency locking loop.

current. As shown in Fig. 3.7 (a), if the driving current for the VCSEL is swept, then

the PD current reflects the optical pumping of the Cs atoms inside the atom cell. The

bottom peak is the locking point for the VCSEL wavelength. The peak of maximal light

absorption is the locking point for the VCSEL wavelength when the RF modulation is

not applied. Here, a small modulated current is combined with a dc current to produce

Ipco and Ipc, + Al as two search values. The averaged error signal after demodulation

indicates the direction of the next step movement of the dc current. The detailed modula-

tion and demodulation methods are shown in Fig. 3.8. In this way, the wavelength of the



50 Atomic Clock Implementation

_81\ “-91\
N
I
IAI g IZAf
<
t t
EA E“
— L= CPT
w
(/2]
g
W < 1

Al=1pA 2Af=500Hz
(a) (b)

Figure 3.8: The detailed modulation and demodulation (a) current domain wavelength
locking loop, (b) frequency domain RF signal locking loop.

Table 3.1: The general design requirements on the current source.

Parameter Target Reasons
Current turning range >3 mA VCSEL tuning characteristics
Current resolution <0.4 uA/bit Quality factor
RMS current noise <0.1 A Short-term stability
Temperature coefficient | <100 ppm/C Short-term stability
Supply variation <100 uA/V Short-term stability
VCSEL is well locked.

The general requirments on the current source are listed in Table 3.1. Two prior arts
of current source are shown in Fig. 3.9. Both architectures are quite simple. But they
suffer from the noise from the R-DAC, large area and worse linearity. Also the tempera-
ture coeflicient of on-chip resistor is typically larger than 200 ppm/C. The detailed circuit
implementations of the dc current source and the modulated current source are shown
in Fig. 3.10 (a). The dc current source is further divided into a fine current bank and a
coarse current bank with a current range of 0-3.225 mA. The modulating current source
can provide a range of 0-4 uA, which is modulated at 9.7 kHz. Since an RF signal also
exists at the VCSEL port, an isolation consisting of an inductor and a capacitor is used

to reduce the dc current sensitivity due to the RF amplitude. All of these current source
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Figure 3.10: (a) Circuits of the wavelength locking loop. (b) Current source bank archi-
tecture.

banks are programmable and share a similar architecture, as shown in Fig. 3.10 (b). In
order to achieve better linearity, a binary-to-thermometer decoder with the same unit cur-

rent source is adopted for each control bit. The root-mean-square (RMS) current noise
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of the current source should be kept smaller than 0.1 uA, otherwise, the RMS wavelength
offset of laser will be larger than 100 MHz, which causes obvious asymmetry of the line
shape from an ideal Lorentzian line. Also, the resonance signal amplitude and contrast
will be affected. The current noise of the current source bank is dominated by the flicker
noise, which is reduced by optimizing the transistor size. The biasing voltages (V; and V)
for the current mirror in the current source banks are generated from a bandgap voltage
reference, as shown in Fig. 3.10 (b), in order to further reduce the current variation due to
temperature changes. The cascode structure is adopted in the bandgap core to improve the
power rejection ratio. The temperature coefficient on-chip resistor is compensated by two
resistors on the right side of the BGR core with the opposite temperature characteristic of
Vge and V, of the bipolar trasistor, as shown in Fig. 3.11. The voltage drop on the R; can
be derived as:

VRl = AVBE = Vt In (31)

The currents of Iy and Ip can be calculated as:

Vi Vi
In=1I = 2 4 B8

3.2
R TR (3.2)

Every parameter in the right hand of Eq. (3.2) has a temperature coefficient, thus Eq. (3.2)
can be further expressed:

o= Vrio(1 + TCyri - T) N Veeo(1 + TCyge - T)
YT R (1 +TCr-T) Roo(1+TCg - T)

(3.3)

where the Vi, R0, VBgo and R, are temperature-independent constants of Vry, Ry, Vag
and R,, respectively. And TCvygy, TCr, TCygg and T Cy are the temperature coefficients of

Vri1, R1, Vg and R, respectively. Thus, in order to get temperature-independent current,
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Figure 3.12: Simulated current variation results with supply noise.

the following equation should be satisfied:

% — VRI,O(TCVRI - TCR) + VBE,O(TCVBE - TCR) —
oT RI,O(I +TCg - T)2 Rz,o(l +TCg - T)2

(3.4)

which also translates into:

RZ,O - _ VBE,O(TCVBE - TCR)
RI,O VRl,O(TCVRl - TCR)

(3.5)

Since T Cvygg 1s below 0, solution for Eq. (3.5) is available if TCy is smaller than TCyg;.

Figure 3.12 shows the simulated current variation results with supply noise. The cas-
code structure improves 40 dB for the low-frequency supply noise as compared with that
of non-cascode structure. The on-chip decoupling capacitor is used to filter the high-
frequency supply noise. The simulated temperature characteristic of this bandgap is
shown in Fig .3.13. 0.7% current output error is achieved in the temperature range from
-60°C to 80°C under the supply voltage range from 2.7V to 3.3 V. Even in the temper-
ature range of -80°C to 80°C, only 1.65% current output error is maintained. Since the
required operating temperature range of ULPAC is from -10°C to 70°C, less than 0.7%
current variation is anticipated. The temperature characteristic of the current source bank
biased by the bandgap reference is also simulated and shown in Fig. 3.14. The maximum
temperature coefficient for this current source bank is 50 ppm/°C. By these techniques,

the theoretically calculated VCSEL wavelength variation could be ensured to be less than
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Figure 3.14: Simulated current variation of current source bank when the temperature
changes.

100 MHz. The performance summary of this current source and comparison with other
work are listed in Table 3.2.

3.3.2 RF modulation frequency locking loop

Following the wavelength locking method, a modulated fractional-N PLL is used to gen-
erate fcpr —Af and fcpr + Af to search the peak of the CPT resonance signal, as shown in
Fig. 3.7 (b). One VCSEL buffer is designed to amplify the RF signal to reach the required
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Table 3.2: Performance comparison of current source.

Target This work [110] [8]
Implementation On chip On chip Off chip Off chip
Cuurent turning range >3 mA 3.2mA N/A N/A
Current resolution <0.4 uA/bit | <0.1 uA/bit N/A N/A
RMS current noise <0.1 uA <0.102 uA N/A N/A
Temperature coefficient | <100 ppm/C | 50ppm/C | 2ppm/C | 180 ppm/C
Supply variation <100 uA/V 10uA/V | 200 uA/V N/A

power level to drive the VCSEL. The detailed schematics of the PLL and VCSEL buffer
are shown in Fig. 3.15.

The PLL mainly consists of a phase-frequency detector (PFD), charge pump (CP),
low pass filter (LPF), voltage-controlled oscillator (VCO), multi-module divider (MMD)
and delta sigma modulator (DSM). The PFD compares both frequency and phase differ-
ences between reference signal and feedback signal from the divider and generates the
error signal that is proportional to the phase difference. This error signal is converted
from time domain to the voltage doain by using CP and LPF. The LPF also filters the
high frequency component of the error signal, which helps to reduce the spur. The VCO
produecs an output frequency that is proportional to the voltage input from the LPF. The
DSM controlled MMD forms a fractional-N divider. The fractional-N divider divides the
high output frequency of VCO to a low frequency FB signal, whose frequency should be
exactly equal to the reference signal in the locked state.

First, the PLL should oscillate at 4.596315885 GHz with at least 0.5 mHz frequency
tuning resolution to search the center frequency of CPT resonance signal. This require-
ment eliminates the possibility of a dgital PLL. The reason is twofold: the digital PLL
is difficult to achieve 0.5 mHz frequency resolution since in most cases a varactor based
small capacitor bank is used for fine resolution with DSM dithering technique. The linear-
ity of such capacitor bank is typically bad and the layout area is kind large; High freuency
DSM dithering technique for further improving the frequency resolution demands huge
power consumption. The frequency resolution of DSM based fractional-N PLL is deter-
mined as:

1
Jres = 25+ Jret (3.6)
where N represents the number of bits in the DSM accumulator, f.; represents the input

reference frequency. 10 MHz crystal oscillator is used here for the reference signal of the
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Figure 3.15: (a) Fractional-N PLL schematic diagram. (b) Power amplifier (PA) schemat-
ic.

PLL. Simple calculation indicates a 35bit DSM is needed to ensure the fine frequency
resolution, which sets a power consumption limitation. A hardware reduced DSM ar-
chitecture should be adopted for the low power consumption target [7]. One two-stage
bus-splitting DSM is shown in Fig. 3.16. The N-bit input can be written as:

X = Xusp - 2™ + X gp (3.7)

where Xysg and Xy sg correspond to the MSBs and LSBs respectively, and the total num-
ber of bits is equal to n = Nysg + Nrsg. The output of the bus-splitting 1-3 DSM can be
expressed in the Z-domain as:

X -z 1-7HE
00 = 37+ a9
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Figure 3.16: Block diagram for bus-splitting 1-3 DSM [7].

where £q;(z) and E;3(z) are the quantization errors of DSM1 and DSM3 in Fig. 3.16.

However, compared with commonly used MASH 1-1-1 structure, the bus-splitting
DSM has some intermediate quantization error, like £q;(z). Fortunately, as the above
transfer function shows, the extra quantization errors are scaled by some factors. In order
to hide such extra quantization noise below the main quantization, there are some limi-
tations on the choices of number of bits for Nysg andN sg [7]. Compared with MASH
structure, the hardward reduced structure could save 20% digital standard cell, which also
means 20% power consumption reduction.

Besides, the low reference frequency makes the sharped noise of DSM appear in the
lower frequency region, which is also difficult to be filtered by the loop filter. Thus, the
pll will display a noise peaking in the lower offset frequency region caused by the shaped
DSM noise. However, the phase noise at the harmonics of the modulation frequency f;,
of the oscillator is important for the short-term stability. The phase noise at the even har-
monics of the modulation frequency degrades the resolution for locking a probe signal
to a resonance. The limits to short-term fractional frequency stability due to PM noise
at even harmonics of the modulation frequency in a quasi-static approximation are given
by [111-114]:

opn(T) = J Z C§HS¢(2nfm)T—1/2 3.9)
n=1

where C», is the coefficient of the 2™ harmonic of f;,, and S ¢ 1s the oscillator phase noise.
From Eq. 3.9, a large f,, would appear to result in better short-term stability because,
at a large offset frequency, the phase noise improves for a typical frequency synthesizer.

However, this is not true because the coefficient C,, is also proportional to f,,, which is
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Figure 3.18: Phase noise analysis of fractional-N PLL.
given as follows:
2n Jm
Cy =
(2n = 1)(2n+1) feer (3.10)

In the present study, f,, = 71.4 Hz is selected to be an optimum value. Based on the
theoretical calculation and experimental data, the phase noise of the RF signal must be
lower than -50 dBc/Hz at an offset frequency of 2 X f;, for an over-all short-term stability
better than 107!° [115,116]. The f,, value is also 10 times smaller than the dc current

modulation frequency in order to avoid the cross-talk issue.
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The phase noise model of fractional-N PLL is shown in Fig. 3.17. The open loop
transfer function of PLL can be derived as:
Ky 1

G(s):Kd~F(s)-TN (3.11)

The noise transfer fucntions of each major noise contributor in the PLL can be expressed
by:

N -G(s)
NT F'ret nydivin/psMa = TG(S) (3.12)
N -G(s)
NTFepy = —— 222 3.13
Pn = K11 G () (3.13)
N G(s)

NTF n = 3.14
= g F(s) 1+ G(s) (3.14)

1

NTFycon = ———— 1

veon = 176 0s) (3.15)

From the noise transfer functions, it is easy to see that the reference noise, divider
noise and DSM noise are loop-pass filtered. Thus, the in-band phase noise and spur of
PLL are mainly determined by noise coming from the VCXO reference, fractional-N di-
vider and DSM due to the low reference frequency of 10 MHz. The phase noise analysis
of the integer-N PLL is shown in Fig. 3.18. Ths, in system-level, a narrow loop bandwidth
is designed to suppress the noise contribution from the VCXO reference. A third-order
bus-splitting DSM is adopted in order to improve the randomness, which helps the noise
shaping. However, higher order DSM will casue noise peaking for the relative low in-band
range since the DSM clock reference frequency (here same as the reference frequency)
is low. A fourth-order loop filter is thus carefully designed to suppress the noise from
the DSM, while maintain the loop stability. A retimer after the fractional-N divider sup-
presses the jitter accumulation in the long divider chain. A fourth-order loop filter is used
to suppress the high out-band phase noise caused by the third-order DSM noise shaping.
Since the CPT resonance signal is only a few kilohertz, a frequency resolution of 0.3 mHz
is realized with a 35-bit DSM in order to search the peak of the resonance signal. Four
FCW inputs are designed for both the calibration of different prototypes and frequency
modulation.

Similar to the DSM noise, the fractional spur caused by the limited period of the
DSM and nonlinearity of loop needs to be addressed as well. In the DSM part, a built-in
linear-feedback shift register (LFSR) is adopted to further increase the period of the DSM
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Figure 3.19: The figure of merit (FoM) of VCOs used in compact atomic clock with
design targets of this work.

output. The different path delay time of divider for different divider ratio is compensated
by inserted additional buffer, while helps to improve the linearity of the divider itself. The
outputs signal of PFD, named as Up and Down, are used to switch on and oftf of PMOS
and NMOS switches in the CP, respectively. However, one inverter should be added for
the Up signal to enable the PMOS. Thus, a path delay mismatch exists for the Up path
and Down path. The delay mismatch is simulated together with the PMOS and NMOS
switches in the CP since the turning on time for PMOS and NMOS is also different, which
then is compensated by manually designed buffer. Besides, the clock feedthrough, charge
shaping and current mismatch of CP are addressed with various circuit techniges [117].
For the VCO design, power consumption and phase noise are the two major aspects.
The figure of merit (FoM) is typically adopted to evaluate the performance of the VCO,
normalizing the phase noise, oscillation frequency and power consumption. Two prior
arts of VCOs used in compact atomic clock are listed in Fig. 3.19. Ref [118] reduced
more than half of power consumption compared with the VCO used in CSAC. But the
phase noise degraded more than 10 dB. Our initial target was to maintain a similar phase
noise as the VCO used in CSAC, while reducing the power consumption to 5 mW. For
the following target, we further aimed to reduce the power consumption below 1 mW. In
order to design a high-performance CMOS oscillator, we have to first review the basic
design rules for the common VCO architectures. Typically there are two design regions
for a VCO design, as shown in Fig. 3.20. The FoM is first limited by the current, in

which region you can improve the FoM by increasing the biasing current. However, when
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Figure 3.21: VCO designed in this work: (a) tail filter CMOS VCO, (b) pulse VCO and
(c) class-D VCO.

you enter into the voltage limited region, even you increase the biasing current, the phase
noise won’t improve anymore. As a result, the FOM degrades. The NMOS VCO is the
most common type oscillator due to its simple architecture. The CMOS VCO is more
power-eflicient compared with NMOS since the current is reused in the top cross-coupled
PMOS pair. The class-C oscillator can further improve the power efficiency by reducing
the conducting angle of the cross-couple transistors. However, there is a design trade-off
between the robust start-up and phase noise for the Class-C VCO, as will be explained in
Chapter 5.
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Figure 3.22: Illustrations of (a) loading effect and (b) tail noise mixing using NMOS
VCO.

Three different architectures of VCO have been designed in this work to meet the low
power and phase noise requirement of the atomic clock, as shown in Fig. 3.21. For power
consumption, one push-and-pull VCO is first designed. The power efficiency is improved
by the current reuse of the top cross-coupled PMOS pair, while the phase noise is main-
tained by mitigating the loading effect and tail noise mixing using a tail filter [119]. The
large amplitude of VCO required to lower down the phase noise binds the operating re-
gion of the cross-coupled transistors within the off and triode region. When one transistor
1s turned off, the other transistor is in the triode state, which can be modeled as an ideal
transistor with a relatively low impedance Rcc; or Rec, as shown in Fig. 3.22.

The loading effect can be analyzed by using Fig. 3.22 (a). The tail transistor can be
modeled as an ideal transistor with an impedance Rr,;. A large value capacitor is typ-
ically adopted filtering the noise of the tail transistor. The oscillation frequency at the
common point is twice the oscillation frequency. By this configuration, the equivalent
impedance of the transistor and capacitor R.q, is also small at the second harmonic 0s-
cillation frequency, which means a low impedance path exists from the tank to ground
through the common point. As a result, both the tank amplitude and qualify factor are
severely degraded due to this low impedance path. Both factors affected the phase noise
considerably [119].

The tail noise mixing mechanism can be understood by Fig. 3.22 (b). The switch-
ing action of the cross-coupled transistors commutates the noise in the tail currents like a

single-balanced mixer. The tank current due to the switch operation of the cross-coupled
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transistor can be expressed by:

_ B(Vop = Ve = 229 _d<p<®
Iu(¢) = {(DD 0 ) be vy 1O

where ¢ is the conduction angle of the cross-coupled transistors. The DC component of

the MOS current must be equal to the tail bias current /;,5 over one oscillation period:

1 D
hiw =3 f Io(®)d¢ (3.17)
TJ-o

Using Egs. (3.16) and (3.17) and Fourier’s theory, we notice that the tank current
can be decomposed into odd and even harmonics as the fundamental harmonic can be

calculated by:

()
s == f 1o(®) cos(d)dg (3.18)
27 J_o

The odd harmonics circulate the differential path in the tank, and don’t flow through
the tail transistor. However, the even harmonics flow through the common mode path
in the VCO and flow through the tail transistor. Thus, the tail noise is upconverted or
downconverted by these even harmonics to around fundamental frequency. Assuming a
noise with modulating frequency wy, is injected into the tank, the tank voltage output can

be calculated by:

Vour = Vo Sin wot + A sin(wy — wpy)t + B cos(wy — wp)t + C sin(wg + wy)t + D cos(wy + wy)t
(3.19)

We notice that the tail current noise originating from low w,, and wy,, + 2w, are the
most problematic since the conversion gain of a balanced mixer drops rapidaly for high-
er harmonics. The low frequency current noise is upconverted to around fundamental
frequency, while the second frequency current noise is downconverted to around funda-
mental frequency. According to [120], the upconverted noise only contributes the AM
noise for A = C and B = —D, while the downconverted noise is decomposed into half
AM and half PM noise for A = —C and B = D = 0. Since one of the cross-coupled tran-
sistors is in the triode region, the noise related with the tail transistor mixes with the tank
through this low impedance path. We also notice that the AM noise can be problematic
through AM-PM conversion by the varactor in the VCO tank.

A high impedance is required at the second harmonic at the common point preventing
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Table 3.3: The general comparison of three VCO architectures designed in this work.

Tail-filter CMOS VCO | Pulse VCO | Class-D VCO
Power efficiency v vV v
Phase noise v vV v
Issues FET noise Pulse Gen. | Supply pushing

Table 3.4: The performance comparison of three VCO architectures designed in this work.

Frequency range | Phase noise @1 MHz | Power FoM

(nm) (dBc/Hz) (mW) | (dBc/Hz)
Tail filter CMOS VCO 4449 -116 0.65 -191
Pulse VCO 4.5-5.2 -120 1.35 -191
Class-D VCO 2.2-2.5 -110 0.12 -188
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Figure 3.23: Frequency compensation by using one additional varactor in the VCO tank.

the formation of the low impedance path from above discussion. The tail filter technique
creates a high impedance path preventing the loading effect and the tail transistor noise
mixing. By doing so, the VCO removes additional noise contributors, improving the
phase noise performance.

In this design, one additional varactor is inserted in the VCO tank to compensate for
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the frequency shift caused by the power supply noise. One node of the varactor is con-
nected to the VDD supply line to sense the supply noise, while the other node is biased
to a fixed voltage depending on the Kypp with some design margin. The simulation result
is shown as the black line in Fig. 3.23. Without the frequency compensation, the Kypp
is 6.98 MHz/V around 1 V supply voltage range, while in case of compensation it is quite
flat around 0.95 V supply voltage. In order to further improve the power efficiency, one
pulse VCO and class-D VCO have also been designed [121-123], which will be intro-
duced in Chapter 5. The pulse VCO is more robust to start-up and shows a potentially
higher voltage efficiency by driving the cross-coupled transistors with a pulse waveform,
compared with the conventional current efficient class-C VCO. The class-D can achieve
extremely low power consumption under low supply voltage. The general comparison
and performance comparison are given in Table 3.3 and Table 3.4, respectively.

For the VCSEL buffer, one prior art used in the compact atomic clock is shown in
Fig. 3.24. It is a differential class-C PA, which helps to suppress the even harmonic. But
it suffers from the balun loss, inferior turning resolution and low backoff power efficien-
cy. The design history for VCSEL buffer in this work is shown in Fig. 3.25. Initially, a
calss-AB two-stage PA is designed with a programmable attenuator. Then a more power
efficient programmable two-stage class-C PA is adopted instead of using a programmable
attenuator. The detailed circuit schematics for class-AB abd class-C PAs are shown in
Fig. 3.26. In the latest version, a class-E power amplifier (PA) is designed in order to fur-
ther improve power efficiency, as shown in Fig. 3.15 (b). The performance comparison of
these three PAs is shown in Table 3.5.

In the class-E PA, the pre-amplifier state converts the sine-wave output from the VCO

into the squre waveform for the class-E operation. The last state is a cascode amplfier s-
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Figure 3.25: PA designed in this work: (a) class-AB two stage PA with 32.2mW for
0 dBm output, (b) two-stage class-C PA with 18 mW for 0 dBm output and (c) class-E PA
with 4.4 mW for 0 dBm output.

tate. By optimizing the match impedance, the overlapping are of Vpg and I is minimized.
In an ideal case, the theoretical power efficiency can be 100%. The simulated waveforms
of Vps and I of the class-E PA are shown Fig. 3.27. When the Ip reaches the maxi-
mum point, the Vpg is in the minimal region, and vice versa. Thus, the transistor short
timing when the Ip and Vpg are both high is minimized, which reduces the static power
consumption and improves the output RF power efficiency. The RF power level should be
carefully controlled to search for an optimum light intensity for CPT signal contrast. The
amplitude of the CPT signal becomes larger as the light intensity increases until it satu-
rates. Further increasing the light intensity results in a stronger background current of the
PD, which degrades the signal contrast ncpr. Also, the light intensity should be carefully
controlled to minimize the line broadening. A 0.02-dB minimal step is required for the
control accuracy in order to minimize the light intensity resolution. Moreover, -5 dBm
to +5 dBm power range is needed in order to satisfy the typical light transfer efficiency
to the first-order sideband of the VCSEL. The Vi, is used to bias the input stage of the
pre-amplifier to make the sine input waveform from the VCO as a square waveform for
the class-E operation. The V. 1s used to tune the output power by directly changing the
drain voltage with an operational amplifier. This method maintains the power efficiency
when the output power is low. Thus, a more consistent power efficiency is achieved when
the output power is changed. Both Vi, and V. are programmable with 10-bit digital

control. An on-chip match network is designed to meet both the class-E operation and
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Figure 3.26: The initial two PA designs: (a) detailed circuit schematic for Class-AB, (b)
detailed circuit schematic for two-stage class-C PA.

impedance matching of the VCSEL at 4.6 GHz in order to further improve the power ef-
ficiency.

The simulated clas-E PA output versus the Vi, control bit is shown in Fig. 3.28. The
fundamental output is the desired one to drive the VCSEL. The power level meets the
design specification with less than 0.03 dB tuning resolution to minimize the broadening
effect for the CPT resonance signal. The harmonics outputs have adverse effects on the
light shift. Also higher harmonics degrade the power efficiency for the fundamental out-
put. Thus, the harmonics should be suppressed by the impedance matching network. As
indicated by Fig. 3.28, the second harmonic is above 30 dB lower than the fundamentl,
while the third haromic is approximately 50 dB lower.

The performance summary of the RF circuits developed in this work is shown in Ta-
ble 3.6. The RF loop only consumes less than 7mW power consumption, as shown in
Fig. 3.29.
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Figure 3.28: The simulated PA outputs versus the V. control bit.

3.3.3 Frequency output ports

Both 10-MHz and one-pulse-per-second (1-PPS) output ports are designed for general
applications, as shown in Fig. 3.30. When the system is locked, both outputs will inherit
the stable quantum mechanical resonance of the CPT signal.

The 10-MHz signal is both input and output from the VCXO, and the 1-PPS signal is
the divided signal from the 10-MHz signal. The frequency of VCXO is used to trigger the
CPT resonance in atom cell after frequency multiplication and the discriminated signal of

the lock-in amplifier represents the frequency error. Such frequency error is processed in
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Table 3.5: PA performance comparison.

Parameter Class-E PA [8] [118]
Frequency 4.6 GHz 3.4GHz 4.6 GHz
Topology Class-E Class-C Class-E
Matching network On-chip Off-chip Off-chip
Power consumption | 4.4mW@(0dBm | 18.1 mW@0dBm | 15 mW@0dBm
Tuning range -5to 5dBm 0to 10dBm -10 to 0dBm
Tuning resolution 0.02dB N/A N/A

Quantum physical package 11mW 18mwW=> 4.4mW

|| | VCSEL
i_ PD | Cs cell, | VCSEL driver
Amp. Heater
+ADC ¢ ? Current
control
|_> MCU |« Temp. Temp. control
sensor

Microwave synt. (PLL)

10MHz |f; PFD || cp || LF —»@—

vexo MMD | 32mW=>0.65mW
TmW DSM >

Freq. control 52mwW = 2mW

Freq. control

Figure 3.29: Power reduction of RF loop.

the MUC and used to control and correct VCXO frequency by a DAC. Thus, within one
feedback loop, the frequency of VCXO is synchronized or referenced to the atomic CPT
resonance signal. The phase of the 1-PPS signal can be synchronized with the GPS,¢
signal, whenever the signal is available, using a time-to-digital converter (TDC). The
resolution of the TDC is set by 4.6 GHz/4 from the PLL with 32 bits in order to cover a
one-second dynamic range. Thus, the calibration timing accuracy is 1 ns, which is similar
to the timing accuracy of the general-purpose GPS receiver. The duty cycle of the 1-
PPS signal is programmable from 10% to 90% in 10% steps. All circuits except for the
VCXO are digitally synthesized with a power consumption of only 2.2 mW when in full
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Table 3.6: The performance summary of RF circuits.

201705 T.O. 201712 T.O. 201806 T.O.
VCO 1.35mW 1 mW 0.65 mW
PLL 4 mW 2.8 mW 2mW
33mW @4 dBm 30mW@4dBm | 6.9 mW@5dBm
VCSEL buffer | 32.81 mW@0dBm | 18mW@0dBm | 4.4mW@0dBm
32.65mW@-5dBm | 12mW@-5dBm | 3mW@-5dBm
10%, 20%, --- 90%
1PPS «—— Duty cycle cal. |« Phase offset cal.
1ns/step |
132b
10MHz Divider
[105] in+ (4.6GHz)
MCU o—> __,|TDC << /4 |0
VCXO in- (1.15GHz) " “lout
GPS
ref O
(one shot cal.)
Figure 3.30: Output ports circuit block.
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Figure 3.31: Triple-modular-redundant (TMR) DFF structure.

operation.

3.3.4 Soft-error tolerant design

The harsh environment faced by the devices deployed in the LEO requires the circuits of
the ULPAC to be radiation tolerant [124—129]. The quick charge and recharge operation
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of RF circuit resembles a system-level reset operation of digital circuit, which effective-
ly reduces the single-event upset (SEU). Besides, large capacitance nodes in the analog
circuit typically form a low pass filter for the single-event transient (SET). However, the
digital circuits are susceptible to such soft-errors [130, 131]. Redundant coding functions
are designed for the fully synthesized digital circuits in the chip, which maintain function-
ality even one path fails to operate correctly. Manually designed triple-modular-redundant
(TMR) DFFs, as shown in Fig. 3.31, are applied to the divider and the phase frequency
detector (PFD) in the PLL in order to improve the robustness. If one DFF value is inverted
due to radiation, the output can still obtain an accurate value from other DFFs by the voter.
Moreover, if multiple-cell upset (MU) occurs, the event probability is given by [132]:

Kyuu = % =~ 0.105 x d "7 (3.20)
where d is the distance between the DFFs, Pr{MU} is the probability of a MU, and
Pr{SEU} is the probability of an SEU. By setting the distance between DFFs to be 60 wm,
the soft error rate (SER) of the DFF is reduced to approximately 1/7000. Circuits us-
ing an silicon on insulator (SOI) technology are under development, which could further
enhance the reliability against radiation [133, 134].
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Chapter 4
Prototype and Evaluation

The quantum physical package is integrated with the frequency probing and locking cir-
cuits together with additional control circuits on the same printed circuit board (PCB).
Figure 4.1 shows the pictures of the prototypes developed in our group. The volume of
ULPAC is keeping reducing. The latest prototype of ULPAC is shown in Fig. 4.2. The

size of this prototype is only 15.4 cm?® including magnetic shield package.

4.1 Quantum Physical Package Characterization

For the power consumption, the heater only consumes 9.1 mW to heat the atom cell
around 80 °C, thanks to the small size of atom cell, highly thermal isolation and hermetic
design. The measurement results for VCSEL output power and voltage versus current are
shown in Fig. 4.3. The threshold current is only 0.5 mA, and the circuit consumes 3.1 mW
for an output light power of 0.5 mW. The coil consumes less than 1 mW to produce a sta-
ble 10 uT unidirectional magnetic field for the (0 — 0) CPT atomic resonance. Thus, the
quantum package consumes less than 13.1 mW power consumption in total, as shown in
Fig. 4.4.

The measured CPT resonance signal is shown in Fig. 4.5. The FWHM is only 1.5 kHz.
The qualify factor of CPT resonance signal is defined as:

1
0= Jerr 2 Ant 4.1
FWHM FWHM

Thus, the calculated Q factor of this atomic clock is approximately 3.06 x 10°.
The output of the lock-in amplifier of CPT signal is shown in Fig. 4.6. It is the
discriminated signal of CPT resonance signal. As shown in Fig. 4.6, the signal amplitude

of the discriminator is around 700, while the RMS noise power is 27. Thus the signal to
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Figure 4.1: Packaged ULPAC prototypes.

Figure 4.2: Latest ULPAC prototype.

noise ratio /N can be calculated by:

700%/2
~ 4.2)
77 ) = 95

S/N = {/(
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Figure 4.3: VCSEL output power and voltage versus current.

The estimated S /N ratio is approximately 95. Finally, the theoretical short-term stability
can be calculated using Eq. (2.18) [53]:

0.11 1
— ~3.784x 10710 x 7172 4.3
3.06 X 106 %05 < iz = 3 784X 107X (4.3)

Oy CPT =

where the y in Eq. (2.18) is set to be 0.11 since the frequency of modulation and depth
of modulation are much smaller than the CPT resonance linewidth in this work [87]. The
spectral density of the CPT resonance signal can be calculated from the short-term Allan

deviation shown in Eq. (4.3) using the relations [53]:

Sy cpr(f) = ho 4.4)
0'2(7') = 1@ 4.5)
2T

Thus, the spectral density of the CPT resonance signal is:
Sy cpr(f) =2.126 x 107" (4.6)

where only white frequency noise is considered.
The estimated power spectral density of fractional frequency fluctuation of the quartz-
crystal oscillator adopted in the ULPAC based on the measured Allan deviation is ex-
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Figure 4.5: Measured CPT resonance signal.

pressed as:
Sy vexo(f) =3x 107 x f71+ 6 x 107 x f? (4.7)

where the first item on the right side of Eq. (4.7) represents the flicker frequency noise,
and the second item on the right side of Eq. (4.7) represents the white phase noise.
Using Egs. (2.19), (2.21), (4.6) and (4.7), the theoretically calculated output stability
Oy _ou 18 plotted in Fig. 4.7, where the servo loop filter constants f, are assumed to be
2 Hz (gray), 0.2 Hz (yellow), 0.02 Hz (blue) and 0.002 Hz (green), respectively. From E-
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gs. (2.19) and (2.21) and Fig. (4.7), it is clear that an optimal value of f, exists, the value

of which should be small enough to suppress the very short-term frequency instability

contribution from the CPT resonance signal and be large enough to suppress the contribu-

tion from the crystal oscillator for the short-term averaging time. In the present study, f,

is designed to be approximately 0.02 Hz for an optimal short-term stability by adjusting

the loop filter gain. The discussion on the measured Allan deviation in Section 4.4 shows

that the theoretically calculated short-term stability based on the analysis in this section
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Figure 4.8: Measured output currents of (a) coarse current source, (b) fine current source
bank and (c) on/off current source bank.

fits the measured data well.

4.2 Frequency Probing and Locking Circuit Performance

The measured output currents of current source banks for wavelength locking loop are
shown in Fig. 4.8. It meets the design specification well. For the short-term frequency
stability, the amplitude-modulated (AM) noise of the dc current source and the phase-
modulated (PM) noise of frequency generator are evaluated. The dc current noise is mea-
sured using an Agilent E5270B precision IV analyzer. The sampling rate is set to be
4 Hz, and 400 samples are recorded, which corresponds to a measurement time of 100 s.

The measured current noise is shown in Fig. 4.9. When the output current is maximum
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Figure 4.9: Current noise measurement result of the dc current source.

(3.2mA), the RMS noise is 0.103 uA, which is the worst case. For the typical operating
current of approximately 1.5 mA, the RMS noise is only 0.07 pA. Thus, the RMS wave-
length offset caused by the dc current noise could be kept smaller than 13 MHz. Since
the linewidth of VCSEL is approximately 100 MHz, this frequency offset is well hidden.
Only when the wavelength offsets is greater than 100 MHz, the shape of the resonance
signal will be distorted [73]. Since the minimum current step of the dc current source is
0.1 A, the linearity of the wavelength search loop is ensured as well.

The PA output is evaluated for the PM noise of the RF signal, which includes both the
noise contributors from PLL and PA. The phase noise of the RF signal is evaluated using
an Agilent ES052B signal source analyzer (SSA). At a frequency of 4.596315885 GHz,
the RF signal achieves a phase noise of -62 dBc/Hz at an offset frequency from the car-
rier of 2X f;,, as shown in Fig. 4.10. This phase noise performance could ensure that
the short-term stability of ULPAC is not limited by the phase noise at the frequency off-
set of harmonics of f,,. The frequency range of the PLL is from 4.4 GHz to 4.9 GHz.
The 500 MHz range is achieved by one discrete 3-bit frequency selection band and one
continuous-frequency tuning varactor, as shown in Fig. 4.11.

The PLL consumes only 2.0 mW from a supply voltage of 1 V and the PA output pow-
er is from -8 dBm to 5.8 dBm with a maximum power efficiency of 47.3% if the power loss
of the biasing circuit is not included. The measured PA output power versus the tuning
voltage control Vi, is shown in Fig. 4.12. In order to search the optimum light intensi-
ty for the contrast and minimize the light broadening, minimal 0.01 dB/code is achieved
around 5 dBm output power.
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Figure 4.10: Phase noise measurement result of the RF signal when the oscillation fre-
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Figure 4.11: VCO output frequency when the varactor voltage and control word of fre-
quency control bank are swept.

4.3 1-PPS Functions Verification

For general purpose applications, 1-PPS output is generated from the stabilized 10MHz
output of VCXO. The 1-PPS has programmable duty cycles and GPS synchronization
function with internal calibration circuits. Figure 4.13 shows the measured output of the
1-PPS signal with different duty cycle settings. The programmable duty cycle can be set
from 0.1% to 99% in 0.1% step. The GPS synchronization function is also verified using
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Figure 4.12: PA output power versus the tuning voltage V. control bit.

an external 1-PPS signal. Figure 4.14 shows the TDC reading, which indicates the phase
offset between the GPS signal and the internal 1-PPS signal. The TDC circuit outputs the
absolute phase difference between the internal 1-PPS signal and the external 1-PPS signal
(GPS signal) with a lead & lag signal, indicating whether the GPS signal is leading or
lagging the internal 1-PPS signal. From Fig. 4.14, We notice that there are some fixed
offsets between the actual phase offset and the TDC output. This is caused by the timing
delay and mismatch between the two signal paths, which can be manually canceled by

setting an initial value of TDC.

4.4 Frequency Stability Evaluation and Discussion

As a key frequency stability indicator, the Allan deviation measurement result of ULPAC
is given by Fig. 4.15. The frequency stability starts at 6.71x10~'! with an averaging time
of one second and reaches 2.2x107!2 with an averaging time of 10°s, which is a better
performance by two orders of magnitude than that of a superior TCXO. The theoretically
calculated Allan deviation by Eq. (4.3) based on the white frequency noise is also shown
in Fig. 4.15, using a black dash line. From 7 = 1 s to tens of seconds, the loop unity-gain
bandwidth f; with a value of 0.02 Hz allows the frequency stability of VCXO to be dom-
inant for the total frequency stability. The measured Allan deviation follows the white
frequency noise estimated from S/N analysis and improves when the averaging time 7
is between 50 s and 5000 s. When the averaging time 7 is beyond 5000 s, the measured
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Figure 4.13: Measured 1-PPS with different duty cycles of (a) 0.1%, (b) 10%, (c) 50%
and (d) 90%.

Allan deviation shifts due to the flicker noise resulting from light shift fluctuations as
increases. Compared with the state of the art done by Microsemi [66], this work achieves
a similar short-term stability below the averaging time of 10? s with half the power con-
sumption. This can be attributed to the factor that the same principle, CPT, is adopted in
both works. However, the CSAC of Microsemi begins to show a systematic frequency
shift beyond the averaging time of 10*s, while the Allan deviation of this work shows an
excellent performance even at averaging time in the range of 10°s. This is attributed to
the highly accurate temperature control method (+1 mK), optimization of the operational
condition of VCSEL, and hermetic design of the physical package used in this work. In
summary, for the very short-term stability (below 10s), the stability is determined by the
CPT resonance noise and loop bandwidth should be small enough to suppress the noise
coming from the CPT resonance. For the short-term stability (from 10s to 10*s), the
stability is limited by the VCXO noise and the loop bandwidth should be large enough
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Figure 4.15: Measured Allan deviation of ULPAC and other studies.

to suppress the noise coming from the VCXO. For the long-term stability (beyond 107 s),

the stability is mainly affected by environmental perturbations and various stable control

loops should be incorporated to maintain long-term stability.

In this evaluation, the observed data during 3.2 X 10° s used for obtaining the Allan

deviation plot, gives three samples of mean frequency with an averaging time of 10°s.
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Figure 4.16: Demonstration setup of ULPAC.
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Figure 4.17: Measured time errors and frequency errors for both ULPAC and TCXO for
50000s.

The Allan deviation plot may be scattered for 7 > 10° s, because the number of samples
is relatively small. In order to ensure the statistical confidence of the calculated results,
by using overlapping Allan deviation [54], oy(7 = 10° s) = 4.0 X 107'? is obtained redun-
dantly.

One demonstration is also done for this ULPAC in comparison with TCXO based

clock, as shown in Fig. 4.16. If we create a sudden environmental temperature change by



4.5 System Power Consumption and Other Performance Metrics 85

Probing and
locking circuits,

. = MCU, Coil
VCSEL driver 1.2 mW

Power regulator 6.2 mW

B vCcXOo

B Physical heater

Quantum package: u DtA?, ADC,
- Heater: 9.1mW et al.

- VCSEL driver: 3mW :

-Coi: <1mW Total: 59.9mW

Figure 4.18: DC power consumption division of the ULPAC system.

using a fan, we could observe a sudden frequency jump for the TCXO, while no obvious
frequency change is observed for the ULPAC. This indicates the effectiveness of the tem-
perature control loop in the ULPAC and intrinsic frequency stability superiority of atomic
resonance over that of the electromechanical oscillator. We also carried out a long time
measurement to observe the long-term performance. The measured frequency error and
time error for 50000 s are shown in Fig. 4.17. For the ULPAC, the time error could be
maintained within 2 us, the time error of TCXO based clock is around 2 ms.

4.5 System Power Consumption and Other Performance

Metrics

The total power consumption of the ULPAC is 59.9 mW. The dc power consumption
division is shown in Fig. 4.18. Thanks to the power-efficient probing and locking circuit
and VCSEL driver, the most power-hungry part is not the RF circuit anymore but the
converters. The highly thermally isolated quantum physical package consumes less than
13.1 mW. The power loss of power regulator due to voltage conversion could be removed
by adopting a multi-voltage supply method for the system on chip (SoC) in the future.
The power consumption could be further reduced by the custom design of the converters.

Temperature is assumed to be the major environmental variation for the atomic clock,
and the stability due to temperature variation is assumed to be a key indicator of a high-
performance atomic clock. The frequency deviation due to the temperature variations

is also verified, as shown in Fig. 4.19. The temperature range for the LEO satellites
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Table 4.1: Comparison of state-of-the-art miniaturized stable clocks.

Reference Remarks V(T:::;e V(Z(;(/I(l){tz';eq. Pro:)(i;lgzt;req. (nl:d‘;/) (10719 g‘}tggféf{ 70°C] Ty (‘(?l:)’:‘ 1])00S 7 (?1:)’:' 1;035 7 (?1:)—:12])035

[60] Cs & D1 1 5 46 30 N/A 220 0.82 N/A
[138] Cs N/A 10 46 98 N/A 5.1 039 N/A
[68] Rb & D1 17 10 34 57 N/A 15.0 11 N/A
[69] Rb & D1 1 569 34 30 N/A 10.0 1 N/A
[139] Rb & DI N/A 40 34 N/A N/A 52 24 30

[65] Cs & D1 16 10 46 125 4 8 029 N/A
[61] M;‘:gﬂacfg‘s‘;ck 50 80 231.0 66" 2 250.0 38 N/A
[66] Cs & DI 16 10 46 120 +5 30.0 1 30"

Present study Cs & DI 15 10 4.6 60 +2.8 6.7 0.8 22

* The power of the VCXO is not included, **Best case, calculated from the measurement
result of frequency deviation due to pressure at 300 K temperature, ***From our
measurement data under the same environment.

is from -170°C to 123 °C in the space. However, since the ULPAC is packaged inside
the satellite with an industrial thermal insulation, the temperature variation experienced
by the ULPAC may be much narrower. For laboratory environmental measurements, the
temperature was varied from -10°C to 70°C. The measured frequency deviation could
always be kept to less than £10~ when the output frequency is 10 MHz. For a similar
temperature range, the TCXO could only maintain a frequency deviation of 1075, which
is three-order worse [135-137]. The operating temperature range of the ULPAC can be
easily extended by increasing the heater power consumption and the power budget.
Mechanical shock tests of this ULPAC for field deployment have also been carried
out, and show that the proposed ULPAC could easily withstand a 500 G and 3 ms-pulse
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shock test, which meets most industrial deployments [140].

4.6 Conclusion

Table I shows the performance of the proposed ULPAC along with miniaturized atom-
ic/molecular clocks and indicates that the proposed ULPAC achieves an optimum balance

between the power consumption and frequency stability performance.
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Chapter 5
Ultra-low-power RF Circuit Techniques

This chapter demonstrates some circuit design techniques for the low power frequency
probing and locking loop for the next generation ULPAC. The RF circuits are typically the
most power-hungry building blocks for an electronic system since they are operating at the
highest frequency. In this section, one power-efficient CMOS oscillator and one ultra-low-
power injection-locked (IL) PLL will be introduced. Similar circuit design techniques
can be applied to achieve low power frequency probing and locking loop in the ULPAC

system.

5.1 High Power-Efficient CMOS Oscillator

A high-performance CMOS oscillator is a key block in an RF system since it typically
determines the signal purity and power consumption. Class-B VCO architecture has been
widely adopted for the CMOS harmonic oscillator design. The popularity can be traced to
its excellent phase noise performance and simple architecture, which comes at the expense
of power consumption [141]. Class-C VCO has been proposed for improving the power
efficiency without much phase noise degradation [142]. Compared with class-B VCO, the
current efficiency of class-C VCO is much improved by reducing the conduction angle of
the cross-coupled transistors. However, class-C VCO has an inevitable design trade-off
between the robust start-up and power efficiency [143, 144], which requires additional
start-up circuit and limits the phase noise performance.

In this section, a pulse VCO is proposed to avoid the trade-off in the class-C VCO but
with potential higher power efficiency and lower phase noise [122, 123]. The low noise
circuit design techniques such as the tail filter [119] are adopted to further mitigate the

effect of noise contributors.
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Figure 5.1: Circuit schematics for (a) class-B VCO and (b) class-C VCO.

5.1.1 Issues with class-C VCO

It has been proven that operating a VCO in the class-C mode improves its current effi-
ciency without compromising the phase noise [142]. A simplified circuit schematic for
class-C VCO is shown in Fig. 5.1 (b). It can be seen that unlike the class-B oscillator
shown in Fig. 5.1 (a), the cross-coupled transistors in class-C VCO are decoupled from
the supply voltage and biased with a different dc source. By keeping the bias voltage of
the cross-coupled transistors sufficiently low, the transistors are forced to work in class-C
mode with increased power efficiency as shown in Fig. 5.2.

The fundamental current amplitude /,,, in class-B VCO equals to (2/7) - Iyi,s according
to the Fourier theory. While in class-C VCO, the 1, can be close to I;,s with the help of
the pulse shaping function of a large tail capacitor. In other words, the class-C VCO can
achieve nearly 57% improvement in terms of the current efficiency. If assuming all the
noise contributors are kept the same, this also translates into 3.9 dB FoM improvement.

However, special care must be taken to ensure that the cross-coupled transistors al-
ways stay in the saturation region for the class-C VCO. Otherwise, the amplitude of the
fundamental current will reduce to approximately 0.621;,s [142], degrading the curren-

t efficiency to class-B VCO. The saturation requirement largely limits the tank voltage
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Figure 5.2: Waveforms of (a) class-B VCO and (b) class-C VCO.

amplitude A to prevent the oscillator from entering into such a situation. Thus the
maximum tank voltage amplitude A, can be expressed as follows to ensure the satura-
tion requirement [143]:
Vbp — Vod
Atank < TO < Vbp (5.1
where V4 is defined as:

Voda = Vb — Vi (5.2)

where Vj, is the gate bias voltage of the cross-coupled transistors for the class-C VCO as
shown in Fig. 5.2 (b). Since a larger tank voltage amplitude A, can result in a better
phase noise [145], the bias voltage Vj, should be well smaller than the threshold voltage
Vi for better phase noise. However, biasing the transistors below their threshold voltage
introduces reliability issues with VCO start-up.

The analysis done in the past literatures [142—144, 146—148] suggests that the power
efficiency of a class-C VCO keeps decreasing as the conduction angle reduces. How-
ever, as discussed earlier, reducing the conduction angle in a conventional class-C VCO
requires the reduction of V,q. The reduced V,q demands larger transistors to sustain the
oscillations. The larger devices, in turn, result in a larger noise contribution from the ac-
tive devices. The analysis carried out later reveals that any improvement in the current
efficiency 7, achieved by reducing the conduction angle is overshadowed by the larger

noise contribution from the cross-coupled transistors in the class-C VCO.
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Figure 5.3: Conceptual diagram showing (a) pulse VCO schematic and (b) waveforms of
interest.

5.1.2 Pulse VCO concept and architecture

Inspecting Fig. 5.3 reveals that a functionality similar to that of class-C VCO can be ob-
tained if the cross-coupled transistors are driving by pulses that are synchronized to the
oscillator, with pulse widths that are less than half cycle of oscillation period. By the laws
of conservation, the total current conducted by the cross-coupled transistors pair over one
oscillation cycle must remain the same as the bias current /. As a result, the funda-
mental component of RF current enhances with reduction of pulse width 2® in order to
compensate for the loss in the time 2(r — ®). It must be noticed that even though the pro-
posed pulse VCO is similar to class-C VCO in functionality, they differ at a fundamental
level, the proposed pulse VCO controls the conduction angle solely by changing the pulse
width of the voltage signal used for driving the cross-coupled transistors.

This work presents a pulse VCO, which eliminates the interdependence between the
conduction angle ® and the overdrive voltage of the cross-coupled transistors V4. Thus,
the start-up issue in the conventional class-C VCO is removed in the pulse VCO. Besides
the high power efficiency (similar to that of class-C VCO) is maintained without the need
for increasing the size of the cross-coupled transistors by operating them in the triode
region rather than in saturation region as in class-C VCO. This reduces the phase noise
contribution from the cross-coupled transistors Ny . It also helps to reduce the parasitic
capacitance of the cross-coupled transistors to the tank, which in turn improves the lin-
earity of the tank and the frequency tuning range. A better phase noise performance due

to the lower AM-PM noise conversion can be achieved in the more linear tank [149-151].
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5.1.3 Analysis of pulse VCO

From here the power efficiency and phase noise of pulse VCO are analyzed in comparison
with class-C VCO.
Following the extensive analysis done by A. Hajimiri and T. H. Lee [145], phase noise

in an oscillator at an offset frequency Aw can be represented as:

ZiNL;
2AW?C2A2

tank

L(Aw) = 101og,,[ ] (5.3)
where Ny ; is the effective current noise spectrum density generated by iy, device, Aw is
the offset frequency from the oscillation frequency, Agnk is the voltage amplitude of the

tank network, C is the tank capacitance and can be defined as follows:

C= Qtank/(a)oRtank) (54)

where Qunx 18 the loaded tank qualify factor and R, is the tank impedance, w, is the

oscillation frequency.

A figure of merit (FoM) can be defined for the fair comparison of different VCOs by
normalizing the VCO phase noise to the oscillation frequency w,, the offset frequency
Aw and dissipated power (in mW). Assuming that the major noise sources are the tank
network and the cross-coupled transistors, and recognizing that the RF signal power can

be represented as: Py, = Afank /2R nk, FOM can be represented as [152]:

NL,tank + NL,Lr . Rtank
40> np X 1073

tank

FoM = —101log,,[ (5.5

Pig _ Lig Vsig
Pyc lic Ve

ciency and voltage efficiency, respectively, I, is the fundamental output current, Vi, is

where np = = nmy is the power efficiency (1 and 7y are the current effi-
the fundamental output voltage, /. is the dc current and V. is the dc voltage.), N nk
and N represent the current noise spectrum densities from the tank network and the

cross-coupled transistors, respectively, and they can be expressed as:

1 4 1
Newn(@) = - f 2 ()4kaT 2 do (5.6)

tank

1 T
Nou(9) = o f 2 (9)4ke Tygm(9) dep (5.7)

where I'oy(¢) = —hcos(¢) defines the impulse sensitivity function (ISF) at the output
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node of the VCO [145,153] (h is a real constant), kg is the Boltzmann’s constant, T is the
absolute temperature, y is a device dependent constant. Using Eqgs. (5.6) and (5.7) into

Eq. (5.5) leads to the following expression [154]:

kBT(F?ank,rms + 1—‘tzr,rmsa) (58)

10_3 Qt2a1nk7713

FoM = —101log,,[

and T2

tr,rms

where I'2

tank,rms

a is a noise factor that includes y and attenuation between tank and MOS gates.

are the RMS ISF of tank impedance and transistor, respectively,

Eq. (5.8) reveals two approaches to improve the performance of VCO: (i) by reducing
the noise from the transistors Ny y; (i1) by increasing power efficiency either by improving
the voltage efficiency ny or current efficiency 7;.

Assuming 100% power efficiency, I'? = 1/2 [145], noiseless transistors and no

tank,rms
other noise contribution, the FoM, called FoMyax defining the ultimate performance

achievable by a harmonic oscillator can be expressed by [154]:
FoMyax = 173.8dBc/Hz + 101log,,(207.,) (5.9)

Then the excess noise factor (ENF) can be defined [155]:

1 + NL,lr

ENF = FoMyax — FOM = 10 log, [ ——= | (5.10)
np

In order to further improve the FoM, the ENF should be minimized. It serves as an
excellent bench-marking tool for evaluating different VCO topologies.

First, the power efficiency of the proposed pulse VCO is calculated. For calculating
the power efficiency of the proposed pulse VCO, let us assume a supply voltage of Vpp
and a negligible source voltage at the cross-coupled transistors. The gate to source voltage
V,s(¢p) and drain to source voltage Vy,(¢) for the proposed pulse VCO can thus be written

as:
e ={"8> 52852, (5.11)
Vds(¢) = VDD - Atank : COS(¢) (512)

Since the cross-coupled transistors turn on in the triode region in the proposed pulse VCO,

the drain current /4 and g, can be represented as:

{ﬂ(VDD ~Vin — @) —P<p<® (543

Ids(¢) O, ¢ < —CI)’(I) < ¢
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3 Olys(®) 3 BVis(@), —-D<¢p<®
on(®) - AT - (@ 2405 2, G

The dc component of the transistor current /, can be calculated:

:_ f Ids(¢)d¢
(5.15)

[svth(quD —Aunic SIn(®)) — 4DV, + AL, sin(20) + 247, @

“8n

Using Fourier’s theory, the fundamental harmonic of the current in a pulse VCO [, can
be calculated as:

1
Lo =2 [ 10600506186 = £{(45500) Vo~ s 51020 - 24,00) (5.16)

3V — 6 sin(@) V3, — 2A2

tank

sin(®)* + 642 s1n(q>)]

If the bias current I, = 21,, the dc power to RF power conversion efficiency 7; can be
thus calculated from Eqgs. (5.15) and (5.16) as:

@210 _%.Ibias B \/i

Assuming an ideal LC tank tuned at w,, the impedance of the tank network can be defined

1 L, 1 L, _ 1(1_¢ﬁ+...)

c (5.17)

m =

as:

Ztank(w) = {Rt(::lk’ w = O, az)foio,a):zwm e (518)

The voltage at one output node of the oscillator Vp is defined as:

= Zan o
Va() =Vpp — . # X Igs(nwot) cos(nw,!) (5.19)
n=0
R an
Ve(#) ~ Vip — tz“lwo cos() (5.20)

Substituting A = %, the differential tank oscillation amplitude can be calculated
from Eq. (5.20) as:

Vout(¢) = VP(¢) - VN(¢) = _Rtanklwo COS(¢) = —2Aunk COS(¢) (5.21)

If Vrpms represents the RMS value of the differential tank voltage amplitude, the voltage
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efficiency of a differential VCO can be calculated as:

VRF rms \/E Atank
= e (5.22)
™ Vin Voo

The oscillation amplitude of the proposed pulse VCO is determined only by the tank
impedance in contrast with that of conventional class-C VCO, in which the oscillation
amplitude is also a function of the transistor gate voltage (Eq. (5.1)). Assuming ide-
al conditions (A = Vpp), the maximum voltage efficiency for a pulse VCO can be
approximated as:

v o~ V2 (5.23)

The power efficiency (np = n; X ny) for a pulse VCO approaches 100% as the conduction
angle approaches zero.

Following the above method, the power efficiency of class-C VCO is derived as well.
The gate to source voltage of class-C VCO can be represented in terms of oscillation
amplitude and conduction angle as follows:

Vgs,class—C(¢) = Vbias,class—C - Vth + Atank COS((D) = Atank (COS(¢) - COS((D)) (524)

The drain current /g and the transconductance g, of class-C VCO can be written as

Bys2 _
Igs.ctass—c (@) = {ngs"”a“c @), ~P<p<® (5.25)
0 P<D,D< ¢
gm,class—C(¢) = {ﬂVgS’CIHSSC (¢) ’ P ¢ <@ (526)
P<D,D< ¢

Following the procedure used for deriving Egs. (5.15) and (5.16), the integrated dc current
and fundamental current in conventional class-C VCO can be calculated as:
-3 D
Lo class—c = %Afank[T cos (@) sin (®) + Z+
(5.27)

® cos? (D)
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Figure 5.4: Comparison between (a) calculated current efficiency and (b) calculated volt-
age efficiency of pulse VCO and class-C VCO.

-1 _
Ly, class-c = éAfank K3 cos? () sin (D) +

5 (5.28)
3 sin (@) — ® cos (D)

Current efficiency of class-C VCO can thus be calculated as [142]:

1 @2
Miclass—C = @ (1 - ﬁ +.. ) (5.29)
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From Egs. (5.17) and (5.29), it can be seen that the class-C VCO exhibits excellent current
efficiency even at moderate conduction angles. Recalling that the oscillation amplitude
of class-C VCO is bounded by saturation criterion Eq. (5.1), the voltage efficiency of

conventional class-C VCO can be calculated as:

VDD
Aal’l class— S 5.30
tank class—C [2—005(@)] (5.30)
V2
class— S 5-31
NV class—C [2—003(@) (5.31)

The current efficiency n; and voltage efficiency ny of proposed pulse VCO and conven-
tional class-C VCO are compared in Fig. 5.4 (a) and (b), respectively. Unlike proposed
pulse VCO, which maintains high voltage efficiency irrespective of the conduction angle
(Eq. (5.23)), conventional class-C VCO achieves high voltage efficiency (~ V2) only at
very low conduction angles (® < n/8) as evident from Eq. (5.31). The power efficiency
of the proposed pulse VCO is comparable to that of class-C VCO at conduction angles
less than /8 as shown in Fig. 5.5 (a).

The noise performance of proposed pulse VCO is also compared with that of conven-
tional class-C VCO. The noise generated by the cross-coupled transistors in the proposed
pulse VCO and the conventional class-C VCO is calculated from Egs. (5.14), (5.26) and
(5.7), and is plotted in Fig. 5.5 (b). Using Eq.(5.6)—(5.7), Eq. (5.12)—(5.14) and Eq.
(5.19)—(5.20), the expression for transistor noise normalized to the tank noise of pulse

VCO can be written as:

Niw _ [( 2Aank ) N Atank(
2V — Vbp — Aank 3
2V — Vop )]
4V (Vin = Vob — Awnk) + Vi + 2Awn Vop + A2

tank

N, L,tank

+--- (5.32)

The expression for transistor noise normalized to the tank noise of conventional class-C
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VCO can be ¢

alculated from Eq.(5.24)—(5.26) and Eq. (5.19)—(5.20):

N, L,tr,class—C

N, L,tank,class—C

3 cos (@) sin 2®) + 4 sin (®)* — 12 sin (D) + 6@ cos (@)]
3 cos (@) sin 2®) + 8 sin (D) — 12 sin (D) + 6@ cos (D)

5 4 34
:‘y _— 4+ —
# 21 49

+ .-

] (5.33)
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Figure 5.6: Calculated values for ENF in pulse VCO compared with ENF in class-C
oscillator.

Table 5.1: Estimated ENF of class-C VCO and pulse VCO at various conduction angles
of interest.

Topology m v m | y=xz[dB] | ENF [dB]
Equation | 5 (1-% + 2= v (5.33) (5.10)
na ~ ~
Class.c | =0 s V2 1 25 25
1 (8 1 4
D > 7/2 (%) % L ~ 7.4 ~7.4
Equation | —=(1-% +.. V2 . 5.32 5.10
puise | E = (1-% wvem | (532) | (5.10)
1
D -0 5 V2 1 ~26 ~2.6

The ENF of class-C VCO is calculated by substituting Eq. (5.33) in Eq. (5.10). Similarly,
the ENF of pulse VCO is calculated by substituting Eq. (5.32) in Eq. (5.10). The ENF
comparison result of pulse VCO and class-C VCO is plotted against the conduction angle
@ in Fig. 5.6, which reveals that pulse-drive approach is capable of achieving extremely
high efficiency by reducing the conduction angle without increasing the noise from the
active elements.

Table 5.1 summarizes the analysis done in this section with the ENF evaluated at the
optimum conduction angles for pulse VCO and class-C VCO, which shows a theoretical
improvement of approximately 5 dB in FoM for pulse VCO.
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Figure 5.7: Complete pulse-VCO schematic with tail filtering.

5.1.4 Implementation and evaluation results

The most challenging aspect of practically implementing a pulse VCO is the generation
of oscillation-synchronized pulses with minimum area and power overhead. With the in-
troduction of short-channel devices, we now have the technology to generate such pulses
for driving the active elements of the VCO. A VCO using the proposed pulse-VCO archi-
tecture is shown in Fig. 5.7. The capacitor bank for the frequency tuning is not shown for
simplicity. The proposed method uses the time-variant nature of the VCO for the pulse
generation and it does not require any modification in the tank network.

The synchronized pulse generator with automatic pulse width control has two sub-
functions (i) conduction-angle control and (i) amplitude re-generator. The detailed oper-
ation can be understood by analyzing the conceptual timing diagram shown in Fig. 5.8.
When the oscillator is starting up, the bias transistor My, in the conduction angle control
module is switched off and the bias current Ipg flows only through the capacitor Cy,. The
bias current Ipg and bias resistor Ry, are designed in such a way so as to provide a voltage
V that is higher than the threshold voltage of the amplitude re-generator. As a result,
the output of the amplitude re-generator Vy, is set at the supply rail Vpp, enhancing the
transconductance for robust start-up. Once the oscillations build up in the VCO core, the
bias transistor M, switches between on and off state. This reduces the current flowing
through the bias capacitor Cy,, which in turn brings down the potential V. It can be ob-
served from Fig. 5.8 that this process reduces the dc bias of the amplitude re-generator
sub-block and as a result, the width of the pulses at the output node Vy, reduces. Under

steady-state, this pulse-generator circuitry produces voltage pulses with a pulse width of
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Figure 5.8: Conceptual waveform showing the robust start-up and high-efliciency steady-
state operation.

less than half an oscillation cycle. This forces the transistors of the cross-coupled tran-
sistors to be in off state for the rest of the cycle, thus inducing a class-C like operation.
The conduction angle @ is mainly determined by the size of the transistor My and the
bias current Ipg, which is around 10° with 50 A bias current in the simulation. The total
power consumption of the pulse generator is 0.15%X2 mW.

As stated before, the pulse VCO has the loading effect as the cross-coupled transis-
tors working in the triode region. The tank of VCO is comprised of a capacitor-bank,
a varactor, and an inductor. The quality factor Qx is mainly determined by the above
three components, of which the effect of parasitic impedance of the inductor is dominant.
However, the switching operation of the cross-coupled transistors adds one more loading
path for the tank depending on the state of the transistors. As upon starting up, the tank
amplitude A is smaller than Vy,. Both the cross-coupled transistors are in saturation,
enabling the oscillation start-up. As the oscillation grows up, the Ay is larger than the
Vi, forcing one transistor to enter into the triode region and the other into deeper sat-
uration. For Vi, < Vg — Vyp, the drain current noise spectral density can be calculated
according to Nyquist theorem [156, 157]:

W2
ii/ Af :4kT,UCon§
2 2 (5.34)
3(Vgs - Vth)Vds - 3(Vgs - Vth) - Vth]
2(Vgs - Vth) - Vds
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Figure 5.9: Noise contributed by various components of the VCO.

From Eq. (5.34), it’s not difficult to see that as the A, grows up and under Vg, < Vo — Vi
situation, more loss will add to the resonant tank because the noise current is in-phase
with the tank voltage. When an ideal tail current source is assumed, the open circuit stop-
s the noise current flowing into the ground. However, for the class-C like operation, a
large capacitor is inserted between the common source of the cross-coupled transistors
and ground to sharp the pulse-like current, improving the current efficiency [142]. But
this forms a low impedance path for the current noise of the cross-coupled transistors to
the ground, which is termed as loading effect. As a result, both the tank amplitude and
tank qualify factor are severely degraded. From the loading effect point, it is desirable to
remove the large tail capacitor. Thus a trade-off exists between the high efficiency and the
loading effect.

A high impedance is required at the second harmonic at the common point preventing
the formation of the low impedance path for loading effect. Meanwhile, a large tail ca-
pacitor is wanted to filter the flicker noise and high-frequency noise in the tail transistor.
The tail filter technique is adopted here as shown in Fig. 5.7, creating a high impedance
path from the common source of the cross-coupled transistors to the drain of the tail tran-
sistor [119]. By doing so, the power-efficient pulse VCO removes the additional loading
path, improving the phase noise performance. Also, the ENF of the pulse VCO can be
simply calculated without considering the loading effect.

An on-chip inductor with a qualify factor of 20 is used in the tank, which determines
the Qunk. The tank amplitude Ay is 0.74 V in the post-layout simulation under 1 V sup-
ply voltage, which translates into 104.65% voltage efficiency. The decreased A, from
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Figure 5.10: Chip die photo of pulse VCO.
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Figure 5.11: Phase noise measurement result at 5.0 GHz oscillation frequency.

the ideal Vpp 1s due to the Vi, of the tail transistor and parasitic components in the layout.
The simulated noise contribution of the proposed pulse VCO is shown in Fig. 5.9, which
reveals that the noise of the pulse generator is negligible in comparison with the transistor
noise and tank noise. The proposed pulse VCO is capable of achieving high power effi-
ciency with very little area and power overhead [122, 149].

The proposed VCO is manufactured in a standard 45 nm SOI CMOS process. The
chip die photo of the fabricated pulse VCO is shown in Fig. 5.10. The area occupied by
the VCO core is only 0.35 mm?. The fabricated VCO has a measured frequency center
of 4.8 GHz. A 3-bit capacitor bank is used for achieving 13.5 % tuning range. The phase
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Table 5.2: Comparison of state-of-the-art highly-efficient CMOS VCOs.

Reference Remarks Process | Frequency | Tuning range | Phase Noise Pac Area FoM
(nm) (GHz) (%) (dBc/Hz) (mW) | (mm?) | (dBc/Hz)
[143] Class-C (Dual) 180 4.5 nd -109@1MHz 0.2 0.29 190.0
[144] Class-C (Adaptive) 180 4.8 23 -125@1MHz 34 0.15 193.0
[158] Tail Current-Shaping 250 1.8 18.9 -120@0.6MHz | 2.3 N.A 186.0
[159] Transformer Couple 180 3.8 8.4 -119@1MHz 0.6 0.76 193.0
[160] Class-D 65 3.8 46.0 -152@10MHz | 7.0 0.12 191.0
[161] Clip & Restore 65 4.8 10.2 -142@3MHz | 25.8 0.19 190.0
[162] Class-F 65 39 25.0 -142@3MHz 15.0 0.12 192.2
This Pulse + Tail-Filter 45 5.0 13.6 -120@1MHz 1.35 0.35 191.0

noise is evaluated using an Agilent ES052B signal source analyzer (SSA). At a frequency
of 5.0 GHz, the proposed pulse VCO achieves phase noise of -120 dBc/Hz at 1 MHz offset
frequency as shown in Fig. 5.11 , while consuming 1.35 mW from a supply voltage of 1 V.
The FoM of the pulse VCO is calculated as -191 dBc/Hz. The low noise generated from
the cross-coupled transistors and the high power efficiency of the proposed pulse VCO
help in the improvement of the FoOM. Measurements under a wide range of supply voltage
Vbp and temperature 7 were carried out for validating the stability of the proposed VCO
topology. With a bias current 2/pg of 100uA, robust start-up and sustained oscillations are
observed under wide range of operating temperatures (-40°C to +80°C) and power supply
voltage (0.6V - 1.2V). From simulation, the start-up time is always below 50 ns under dif-
ferent corners. Table 5.2 shows the performance comparison of the proposed pulse VCO
with other state of art VCOs, which indicates that the proposed VCO has the capability to
achieve high performance with negligible area and power overhead.

Compared with the highest FoM of class-C VCO, there is still 2dB improvement for
the pulse VCO. One reason could be traced back to the time delay caused by the pulse
generator. According to the ISF [145], if the injection time of the pulse applied to the gates
of the cross-coupled transistors is offset from the phase insensitive point, the noise from
the cross-coupled transistors will increase considerably. This could be mitigated by using
faster transistors in the pulse generator or some other circuit techniques to synchronize

the driving pulses with tank oscillation.

5.2 0.2mW Injection Locked Phase-locked Loop

A frequency synthesizer with ultra-low power consumption and high signal purity is one
of the key building blocks for various RF system. In ULPAC, a low phase noise synthe-

sizer lowers down the VCSEL FM noise. Also the power consumption of the frequency
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Figure 5.12: (a) Charge-pump based analog PLL. (b) Injection locked (IL) oscillator.

synthesizer is one of two most power hungry components for the frequency probing and
locking circuit. The other one is the power amplifier. In this section, one ultra-low power

and low jitter frequency synthesizer based on injection technique is introduced.

5.2.1 Injection locked PLL architecture

The charge-pump based analog PLL shown in Fig. 5.12 (a) has been widely used for
its robustness and simple architecture. In this architecture, the noise contributors can be
divided into reference referred noise and VCO noise. They have different noise transfer
functions (NTF) when converting into PLL output phase noise, as shown in Fig. 5.13
(a). The reference referred noise is low pass filtered, while the VCO noise is high pass
filtered, as shown in Fig. 5.13 (b). In order to achieve an optimal total output phase noise
performance, the loop bandwidth is determined by the trade-off between these two types
of phase noise. When the reference referred phase noise dominates, the loop-bandwidth
should be narrow enough to low pass filter the reference noise. When the VCO phase
noise is dominant, the loop-bandwidth should be wide enough to high pass the VCO
noise. Thus, for a low power VCO design, the PLL output phase noise will be limited
by the VCO phase noise, as shown in Fig. 5.13 (b). In this case, larger loop bandwidth
would result in a better phase noise performance. However, in the conventional PLL, the
maximum loop bandwidth is limited to be approximately 0.1X f..s due to loop stability
issue [163].

Since from last centruy, people realized that the injection locked oscillator (IL-VCO)
could also achieve integer-N frequency synthesis, as shown in Fig. 5.12 (b). By injecting
a narrow reference pulse into the oscillator, the oscillator output frequency will be locked

to N X frer. The injection technique offers much wider loop bandwidth compared with
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Figure 5.13: (a) Noise transfer functions of reference referred noise and VCO noise. (b)
Phase noise of PLL with a low power VCO.

that of conventional PLL [164-166], as shown in Fig. 5.14. Thus, even with a low power
VCO, the phase noise of output may not be limited the VCO phase noise.

However, one big issue for the IL-VCO is the large reference spur. It is caused by the
phase mismatch between the injection pulse phase and the oscillation free-running phase,
as shown in Fig. 5.15 (a). From the frequency domain, the reference spur is produced
when the free-running frequency of VCO is not equal to the NX f.r (N is the desired fre-
quency multiplication number of IL-VCO). So, whenever the injection happens, there is

always a phase offset between the injection phase and the VCO free-running phase before
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Figure 5.14: (a) VCO noise transfer functions of injection locked (IL) VCO and PLL. (b)
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the injection strongly aligns them. After the injection, the phase error begins to increase

from zero when the injection is not active since the VCO free-running frequency is not

equal to NX f.r. Even 10~ ppm frequency error would lead to a reference spur of -60 dBc,

as shown in Fig. 5.15 (b). Thus, a very fine frequency tracking loop is required for IL-

VCO. Besides, if the frequency error is too large, the output frequency of VCO will not be

locked to NX f.¢. The locking range of IL-PLL is determined by the injection current and

is usually quite narrow compared with the frequency variation due to the process, voltage
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Figure 5.15: (a) The cause of reference spur in the ILPLL. (b) Reference spur versus the
frequency error.

and temperature variations (PVT). Therefore, for both reference spur performance and
robustness, it is necessary to have an additional loop to finely track the VCO free-running
frequency. Various calibrating methods have been developed [167—-172], but each of them
has some limitations like the overhead of power consumption and area or the residual
error.

In this work, an injection time self-alignment method is adopted, as shown in Fig.
5.16 (a). The injection pulse is used to inject both the VCO and the sub-sampling phase
detector (SSPD). The VCO free-running frequency is tracked by the SSPD, while the in-
jection phase is self-aligned with the VCO free-running phase since the same edge is used
to both align the VCO and enable the sampling of SSPD, as shown in Fig. 5.16 (b).
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Figure 5.17: Proposed ILPLL architecture.

Figure 5.17 shows the proposed ILPLL architecture. An RC phase shifter based pulse
generator is utilized to maintain the signal purity of the reference clock with low power
consumption. Compared with conventional digital pulse generator, this passive pulse gen-
erator could achieve better phase noise with less power consumption, especially when the
programmable delay time is required. A sampling phase detector [173] has been proposed
for mitigating the mismatch between the free-running frequency and the desired harmonic

of injection frequency. In this work, a desensitized sub-sampling phase detector (DSSPD)
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Figure 5.18: Phase noise analysis when the reference frequency is 40 MHz.

based frequency tracking loop (FLL) is introduced to minimize the reference spur by in-
serting an additional 5 kQ between the VCO output and the SSPD. A subthreshold biased
class-D LC-VCO is designed with 120 uW power consumption as the local oscillator,
which achieves more than 20 dB better phase noise as compared with ring oscillators. As
the oscillation amplitude of class-D VCO can be three times higher than the VCO sup-
ply voltage, stable operation of the standard-cell based MMD in the coarse FLL can be
ensured even with 0.14 V supply for the VCO. In the ILPLL, the coarse FLL selects the
coarse frequency bank and sets the VCO output frequency close to N™ harmonic of the
reference frequency f..r. The coarse FLL is then automatically disabled by the dead-zone
(DZ) PFD, and the injection pulse generator achieves precise locking of the oscillator

phase.

5.2.2 Phase noise analysis and fair FoM
Figures 5.18 and 5.19 show the detailed phase noise analysis of the ILPLL. The injection

lock offers a very wide noise folding bandwidth for VCO phase noise, and the bandwidth
finj 1s determined by the reference frequency f.r. The bandwidth for IL-VCO is given

by [174]:
- ]ﬁ /3—N 3
Jii = T V2(N-1) (5.33)
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Figure 5.19: Phase noise analysis when the reference frequency is 400 MHz.

where N is the desired frequency multiplication number. Equation (5.35) assumes the
ideal alignment of injection. In a practical case, the phase error 6, between the injec-
tion reference phase and the VCO free phase is shifted by 6. after the realignment of
VCO [166]. The value of 8 ranges from O to 1. Normally, we assume 3 is around 0.5 to
0.8. But in the following analysis, we assume the injection is ideal, where the £ is equal
to 1.

The VCO phase noise experiences 1%-order high pass filter (HPF) by injection, and
DSSPD further cancels low offset-frequency components. From Eq. (5.35), we realize
that the loop bandwidth is proportional to reference frequency. And larger bandwidth
could suppress more VCO phase noise. Thus, here we give two cases for the phase noise
analysis. One is the low reference case, the other one is a high reference case. Figures
5.18 shows the 40 MHz case and Fig. 5.19 shows the 400 MHz case. For both cases, the
following simulation conditions are assumed: i) the VCO output frequency is 2.4 GHz;
i1) the reference jitter is 15 fs; ii1) the VCO jitter is 70 ps. The reference phase noise is
degraded by 201og,, N when converts to the VCO output. In the 40 MHz reference case,
due to the narrow loop bandwidth of the SSPD loop, the phase noise of DSSPD is largely
filtered beyond the loop bandwidth. For the large range, the total phase noise is limited
by the VCO phase noise. Therefore, in the low reference case, a high-performance VCO
is required to achieve a high figure of merit (FoM) for the IL-PLL. In the high reference
case, the in-band phase noise is still dominated by the DSSPD phase noise. However, for
the large in-band and out-band, the reference phase noise after converting becomes the

limiting factor. Thus, for a high reference frequency, the reference phase noise should be
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maintained to achieve low jitter performance.

From the above analysis, it is obvious that the reference frequency has a large impact
on the jitter performance of ILPLL. Therefore, it would be difficult to adopt the con-
ventional jitter and power FoM to evaluate the performance of ILPLL. According to the
following theoretical calculation, the integrated jitter of ILPLL is inversely proportional
to the square root of f.s while it also suffers from the reference noise as a lower limit.

The phase noise of VCO can be expressed in term of FoMy o as follows:

FoMy o
10

10

_f 2 . Pacyeo
(fOUT) ImW

Lvco = (5.36)

where fyco 1s the VCO output frequency, Py vco 1 the dc power consumption of VCO.
The loop bandwidth of ILPLL can be expressed by Eq. 5.35. Thus, if assuming the
reference phase noise is excellent, the phase noise of ILPLL can be calculated from the

suppressed VCO phase noise as follows:

2
f
2N -1 (f_)
Lii(f) = Luco(N) —— ——— (5.37)
I+ (fi)
inj
Then jitter is expressed as:
N d FoMy, —_ —_
o2 = oL 2f oM ImW 1 2N-1 [N-1 (5.38)
(27 four) Piocvco  fret 2N O6N
The conventional jitter and power FoM (FoMjp) of PLL is defined as:
o7 PaepL
FoMjp = 101 = 5.39
oMp Og{(ls)2 1mW} (5.39)

By replacing Eq. (5.38) into Eq. (5.39), the conventional jitter and power FoM can be
expressed as:

(5.40)

Pocvco  fret 2N 6N

oo P, 1 2N—1 [N—1
FoMJP,ILzlolog{lo”fo“’ de.IL }

If we assume the power consumption of ILPLL is approximately equal to the power con-

sumption of VCO and N is large enough, the above equation can be further simplified as
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Figure 5.20: (a) ILPLL jitter performance versus the reference frequency. (b) FoM;p
performance versus the reference frequency.

follows:

FOM]PJL ~ FoMyco — 1010g fref —-3.89 (541)

From Eq. (5.41), it is clear that the FoM;p ;. has a strong relationship with the reference
frequency, which means that the conventional FoM,p ;. improves if the reference frequen-
cy increases. Thus, the conventional FoM;p ;. is not applicable to evaluate the circuit
performance of the integer-N PLL, especially for the ILPLL. In order to further study

the relationship between the FoM;p . and reference frequency, both jitter and FoMyp 1.
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Figure 5.21: FoMgp performance versus the reference frequency.

performance of an ideal ILPLL are plotted versus the reference frequency. The jitter per-
formance of ILPLL improves as the reference frequency increases until it reaches the limit
of reference phase noise, as shown in Fig. 5.20 (a). Also higher power consumption could
result in a better jitter performance. But the FoM;p . at the same reference frequency is
same. Figure 5.20 (b) shows the calculated jitter and power FoM;p ;.. The FoMyp 1. keeps
decreasing until it becomes flat, which is set by the power consumption.

From previous analysis, we could see that for the conventional fractional-N PLL, the
FoM;p works very well as a fair benchmark indicator. But when it comes to integer-N
PLL, especially for the ILPLL, the FoM,p ;. fails to serve as a fair benchmark indictor.
This conventional FoMjpy, could be abused for performance comparison. Thus, a fairer
FoM should remove the impact of reference frequency. Here we define a new FoM, and
call it as jitter, reference and power FOM (FoM,gp). It is defined as follows:

2 P C Iec
FoMgp = lOlog{ I de.PLL Jret }

: : 42
(152 1mW 100MHz (5:42)

The reason why we use 100 MHz as a normalized reference frequency is because that the
typical upper frequency limit of crystal oscillator is less than 100 MHz. The calculated
new FoMgp of an ideal ILPLL versus reference frequency is plotted in Fig. 5.21. The new
FoMgp first stays flat as the reference frequency increases and then it goes up determined
by the power consumption and reference jitter. The FoMgp is adopted in this work for
the comparison of PLL performance. Actually the new FoMjgp causes much severer

degradation in terms of number value, but it can fairly reflect the circuit performance.
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Figure 5.22: Chip micrograph.
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Figure 5.23: Measured phase noise of class-D VCO

5.2.3 Implementation and evaluation

The proposed ILPLL is implemented in a standard CMOS 65 nm technology. The chip
micrograph is shown in Fig. 5.22. The active area of this ILPLL is only 0.25 um?.
The ILPLL supports injection ratio ranging from 3-24, and the frequency range is from
2.2GHz to 2.6 GHz. The power consumption is from 0.17mW to 0.2mW depending
on the reference frequency. The measured phase noise of VCO is shown in Fig. 5.23.
By optimizing the size of the cross-coupled transistors and the Kyco of the LC-tank, the
flicker corner of the VCO is only 7kHz. A low flicker corner is beneficial for low in-
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Figure 5.24: Measured phase noise of ILPLL at different reference frequencies.
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Figure 5.25: Measured reference spur of ILPLL.

band phase noise for IL-VCO since the injection only provides 1% noise filtering for the
VCO, as shown in Fig. 5.14. The measured phase noise of ILPLL is shown in Fig. 5.24.
We tested the ILPLL performance by using difference reference frequencies. It achieves
60 fs to 298 fs integrated jitter for the different reference frequencies. The reference spur
of ILPLL is also measured to verify the effectiveness of the frequency tracking loop, as
shown in Fig. 5.25. When the FTL is not enabled, the reference spur is -45dBc. The
reference spur improves to -66.5 dBc when the FTL is enabled.

In order to verify our FoM theory. The measured jitter performance of reference and
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Table 5.3: Comparison of state-of-the-art PLLs.

[175] [176] [177] [178] [179] | This work
Architecture SSPLL | RSPLL | SSPLL | AMASS PLL | SSPLL | ILPLL
Technology [nm] 180 65 65 65 40 65

Frequency range [GHz] 221 | 2.05-2.55 5 24 12-16 2.2-2.6

Reference frequency [dBc] | 55.25 50 100 100 200 100-800
Reference spur [MHz] -56 -67 -64.1 -66.6 -64.6 -66.5
RMS jitter [fs] 160 110 185.3 174.2 56.4 60-298

Power consumption [mW] 2.5 3.7 1.1 0.93 7.2 0.17-0.2
FoMyp [dB] -251.9 -253.5 -254.2 -255.5 -256.4 -271.4
FoM;jgp [dB] -254.5 -256.5 -254.2 -255.5 -253.4 -262.4

ILPLL is shown in Fig. 5.26 (a) with reference frequency ranging from 100 MHz-to-
800 MHz. The reference jitter almost stays flat when the reference frequency increases.
However, the ILPLL jitter performance keeps improving as the reference frequency in-
creases since more VCO noise is getting filtered. Figure 5.26 (b) plots the both FoM;p
and FoMp from the measurement results. From Fig. 5.26, it is clear that the FoM;p of
ILPLL cannot accurately reflect the circuit performance. The measured FoM;p follows
an almost linear relationship with the reference frequency. The measured FoMgp stays
flot when the reference frequency increases. However, at high frequencies, the FoM;grp
improves. This is mainly caused by the limited jitter integration range of the phase noise
measurement equipment.

Table 5.3 shows a performance comparison of the proposed ILPLL together with the
other state-of-arts [175-179]. Thanks to the ultra-low power design of VCO and pulse
generator, the total power consumption of the ILPLL is only 0.2 mW. The low phase
noise passive pulse generator and narrow bandwidth of DSSPD ensure the low jitter per-
formance. The adopted self-alignment injection method also effectively reduces the ref-
erence spur to below -66.5 dBc. The ILPLL achieves more than 15dB improvement of
FoM;p with 800 MHz reference frequency. Even in FoMjgp, -261 dB has been achieved.
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Figure 5.26: (a) Measured jitter performance versus the reference frequency. (b) Mea-
sured FoM performance versus the reference frequency.
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Chapter 6
Conclusion and Future Work

The present study introduces one ultra-low-power atomic clock, which reduces power
consumption below 60 mW by a newly designed suspended architecture of the quantum
physical package and power-efficient RF circuits. The short-term frequency stability is
maintained by low AM and PM noise probing and locking circuits, while the long-term
frequency stability is ensured by additional dedicated stable control loops. Thanks to the
robust VCSEL and atom cell package, stable and long-term operation has been observed.
The proposed ULPAC will hopefully continue to operate while satisfying the required per-
formance. The volume of the prototype is reduced to 15 cm? by using advanced package
technology for the quantum physical package and SoC integration. Such a tiny and highly
stable atomic clock could be used in the LEO smallsat constellation for accurate timing
synchronization. The proposed ULPAC can also be adopted in GPS-denied environments
to maintain navigation or improve the performance of high-speed data-links, etc.

For the next-generation ULPAC, the volume is aimed to reduce by ten times, while the
power consumption is required to further reduce to below 25 mW. The MEMS technology
can be applied to the quantum physical package, which can potentially minimize the size
to below 1 cm? [68, 108, 109] and reduce the power consumption of the quantum physical
package as well.

Also the duty-cycling operation can be applied to further reduce the power consump-
tion. The principle of duty-cycling operation relies on the factor that the short-term stabil-
ity of VCXO could be better or equivalent to that of compact quantum physical package,
as indicated by Fig. 4.7, while the long-term frequency stability is ensured by the atomic
reference.

This chapter introduces some advanced quantum technologies that can be adopted in

the next generation ULPAC to further improve the frequency stability performance.
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Figure 6.1: Atomic levels of Rb ¥ D1 line (a) single A resonance. (b) double A resonance
case [9].

6.1 Quantum Technologies for Better Frequency Stabili-
ty

By using the above mentioned low power circuit techniques, duty-cycling operation and
MEMS technologies, the power consumption of quantum physical package and frequency
probing loop can be much reduced for mobile and portable applications. However, so far
there is still considerable frequency stability degradation for the compact atomic clock
compared with the conventional high-performance atomic clock. In this section, several
quantum principles previously only adopted in the bulky atomic clock are introduced and
are considered to be employed in the next-generation high-performance compact atomic

clock.
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Figure 6.2: (a) Raman-Ramsey pulse sequence with duration 7, for the first pulse and 7,
for the second pulse. T is the free evolution time of the Raman coherence between the
two pulses [10]. (b) Detected population and linewidth.

6.1.1 Improving CPT contrast

As mentioned in Chapter 2, the Zeeman sub-levels open the A scheme for CPT resonance
and provide trapping states for the population, which degrades the resonance contrast, as
shown in Fig. 6.1 (a).

Several approaches have been suggested to avoid the effect of trapping levels including
push-pull optical pumping [180], counter-propagating waves [181], or co-linear, so-called
line-per-lin polarization, laser beams [10]. Figure 6.1 (b) shows the push-pull method. In-
stead of using only left or right circularly polarized light, the double-A scheme using both
left and right transitions simultaneously can be adopted to increase the contrast of the
CPT resonance by removing the trapping state [9]. However, as indicated by Fig. 6.1
(b), four light fields are required for the push-pull method. If adopting the RF modulation
techniques, two lasers with coherent phases are needed, which complicates the system
design and adds more power consumption. But if the frequency stability performance
is improved more than 10 times, the additional cost would make sense for the compact
atomic clock.

Also the Ramsey spectroscopy has advantages over continuous excitation in reduc-
ing light-shift and power broadening effects [10, 182, 183]. The time-separated Ramsey
method splits the continuous excitation into periodical excitations, as shown in Fig. 6.2
(a). The first pulse excites the ground-state coherence in the atoms, which is followed by
a precession in the dark. The coherence is then measured during a second pulse. The light
pulse durations are controlled by an acousto-optic modulation. The detection technique

allows a real-time measurement of the optical coherence during the two pulses, with-
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out perturbing the coherence process. Unlike the continuous CPT resonances, where the
linewidth broadens linearly with the light power, in the pulse CPT resonance, the width
of the Ramsey fringes is determined by the inverse time between pulses [184], as shown
in Fig. 6.2 (b).

6.1.2 Laser cooling techniques

As introduced in Chapter 2, the motion of atoms causes frequency shifts and linewidth
broadening through the Doppler effect. Some techniques can be adopted to reduce the
Doppler broadening and the first-order Doppler shift. The insertion of additional buffer
gas can effectively reduce the first-order Doppler shift and narrow the linewidth [101].
However, the second-order Doppler shift still exists. Even though the averaged velocity is
zero, the absolute velocity is not altered. And the collision between the inserted buffer gas
and atoms introduces additional frequency shift contributors. In ion traps, it was shown
that some cooling could be done by means of a light buffer gas of low density. However,
the minimum temperature that can be achieved in this case is determined by the environ-
mental temperature, which still results in a relatively large second-order Doppler shift [6].

Historically, the Doppler shift was one of the motivations for cooling techniques
are used in high-performance atomic clocks. Figure 6.3 explains the cooling process
by means of laser radiation. The atoms are moving toward the light source with a ve-
locity of v,. The cooling laser outputs a monochromatic light with a frequency of v,
which is slightly lower than the resonance frequency of the atoms. If the condition of
vi(1 +v,/c) = vy is met, the absorption happens with a momentum transfer of AP, = h/A
from the absorbed photon. Then the atom re-emits a photon by spontaneous emission
with equal probability in all directions with a change of momentum by the quantity of
MAv, = h/A. This results in a reduction of the atomic kinetic energy, which means a
lower temperature [6,11].

However, the velocity of the atoms is a continuously varying parameter, which mean-
s the Doppler shift as seen by the atoms also changes. One solution is to change the
frequency (chirping) of the cooling laser so as to interact with all the atoms in a wide
distribution and to stay in resonance with the atoms as they are cooled [185-189]. The
chirp-cooling technique is now one of the two standard methods for decelerating beams.
The other is "Zeeman cooling", in which a magnetic field gradient is used.

Previous experiments already validated the laser cooling method and successfully re-
duced the temperature to approximately in the mK range. The atomic clock using the laser
cooling technique like the fountain clock achieves the frequency stability in the range of
10717,
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Figure 6.3: Colling process by means of laser radiation [11].

The architecture of the compact atomic clock using the laser cooling technique is sim-
ilar to the ULPAC system, as shown in Fig. 6.4 (a). However, an additional laser cooling
control loop is required to minimize the Doppler shift and linewidth broadening, as shown
in Fig. 6.4 (b). The core of the laser cooling loop is the magnetic optical trap (MOT).
Same as the vapor cell for ULPAC, the size of MOT determines the volume of the clock.
However, simplifying atomic cooling and trapping using microfabrication technology are
very challenging [190, 191]. One recent work demonstrated a micro-fabricated grating
MOT using atom chip, which enables the integration of laser cooling and trapping into a
compact apparatus [192].

By the cooling techniques, the short-term and medium-term frequency stability can be
improved by more than one order, to the promising frequency stability of 10~!* with a sub-
liter package. However, the light fluctuations induced frequency shift will still limit the
long-term frequency stability for the compact atomic clock. High-performance coherent

laser technology will be the next design challenge for such a system.
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Figure 6.4: (a) Laser cooling based atomic clock architecture. (b) Magnetic optical trap
(MOT) based atomic cell.

6.1.3 Optical transitions

As indicated by Fig. 1.11, the optical atomic clocks outperform the microwave atomic
clock recently. Laboratory optical atomic clocks already achieved remarkable accuracy
(now counted to 18 digits or more) [193]. And it is expected that the optical atomic will
eventually replace microwave clocks in global timekeeping, navigation and the definition
of the SI second [194]. Different from the microwave atomic clock, the optical atomic
clock relies on high-frequency, narrow-linewidth optical transitions to stabilize a clock
laser [63]. Following the Eq. (2.15) for the fractional frequency error of CPT based
atomic clock, the fractional frequency error of optical atomic clock can be written as:

Sf S8
ye=|—| = ——— .
g (fo) fodsS/df) ©.1)

where fj is the resonance frequency of optical atomic clock. Since the f; for optical atom-
ic clock is in the range of terahertz, the qualify factor of optical atomic clock outperform

their microwave counterparts by several orders of magnitude, which results a better sta-
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bility frequency.

However, the terahertz frequency transition is typically higher than the maximum op-
erating frequency of electronic detectors, which was one of initial obstacles for imple-
mentation of the optical atomic clocks. Within the past two decades, the optical frequency
comb technology has made it quite straighforward to probe optical frequency [195-200].

In the time domain, the optical combs generate femtosecond pulse-width envelopes
separated in time by 1/ f.p, as shown in Fig. 6.5. By Fourier transformation, for each
tooth in the comb, a particular single-frequency mode, is separated from it neighbor by
Jrep- The relative carrier-envelop phase in the time domain is related to the offset fre-
quency fcgo in the frequency domain. fcgo is given by the frequency of one mode of
the comb modulo f,.,. Measurement of one unknown atomic reference frequency can be
done by measuring the heterodyne beat between the frequency source and the frequency
comb [28]:

Vopt = Mﬁep + fCEO + fbeat (62)

where M is the mode number of optical frequency combs. By stabilizing the fcgo and fip
to a known frequency, the mode frequency can be obtained as well.

One additional implementation challenge for the compact atomic clock is the on-chip
stable laser that coupling the ground-excited state of atom. One recent pioneering work
undergoing by NIST demonstrates the feasibility of using a distributed Bragg reflector
(DBR) laser and a micro-resonator frequency comb system for optical frequency divi-
sion [13,63]. As shown in Fig. 6.6, this architecture employs two interlocked micro
combs: a high repetition rate used for self-referencing and a narrow-band comb used to
produce an electronically detectable microwave output. A DBR laser is adopted that is
referenced to the two-photo transition in 87Rb in a micro-fabricated vapor cell. The 1 THz

repetition rate, dissipative Kerr-soliton (DKS) frequency comb is generated by coupling
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Figure 6.6: Schematic of photonic optical atomic clock by NIST [13].

the power of pump light from an external cavity diode laser (ECDL) into a Si3N4 micro-
resonator. And it is used for coarse optical division. The independently 22 GHz repetition
rate, DSK comb is generated by coupling power of light pump from a 1.556 um ECDL.
The two combs are interlocked, and the silica comb is used as a finely spaced ruler to
measure the repetition rate of the coarse comb. The output of the clock is a 22 GHz opti-
cal pulse train that is phase stabilized to the Rb two-photon transition. This work achieves
an Allan deviation of 1.7 x 107!3 at the averaging time of 4000 s, which is approximately
10 times better than the stability performance of ULPAC. The total power consumption of
this compact optical atomic is 275 mW. In the future, the stability of chip-scaled optical
atomic clocks may be improved with low-noise lasers and its size can be reduced with

more compact optical and electronic integration.

6.2 Conclusion

The power consumption of converter, quantum physical package, and RF circuits are the
major power-hungry components in the ULPAC prototype, as shown in Fig. 4.18. The

power consumption of converter can be largely reduced by a customed design using ad-
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vanced CMOS technology, while the power of quantum physical package can be well
reduced to below 10 mW by silicon-based MEMS technology. The circuit design tech-
niques demonstrated in Chapter 5 enable the ultra-low-power design of the frequency
probing and locking loop. Thus, below 25 mW power consumption of next-generation
ULPAC is feasible in the near future.

The CPT principle enables an atomic resonance in the microwave region, which re-
laxes the requirement on the laser technology and lends a convenient implementation for
frequency probing and locking circuits as well. However, the buffer gas shift degrades
the long-term frequency stability considerably. The laser cooling technique adopted in
high-performance atomic clocks like the fountain clock could reduce the Doppler shift
without inducing the buffer gas shift. One more promising direction will be the optical
transition, which has been becoming more and more popular in building a highly stable
atomic clock since the beginning of this century. This can be attributed to the factor that
the optical transition has a higher quality factor and narrower linewidth. With these ad-
vanced quantum technologies, the long-term frequency stability can be improved to below
10713,

These quantum technologies could be combined with the CMOS technology to build
the next ultra-low-power and highly stable atomic clock for portable and mobile applica-
tions, which could benefit both the secular and scientific purposes of humankind. From
the aspects of devices, the micro-fabricated MoT, optical combs and highly coherent laser-
s will be the key technologies. In terms of the CMOS circuits, ultra-low power and low

electrical noise frequency probing and locking loop is required.
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Appendix B

List of Abbreviations

AC: alternating current

ADC: analog to digital converter
AM: amplitude-modulated

BBPD: bang-bang phase detector
CMOS: complementary metal-oxide-semiconductor
CP: charge pump

CPT: coherent population trapping
CSAC: chip-scale atomic clock
DAC: digital analog converter
DBR: Distributed Bragg reflector
DFF: D-type flip flop

DKS: dissipative Kerr-solition

DSM: delta-sigma modulator
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DSSFLL: de-sensitized sub-sampling phase detector

DZ: dead-zone

dc: direct current

ECDL: external cavity diode laser

ENF': excess noise factor

FCW: frequency control word

FLL: frequency locking loop

FM: frequency-modulated

FoM: figure of merit

FWHM: full width at half maximum

GEO: geosynchronous

GNSS: global navigation satellite system

GPS: global positioning system

HPF: high pass filter

IL: injection-locked

LANS: local area networks

LC: inductor-capacitor

LEO: low earth orbit
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LF: low pass filter

LFSR: linear-feedback shift register

MCU: microcontroller unit

MCXO: microcomputer compensated crystal oscillator

MEMS: micro-electro-mechanical system

MIMO: multiple-input and multiple-output

MMD: multiple-module divider

MOT: magneto-optical trap

MU: multiple-cell upset

ND: neutral density

NIST: National Institute of Standards and Technology

NTF: noise transfer function

OA: oxide aperture

OCXO: oven compensated crystal oscillator

PA: power amplifier

PCB: printed circuit board

PD: photodetector

PDOP: position dilution of precision

PFD: phase frequency detector



158 List of Abbreviations

PLL: phase-locked loop

PM: phase-modulated

PN: phase noise

PVT: process, voltage and temperature variations

RC: resistor-capacitor

RF: radio frequency

RMS: root-mean-square

SET: single-event transient

SEU: single-event upset

SI: International System of Units

SOI: silicon on insulator

SPI: serial peripheral interface

SSA: signal source analyzer

SSPD: sub-sampling phase detector

SoC: system on chip

S/N: signal to noise

TAI: International Atomic Clock

TCXO: temperature compensated crystal oscillator
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TDC: time to digital converter

TMR: triple-modular-redundant

ToF: time of flight

ULPAC: Ultra-low-power atomic clock

UTC: Coordinated Universal Time

VAU-BS: unmanned-aerial-vehicle base stations

VCO: voltage-controlled oscillator

VCSEL: vertical-cavity surface-emitting laser

1-PPS: one-pulse-per-second

3D: three dimensional



